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Preface

Heterocyclic derivatives are important in organic chemistry as products (including
natural) and/or useful tools in the construction of more complicated molecular entities.
Their utilization in polymeric, medicinal and agricultural chemistry is widely
documented. Both dyestuff structures and life molecules frequently involve heterocyclic
rings that play an important role in several biochemical processes.

Volume 13 (2009) keeps the international standard of THS series and contains
twelve chapters, covering the synthesis, reactivity, and activity (including medicinal) of
different heterorings. Authors from Czech Republic, France, Germany, Italy, Russia,
Spain and Switzerland are present in this book.

Comprehensive Reviews reporting the overall state of the art on wide fields as well
as personal Accounts highlighting significative advances by research groups dealing with
their specific themes have been solicited from leading Authors. The submission of articles
having the above-mentioned aims and concerning highly specialistic topics is strongly
urged. The publication of Chapters in THS is free of charge. Firstly a brief layout of the
contribution proposed, and then the subsequent manuscript, may be forwarded either to a
Member of the Editorial Board or to one of the Editors.

The Authors, who contributed most competently to the realization of this Volume,
and the Referees, who cooperated unselfishly (often with great patience) spending
valuable attention and time in the review of the manuscripts, are gratefully acknowledged.

The Editors thank very much Dr. Lucia De Crescentini for her precious help in the

editorial revision of the book.

Orazio A. Attanasi and Domenico Spinelli

Editors
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THE N—C=0 INTERACTION: A WEAK BOND WITH ATTRACTIVE
PROPERTIES FOR THE DELIBERATE EXPLOITATION IN MEDICINAL
AND SUPRAMOLECULAR CHEMISTRY

Jens Hasserodt,* Arnaud Gautier, Romain Barbe and Michael Waibel

Laboratoire de Chimie, Université de Lyon - Ecole Normale Supérieure de Lyon
46 Allée d’Italie, F-69364 Lyon, France (e-mail: jens.hasserodt@ens-lyon.fr)

Abstract. The literature on the weak bond resulting from the interaction between a tertiary amine and a
carbonyl group is reviewed from its first observation in 1920 to modeling attempts by modern methods. The
article then reviews the own recent investigations by the authors into the deliberate incorporation of the
N—C=0 interaction into monocyclic and polycyclic systems in order to exploit its unique stereoelectronic

properties in the domains of medicinal and supramolecular chemistry.
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1. The N—C=0 interaction in natural products
1.1. Discovery of a class of medium-sized cyclic alkaloids

The existence of a weak interaction between a tertiary amine and a carbonyl group has been first
proposed in order to explain the unusual properties of some natural alkaloids with medium-sized
aminoketone rings (Scheme 1). In 1920, Gadamer suggested that the conjugated acids of protopine and

clivorine, ten- and eight-membered rings, respectively, were in fact bicyclic systems with a quaternary

1



nitrogen bridge.! In theory, one might expect that the N—C=0 interaction would lead to a decreased
electrophilic character of the carbonyl carbon, as well as a less nucleophilic and less basic nitrogen, and
indeed this was confirmed experimentally by Kermack and Robinson in 1922. They studied the alkaloid
protopine containing a cyclic 10-membered aminoketone (Scheme 1) and cryptopine, an 8-membered,
unsaturated aminoketone (Scheme 3).> In both cases, they found an abnormally low reactivity of the
carbonyl group and weak basicity for the NCH3 group which prompted them to propose the existence of an
electronic interaction across the ring. In the same line, Huisgen ef al. advanced in 1949 the explanation that
an electronic interaction within the 9-membered cyclic alkaloid vomicine is responsible for the absence of
ketone reactivity and for the weak nucleophilicity of the amine towards methyl iodide.” Similar absence of
ketone reactivity towards lithium aluminum hydride was found for example for N-methyl-sec-
isopseudostrychnine, an alkaloid with a structure close to that of vomicine.* Since these pioneering works,
crystal structures of many natural medium-sized aminoketone alkaloids showing a shorter distance between
the tertiary amine and the carbonyl group than the sum of the Van der Waals radius (320 pm) have been
reported, including retusamine,’ protopine,6 cryptopine,’ clivorine® and senkirine’ thereby confirming the

existence of an interaction between the tertiary amine and the carbonyl group.

protopine (1920)

clivorine (1920) sarain A (1989/2006)
Scheme 1. Structures of some natural alkaloids with medium-sized aminoketone rings
displaying the N—C=0 interaction.

Natural products displaying the N—C=0 interaction continue to be discovered sporadically. Sarain A
is a prominent example, discovered in a marine sponge from the bay of Naples by Cimino ez al. in 1989."

Its total synthesis by Overman et al. reported in 2006 caught much recent attention.""

1.2. Crystal structure characterisation: the Biirgi-Dunitz angle

In the early seventies, Biirgi and Dunitz compiled structural data by X-ray diffraction analysis
primarily from the alkaloid examples mentioned above. These examples displayed the intramolecular
interaction between a tertiary amine and a carbonyl group at N-C distances ranging from 150 to 300 pm.
They took these data as an experimental basis to map the reaction coordinate (corresponding to the minimal
energy pathway) of the bimolecular attack of a nucleophile on a carbonyl centre.'? They considered each
example as a frozen state on the reaction coordinate, which allowed them to correlate the lengths of the N-C
and the C-O bond with the pyramidalization of the carbonyl group (Scheme 2). This led to the establishment
of a constant angle of attack of a nucleophile on a carbonyl group, i.e. 107°, now universally recognized as
the “Biirgi-Dunitz angle” (o, Scheme 2 A)." The latest addition (2002) to the small collection of known
X-ray crystal structure determinations of molecules displaying an N—C=0 interaction is that of a (non-

natural) aza-adamantane (1) synthesized by Kirby ef al. (Scheme 2 B and C)."
2



A B C

Scheme 2. (A) the Biirgi-Dunitz angle; (B) the most recent crystal structure (2002) of a molecule displaying
the N—C=0 interaction: aza-adamantane 1 (reproduced with kind permission from the RSC publishers);
(C) dimeric structure of 1 in the crystal lattice, showing the central H-bonding motif
including two distinct water molecules.

2. Physicochemical studies: dipole moment, pKa and spectroscopy

Beginning with the fifties, Leonard et al. were the first to explore the phenomenon of the N—C=0
interaction in detail, by looking at so-called “trans-annular interactions”.">'® In studying medium-sized
cyclic aminoketones, they accumulated evidence for a weak N—C=O0 interaction by observing unexpected
bands in the corresponding infrared spectra.'” In CCly solution, the conjugate bases of cryptopin, protopin
and N-methyl-pseudostrychnidine showed IR stretching frequencies for the C=0 bond about 20-30 cm™
lower than those expected for a regular ketone. Moreover, the spectra of the perchlorate salts (conjugate
acids) of cryptopine (Scheme 3 A) and protopine (Scheme 1), as well as that of the iodohydrate of N-methyl-
pseudostrychnidine did not show any C=0 stretching band. Rather, they exhibited a signal corresponding to
the stretching vibration of an O-H bond, suggesting that these compounds displayed a N*-C-OH moiety.
Taking the C=0 stretching frequencies as an indicator of the presence or not of a transannular interaction,
they then evaluated the factors influencing the transannular N—C=0 interaction within a family of 8-, 9-,

10- and 11-membered cyclic aminoketones.

A ™
I
My —
E
e My
—_ Te-0
&
Lo 0
X \,I: ) L
conjugate base and conjugate acid ,Nﬁ ,hll J\\ )‘K

A of cryptopine B

Scheme 3. (A) Passage from a weak interaction to a fully covalent bond by protonation;
(B) energy levels of the N—C=0 molecular orbitals constructed from the nitrogen » orbital
and the carbonyl & orbitals and observed transitions.
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They demonstrated that the presence of the interaction depended on ring size and steric constraints.
Indeed, the N—C=0 interaction occurred only for the 8-, 9- and 10-membered rings that could form
thermodynamically favoured 5- or 6-membered rings through trans-annular interaction between
diametrically opposed carbonyl and tertiary amine functions.'™'® Electronic factors could also be identified,
in particular those associated with the nucleophilicity of the nitrogen: 8- and 9-membered rings with tertiary
amines displaying low basicity (e.g. aromatic amines) did not give any spectroscopic evidence for the
transannular interaction even though the previously established rules in size and geometry were in favour of
such an interaction.'” Leonard er al. also determined the electronic spectra (UV) of their series of
compounds.'>'® Those that displayed the transannular interaction according to the IR data were analyzed in
their basic forms and gave an absorption band that was more intense and shifted towards shorter
wavelengths than that for a regular carbonyl group; no absorption band was observed for the conjugate acid.
The behavior for the basic form was interpreted with the presence of a highly polar N—C=0 moiety within
the medium-sized rings. This intense band can be explained in terms of molecular orbitals with the
homoconjugation of the non-bonding n orbital of the nitrogen atom and the anti-bonding 7 orbitals of the
carbonyl group (Scheme 3 B). The corresponding m—7* transition of the carbonyl group thereby
experiences a larger energy gap leading to the observed hypsochromic shift. By contrast, an absorption
corresponding either to the N—C=0 interaction or the carbonyl function could not be observed in case of
the conjugate acids. Interestingly, Kirby ef al. invoke a generalised anomeric effect to explain structural
features of the N—C=0 system: interaction between the no- orbital and the n*c.y orbital causes a lengthened
N-C bond and a shortened C-O bond."*

In the 1960s, Archer et al. investigated 3o-phenyl-3B-tropanylphenylketone (2) for its pharmaceutical
properties (Scheme 4)° IR and UV data of 2 in methanol showed abnormal values which prompted them to
suspect an N—C=0 interaction. However, this implied that they were the first to observe the N—C=0
interaction outside the context of a transannular interaction, but rather one, where an exocyclic carbonyl
group was involved. In 2006, we have observed that varying proportions of the peptidomimetic y-amino-
aldehydes 3a—c adopt a cyclized, N—=C=0O interacted form in methanol (Scheme 4).2"* Their UV spectra
showed two bands, one at 245 nm that was attributed to the aldehyde absorption, and a very intense band at
220 nm corresponding to the N—C=0 interaction. Very recently, we introduced the class of ureas 4a—e
(Scheme 4) and found them to exist solely in their cyclized constitution in methanol. Their UV spectra thus

show an intense single band at 208 nm, while no aldehyde absorption can be observed (Scheme 5 A)B

8- COR

OSiH 08_ Q :
on, 3 &% COR
i N e e
™ HN N HN N

H
T T
O @)

3a: Ry = Alloc, Ry= OMe
2 3b: Ry = CbzVal, Ry,= NHBu
3c: Ry = CbzVal, Ry= ValNH'Bu

4a:* =S 4c: R = NH'Bu
4b:* = R 4d: R = ValNHBu
4e: R = lleValNH!Bu

Scheme 4. Molecules whose UV absorptions are discussed.
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Leonard et al. also determined the dipole moment of their molecules under study in order to
characterize the degree of charge sepauration.25 The bicylic azanonane 5 (11-methyl-11-azabicyclo[5.3.1]-
hendecan-4-one, Scheme 5 B) needs to adopt a quasi-boat conformation in order to have the two functional
groups interact with one another. Bicylic azanonane 5 thus shows a dipole moment of 4.87 D, although
calculations on the non-interacting version furnished a value of only 3.6 D. This increase nicely illustrates
the consequences of such a weak interaction and hints at other conditions that might favour it (vide infra).

In 1983, the first NMR studies of the N—C=0 interaction were undertaken by McCrindle and
McAlees at the example of simple aminoaldehyde 6, soluble in water (Scheme 5 C).* In place of a signal in
the typical chemical shift range for aldehyde functions, they observed one at 5.4 ppm and ascribed it to the

methine proton of the N—C=0 interaction. Another adventitious observation of the N—C=0 interaction

was made by Carroll et al..*’ They investigated compound 7 (Scheme 5 C) in water by NMR spectroscopy

only to discover that in place of a signal corresponding to the aldehyde function, the BC-NMR spectrum
showed two signals at 100.49 ppm and 100.05 ppm, i.e. right in the middle between the olefinic/aromatic
and the aliphatic region. It may be concluded that the carbon corresponding to this signal adopts a
hybridization state between those of sp® and sp”. The split signals may be explained with the fact that a new
stereogenic centre has been formed and that two diasteromers were generated. Accordingly, the 'H-NMR

spectrum in water lacked a signal in the habitual region for aldehydic protons while displaying one at
6.45 ppm.
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Scheme 5. (A) UV spectra of compounds 4a and 4d in MeOH; (B) dipole-moment evolution upon
interaction; (C) structures whose NMR investigations are discussed.

McCrindle and McAlees also measured a pKa of 8.7 for 6 by titrating an aqueous solution with
hydrochloric acid.”® Kirby et al. determined the pKa value of the HBF, salt of their aza-adamantane 1
(Scheme 2) by potentiometric titration with base. They obtained a value of 10.1 at 25 °C."* This value falls in
the region expected for such highly polar species and can be compared to the value of 9.33 determined by
Hine and Kokesh for the parent compound MesN*CH,OH.?® Finally, Leonard e al. found a pKa for the
conjugate acid of compound 9 (Scheme 7) of 9.2 in water.”

When we recently investigated our enzyme inhibitor candidates for their propensity to undergo an

N—C=0 interaction, both 'H- and *C-NMR spectra of peptidomimetics 3a—c and hydrazino ureas 4a—e in
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methanol showed an upfield shift of the methine proton and carbon (compared to the aldehyde signals) and
thus in perfect congruence with the earlier reports discussed above.”** As it was observed for compound 7
(Scheme 5 C), the signal corresponding to the methine carbons of the hydrazino ureas 4a—e are split,
indicating that two diasteromers were generated.24 Indeed, all signals were split, as illustrated at the example
of 4c¢ in Scheme 6. Futher evidence for the N—C=0 interaction in methanol could be obtained by 2D NMR
spectroscopy. In fact, the 'H- C-HMBC spectrum of compound 4a showed 3 coupling between the
methine proton and the carbon atoms adjacent to the piperidine nitrogen. A similar cross-peak between the

N-methyl protons and the N—C=0 carbon was also observed by Kirby et al. during HMBC analysis of 1.
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Scheme 6. ?C-NMR spectra (127 MHz) of 4¢ in MeOH-d; and CDCl;; @ signals corresponding
to two N—C=0 carbons belonging to two diastereomers of comparable stability;
B signal stemming from the free aldehyde group.

Finally, in the 1990s Rademacher er al. chose to further explore the character of the N—C=0
interaction with photoelectron spectroscopy in the gas phase, a method that gives insight into the orbital
distribution of the entire molecule, but it requires the study of rather simple compounds for ease of
interpretation.30 By combining their results with those obtained from theoretical studies, they were able to
propose molecular orbital diagrams for medium-sized cyclic aminoketones and correlate their evolution with
the N-C distance.”’ This may eventually serve to model the transition states of the diverse class of amine-

carbonyl reactions.

3. Factors favouring the observation of the N—C=0 interaction
3.1. Preorganization

The N—C=0 interaction was first observed in medium-sized cyclic alkaloids where thermo-
dynamically favoured 5- or 6-membered rings are formed by a transannular interaction. Leonard et al.

extended their chemistry to simpler, artifical systems that feature 8-,9-,10- and 11-membered rings and may
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or may not display the interaction (8—13, Scheme 7)."* They made some crucial observations on the
influence by ring size and sterics (CCly solution). By using the wave number shift as an indicator, they
concluded that the interaction is only present in 8-, 9- and 10-membered rings. The resulting bicyclic
systems display only 5- or 6-membered rings, which requires that the amino- and ketone functions are
located at exactly opposite positions on the medium-sized ring, interacting in a truly trans-annular
fashion.'”* Electronic factors, especially the nucleophilicity of the tertiary nitrogen, also have an influence
on the interaction. For example, cyclopropylamine 13, being less basic than methylamine 9, does not show
any transannular interaction.'” Attention should also be drawn to the presence of Z-configured double bonds

in the alkaloids discussed above (Scheme 1) that further enhance preorganization and thus favour the

interaction.
interaction no interaction HO
o HO & ot 0 HO | Cﬁ}
ICAINS e ) A
8 9 10 11 12 13

Scheme 7. Systematic study to determine the prerequisites for the observation of the interaction
in a trans-annular context.

From these studies, it was not obvious that the interaction would eventually be observed also in acyclic
systems (that would of course become monocyclic in the process). Leonard ef al. used optical rotatory
dispersion as a means to demonstrate that cyclization of a simple d-aminoketone does not occur in
methanol.” This example ranks with a plethora of other ones contained in the general literature that
demonstrate the subtle interplay of enthalpic and entropic contributions to decide whether a given chemical
process is thermodynamically favoured or not. The first instance where a system, still macrocyclic, exhibits
an N—C=0 moiety incorporating an exocyclic carbonyl group was already treated above (2, Scheme 4)2°

The example of 3,3-dimethyl-4-dimethylaminobutanal (6, Scheme 5 C), as reported by McCrindle and
McAlees,”® constitutes a comparatively simple acyclic system. Their NMR investigations proved the
existence of the folded form in water and its absence in chloroform. By contrast, the conjugate acid is
cyclized in both media. Importantly, this system benefits from the so-called Thorpe-Ingold effect™ by
sporting a quaternary carbon with two methyl substituents. An even more pronounced Thorpe-Ingold effect
can be identified in the structure of the well-known artificial opioid methadone (6-dimethylamino-4,4-
diphenyl-3-heptone, discovered in 1936) that displays a quaternary carbon with two phenyl substituents
(Scheme 8). Biirgi and Dunitz explained the fact that methadone efficiently crosses the blood brain barrier
(BBB) with the folded status in aqueous physiological media. An N-C distance (291 pm) shorter than the
van der Waals contact (320 pm) was also observed in the crystal structure. They proposed that the cyclic
conformation of methadone exhibits an increased lipophilicity thus facilitating its diffusion through
biological membranes.*

The display of the two interacting groups on a rigid scaffold should promote the interaction even
further. The example of the o-aminomethyl-phenylcarbaldehyde reported by Carroll er al. has already been
introduced above (7, Scheme 5 C).” Its constitution allows formation of a five-membered ring, like that
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reported by McCrindle and McAlees and that of the methadone base. But 7 also greatly benefits from the
presence of one Z-configured rigid bond being part of the phenyl ring. It does not come as a surprise that the
system adopts a cyclic conformation in water which causes the carbonyl carbon to experience a remarkable

upfield shift of 70 ppm in the BC-NMR spectrum when adopting the new pseudo-tetrahedral configuration.

/ 1 |
N\ /O N /O
e —
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methadone unfavorable chair conformation ketene 14
boat conformation
Scheme 8

Contrary to linear systems, preorganization is brought to the extreme with the previously introduced
example of sarain A (Scheme 1) and especially that of the aza-adamantane system (1, Schemes 2 and 8)
reported by Kirby et al. in 2002.'*7® In this latter case, the display of the two interacting groups on a scaffold
as rigid as that of Kemp’s acid®’ assures maximal interaction of the two groups, especially in view of the
only other choice of the system, that of the piperidine ring contained in the bicyclic system adopting a boat

conformation (Scheme 8).

3.2. Influence by the nature of the amine and carbonyl substituents

Rather few examples exist for systems with carbonyl groups other than ketone or aldehyde that still
show a strong propensity to interact. While Leonard and Dunitz did look at carboxylic acids, esters and
carboxamides, it can be concluded that they are not suitable for the reliable observation of the interaction,
even in protic solvents. They also extended their studies to the variation of the nucleophilic part, replacing
the amine with ether or thioether units,' concluding however that these measures did not favour an
interaction either. Accidentally, in 1974 Eicher and Bohm happened upon a unique system consisting of a
cyclopropane as the platform on which a ketene substituent and a tertiary amine are displayed (14, Scheme
8).%® This highly preorganized system showed a strong N—C=0 interaction. An example where a regular
tertiary amine has been replaced by a hydrazine structure was only reported by us as a result of our recent

search for novel protease inhibitors (4a—e, Scheme 4).23

3.3. Solvent influence and constitutional equilibria

Systems principally capable of showing the N—C=0 interaction may show various ratios of the bound
(cyclic) and non-bound (linear) forms, even in media favouring the interaction. As we shall see, even in
unfavourable media, where cyclization may be enforced by turning the system into its conjugate acid,
varying proportions of cyclized and non-cyclized form, it may be observed.

The first hint at a solvent influence was recognized by McCrindle and McAlees who did not observe the
N—C=0 interaction of compound 6 (Schemes 5 C and 9) in chloroform as evidenced by UV spectral
analysis. However, in water the same molecule was converted to more than 95% to the cyclized form. They
proposed that polar protic solvents favour the N—C=0 interaction by stabilizing the charge separation
through an appropriate solvation mechanisms. A more pronounced, amounting to decisive, effect was
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observed for 7 (Scheme 9) when compared in chloroform and water. The proportion of 81% found for
extremely preorganized 1 (Scheme 9) in dichloromethane containing only six equivalents of water shows
how few protic molecules need to be present to favour the interaction (see Section 4 for comparative insights

gained by molecular modeling).

&)4/ #ﬁ O
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<5 : > 95 (H20) <1 : >99 (H,0)
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56 : 44  (CH.Cly)
19 : 81 (CH4Cl, saturated with H,O; ca. 6 eq)

Scheme 9. Interaction (constitutional) equilibria in aprotic solvents compared to protic ones,
as determined by UV or NMR analysis.

Finally, the equilibria of compound 3a and 4a are completely shifted to the open chain version in
chloroform (Scheme 10). In methanol, 3a adopts to 70 % the cyclized form and compound 4a exists solely
in the cyclized form.”'** The quaternary carbon bearing the aldehyde, amine and benzyl substituent of
course exercises the Thorpe-Ingold effect as much as the examples described above and it should be largely

at the origin of the observed folding tendency for the otherwise insignificantly preorganized 3a.
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3 : 7 (MeOH) <1 : >99  (MeOH)

Scheme 10. Interaction (constitutional) equilibria for compounds designed for aspartic protease inhibition.

The folding of linear 3a is associated with small rotational barriers compared to urea 4a. Indeed, we
were able to monitor by NMR the folding to the new N—C=0 bound cyclic isomer of 4a (Scheme 11) when
we dissolved the linear form in MeOH-d;. Scheme 11 illustrates the unmistakable progression of the
cyclization at room temperature. Forty percent of the system is cyclized after 10 minutes, 70% conversion is

reached after 30 minutes and cyclization is complete in 3 hours. These kinetics may be explained with the
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existence of a configurational equilibrium present in 4a (Scheme 10). In the absence of a polar protic
medium, the thermodynamic form is E-4a, where the planar secondary amide of the urea moiety is
E-configured. In MeOH-d,, this configurational equilibrium is shifted completely to cyclized Z-4a. The
activation barrier of the E/Z equilibrium of regular ureas has been determined to be approximately
13 kcal/mol® and thus to be significantly lower than that of the carboxamide bond (around 20 kcal/mol).***!

Still, a barrier of 13 kcal/mol explains the relative slowness of the process observed here at room

temperature.
*
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Scheme 11. 1H—spectra (500 MHz) of 4a in CDCl; and at certain time intervals beginning with initial
dissolution in MeOH-d4. B E-4a (position 1 proton, see Scheme 10), @ cyclized Z-4a (position 2 proton).

In the special case of a highly preorganized 1,8-disubstituted naphthalene (15, Scheme 12), but with
apparently limited capacity for approach of the two functions, Dunitz et al. observed a significantly
shortened N-C distance (2.56 10\) in the solid state, compared to a non-bound contact distance of 3.2 A#
This picture is somehow confirmed in CDCl; solution, where the authors detected a broad peak for the two
methyl groups at 37 °C that can be completely resolved by cooling the sample to =36 °C, indicating at least
restricted rotation of both substituents (= “peri-strain”). When Kirby et al. looked at the aldehyde derivative
of this system (16, Scheme 12) ten years later, the NMR spectrum of the conjugate acid in dichloromethane
containing 10% TFA proved that only two thirds of the compound existed in the N-C bound form, the other
being the protonated amine.*’ This illustrates the requirement for unrestricted approach of both functional
groups in order to observe a strong preference for the bound form over that of the open-chain form. In this
regard, it would be interesting to analyze the conjugate base of 15 in protic organic solvents or outright
water in order to verify if the most favourable solvent known for the N—C=0 interaction may energetically

overcome the strain and favour only one isomer, i.e. the folded one; but this has to await future studies.

10



R 1 H O [_

N® H”N@)

) O T O
in the solid state, 2 : 1
possibly also in CDCls (in TFA/CHJCI, 1:10)

Scheme 12. Strain in a 1,8-disubstituted naphthalene ketone and aldehyde
and its impact on the N—C=0 interaction.

Finally, the observation by Kirby et al. that cpd 1 (Scheme 9) exists to 81% in the N-C bound form in
an aprotic solvent just “doped” with 6 equivalents of water is particularly instructive in grasping the

fundamental nature of the N—C=0 interaction (vide infra).

4. Molecular modeling: MM/QM

In view of the relative rarity of the N—C=O0 interaction, very few modeling studies have been reported
to date. As briefly mentioned above, Rademacher et al. have initiated such studies at the end of the
80s.°**'* They applied semi-empirical methods (MNDO et AM1) to the interaction of model compounds
trimethylamine and acetone in order to calculate the energy evolution of the non-bonding oxygen and
nitrogen orbitals with diminishing N-C distance. They also measured the ionization potentials of the
respective orbitals for published macrocyclic aminoketones by photo-electron spectroscopy and discovered
that they fit the theoretical values fairly well (Scheme 13 A).

Even though it should a priori be possible to employ molecular mechanics (MM2) to obtain low-
energy conformations, Rademacher er al. did not report the determination of any force field and no
parameter set was furnished to model the interaction. A more recent study has since compared numerous
force fields and the progressive adaptation of their parameters has allowed to accurately reproduce
experimental results of certain alkaloids, such as clivorine or cryptopine.45 However, this approach is of
limited interest because molecular mechanics take into account neither the large variations in N-C bond
length known (from 160 to 290 pm) nor environmental influences (e.g. solvent effects).*

Even more recently, a renewed interest in the N—C=0 interaction has prompted theoretical chemists
to carry out more advanced modeling experiments. Thus, ab initio calculations were conducted on the
interaction between ammonia and formaldehyde, as well as on the influence of cinchonidine on the
asymmetric hydrogenation during heterogeneous catalysis (Scheme 13 C).H

The object of these studies was to determine the fundamental nature of the interaction, i.e. its
molecular orbitals as well as its electrostatic character (Scheme 13 B). Depending on the distance between
the functional groups and the angle of attack, either the dipole-dipole or the orbital interaction is favoured.
The orbital overlap is in fact maximized if the non-bonding lone pair of the nitrogen attacks the carbonyl
double bond at a perfectly right angle. At this orientation, the interaction of the highest occupied molecular
orbital of the nitrogen and the lowest unoccupied molecular orbital of the carbonyl group is predominant,
while that of the dipole moments is zero thanks to the perfectly orthogonal position. At the other extreme,
with an NCO angle at 180°, the orbital interaction becomes zero while that of the dipoles is maximal.

The most frequently encountered understanding of the N—C=0 interaction is that of a true bond
caused by orbital interaction (nN—7*co), which corresponds to the observed geometries as well as to the

11



negligible reactivity of the carbonyl function.”’” In 2007, a study of the model system y-(dimethylamino)-
butyraldehyde that combined DFT calculations with the electron localization function (ELF) and with an
explicitly correlated wavefunction (MRCI) analysis has cast doubt on this explanation and proposed a more
electrostatic character for the N-C bond. According to these calculations, N—C=0 bond formation is driven
by the enhancement of the ionic contribution C*-O" by the strong polarization effect of the neighboring
N lone pair, thereby creating an electrostatic bond.* Whatever the respective conclusions, all of these works
have in common the all-important influence by the solvent. For the above study,” the quality of the
modeling experiments is significantly improved by switching from gas-phase conditions, over the simulation
of water as a continuum, to the distinct situation where three to four water molecules interact directly with

the N—C=0 interaction (see Schemes 2 C and 9 for comparison).

2 TP(ng) [eV] (B)

s

. N
o ‘
)

® 0O
|

0.50 —

major orbital
interaction

|

~—

major dipole-dipole
interaction

0 i i — RO
A) 200 300 400 500 d [pm] C)

Scheme 13. (A) Ionisation potentials correlated with N-C distance calculated for a model interaction and
measured by photoelectron spectroscopy (PES) for puplished cyclic aminoketones (adapted from ref. 30);
(B) two extreme representations of the N—C=0 interaction; (C) one of the proposed conformers that could
explain the observed stereoselectivity.
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Scheme 14. (A) Semi-empirical exploration of the N—C=0 interaction (reminiscent of the Biirgi-Dunitz
trajectory); (B) potential energy surfaces calculated with the semi-empirical method "PMS5-water" (left, with
local minimum representing the N—C=0 interaction) and “PMS5” (right, no local minimum).

Finally, numerous semi-empirical methods have been tested to model molecules whose size precluded
any ab initio calculations using DFT. Thus, MNDO,* and particularly AM1,****" has been applied with
12



more or less convincing results to larger molecules. It has been found that the Hamiltonian according to
AMI reproduces the expected properties more faithfully than PM3 or MNDO. We obtained the best results
by use of the PM5 method in conjunction with the simulation of an aqueous environment.*® In fact, the
potential energy surface of the trimethylamine-acetone system as a function of the NCO angle and the C-N
bond distance (Scheme 14) presents a minimum whose structural parameters (0=106°; dcn=164 pm)
reproduce those obtained from much more powerful methods remarkably well. The combination of
molecular mechanics with a semi-empirical method such as “PMS5-water” (software package “SciGress

Explorer”) thus allows for the modeling of a fairly complex molecule in acceptable computation times.

5. Deliberate incorporation of the N—C=0 motif by molecular design
5.1. Enzyme inhibitor design
5.1.1. General notions about aspartic peptidases

Inhibitors of aspartic peptidases have great importance in the treatment of a variety of diseases, such as
malaria, cancer, hypertension, AIDS and Alzheimer’s disease.”? Aspartic peptidases are endopeptidases
that are capable of complexing six to ten amino acid residues of the peptide substrate. They generally do so
by interacting in a beta sheet-like fashion with a linear conformation of the substrate.”® The active site of
these enzymes contains two aspartic acid residues that are responsible for catalytic activity, hence the name
of this enzyme class. Next to these two residues, an enzyme bound (or “catalytic””) water molecule is present,
which is the second substrate in the bimolecular hydrolysis reaction. A particular feature of HIV-1 protease
is the presence of two enzymatic loops, so-called “flaps”. During catalysis the flaps indirectly bind the
peptide substrate through hydrogen bonding of two lysine residues via a localized water molecule (Scheme
15). This molecule is also called the “flap water” and it is the second localizable enzyme bound water

molecule found in HIV-1 protease-ligand complexes besides the catalytic water that was mentioned above.

scissile
bond
P5 (0] Py (0]
H H
}A{N/HI/NYJJ\N/'\l(N\L)Le{
H o Bl H o B,
" ,

,»O\ flap water

llezy “llesy’
Scheme 15. Peptide substrate bound by the “flaps” of HIV-1 protease through the flap water molecule; side
chain assignment (P1, P1’, etc.) according to the nomenclature of Schechter and Berger.54

Aspartic peptidases exert their catalytic activity through a number of interactions with the peptide
substrate and the catalytic water molecule. The generally accepted hydrolysis mechanism is shown in
Scheme 16:°°% (1) addition of the water molecule to the carbonyl group of the peptide bond leads past
transition state 1 (TS1) to a tetrahedral intermediate (INT); (2) protonation of the nitrogen and cleavage of
the former amide bond produces the reaction products through TS2. The two transition states have pseudo-

tetrahedral geometry as a result of a hybridization state of the former carbonyl carbon located between sp2
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and sp’. They are characterized by a partial negative charge on the former carbonyl oxygen and a
particularly long C=0 bond (bond order between 1 and 2). The nitrogen atom of the second transition state is
partially positively charged and the C-N bond elongated (bond order between 0 and 1).

‘ R %

E

Scheme 16. Mechanism of the peptidolysis reaction catalyzed by aspartic peptidases.

5.1.2. Design of inhibitors for HIV-1 peptidase

The observation that Nature relies heavily on host (receptor)-guest (ligand) interactions has
undoubtedly led to the foundation of the field of supramolecular chemistry. The same principles of weak
interactions and complementarity are employed for the design of competitive, reversible inhibitors as for that
of entirely artificial host-guest systems. Devising an analog for the transition state (TS) of enzymatic
peptide-bond hydrolysis has long been used in the development of potent inhibitors of aspartic peptidases as
part of a fundamental teaching of enzymology.sg_61 A transition state analog is defined as a stable compound
with a structure similar to the transition state of the corresponding enzyme-catalyzed reaction. Its affinity to
the enzyme active site arises from non-covalent interactions, such as hydrogen bonds and coulombic or Van
der Waals interactions. In order to be a promising inhibitor candidate, a molecule should resemble the
transition state in its steric and electrostatic features. The common approach in designing aspartic peptidase
inhibitors has been the incorporation of a TS analog into a peptidomimetic that reflects the linear shape of
the biologically occurring peptide substrate. This strategy evolved from the discovery that pepstatine, a
natural peptide containing a non-proteinogenic amino acid called statine, inhibits most aspartic peptidases
(Scheme 17 A).% Crystal structures of the enzyme-inhibitor complexes revealed that the secondary hydroxyl
of statine interacts with the two aspartic acid residues (Scheme 18).

It is also generally maintained that the tetrahedral nature of the secondary alcohol function in the
statine unit reproduces the geometry of the (pseudo)tetrahedral transition states. The hydroxyethyl unit is
thus generally referred to as a transition state mimic of peptide hydrolysis. The interaction of the hydroxyl
function in statine with the aspartic acid residues results in the extrusion of the catalytic water molecule
mentioned above, resulting in a considerable entropic advantage for increased affinity. Many other such
transition state-mimicking motifs have been explored, for example the hydroxyethylamine and the

hydroxyethylene units that contain a secondary alcohol, as statine does (Scheme 17 B). The latter two are
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among the most frequently employed in inhibitors that are currently used in clinical treatment of AIDS
(Scheme 17 C).>'*% The crucial role of HIV-1 peptidase in the replication of Human Immunodeficiency
Virus I (HIV-I) has made this aspartic peptidase an important target for the design of anti-HIV agents.
Notably, the replacement of the preferred cleavage site of HIV-1 peptidase, namely phenylalanine-proline
(Phe-Pro), by a TS mimic has led to the most successful inhibitors.®*
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Scheme 17. (A) Aspartic peptidase substrate and pepstatine; (B) common transition state-mimicking
motifs; (C) two clinically used HIV-1 peptidase inhibitors containing the hydroxyethylamine
and hydroxyethylene motif.

Scheme 18. Pepstatine complexed to HIV-1 peptidase (PDB entry: SHVP).

5.1.3. The N—C=0 motif as a transition state mimic in the design of HIV-1 peptidase inhibitors
The appearance of peptidase mutants, being resistant to existing drugs, has become a challenge in
inhibitor design and necessitates the development of novel concepts.65 In the context of enzyme inhibition, it
has been found regrettable that current transition-state isosteres are often far from faithfully reproducing
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steric and electrostatic elements of the respective transition state(s).?? Therefore, we have been interested in
exploring the N—C=0 moiety for its capacity to reproduce steric and electronic properties of the transition
states of peptide hydrolysis. Its attractive features for this project are as stated earlier : (a) an N-C bond order
between 0 and 1; (b) a carbon hybridization between sp2 and sp3 ; (¢) a C-O bond order between 1 and 2; (d)
partial charges on the oxygen and the nitrogen, resulting in an enhanced dipole moment. This strongly
polarized unit may thus form particularly strong hydrogen bonds and electrostatic interactions with the
catalytic machinery of aspartic peptidases. Scheme 19 illustrates the formal resemblance between the

2122 and the TS2 of peptide hydrolysis by aspartic

cyclized form of our first-generation inhibitors 3a—c
peptidases, without taking into account the unknown conformation of the TS and the presence of the
ethylene bridge that is essential to the observation of the N—C=O interaction. Inhibitors 3a—c are
peptidomimetics incorporating a mimic of the Phe-Pro dipeptide sequence. The valine residues at the P2 and
P2’ positions and the Cbz and the NH-#-Bu units were chosen for their presence in several potent aspartic
peptidase inhibitors.** Valine is also found as the P, or P, residue in some of the preferred cleavage sites of

HIV-1 peptidase.
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Scheme 19. (A) Second transition state of the hydrolysis between Phe and Pro and its hydrogen bonding
with the Asp-Asp catalytic machinery; (B) hypothetical hydrogen-bonding of compounds 3a—c
with the enzyme catalytic site.

In the synthesis of 3a—c, compound 21 is the common synthetic intermediate (Scheme 20). The
quaternary carbon centre in 18 was obtained using the method of ‘self-regeneration of stereocentres’
developed by Seebach.®® cis-Oxazolidinone 17 was obtained from L-phenylalanine following literature
protocols.”” The corresponding enolate was generated by treatment with potassium hexamethyldisilazide in
THF at —78 °C. The diastereoselective alkylation of the resulting chiral anion with 2-bromoethyl triflate
afforded 18 in 85% yield as a single diastereomer with retention of configuration at the starting stereocentre.
The stereochemistry of 18 was assigned by its NOESY spectrum, which revealed NOE contacts between the
t-Bu group and the benzyl methylene group, and between the methine and the methylene group of the
introduced moiety. Bromide 18 was then reacted with commercially available H-Pro-O-#-Bu in the presence
of Et;N to give 19 in 82% yield. Reduction of 19 with lithium aluminum hydride at =78 °C afforded
oxazolidinol 20, which was converted into dithioketal 21 by a BFs-OEt,-catalyzed exchange reaction with
1,2-ethanedithiol. Methylation of 21 with trimethylsilyldiazomethane in benzene/methanol produced ester
22. Final deprotection of 22 with HgO/BF;-OEt, gave aldehyde 3a. Target compound 3a was thus prepared
via an efficient six-step synthesis with 8.7% overall yield.

The synthesis of compounds 3b and 3c started with the coupling of 21 with s-butylamine and

H-Val-NH-#-Bu, respectively, using the peptide-coupling cocktail DCC/HOBt to produce 23 and 25
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(Scheme 21). The alloc protecting group was then selectively removed via Pd(Phs)s-catalyzed allyl transfer
in the presence of dimedone.®® Peptide coupling under classic coupling conditions with the liberated amine
function adjacent to a quaternary centre failed. We successfully coupled the sterically hindered free amine
with N-Cbz-L-valine using the reagent cocktail CIP/HOAt to afford 24 and 26 in 65% and 64% yield,
respectively.®” The synthesis was finished with their deprotection by use of HgO/BFs- OEt, and aldehydes 3b

and 3c were obtained in 61% and 47% yield, respectively.

H-Pro-O-tBu, Et3N

o. —Ph 1)KHMDS, THF Ph
y -78°C, 30 min o> Br DMF,60°C,3days o NN s
O\/NA“OC - A B 4 u
: 2.) Br(CH,),OTf, THF O._ NAlloc 82% 0. NAlloc
tBu _7Q 0 H Y
78°Ctort, 12 h By 18 By 19
17 85%
LA, THP Ph N HS(CSLZ)%?HH E;Fﬁ.OEtZ Ph
_ (o} \, 2viz, 1. ~ N
78°C, 48 h HO, = OtBuU s on
o O 00 E
50% O\/NAlloc 83% S NHAlloc o
tBu 20 21
TMSCHN, Ph_ \ HgO, BF3OEt, o
CgHg/MeOH, 24 h S_ = OMe THF/H,0, 2 h ~ N o
- e
5 Es NHAlloc © 47% 7 3
64% ° O NHAlloc
22 3a

Scheme 20. Synthesis of first-generation inhibitor candidate 3a.

RNH,, DCC, HOBt Ph 1.) Pd(Phg), dimedone
THF, 12 h s > N THF, 12 h
21 [ : R
S NHAlloc © 2.) CbzValOH, CIP, HOAt

CHJCl,, 2 days

23 R=NHtBu (73 %)
25 R=ValNHtBu (67 %)

HgO, BF5OEt,

Ph
s N THF/H0, 2 h Ph N
E - R N B R
4
S NHValCbz® O NHValChz®
24 R=NHtBu (65 %) 3b R=NHtBu (61 %)
26 R=ValNHtBu (64 %) 3c R=ValNHtBu (47 %)

Scheme 21. Synthesis of first-generation inhibitor candidates 3b and 3c.

The inhibitory potency of compounds 3a—c was tested with HIV-1 peptidase using a well-established

continuous assay based on FRET (fluorescence resonance energy transfer) technology.70’71 Compound 3a
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showed an ICs value greater than 1 mM, thus representing negligible inhibitory activity (Table 1).* The K;
values of compounds 3b and 3¢ were determined to be 574 uM and 99 uM, respectively. These values are at
least five orders of magnitude higher than those found for classic inhibitors (see pepstatine as reference
compound in Table 1). Moreover, the inhibitory potency in the series 3a—c increases with the number of
amino acid residues (valine) attached to the core. This suggests that affinity with the enzyme is not primarily
achieved by the core, but by the side chains satisfying the recognition subpockets. Structural incongruency
of the core with the active site may have been caused by a counterproductive conformation of the newly
formed heterocycle. More importantly, molecules 3a—c exist as an equilibrium of the open form and a
cyclized form that displays the N—C=0 interaction (see above in Sections 2 and 3). The presence of an
open form rules out any exploration as a drug candidate since aldehydes are justly regarded as too reactive
towards nucleophiles in live organisms.

An alternative approach in HIV-1 peptidase inhibitor design has been the use of heterocyclic
non-peptidic templates, such as a cyclic urea (14)’* or a 5,6-dihydro-4-hydroxy-2-pyrone (15)">"* (Scheme
22). The two main characteristics of these inhibitor core units are their elevated rigidity and the carbonyl
function that mimics the hydrogen-bonding capacities of the flap water molecule. This water molecule is
found in most crystal structures of HIV-1 peptidase complexed with different linear peptidomimetic
inhibitors. Incorporation of these types of heterocycles into an inhibitor can contribute to better binding
energy due to a favourable entropic effect in that (a) the structural water molecule is replaced by the

7275 and (b) less degrees of freedom have to be frozen during complexation.””’® Beyond these

inhibitor
features, tipranavir (15) is likely the only commercialized HIV PR inhibitor whose hydroxyl group should
have a significantly lower pKa than its competitors that exhibit regular secondary alcohol groups (pKa=16).
This is due to its being part of a vinylogous carbonic acid monoester. This higher acidity may reflect that of
the oxy-anion of the transition states of peptide hydrolysis more faithfully than that of secondary alcohol

groups and may thus be suspected to be a non-negligible element in the high affinity of 15 to its target.

AspsCOOH., _~OOCAsp2s' AsppsCOQH "QPOCAsp,s' AsposCOOH "“O0CAspos'

HO T OH
o P OH Py 0 :

A AR A T P we
o P o Py b o SN
N K le} = OO0
Ho H HoN NH,
/,O\\ flap water J ' ’ '

llesy-NH HN-llegy “eso_NH" HN-llosg
lleso-NH HN-lesy DMP 450 (14) Tipranavir (15)
(A) (B) ©)
Scheme 22. Hydrogen bonding between the catalytic diad (aspartic acid residues) as well as the enzyme
flaps (isoleucines) with (A) a peptidomimetic inhibitor; (B) cyclic urea inhibitor DMP 450 (14);
(C) heterocyclic inhibitor Tipranavir (15).

We wished to have our second-generation inhibitor candidate to benefit from these same advantages
while displaying the N—C=0 interaction to 100% in a protic environment. We thus opted for the
incorporation of a urea motif that promised a strong preorganizing effect for the formation of the target

heterocycle while providing with the already proven capacity to bind to the flaps (= DMP 450). This forced
18



us to use a hydrazine moiety in order to provide the system with an amine donor at least as strongly
nucleophilic as a regular amine. As described in Sections 2 and 3, the resulting range of compounds 4a—e
was found to exist to 100% in their N—C=0 interacted form in polar protic media.”**"’

In the synthesis of 4a, aldehyde 27" was protected by acid-catalyzed acetalization furnishing
compound 28 in a convenient overnight reaction at room temperature (Scheme 23). Removal of the Cbz
group using straightforward catalytic hydrogenation quantitatively yielded amine 29. Reaction with
carbonyl-diimidazole (CDI), activation of the resulting 30" with methyl iodide as an imidazolium ion and
subsequent treatment of this intermediate with hydrazine 32 yielded hydrazino urea 33. Benzyl hydrazine 32
was obtained by reacting commercially available hydrazine 31 with benzaldehyde, followed by in situ
reduction of the intermediate hydrazone. Removal of the dimethyl acetal protecting group was achieved by

exposure to in situ generated TMSL* furnishing desired target compound 4a in excellent yield.

_~_NHCbz MeQ MeQ
p-TSOH, MeOH 100 NHCbz 10% Pd-C, H, Ve NH, CDI, THF
_om12h MeOH,rt, 1.5h ¢ rt, 15 min
—_— _—
86% 100% 100%
27
29
MeO \ﬂ/ —
0 )
30 i) 30, Mel, MeCN MeO H N TMSCI, Nal N
rt, 12h N N MeCN rt, 1h N
’ MeO \n/
O ii) 32, NEts, CHoCl, o B
12h
O i) PACHO, MeOH N 7:‘; )
N rt, 12 h HN % (2 steps)
' = - 33

NH2 iy NaCNBHa, HOAC
31 MeOH, rt, 2h
91 % (2 steps) 32

Scheme 23. Synthesis of second-generation inhibitor candidate 4a.

In the preparation of 4c—e, the oxaziridine reagent 34 (Scheme 24) was used to effectively transfer an
NH-Boc moiety to (S)-proline 35 to produce hydrazino-proline 36 in good yield.*' In order to prepare
hydrazino-peptides 37, 38 and 39, compound 36 was reacted with NH,-#-Bu, H-Val-NH-#-Bu and H-Ile-Val-
NH-#-Bu, respectively, using EDC and HOBt as coupling reagents. The Boc group was then removed in a
matter of two hours by use of TFA before applying the reductive amination step towards 40—42, as worked
out in the preparation of 4a. The preparation of unsymmetrical ureas 43—45 was carried out in an identical
manner as used for 33, by reacting hydrazines 40—42 with methylated 30. Deprotection of the dimethyl
acetal using Nal and TMSCI gave target compounds 4c—e in excellent yield.

In general, the compounds of the hydrazino urea series have better inhibitory potency than the first
generation inhibitors 3a—c, which could be due to a favourable urea carbonyl-flap interaction, but remains to
be confirmed in future studies (Table 1). Structure activity relationships in the hydrazine urea series are quite

instructive: the (R)-enantiomer 4b had the lowest inhibitory effect of the new compounds with a K; about
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20-fold higher than that of 4a. Clearly an (S)-configured phenylalanine-derived motif is much more tolerated
by HIV PR. In this context, it is interesting to note that subtle configurational changes such as a single
stereocentre inversion can have a huge impact on affinity. In an extreme case a K; difference of
approximately seven orders of magnitude was reported.gz_84 The smallest compounds 4a and 4¢ without long
peripheral side chains were the best of the hydrazino urea series, indicating that the core adopts a
conformation with promising affinity to the catalytic centre. On the other hand, attaching side chains of one
or two amino acid residues results in decreased potency, by one order of magnitude (4d, 4e). This indicates

that an unsuitable geometry of the side chain—core connection impairs the rather favourable interactions of

the core.
. i) 35, BuyNOH, i) TFA, rt, 2h
(S)-proline (35)  cH,cl,, 0°C, D‘ RNH, EDC R i) PhCHO, MeOH
(+) 5 min N~ ~COpH HOBY, CHCl \ i, 12h
CC Ly ii) 34, CH,Cl, NHBoc t. 2h BocHN O iiiy NaCNBH,, HOAC
34 Boc -78°Ctort 12h 36 MeOH, rt, 2h
74% (2 steps) 37 R= NHtBu (74 %)
38 R= ValNHtBu (100 %)
39 R= lleValNHtBu (78 %)
N i) 30, Mel, MeCN MeQ N 0 TMSCI, Nal N
. © ft, 12h MeO N\H/N MeCN, t, 1h Ny ©
- YT
ii) 40-42, NEts, 0] o)
CHCly, 11, 12 h

40 R= NHtBu (83 %)
41 R= VaINHtBu (93 %) 44 R= ValNHtBu (70 %) 4d R= VaINHtBu (91 %)
42 R-= lleValNHtBu (80 %) 45 R= lleValNHtBu (72 %) 4e R-= lleValNHtBu (78 %)

Scheme 24. Synthesis of second-generation inhibitor candidates 4c—e.

43 R= NHtBu (66 %) 4c R= NHtBu (83 %)

Table 1. Parameters for candidates 3 and 4 characterizing their inhibition of HIV-1 PR proteolytic activity.

Cpd. ICs0 (M) Ki (uM) MW (g/mol)
4a 37.2 26.2 365
4b 543 461.0 365
4c 44.5 343 450
4d 341 292.0 549
de 169 148.6 662
3a > 1000 - 388
3b 545 574 578
3c 204 99 677
pepstatine 0.036 0.036 686

This study broadens our exploration of the N—C=0 motif as a potential isostere that reproduces key

stereoelectronic properties of the transition states of peptide hydrolysis. In contrast to our first-generation
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inhibitors, only one constitutional component is present in all molecule candidates in a protic medium, such
as provided by methanol. In no instance we have noticed an impairment to the mutual approach of the two
interacting functional groups for steric reasons. It should be stressed that the demonstrated absence of any
aldehydic component constitutes a major stride towards the consideration of the N—C=0 motif as a future
pharmacophore. The most potent inhibitor in this study is so small (4a: 365 g/mol) that great improvements
in affinity and ADME properties may be obtained by introduction of additional molecular bulk without
violating Lipinski’s rule of remaining within the limit of 500 g/mol.*> Computational and synthetic studies

with a number of diverse substitution patterns of this hydrazino urea motif are currently underway.

5.2. Foldamer design

The phenomenon of secondary structure adoption by biopolymers has inspired innovation in the field
of supramolecular chemistry probably as much as ligand recognition by protein receptors. For example,
multicellular organisms use short peptides to defend themselves against microbes.*® These oligomers tend to
fold into amphiphilic helices in order to assure a binding mode where the cationic N terminus binds to the
anionic surface of the bacterial cell membrane and the hydrophobic side chains interact with the lipid
bilayer. This compromises the impermeability of the cell wall. Such peptides are of course highly interesting
as a point of departure for the design of synthetic analogs that will increase our power to fight resistance to
common antibiotics.

In order for this class of compounds to be useful as drugs, two major hurdles have to be overcome: (a)
loss of secondary structure in aqueous media (and concomitant loss of amphiphilic lipophilicity) and (b) loss
of primary structure by proteolytic degradation through endogenous peptidases. The class of beta-peptides
has been designed to respond to the latter point because they show a much higher resistance to hydrolytic
degradation than do alpha—peptides.87 Unsurprisingly, they have thus been promoted as a class of new drugs.
However, even when they are water soluble, and this is often not easy to achieve, they reliably suffer loss of
structural integrity in this medium.*® The intramolecular hydrogen bonds that guarantee defined folding of
the oligomer are in competition with intermolecular bonds between the respective sites and water molecules.
Since these bonds are of comparable energy, the gain in enthalpy upon folding is too low to compensate the
loss in entropy associated with the adoption of a rigid secondary structure. Beta-peptide design thus attempts
to favour hydrosolubility by introducing hydrophilic side chains while at the same time ruling out the total
solvation of the backbone. Three strategies have been explored to this end: (1) the first has been inspired by

89,90

work on alpha-peptides and consists in locking the helix by the construction of an additional covalent

bond (Scheme 25 A). This strategy has been called “molecular stapling” and is currently very much in vogue

192 (2) The second strategy has been developed simultaneously by

for the discovery of new drug principles.
the groups of Seebach” and De Grado.”* The latter in particular coined the term “foldamer” for their
synthetic targets in view of the principal aim of their research. It consists in the introduction of judiciously
placed ammonium and carboxylate functions that stabilize the secondary structure of the foldamer via the
formation of salt bridges as well as the compensation of the macro-dipole of the helix by inversely orientated
dipoles that these salt bridges constitute.”” An additional advantage is seen in the improved hydrosolubility
that comes with such a modification (Scheme 25 B).

A more drastic solution to circumvent loss of structural integrity when passing from organic to

aqueous media has been proposed by the group of Gellman. They synthesized oligomers with significantly
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more rigid backbones by employing units of trans-aminocyclohexane carboxylic acid (ACHC) or trans-
aminocyclopentane carboxylic acid (ACPC) (e.g. Scheme 25 C).” Of course, all of the above strategies
limit the choice of backbone sequences and possible monomers and often constitute a real challenge in
synthetic chemistry. In any case, while alpha helices have been commonly observed in the beta-peptide
realm, to our knowledge, no folding into beta sheets has ever been reported for this class. For these reasons,
a new type of foldamer may be proposed that takes advantage of the N—C=0 interaction. As it has been
stated on numerous occasions in this manuscript, the interaction is particularly favoured in water and should
be sufficiently strong (on the order of 40 kJ/mol, to be compared with ca. 12—32 kJ/mol for the H bond) to
allow the oligomer to adopt a defined conformation in physiological media via the iterative energy-
minimizing process that characterizes the cooperative effect. No competition with solvent molecules needs

to be feared.

(C 2O 2O 2O

Scheme 25. Stabilisation of a beta-peptide by (A) introduction of a macrocylic disulfide bridge and
(B) by salt bridges; (C) highly preorganised backbone leads to reliable folding in aqueous media
while significantly reducing hydrosolubility.

We have designed a first backbone that incorporates alternating tertiary amine and ketone sites and
that should adopt a beta sheet-type secondary structure in aqueous media forming enchained units of
six-membered rings. Such a folded oligomer should be in equilibrium with its open-chain form at pH 9 in
view of the estimated pKa of 9 for the interaction (vide supra). But even at neutral/physiological pH (7.4)
where the interaction will become covalent and the resulting motif a cation, a state of equilibrium with open-
chain forms may be envisaged to allow the system to find the lowest energy constitution and conformation.
The pKa values of neighboring moieties should of course suffer more or less perturbation by the presence of
a cation in their immediate vicinity.

The modeled target compounds (Scheme 26)'”

constitute a significant synthetic challenge in view of
the functional group density. However, their design includes several features that make them attractive
objects of an initial study: (a) a high frequency of tertiary amine and ketone sites on the backbone for a
significant enthalpic advantage to folding; (b) formation of energetically favourable six-membered rings; (c)
alternating donor and acceptor sites to mimic the situation found in peptidic beta sheets and to compensate

dipoles on site; and lastly (d) a beta-turn like unit that ensures folding of the molecule on itself. While the
22



modeling experiments gave conclusive results, the synthetic development of the molecules has not yet

advanced to the point of a first object of study.loo

7 7. R 7. R 7~ R 7~ R
Z R oZ | OZ | OZ | oZ |
O\/J\/NZ+ NZ L NZ NH
%|§+\fﬁ|§+\fﬁ|/z+\fﬁ|z+ NZ+ OH OH
Z

W
S s fﬁ

OH
R R R
Scheme 26. Target molecules not yet realized that should fold in aqueous media as depicted.*®'®

6. Conclusions

The N—C=0 interaction can be counted among the weak interactions but distinguishes itself from its
better known counterparts by the capacity to turn into a covalent one when pH is lowered. At this point, it
has to be regarded as an addition product of a protonated ammonium ion on a carbonyl compound and can
be compared to hemiaminals that are known to be in rapid equilibrium with their elimination products.
Sufficiently preorganized systems capable of showing the N—C=0 motif will exist solely in this interacted
form if dissolved in protic polar media and our results have demonstrated that this is possible also for
monocyclic six-membered rings. In aprotic media, these systems prefer the non-interacted, often “linear”
form, and can then exert their full aldehyde reactivity. The elaboration by experts of force fields for the
interaction is underway and molecular mechanics packages will eventually be equipped for convenient
modeling of molecules cabable of showing the interaction. We have equally demonstrated the feasibility of
exploring the binding properties of the N—C=0 motif in enzyme inhibition and we have embarked on the
ambitious synthetic project of observing the interaction for the first time in multiple copies on one molecule.
The stage is now set to deliberately incorporate the N—C=0 motif into scaffolds of one’s choice and

explore the unique and hopefully beneficial properties thereby conferred on the molecule in its entirety.
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Abstract. The participation of heterocyclic surrogates of activated carbonyls and imines in Povarov and
isocyanide multicomponent reactions yields a wide range of products in a straightforward manner. The rich
reactivity of heterocyclic systems in this context often gives rise to unexpected domino processes, which are
studied to improve the knowledge about this chemistry and eventually to contribute to the design of new
productive reactions. The mechanistic rationale for these processes is analyzed together with their synthetic

applications.
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1. Introduction

Achieving the ideal synthesis of organic compounds is a highly challenging goal and requires
substantial improvements in efficiency, selectivity and sustainability, among others. Apart from these
concepts, the newly introduced step economy is gaining acceptance as a measure of the synthetic feasibility,
especially in the discovery and preparation of drugs. In this context, multicomponent reactions (MCRs) play
key roles as they feature the formation of many bonds in a single transformation and simultaneously allow
the incorporation of meaningful parts of the starting materials into the final adduct."™ Also, the modular
character of these processes allows a high degree of structural variability which is critical in the exploration
of biological and chemical space, an important issue in drug discovery process.” ' In fact, the increasing
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demand for new and safer drugs, together with the myriad of small molecules needed to decipher complex
biological processes through chemical genetics, makes the use of fast and straightforward synthetic
methodology a critical requirement.'**

Furthermore, heterocycles constitute the most common motifs found in drugs and bioactive
compounds. Incidentally, the pioneers in this field (Hantzsch, Biginelli, etc.) provided fundamental
contributions for the development of powerful general and selective synthetic methodology that leads to
these heterocyclic targets through MCRs."'® An attractive and complementary approach consists of using
heterocycles as the reactants for these processes,17 a fruitful strategy which takes advantage of the rich and

sometimes unique reactivity of these structures (Scheme 1).

MCRs

\

Scheme 1. MCRs with heterocyclic reactants.

Several known MCRs are based on the reactivity of activated carbonyls and iminium ions and mainly
involve nucleophilic additions.'® This chapter is devoted to our results in the development of new synthetic
methodology based on the generation and reactivity of heterocyclic surrogates of such species

(oxocarbenium and iminium ions) from common heterocycles (Scheme 2).

+ -
Common O,N- MCRs X Complex
Heterocycles ' Polysubstituted
O,N-Heterocycles
X=0,N

Scheme 2. MCRs based on heterocyclic surrogates of oxocarbenium and iminium ions.

2. Povarov-type reactions

The Povarov reaction consists of the interaction between imines and activated alkenes. Povarov’s first
approach reported the reactions of aldimines and electron-rich alkenes in the presence of a Lewis acid to
yield a tetrahydroquinoline adduct.”™" Its multicomponent version was elaborated thereafter and the imine
prepared in situ reacts with the electron-rich olefin in a formal imino Diels-Alder cycloaddition, as it was
initially termed.”> The development of new and powerful catalysts, especially lanthanide triflates, ™’
together with improvements in the substrate range and in reaction conditions (including green chemistry
approaches),zg_32 have allowed the general use of this process. Recently, catalytic enantioselective versions

. 33,34
have been described.”™

3336 starts with the initial condensation of aniline (1) and aldehyde (2) to form

The reaction mechanism
an imine (A), which is activated by a Lewis acid to increase its electrophilic character and favour the
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nucleophilic addition of an activated alkene (3) (Scheme 3). The resulting cationic species (B) undergoes an
intramolecular aromatic electrophilic substitution on the aniline ring to yield the tetrahydroquinoline 4, in a
MCR sequence connecting Mannich and Pictet-Spengler-type processes. Several examples of Povarov

MCRs involving heterocyclic precursors and mechanistic modifications are addressed in this section.

Q L
NH, o
] N K@ LA
; , Cl
- oC
+ | 3

a L
o) .
SR
o — Oy
T !
A B LA

Scheme 3. Formal mechanism of the Povarov MCR.

2.1. Dihydropyridine-based Povarov reactions

The diversity of the olefin component in Povarov MCRs has been explored extensively. Initial results
from cycloalkenes and enol ethers paved the way for the use of diverse structural patterns regarding this
input. In this respect, dihydropyridines (DHPs) are particularly attractive because of their high degree of
substitution, their availability (DHPs are easily prepared from commercial pyridines and several other
precursors) and their reactivity which allows a wide range of synthetic transformations.”’ The main synthetic
interest on the use of DHPs deals with their capacity to serve as piperidine precursors, particularly in the
case of polysubstituted-polyfunctionalized targets, which are difficult to access from other substrates. This
property has been exploited in the preparation of complex natural products and bioactive compounds
(Scheme 4).

R3 R3
| N | N | mors Re-_N__Rs
=
R; R R Re
R2 Ro
5 6 7

Scheme 4. DHPs as reactants in MCRs.

However, the major drawback of DHPs in organic synthesis is their easy oxidation to the
corresponding pyridinium salts. In fact, this is their natural role, as NAD(P)H is a 1,4-DHP derivative and is
present in many reductases as the stoichiometric reducing cofactor for the transformation of carbonyl and
imine substrates into the corresponding alcohols and amines, normally with high enantioselectivity (Scheme
5). Tt should be mentioned that, under the appropriate conditions in the presence of Mg** or other Lewis
acids, NAD(P)H alone (or synthetic analogs displaying a 1,4-DHP unit) promotes these reductions. This
observation is relevant in this context, since we planned to perform MCRs with 1,4-DHPs as inputs together
with carbonyls and amines, in the presence of Lewis acids, therefore facing potentially unproductive redox

interferences.
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| "R )J\R o kR x=onR
R 4 ™5 Reductase R, Ri Rs '
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NADH, NAD*: R; = Adenosyl ribosyl diphosphate
Scheme 5. Biomimetic oxidation of DHPs.

With these concepts in mind, we examined the reactivity of DHPs acting as the electron-rich olefin
component in Povarov MCRs. The interaction between a N-alkyl-1,4-DHP (6b), an aldehyde (2a) and an
aniline (la) under Lewis acid catalysis would eventually provide straightforward access to
benzonaphthyridine adducts™ (Table 1). 1,4-DHPs are routinely prepared by Na;S;04 reduction of the
corresponding N-alkylpyridinium salts, whereas their y-substituted derivatives can also be accessed by
nucleophilic addition to the same starting materials.””*° Initial experiments were carried out using different
standard acid catalysts such as TFA, BFs-Et;O and Mg(ClOy),. These treatments lead to the polymerization
of the somewhat acid-labile DHP, or to the biomimetic reduction of the intermediate imine with concomitant
isolation of the corresponding pyridinium salt. Several Lewis acids were tested for the capacity to activate
the imine and let it interact in the process, without damaging the DHP. Lanthanide cations and related
species display the most suitable properties for these requirements,’™*' and were therefore tested. Among
these, InCls, Sc(OTf)s;, Y(OTf); and Yb(OTf)s successfully promoted Povarov MCRs, the two latter being
the most efficient. Thus, the process with DHP 6b, p-methylaniline 1a and ethyl glyoxalate 2a led to a 2:1
diastereomeric mixture of the corresponding adduct 11a when the reaction was carried out in dry CH3CN
using InCl;y or Sc(OTf); in the presence of molecular sieves in respectively 65% and 87% overall yield
(Table 1, entries 1 and 2). As expected, the ring fusion was cis (arising from the most favourable cyclization

route) and the major isomer was the one bearing the ethoxycarbonyl group in the [ face.

Me
Me Me )
. Lo
U + + EtO,C-CHO m’ |
NC Conditions  NC H NH
NH, CO,Et
6b 1a 2a 11a
Table 1. Catalyst and reaction conditions screened for Povarov-DHP MCR.
Entry Solvent Conditions Lewis Acid Yield % Self[;:/t:)’lty
1 CH;CN r.t, 12h InCl3 65 2:1
2 CH;CN r.t, 12h Sc(OTf)s 87 2:1
3 H,0/SDS r.t,12h InCl; 56 1:1
4 H,O/SDS r.t, 12h Sc(OTf)s 67 1:1
5 CH;CN HP, 13 kbar Sc(OTHf)s 97 1:2
6 CH;CN MW, 10 W, 5 min Sc(OTf)3 98 2:1
7 CH3;CN/THF r.t, 12h YbdIDP.S. 96 2:1
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After studying several reaction conditions, it was determined that DCM and THF were not suitable
solvents, whereas water in an anionic micellar system (Table 1, entries 3 and 4) yielded the desired
compound albeit in a lower yield. High pressure conditions (13 kbar, entry 5) cleanly led to an almost
quantitative yield of the adduct with an inversion in the stereoselectivity. Microwave irradiation was also
efficient in promoting the MCR (entry 6, Table 1) notably reducing the reaction time to 5 minutes, in this
case without detectable changes in stereoselectivity. Another practical improvement involved the use of a
solid-supported catalyst (Yb’* associated with a sulfonate polystyrene resin),” which allowed efficient
recovery and reuse of the catalyst, without significant loss in activity for several cycles.

The scope of the reaction was established by systematically studying modifications affecting the four
diversity points (R1—R4)43 (Scheme 6). Regarding the DHP component, the reaction worked well with
different R; substituents attached to the nitrogen (Me and Bn) and with electron-withdrawing groups linked
to the B-position of the DHP ring (R,=CN, CO,Me, COMe, CONH,) which are required for the stability of
this input, otherwise the heterocyclic substrate is prone to suffer polymerization or oxidation even under

mild conditions.

R4
R R R
l{l1 N o) N1H
)J\ Sc®* or In®*
() - () rew 220 7T
RQ R2 H
NH, R3
11 b: Rs B
6 1 2 b R;

Scheme 6. Povarov-DHP MCR.

However, when the heterocyclic N atom was acylated, no substituents were required and H or fused

benzene rings were tolerated (Scheme 7).

65% 86% 67%

37% 63% 25%
dr (b:b") 4:1 dr (b:b") 1.5:1

Scheme 7. Range of DHPs in Povarov MCRs.

A range of aldehydes (R3) were tested as inputs in the MCR (Scheme 8). Apart from the highly

activated ethyl glyoxalate (2a), aromatic aldehydes substituted with electron-withdrawing and electron-
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donating groups yielded the desired products, although the yields tended to be higher with the former. The
reactions generally afforded the usual 2:1 diastereomeric mixtures. Heteroaromatic aldehydes also reacted
well. Remarkably, isatin afforded the expected spiroadducts, although this particular reaction required
prolonged heating and afforded a low overall yield. Formaldehyde and trans-cinnamaldehyde failed to react
under the usual conditions. Aldehydes displaying o-hydrogens were excluded from these experiments, as it
is known that this set of reactants presents problems (due to the enamine-imine isomerization) and requires

. .. . 44
special conditions to be engaged in Povarov processes.

17% ' 70% 63% 18%
Scheme 8. Variation of the aldehyde component in the Povarov-DHP MCR.

Furthermore, the range of anilines showed a clear indication that the activation level of the substituents
was critical for reactivity: mild activating and deactivating groups allowed the reaction, whereas strongly
activated or deactivated aromatic rings were not productive. These experimental observations are in good
agreement with the expected requirements for the final electrophilic cyclization of the iminium ion on the
aniline ring (Scheme 3), where poorly nucleophilic aromatic rings would fail to trap the electrophilic moiety,
whereas extremely activated systems would react preferentially with the activated imine, thereby kinetically
bypassing the DHP* (Scheme 9).

Thus, alkyl groups, halides and activating substituents, such as acetoxy-, hydroxy- and acetamido-
groups afforded the desired compounds (Scheme 10). For unknown reasons, aniline itself was not reactive.
Deactivating groups such as carboxylate, carboxamide and methoxycarbonyl were tolerated and the higher
yields were found in the mid activation range. Nitroanilines and m-methoxyaniline failed to yield the
Povarov adduct for the above mentioned reasons.
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Scheme 9. Side-reactions with activated and deactivated anilines.
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Scheme 10. Variation of the aniline component in the Povarov-DHP MCR.

Solid-phase methods were designed and implemented to facilitate the elaboration of the final adducts
(Scheme 11). Thus, following known protocols,*® the immobilization of the glyoxalate on a polystyrene resin
afforded the functionalized polymer 15. Thus, when resin 15 reacted with the DHP (6) and the aniline (1),
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the Povarov adduct attached to the solid support (16) was generated. An aqueous basic cleavage cleanly
yielded the corresponding carboxylates 17 with high purity in the usual 2:1 diastereomeric ratio.”” A new
diversity point was introduced at this stage by promoting alternative cleavages from distinct nucleophilic
species and therefore ester and amide derivatives 11 were also accessible. In a complementary manner, the
aniline component was also linked to the solid support, thereby expanding the application range of this

methodology to the Povarov-DHP process.47

b
0" o
* © /Q Sc(OTf)3
O—/ CH5CN-CH,Cl,

15 1 6

NH
Qo

Nucleophile NaOH
(Na*RO"; R,NH) EtOH-THF
R4
N H
|

Ry 1 NH
COR

11

H ¢o,Nat

R = OMe, OEt, NMe,
Scheme 11. Solid-phase approach.

Tandem processes were explored to allow the introduction of additional substituents at previously
untouched positions of the naphthyridine scaffold. The goal was to link the in situ generation of the reactive
DHP 6 (accessed from pyridines 5 by nucleophilic addition upon pyridinium salts) with the Povarov MCRs
and finish the process with an acylation of the aniline nitrogen of the Povarov adducts.*** By performing all
steps in a sequential manner, without isolation of the intermediates, it should be feasible to develop

6-component one-pot protocols displaying high degrees of structural diversity (Scheme 12).

X
£

R-X l N NH, N

N R 2 1 | R
« | Y R N R
'R ; ; 2
Ry 1R Lewis acid Tandem 2

Tandem N Nu R i Nu R
Reaction | ! CHCN ° | Reaction 4o
; 6 3CR 11 : 18

Scheme 12. Tandem processes leading to 6-component protocols.

The key point in this context is to find compatible conditions (i.e., a common solvent) for all the steps
in a one-pot sequence. As the Povarov process is, in practice, restricted to the use of CH3CN, the flanking
reactions should ideally be carried out in this solvent. Nucleophilic attack upon the N-alkylpyridinium salts

in CH;CN allowed the regioselective formation of the desired y-substituted DHPs 6, which were subjected in
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situ to the Povarov-MCR, simply by adding the Sc** catalyst, the aniline and the aldehyde (Scheme 12).
Thus, several nucleophiles (cyanide, trimethyl phosphite and aminouracil) were successfully incorporated
into the final MCR adduct to yield compounds 18a—c (Figure 1).

Additional diversity was introduced through acylation-type reactions at the secondary amine site.
Directly after the MCR step, two different electrophilic reagents (AcCl and TosCl) were added to the
reaction vessel (together with the stoichiometric amounts of a tertiary amine) to yield the desired MCR-

adducts 18d and 18e in a one-pot procedure*®(Figure 1).

a R1= Me; R2= Ac; Nu= CN, R3= COQEt, R4=Me; R5=H

b R4= Me; Ry= CN; Nu= PO(OMe),; R;= CO,Et; R4=Me; Rs=H

¢ R4= Bn; Ry= CO,Et; Nu= aminouracil; R;= CO,Et; R4=iPr; Rs=H
d R1= Me; R2= CN, Nu= H; R3= COQEt, R4=Me; R5=AC

e R4= Me; Ry= CN; Nu= H; R3= CO,Et; R,=Me; Rs=Tos

Figure 1. Tandem protocol adducts.

An extension of this methodology involved the generation of the reactive DHP directly from pyridines

by the Reissert reaction.”*”!

Thus, treating pyridine or isoquinoline (19) with a chloroformate 20 and
TMSCN 21 (as a soluble form of cyanide) in CH3CN, the N-acyl DHP E was engaged in situ with the
Povarov reaction, which was followed by the acylation step to afford the 6-component adduct in decent
yield, directly from commercially available starting materials (Scheme 13). This methodology therefore
allows the rapid assembly of a wide range of azine derivatives, anilines, nucleophiles, aldehydes and
acylating agents, which generate up to 6 bonds in a sequential manner, in acceptable yields and with a broad

scope of structural and functional diversity.

Me Me
CO,R 1a HZNOMG
N 20 CICO5R \ 'L

Jl/\j 21 TMSCN NC. N | 2a  EtO,C-CHO NC Eg_s)é NC

Rz —_

f CHCN | Sc(OTH) : N. ) N.
IL )I 3 | | CH CN3 Ir H H CHiCN If T H 5R
vt Sl ° L._.2 ' CO,Et t._.2  CO,Et

19 E 22 Rs: Tos, Ac, Boc 53
Scheme 13. Reissert-Povarov-acylation sequence.

Taking into account the mechanistic rationale for the Povarov process and the reactivity range of the
aniline component, we explored a modified version of the parent reaction. Thus, the initial Mannich step was
followed by an electrophilic cyclization from an aromatic ring attached to the heterocyclic nitrogen, which
would be in competition with the aniline to trap of the iminium intermediate F** (Scheme 14).

When the tryptophyl-DHP (24), chosen for the presence of a suitable indole nucleophile, was reacted
with ethyl glyoxalate (2a) and p-toluidine (1a) under the usual conditions, two products were isolated in
equimolecular amounts: the standard Povarov adduct 26a and the indoloquinolizidine 25a (Scheme 14). This
observation indicates a similar rate for both cyclization pathways. However, when a deactivated aniline was
used (methyl p-aminobenzoate), the indoloquinolizidine 26b was selectively formed.™

Next, we considered the use of aliphatic amines, naively assuming that these species would act as the

imine precursors as well as external trapping agents for the iminium intermediate. Interestingly, when
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n-butylamine 27a was reacted with DHP 6b and ethyl glyoxalate 2a, the bicyclic adduct 29a was isolated

together with the rearranged tetrahydropyridine 28a, both in low amounts™ (Scheme 15).

1 HoN R H
2 <:> }v CN HN
(\E@ 2a Et0,CCHO NNH R 25

N > N2 b
| NH InCl3 | N 4@ \
CH;CN
MeOC

MeOC™ NH ]
CN CN CO,Et HN
24 B F h 2
a:R=Me MeOC H
b: R = CO,Me CN CO,Et

Scheme 14. Alternative cyclization pathways in Povarov-DHP processes.

Me = Bu
Me Sc(0Thy Bu N_ZN_ L COEt
N CH5CN N CO,Et B h
U + HN-Bu + CHOCO,E | * N
NC NC CHO Ne H e
CO,Et
6b 27a 2a 28a 29a

Scheme 15. Aliphatic amines in Povarov-DHP reactions.

After tuning the reaction conditions, it was found that the use of 2.2 equivalents of amine and
1.2 equivalents of ethyl glyoxalate (2a), with prolonged heating, resulted in the formation of the aldehyde
28a (40% yield), whereas bicyclic derivative 29a (40%) was better obtained in the presence of 4 A
molecular sieves at room temperature, using 2 equivalents of amine and 2 equivalents of ethyl glyoxalate, in
shorter reaction times.

A likely mechanistic hypothesis is based on the initial condensation of the amine and the aldehyde

moieties to generate the corresponding imines (Scheme 16).

Ry 27 RoNH, Ry Ry Ry
. .
N_ 2a CHOCO,E! AN RaNH, N -NH
Rz Sc3* R; Rs Rs Rs
CO,Et CO,Et
6 H
HiV CHOCO,Et
Ry, R
R1 |1H 3
(NH E3 CO.E NG Nj\\\CozEt
W 2
R R R; Rs
2 3 R; CHO H
GOt CO,Et
2 28 29

Scheme 16. Mechanistic proposal for the Povarov-DHP reaction with aliphatic amines.
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Once activated by the Lewis acid, these imines would be attacked by the DHP, to form the iminium
ion G, which, through a nucleophilic attack by a second equivalent of the amine, would generate a diamino
intermediate H, which may interact with a second unit of glyoxalate to form the bicyclic compound 29.”
Alternatively, in the presence of water, intermediate A could suffer hydrolysis leading to aldehyde I, which
may rearrange through an intramolecular addition-elimination sequence to close the tetrahydropyridine ring
28. Interestingly, these MCRs display high stereoselectivity, which favours the frans isomers (probably
because of the intermolecular nature of the iminium ion trappings and a thermodynamic equilibrium leading

to the more stable stereochemistries).

2.2. Four-component reactions with enol ethers

The precedent results indicated the feasibility of trapping the iminium ion intermediate through an
external nucleophilic terminator.”*>> We decided to explore new aspects of this idea by using cyclic enol
ethers. These substrates have been particularly productive in Povarov MCRs. In this respect, special mention
is given to the pioneering work of Povarov, Lucchini’® and Li*"*%(Scheme 17). In this context, it is necessary
to consider that enol ethers, in the presence of appropriate acid catalysts, may also act as surrogates of the
aldehyde component as demonstrated by Li.”’ Interestingly, Batey observed this behaviour also with cyclic

enamines, which led to the tricyclic core of martinelline and eventually to the total synthesis of this

alkaloid.”™®!
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Scheme 17. Povarov MCRs with cyclic enol ethers.

In this context, we sought to develop a general 4CR based on an “interrupted” Povarov process. Some
precedents support the feasibility of such reactions.”>**® Special attention was paid to the performance of
the terminator agent as it should not harm the carbonyl or the imine components, but should efficiently trap
the final oxocarbenium intermediate. Several species were screened for this behaviour and the best results
were obtained with alcohols, presumably because of the reversible character of their addition to aldehydes
and imines. Thus, preliminary experiments were carried out using equimolar amounts of 3,4-dihydro-2H-

pyran (30a), m-nitroaniline (1c¢), ethyl glyoxalate (2a) and ethanol as the terminator (33a)65 (Scheme 18).
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Scheme 18. 4CR based on the interrupted Povarov MCR.
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The reaction afforded the desired 4CR-adducts as a mixture of diastereoisomers in high yield. In a
related process, when glyoxylic acid was used (to act as a carbonyl and terminator agent),
stereochemistry of the bicyclic adduct was conveniently assigned and it was also chemically correlated with
the previously obtained 4CR products. Thus, we determined that the stereochemical trends for this process

were similar to the normal Povarov reactions and led to the usual mixtures of diastereoisomers (Scheme 19).

NH 2a OHCCO,Et + O_OEt
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83 % CH;CN CH,CN \©
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1-EtOH, Sc(OTf)3
2-Esterification

Scheme 19. Stereochemical features of the interrupted Povarov MCR.

Remarkably the reaction has a general character and it is applicable to a wide range of substrates
regarding all components. The scope of amines tested (Figure 2) included deactivated and activated anilines
as well as aliphatic derivatives.

81% 82% 55% 93%
Figure 2. Range of amines in the interrupted Povarov MCR.

A range of carbonyl derivatives was also screened. These compounds followed similar trends to those
found in standard Povarov reactions: aromatic aldehydes and activated carbonyls being the most reactive
inputs (Figure 3).

88 % 40% T s
Figure 3. Set of carbonyl derivatives in the interrupted Povarov MCR.

In a similar manner, the terminator range was established (Figure 4). Primary alcohols were efficient,
whereas secondary derivatives reacted albeit in lower yields. Water afforded a somewhat labile hemiacetal

derivative which was stabilized by further interaction with formaldehyde. Other oxygen-based species with
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reduced nucleophilicity (carboxylic acids, phenols, trifluoroethanol) did not afford the expected

4CR-adducts. In these cases, the cationic intermediate evolved towards the

formation of the standard

Povarov products. Interestingly ethanethiol performed well as a terminator.
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Figure 4. Set of terminators in the interrupted Povarov MCR.

This synthetic transformation accepts a wide range of cyclic enol ethers, ranging from the classic

substrates (dihydrofurans and dihydro-2H-pyrans) to substituted derivatives and glycals (Figure 5). In the

latter case, extremely stereoselective reactions were found, leading to the enantiopure adducts, although

under standard conditions the reactions were very slow and low yielding, presumably because of the higher

steric hindrance of the substrates. However,
transformations (Figure 5).
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Figure 5. Enol ether range in the interrupted Povarov MCR.
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It is expected that the scope of this multicomponent transformation will be widened by recent advances
in the field, in particular the incorporation of aliphatic aldehydes containing o-hydrogen atoms.****%" The
development of protocols with high stereoselectivity, like the enantioselective catalytic methodology
developed by Zhu™ and Akiyama,* are already milestones in this field. The elegant access to a wide set of

enantiopure diamines designed by Zhu using an interrupted Povarov MCR is of note.®®
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Scheme 20. Recent applications of Povarov-type MCRs.

Recently, Moeller described an impressive application of this MCR to the functionalization of
microelectrode arrays. This approach features an innovative and precise timing of the reaction based on the
oxidation state of the Sc species, which is controlled electrically.69 Moreover, the implementation of this
chemistry allowed the rapid preparation of a potent and selective acetylcholinesterase inhibitor which also
inhibits the B-amyloid aggregation and therefore it has potential therapeutic use as anti-Alzheimer agent.70
Recently, Barluenga and co-workers reported remarkable examples of Povarov and interrupted Povarov
MCRs, where an enol ether with an exo double bond is generated in situ from a metal-catalyzed
intramolecular hydroalkoxylation of alkynols. This process affords complex spiroadducts (acetals and

quinolines) in a stereoselective manner’ (Scheme 20).

2.3. Enol esters in Mannich-type multicomponent reactions

The structural similarity of enol esters with the usual substrates of the Povarov MCRs led us to consider
their suitability as inputs for these processes. When 3,4-dihydro-6-methyl-2H-pyran-2-one (37) was treated
with p-toluidine (1a) and ethyl glyoxalate (2a) under Sc(OTf); catalysis, the major product was not the
expected Povarov compound 40, but the cis-trans isomers of the N-aryl lactam 38 (Scheme 21).” The X-ray
analysis of a single crystal of one adduct allowed the assignment of their relative stereochemistry, the cis
isomer being the major compound. Moreover, it was found that an acid-catalyzed epimerization cleanly led

to trans stereochemistry (39) (Scheme 21).
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The introduction of the carbonyl moiety in the electron-rich olefin triggered a dramatic change in the
reaction mechanism. The usual Mannich process generated the highly reactive intermediate K, ready to
undergo a facilitated lactamization, rather than the usual aromatic electrophilic substitution, which would

lead to the fused tetrahydroquinoline adduct 40, not detected in the reaction (Scheme 21).
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Scheme 21. Povarov reactions with enol esters.

The scope of the reaction was then studied and it was found that a wide range of anilines allowed the
process; however the carbonyl component was restricted to ethyl glyoxalate, although aromatic aldehydes
were tolerated in some entries. The range of enol esters was studied and 5- and 6-membered unsaturated
lactones gave the corresponding N-arylated lactams, whereas isopropenyl acetate (43) gave rise to the
corresponding open chain-type adduct 44 (Scheme 22). Vinyl acetate (41), however, afforded quinolines 42,
probably as a result of spontaneous AcOH elimination and oxidation to the fully aromatic nucleus from
Povarov adduct (L)73 (Scheme 22).

R R

AcO
=N NH

41
CO,Et Co,Et
42 L o) o o)
SC(OTf)3 45 0 o’Et
CHaCN
I |Sc(OTf)3 (F—, Me
OEt

|
CH3CN n= 1’ 2 0
i TFA
Me 46
Sc(OTf)3

Ac CH4CN
o COEt 44

Scheme 22. Range of enol esters in the Povarov-type MCRs.
The use of cyclic enamides as electron-rich olefins has been fruitfully applied in syr1thesis.61’74
However, in all previous examples, the carbonyl moiety was exocyclic and therefore the logical step was to
determine whether an endocyclic carbonyl influences the reaction pathway, as seen in the oxygen analogs.

Thus, several 5- and 6-membered ring enamides displaying endo or exo carbon-carbon double bonds with
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distinct substitution patterns were evaluated under standard Povarov reaction conditions. All these enamides
were satisfactorily engaged in the MCRs and gave rise to the corresponding adducts, which displayed a
remarkable degree of structural diversity”” (Scheme 23).
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CH,CN

Scheme 23. Povarov MCRs with cyclic enamides.

3. Isocyanide-based multicomponent reactions

Isocyanides are the most frequently used functional group in MCRs because of their synthetic
versatility, their bond-forming capacity and their availability. The Passerini and Ugi reactions are the most
emblematic MCRs and hold a privileged position in medicinal and combinatorial chemistry with regards to

their usefulness in the preparation of bioactive compounds and drugs.3’9’76

These processes share common
mechanistic profiles, where the key step is the isocyanide attack on an oxocarbenium (Passerini) or iminium
(Ugi) ion intermediate (Scheme 24). Following our research program, we devised heterocyclic versions of

these reactions, where the activated cationic species were prepared from fundamental heterocycles.

R"-COOH R™-COOH R™-CO,
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chemistry chemistry
Scheme 24. Cationic intermediates in Passerini and Ugi MCRs.

3.1. Hydro-, halo- and seleno-carbamoylation of cyclic enol ethers and dihydropyridines

Cyclic enol ethers and DHPs were identified as suitable precursors of the cationic intermediates, as the
latter could be generated by interaction of electrophilic species and, in this manner, achieve the heterocyclic
Ugi-Passerini MCRs (Scheme 25).
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Scheme 25. Heterocyclic versions of Passerini and Ugi MCRs.
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A crucial point in this approach is the competition of the substrate with the isocyanide for the capture
of the initial electrophile, thereby leading to species N in an unproductive manner.

Initial studies on these processes started with a proton as the simplest electrophile. The use of aqueous
acids was not efficient and the formamides arising from the acid-catalyzed hydrolysis of the isocyanides
were obtained as the major compounds. However, the hydrocarbamoylation of cyclic enol ethers and DHPs
can be conveniently carried out using an anhydrous acid source (p-toluenesulphonic acid) at low
temperature.”” The heterocyclic substrates reacted with the isocyanides by addition of a stoichiometric
amount of acid and a-carboxamido derivatives were obtained in good yields after the final aqueous quench
(Scheme 26). The scope of the process tolerated a reasonable range of cyclic enol ethers, DHPs and
isocyanides. Interestingly, the intermediate nitrilium ion O seems to be stabilized by the sulfonate anion in

the reaction medium, to be subsequently hydrolyzed during the work-up stage (Scheme 25).
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Scheme 26. Hydro-carbamoylation of cyclic enol ethers and DHPs.

ii) H,0 55

Next we studied the participation of electrophilic selenium species to perform the analogous seleno-
carbamoylations.”® When the substituted cyclic enol ethers and DHPs were subjected to reaction with
isocyanide and phenylselenium chloride, the corresponding seleno-carbamoyl adducts S5m—-o and 55p—q
were formed chemoselectively, the frans stereoisomers being the exclusive or major compounds (Scheme
27).
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Scheme 27. Seleno-carbamoylation of cyclic enol ethers and DHPs.

Similarly, the halo-carbamoylation of these heterocyclic substrates was explored. The reactions were
carried out with the isocyanide using Br; or ICI as the halonium source, followed by a final water quench.
The cyclic enol ethers yielded the desired B-halo-a-carbamoyl derivatives 55r and 55s (Scheme 28).
However, these adducts proved somewhat unstable at the purification stage, thus leading to low isolated
yields, although the overall transformation was quite satisfactory. As expected, the process was
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stereoselective, affording the trans stereoisomers. With respect to the DHPs, the reaction was also successful
and a wide range of o-carbamoylated-B-halosubstituted tetrahydropyridines was generated in good to
excellent yields after the final treatment with H,O. Three observations deserve special mention. These
MCRs efficiently by-passed dihaloimine formation, what would be the result of the unwanted interaction of
the halogen with the isocyanide (a well documented process which often takes place violently).””*" Also, the
nitrilium intermediates are temporarily trapped by the halide anion present in the reaction medium and
afterwards the imidoyl halide is hydrolyzed to the corresponding amide. Finally, although halogens rapidly
oxidize DHPs to the corresponding pyridinium salts, the electrophilic interaction to yield the B-haloiminium
ion (M in Scheme 25) and its subsequent trapping by the isocyanide must take place at faster rates and the

non-biomimetic oxidation of DHPs can plroceed.81
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Scheme 28. Halo-carbamoylation of cyclic enol ethers and DHPs.

Some post-condensation transformations on the halo- and seleno-MCR adducts were therefore
investigated (Scheme 29). The tetrahydropyridine-bromoamide 55t was treated with NaH to afford the
corresponding elimination product, the o-carbamoylated 1,4-DHP 56, while the cyclic ether analog S5r
selectively yielded the B-lactam 57 under the same reaction conditions. Moreover, the oxidative elimination
of the seleno-derivatives 55m and 550 was tested and, under standard conditions (in situ conversion to the
selenoxides with H,0O,), the corresponding conjugated and non-conjugated unsaturated derivatives 58 and 59
were produced in good yields. These results showed the feasibility of engaging the newly described MCRs

in short synthetic sequences with preparative purposes.
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Scheme 29. Post—condensatlon transformatlons on the halo— and seleno-MCR adducts.

3.2. Benzimidazolium salts
As previously described, the interaction between DHPs 6 and cyclohexylisocyanide (54a) in the

presence of bromine afforded the B-bromo-a-carbamoylated tetrahydropyridines 55 (Scheme 30). However,
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when the same reaction was carried out using iodine, the major isolated compounds were, unexpectedly, the

benzimidazolium salts 60.%
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Scheme 30. Halogen 1nteract10n with isocyanides and DHPs.

The scope of this unprecedented transformation was studied through a systematic variation of the

substitutents at the DHP and the isocyanide components (Scheme 31).
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Scheme 31. Range of DHPs and isocyanides in the benzimidazolium salt formation.

A broad range of substitutions at the nitrogen of the DHP was well tolerated, including linear alkyl-,
cycloalkyl, benzyl, aromatic and homochiral arylalkyl groups. Again B-substitution at the heterocycle was

restricted to some electron-withdrawing groups (to guarantee the stability of the DHP), such as alkoxy-
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carbonyl, cyano and acetyl groups; whereas DHPs bearing formyl and carboxamido groups did not undergo
the transformation to the benzimidazolium salts. The first probably suffered oxidation to the carboxylic acid
stage under the reaction conditions and the latter facilitated the biomimetic oxidation of the DHP ring to the
pyridinium salt. Cyclohexyl-, benzyl- and aromatic isocyanides afforded the desired products, whereas
tert-butylisocyanide, TOSMIC and isocyano acetates were not productive. Overall, the yields obtained
ranged from practically quantitative to moderate or low in some reactant combinations.

Structural assignment was performed with the help of mono- and bi-dimensional NMR experiments
and diagnostic information came from the use of labeled precursors (deuterated DHPs and PC-labeled
isocyanides), which also afforded valuable data for the mechanistic proposal (Scheme 32). Several additional
experiments also shed some light in this respect. For instance, the corresponding pyridinium salts (arising
from the biomimetic oxidation of the DHPs), although isolated in small amounts in these reactions, are not
intermediates en route to the benzimidazolium adducts, as determined in independent reactions. Second, the
analogous reactions using ICl, as a alternative iodonium source, cleanly yielded the B-iodo-a-carbamoylated
tetrahydropyridine. However, using bromine, although the halo-carbamoylation was the predominant
process, traces of the corresponding benzimidazolium bromide were detected. Thus, the working hypothesis
starts with the interaction of iodine with the reactive double bond of DHP (6) to generate the iodoiminium
ion P, as previously described in the literature.”®®' An isocyanide nucleophilic attack upon this intermediate
would generate a nitrilium ion (Q), which then may undergo a new isocyanide addition to give raise to
cation R,**® which can be intramolecularly trapped by the enamine system to form a bridged intermediate
(S). This species may experience iodide-promoted fragmentation (T) followed by ring closure and
aromatization to access the final product 60. Iodide anions should play a critical role in the reaction. They
may stabilize the iminium and nitrilium intermediates in a different way than other halides do, thereby
allowing a convenient rate for their formation without blocking their reactivity, thus promoting a double
isocyanide incorporation followed by the complex rearrangement. At the same time, they may also
participate in the ring opening of the byciclic intermediate, which leads to an imidoyl iodide ready to close
the imidazolium ring. Although hypothetical, this proposal describes a unique domino sequence that justifies

the chemical reactivity and the connectivity pattern observed in the process.

. _
RNe

- R1

S N N

| <—L) @ @

I Ry Ry
H,O Q Detected
R / N= >/<‘
RHNOC_ N -H || RN=C '
| R Ry \” R4 +\
N - R N R1
IUR N R, 3 Q

\ 2 A ND N
From ICI reactions ﬁ// | < \
R R, /
= Formed bonds

Scheme 32. Mechanistic proposal for the formation of ben21m1dazohum salts 60.

The mechanistic complexity does not preclude the general usefulness of this reaction in the synthesis
of a wide range of benzimidazolium derivatives that have this substitution pattern, which would otherwise be
difficult to access by classical routes from diaminobenzene derivatives. Incidentally, during the course of a
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screening campaign for small molecule, non-peptidic inhibitors of the human Prolyl Oligopeptidase (an
enzyme expressed in the central nervous system, with important effects on behaviour and mood), it was
found that one of the previously prepared salts (60i) displayed selective and potent activities at the
micromolar level. In addition, this compound is blood-brain barrier permeable, a requisite for bioactivity in

the central nervous system87 (Scheme 33).
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Scheme 33. Prolyl Oligopeptidase inhibition by benzimidazolium salt 60i.

3.3. Isocyanide addition to pyridinium salts

Notably, the simple addition of isocyanides to N-alkylpyridinium salts is not described in the literature.
In order to expand our knowledge on the use of isocyanides in heterocyclic MCRs and taking into
consideration that pyridinium salts contain a reactive iminium-type moiety, we addressed these potentially
useful reactions with the aim to achieve the direct carbamoylation of the heterocyclic systems88 (Scheme
34).
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Scheme 34. Isocyanide addition to N-alkylpyridinium salts.

Several reactivity factors must be properly balanced in order to have a viable process. The most
important is perhaps the reversibility of the isocyanide addition step and the stabilization of this DHP-
nitrilium intermediate U by coordinating species, for instance the halide counter ion. Moreover, it is
important to achieve a reasonable control of regioselectivity, as pyridinium salts may undergo addition at the
o and Y positions. Initial results showed a lack of reactivity under standard conditions and several
B-substituted pyridinium salts did not yield the desired adduct, as shown by the recovery of unchanged
starting materials. This result may indicate that the reversibility of the addition step favours the stable
reactants because of a deficient stabilization of the nitrilium ion. In our search for a practical solution to this
problem, we were inspired by the work of Zhu, who has developed a general method based on the
intramolecular participation of a carboxamido group (linked to the isocyanide moiety) to trap the nitrilium
intermediate. This step leads to the formation of an oxazole ring, thereby resulting in the implementation of a
family of reactions with extremely high synthetic versatility.gg_92 Thus, nicotinamide salts 9a, bearing a
carboxamido group suitably located near the cationic centre, were chosen as substrates for these
transformations (Scheme 35). According to our expectations, the N-benzyl salt 9a was treated with
isocyanides in MeOH with 2 equivalents of AcONa to yield the y-carbamoylated-B-cyano-1,4-dihydro-

pyridine 62 through the initial formation of a bis-iminofuran-type adduct (V), which underwent an acid-base
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catalyzed isomerization to yield the B-cyano-y-carboxamido-DHP®**® (Scheme 35). The process took place
with high regioselectivity, favouring the generation of the more stable 1,4-DHPs. The isomeric
1,2-derivatives were not detected in these cases. Several nicotinamide salts and isocyanides were tested and
provided successful results. Of note, the umpolung reactivity of the isocyanide which acts as the nucleophile

in this process, ends up as a carboxamido group directly linked to the heterocycle.
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Scheme 35. Isocyanide additions to nicotinamide-derived pyridinium salts.

3.4. Reissert-Ugi reactions

Along these lines, we explored the reactivity of in sifu generated N-acylazinium ions towards the
isocyanide component. Thus, we promoted the interaction of an azine (such as isoquinoline) and an acylating
agent to form the N-acylazinium salt’ and evaluated its reactivity as a new source of iminium ions in what

could be considered a Reissert-Ugi process (Scheme 36).
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Scheme 36. Reissert-Ugi MCR.

The reaction of isoquinoline (63), methyl chloroformate 64a and tert-butylisocyanide successfully
yielded the o-carbamoylated dihydroisoquinoline 66a (Scheme 37). Optimization of the process, using a
stoichiometric amount of isocyanide and running the reaction in dichloromethane, increased the yield up to
90%.” The scope of the reaction was therefore explored and the three components were screened to
establish the practical applicability of the process. Several isocyanides gave successful results: fert-butyl,
cyclohexyl-, benzyl- and tosylmethyl-isocyanide (Scheme 37). Particular attention was given to the
reactivity of the heteroaromatic substrate. Substitution of isoquinolines was allowed and, while quinolines
and phenanthridines were also reactive; acridine and 2-methylquinoline, lacking reactive sites at the
a-position, were recovered unchanged. Pyridine, together with diversely substituted derivatives, was inert
under the usual conditions, in analogy with the classical Reissert process, where its reactivity requires
special activation.”® With respect to the acylating agent, a variety of chloroformates were found to be
productive (benzyl-, phenyl- and allyl-chloroformate); Boc,O reacted with isoquinoline and fert-butyl-
isocyanide in decent yield, although requiring longer reaction time. Also, benzoylchloride and tosylchloride
were successfully engaged in these MCRs, albeit affording lower yields of the corresponding adducts.

Successful applications of solid-phase Reissert processes have been reported.”””® In an attempt to
improve the practical performance of our transformation, we performed the Reissert-Ugi MCR on a solid
support (Scheme 38). Thus, the N-acylazinium salt was generated by adding the isoquinoline to a
chloroformate resin (64b) and the process took place in the presence of the isocyanide, followed by the
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standard water termination. The MCR adduct (66n) remained attached to the polymer and oxidative cleavage
yielded the carbamoylated quinoline 67 in high yield and purity. Also the union-concept (linking two or
more MCRs in order to gain structural diversity)™'® was applied to the Reissert-Ugi adducts and they were
used as substrates in the Povarov-DHP reaction, as they display an enamine moiety. Thus, the complex

polyheterocyclic system 68 was conveniently prepared as the usual mixture of diastereomers.
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Scheme 37. Range of isocyanides, azines and acylating agents in the Reissert-Ugi MCR.
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Scheme 38. Solid-phase Reissert-Ugi MCR and union with the Povarov MCR.

Looking for reactivity in the pyridine series, we sought the beneficial effect of the carboxamido group
in the stabilization of the nitrilium intermediate. When nicotinamide (Sa) was reacted with methyl
chloroformate and cyclohexylisocyanide, good yields of the y-addition adduct (6d) were obtained. The
process took place through the previously described mechanism leading to the cyano derivatives. The

reaction upon isoquinolines occurred with an inverted regioselectivity with respect to the Reissert-Ugi MCR
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on pyridines, leading to a-substituted adducts. The pyridine adducts 6f were transformed in subsequent

reactions into N-H DHPs and pyridines® (Scheme 39).
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Scheme 39. Reissert-Ugi MCRs with nicotinamide and post-condensation transformations.

In our search for a direct functionalization of pyridines in isocyanide-MCRs, a challenge that has
eluded a general solution and, taking into account the relevance of this heterocycle in organic and medicinal
chemistry, we studied new approaches involving more aggressive activating agents. Inspired by a report by
Corey,99 triflic anhydride was tested in Reissert-Ugi processes (Scheme 40). Although the expected
connectivity patterns were established, the corresponding products were isolated in reduced yields, with low
regioselectivity and the oxidation compounds were also detected. However, the main problem was the
massive decomposition (probably via polymerization) of the isocyanide in the presence of the triflic
anhydride. We then turned our attention towards milder activating agents. Thus, trifluoroacetic anhydride
(TFAA) was used in the MCR with pyridine and cyclohexylisocyanide. To our great surprise, pyridine was
reactive but, instead of leading to Reissert-Ugi-type products, the process afforded the stable acid fluoride
dipole 72a.'” An analogous reaction with isoquinoline was also productive in higher yields and the

structural assignment of the isolated adduct 73a was performed by spectroscopic means and X-ray analysis.

5e
F
o»\%:o 0 EOCF3
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SN ] -
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Scheme 40. Tf,0- and TFAA-promoted isocyanide MCRs with azines.
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The scope of the reaction was then explored and the reactivity range on the three components was
analyzed (Scheme 41). A wide range of isocyanides was tested under the conditions previously described.
The MCR was successful with alkyl, benzyl and aromatic isocyanides, with few exceptions (terz-butyl and
TOSMIC). However, a competitive reaction pathway was noted in the case of electron-rich isocyanides and
Arndtsen-type dipoles were formed'®' (Scheme 42). With respect to the azine component, isoquinolines,
pyridine and phthalazine afforded the desired acid fluoride adducts. However, methyl isonicotinate,
4-methoxypyridine and pyridazines formed the corresponding Arndtsen dipoles. Interestingly, structural
variations affecting the fluorinated anhydride were tolerated and it was determined that the minimum
requirement for this input was the presence of two fluorine atoms at the carbonyl a-position. Trichloroacetic
anhydride was also reactive, but the process was more complex.loo In contrast, the dichloro derivative did

not afford dipole-type adducts.
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Scheme 41. Range of isocyanides, azines and anhydrides in the TFAA-Isocyanide-Azine MCR.

The mechanistic proposal for this complex reaction is shown in Scheme 42. El Kaim described the

102,103 . - . - .
7 a process involving the formation of intermediate

activation of isocyanides by halogenated anhydrides,
W. This species may undergo nucleophilic attack by the isoquinoline component to generate adduct X,
which may evolve by intramolecular addition of the imine moiety to the a-position of the azinium ion and
fluoride loss, thereby resulting in the formation of the difluoroepoxide Y. This neutral intermediate would

expel a fluoride anion and rearrange to form the stable acyl fluoride dipole 74. Alternatively, the
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TFAA-activated azines (Z) may suffer the isocyanide attack on the carbonyl group to yield species

analogous to X and then follow the domino sequence up to the end.

75 Arndtsen dipole
Scheme 42. Mechanistic proposal for the new MCR.
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Scheme 43. Post-condensation transformations of acid fluoride dipoles 74a and 74b.

Moreover, this nucleophilic addition may take place upon the azine ring to furnish a nitrilium ion (A”),

which in turn can be stabilized by the neighboring carbonyl leading to the Arndtsen-type dipoles 75.
52



Interestingly some isocyanides (such as isocyanoacetates) afford compounds from both routes in comparable
yields. This observation indicates competitive rates between the two pathways.

The acid fluoride dipole, although stable enough to be properly purified (by standard chromatography
and crystalization techniques), displayed the expected reactivity for an activated carbonyl derivative towards
nucleophilic reagents and thus it was further functionalized with alcohols, amines and thiols (Scheme 43).
Interestingly, these protocols could be extended to biopolymers and DNA sequences were labeled with these
dipolar tags. The structural features and the biological activities of these conjugates are currently being

investigated.

4. Conclusions

The work performed in our group in recent years has advanced the description of new processes
involving the participation of common heterocyclic structures in MCRs. In particular, the rich chemistry of
azines and cyclic enol ethers has been merged with complex domino sequences of Povarov and isocyanide-
MCRs to yield a broad range of scaffolds with high degree of structural diversity (Scheme 44). The
mechanistic hypotheses, used as a starting point in this research, are the main tool to rationalize and develop
new transformations from experimental observations. It is expected that the introduction of heterocycles in
these domino reactions will increase their synthetic usefulness in the straightforward preparation of complex

molecules, especially bioactive compounds and drugs.

Scheme 44. Scaffold Varlablhty accessible from Povarov- and isocyanide-MCRs involving heterocycles.
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Abstract. Heterocycles probably represent the largest and most varied class of chemical compounds
currently registered. This review highlights the chemistry of 3(2H)-furanones, a relatively small class of
naturally occurring heterocycles which have a wide range of biological activities in medicinal chemistry.
Selected natural products are followed by pharmaceuticals and other biologically active compounds that
contain the basic heterocyclic structure. Then, a special emphasis is placed on the key strategies that have
been developed for the construction of the 3(2H)-furanone motif. Additionally, the use of 3(2H)-furanones in

total synthesis and in selected synthetic transformations is discussed in a detailed way.
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1. Introduction

Furan-3(2H)-ones are five-membered heterocycles that play an important role as key structural
elements of many naturally occurring compounds. For instance, they are found as flavor compounds in
fruits' and the motif is found in various natural products extracted from fungi and plants. Due to promising
medicinal activity in a number of cases, many different approaches to multiply substituted furan-3(2H)-ones
have been developed, many of which differ only slightly in the type of bond formation.

This account aims to summarize the numerous strategies for 3(2H)-furanone synthesis by discussing
both classical condensation strategies and transition-metal-catalyzed approaches. Another focus of this
account is the synthetic value of such synthetic strategies in the construction of complex natural products. To
this end, representative examples of natural products containing the 3(2H)-furanone moiety as well as
structures that are significant from a medicinal point of view are presented first in order to provide a better
understanding for the relevance of the heterocyclic core. This review covers the literature until 2009 and
does not include patent literature.

In parallel to the isolation of the parent compound 3(2H)-furanone,’ many natural products comprising
this core structure have been identified as illustrated by bullatenone (1) (Figure 1).>° The heterocyclic
system has the spectroscopic characteristics of an enolic ether with an adjacent carbonyl group, as it is

shown by its NMR and IR spectroscopic data:

0 0
563 NMR (CDCly) 593 /2068 NMR (CDCl3)
. 98.5
| IR (cm™!, CHCl,) | 889 IR (cm™!, KBr)
828~0 1695 (C=0) Ph 39 1705 (C=0)
1565 (C=C) - 1565 (C=C)
furan-3(2H)-one bullatenone (1)

Figure 1. Representative spectroscopic data for 3(2H)-furanones.

2. Structural motif in natural compounds
In 1954, the first 3(2H)-furanone was isolated from a natural source by Brandt ef al..* Although the
structure was originally misassigned as 3-dihydro-3-methyl-6-phenyl-4-pyrone, Parker et al. revised the

structure in 1958 to be 2,3-dihydro-2,2-dimethyl-3-oxo0-5-phenylfuran, bullatenone (1).’

R' = OH, R% = Me 2-Hydroxyjatrophone B (3)
2 R' = Me, RZ = OH 2-Hydroxyjatrophone A (4) 5

Figure 2
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In 1970, Kupchan et al. examined extracts of Jatropha gossyplifolia L. and identified therein a novel
macrocyclic diterpenoid that was named jatrophone (2) (Figure 2).%7 of particular interest was the
spirocyclic core motif that soon became a challenging element of structure for synthetic chemists (see
below), especially as this compound exhibited antileukemic activity in biological tests.

Following the discovery of jatrophone and its derivatives (3—5) (Figure 2),®’ a variety of different

natural products with a 3(2H)-furanone unit has been identified.

2.1. Spirocyclic furanones

A novel class of 3(2H)-furanones including various representative compounds contains a spirocyclic
core structure with a furan heterocycle. Illustrative of this class are, e.g. inoscavin A 6),° trachyspic acid
(7)9 and longianone (8) (Figure 3).10 Trachyspic acid (7) was isolated from Talaromyces trachyspermus and
showed inhibitory activity against hepaurinase.9 Longianone (8), which has been isolated from the fungus
Xylaria longiana in 1999," is supposed to be a structural isomer of the fungal toxin patulin although its
absolute configuration has not been determined so far. This similitude in structure suggests a related
biosynthetic pathway.'' Additionally, hyperolactones A-C (9—11) were isolated from Hypericum chinese L.
(Figure 3).12

F =iBu Hyperolactone A (9) /
\ Hyperolactone B (10)
O R=Ph Hyperolactone C (11)
Figure 3

Various spirocyclic 3(2H)-furanones with a pyrrolidinone ring have been identified amongst natural
metabolites. This unprecedented core structure has been revealed in a wide range of compounds including
azaspirene (12) (isolated from the fungus Neosartorya sp),13 pseurotin A (13) and pseurotin F, (14),'+1
synerazol (15) (isolated from Aspergillus fumigatus SANK 10588)'® and FD-838 (16) (isolated from A.
fumigatus fresenius F-838) (Figure 4)."” FD-838, for example, was shown to inhibit the growth of Gram-

positive bacteria and fungi.

OOH OH O0OH OR
| SR Et OH Y, c\_#H/Ph
NH H N
X OO X o} NHO
(e}
OH
12 R Me 13
OMe
/\”/Ph
Figure 4
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Some members of the recently found phelligridins also contain a spirocyclic 3(2H)-furanone motif.
Phelligridins E (17)"® and G (18)" were isolated by Shi from the mushroom Phellinus igniarius (Figure 5).

Figure 5

2.2. Germacranolides

Apart from the spirocyclic core, a manifold of other 3(2H)-furanone containing compounds were
isolated from different natural sources. Two structurally related 3(2H)-furanones were assigned by
Vichnewski et al. in 1976: goyazensolide (19) (from Eremanthus goyazensis)™ and 15-deoxygoyazensolide
(20) (from Vanillosmopsis erythropappa) (Figure 6).%!

Several other sesquiterpenes of the germacranolide-type were found that incorporate a 3(2H)-furanone
core, the most important one being budlein A (21). Budlein A has been isolated from Viguiera
buddleiaeformis in 1976 by Jiménez and coworkers.” Lychnophorolide A (22), the C8-epimer of budlein A,
was isolated by Le Quesne in 1982 from Lychnophora affinis.” Another representative of this substrate class
is ladibranolide (24) from Viguiera ladibractate,”* whereas the saponified variant, atripliciolide (25), was
found in Isocarpha species in 1978. Ortega et al. described the structures of zexbrevin (26) and calaxin
(27) (Figure 6).%°

Figure 6

The eremantholides (28-30) (Figure 7), isolated in 1978 by Le Quesne et al. from Eremanthus
elaeagnus,ml are modified germacranolides that possess an additional tetrahydrofuran ring. Only recently,
Lopes et al. could isolate two novel sesquiterpene lactones of the germacranolide-type (31 and 32) (Figure
7) from Lychnophora ericoides.”™ Eremantholide A (28) exhibits significant levels of in vitro antitumor

activity against a variety of tumor cell lines.”’>*
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Figure 7

2.3. Non-spirocyclic 3(2H)-furanones
In 1967, Lahey and MacLeod were able to locate geiparvarin (33) (Figure 8) in the leaves of Geijera
parviflora Lindl.**° In vitro screenings showed significant anti-proliferative effects for this compound.

Tachrosin (34) is a 3(2H)-furanone that was isolated in 1972 from Tephrosia polystachyoides Bak. f. (Figure
8).3!

Figure 8

A whole class of siphonarienfuranones, members of the polypropionates, consist of a 3(2H)-furanone
part containing a hydroxyl group at C2. For example, E- and Z-siphonarienfuranones (35) (Figure 9) were
isolated by Faulkner et al. in 198472 A C2-epimer and a deoxysiphonarienfuranone were found in
Siphonaria pectinata.” Neovasifuranones A (36) and B (37) (Figure 9) were isolated in 1995 by Fukuyama
et al. from the fungus Neocosmospora vasinfecta NHL2298.**

36 R'=H, R2= OH
37R'=0H,R2=H

Figure 9

Further 3(2H)-furanone containing compounds are represented by glucoside derivatives, such as
psydrin (38) from Psydrax livia, phoeniceroside (39) from Juniperus phoenicea L.*® and furaneol
glucoside (40) that was found in strawberry juice (Figure 10).”

Ho% )\Jg Glcowoem Ho% r&w

Flgure 10

The dimeric chilenone A (41) was isolated as a racemic mixture.*® Accordingly, chilenone B (42) is
the trimer of 2-methyl-3(2H)-furanone (Figure 11).3 ?
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Figure 11

In 2004, terrefuranone (43) (Figure 12) was isolated from Aspergillus terreus by Gunatilaka et al.*
Biological testing against four cancer cell lines and human fibroblast cells revealed no activity. The
phytotoxic metabolite gregatin B (44) (Figure 12) was isolated in 1975 from Cephalosporium gregatum and,
subsequently, in 1980 from Aspergillus panamensis *'** First, its structure was suggested to be O-methyl-

tetronic acid. Pattenden and Clemo revised the structure in 1982 showing the 3(2H)-furanone skeleton.***

Figure 12

In food chemistry, several 3(2H)-furanones have been identified as important flavor compounds. A
possible pathway for their ubiquitous appearance is through Maillard reaction between reducing sugars and
amino acids." Moreover, 3(2H)-furanones can be produced by yeast or are important for the flavor of

different fruits. Notably, HDMF or Furaneol is a commerically available food additive.'

3. Medicinal chemistry

Bullatenone (1), the first 3(2H)-furanone that was isolated from a natural source, was found to show
antiulcer activity that did not depend on inhibition of gastric acid secretion but on the strengthening of
gastric and duodenal mucosal defenses. This seminal observation resulted in the preparation of several
bullatenone derivatives with an increase in activity.45

Georgiev et al. investigated the antiallergic properties of 3(2H)-furanones in 1988. In this study, it was
shown that compounds like 12 (Figure 13) can inhibit the actions of the mediators serotonin, histamine and
bradykinin by 100% when administered intraperitoneally to rats at a dose of 100 mg/kg. In the active
anaphylaxis assay in rats, compound 45 suppressed the edema by 45% at a dose of 100 mg/kg.*®

n-Bu
t e 0
{ HO
z | |
i 9
45 46
e} MeOQS o Br
&
Ho. M/ Ho. [/ S
o) (¢)
O 47 O 48

Figure 13

Chung et al. developed furanone 46 (Figure 13) that is one of the most potent cyclooxygenase-2

(COX-2) inhibitors known to date.*” Since inhibition of cyclooxygenase-1 leads to gastro-intestinal toxicity,
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it is important to note that the 4,5-diaryl-3(2H)-furanone derivatives inhibit COX-2 selectively over COX-1,
and most of the compounds tested possess COX-2/COX-1 selectivity over 100-fold.*

Acifran (47) (Figure 13) was developed by Ayerst Laboratories in the early 1980s as a lipid lowering
agent without detailed knowledge of the molecular target.” With the discovery of a G-protein coupled
receptor (GPCR) with which nicotinic acid interacts (GPR109a), a manifold of effort was initiated in the
search of more potent and selective agonists of the 1recept0r.5 5! The high and low affinity niacin receptors
GPR109a and GPR109b are expected to be ideal targets for high-density lipoprotein (HDL) elevating drugs
for the treatment of atherosclerosis. A series of acifran analogs was prepared and evaluated as agonists for
GPR109a and GPR109b, resulting in identification of compounds with improved activity at these
receptors.SO’52 Substituted thienyl analogues were considerably more potent than 47. In particular, 5-bromo-
3-thienyl derivative 48 (Figure 13) was 0.11 uM at GPR109a and moderately selective over GPR109b.”
Other 3(2H)-furanones that lowered serum triglycerides in rats were found earlier.*

Furan-3(2H)-ones were shown to be valuable in the inhibition of monoamine oxidase of type B
(MAO-B), an enzyme that is involved in the neurotransmitter amine metabolism.” Selective MAO-B
inhibitors have the potential to play a key role in the treatment of Parkinson’s disease.”® In this context, it is
notable that geiparvarin (33) selectively inhibits MAO-B over MAO-A (pICsp = 6.84 vs 4.57). Carotti et al.
synthesized substituted geiparvarin derivatives and, thus, developed the demethyl congener of geiparvarin,
furanone 49 (Figure 14), that has a significantly enhanced MAO-B inhibitory activity (pICso = 7.55) and a
850-fold selectivity for the MAO-B isoform.™ Building up on those results, Chimichi et al. verified the
importance of the coumarinyloxy moiety for pharmaceutical appliances.55 Compounds 50-52 (Figure 14)
represent the best compounds for antiproliferative activity that were found in this study. Without showing
significant activity, these compounds were also tested against leukemia- and carcinoma-derived human cells.
Of primary interest, geiparvarin derivative 53 (Figure 14) was recently shown to effectively induce apoptosis
in a promyelocytic leukemia cell line (HL-60).”° Manfredini ez al. prepared geiparvarin analogues that
demonstrated cytostatic activity against human tumor cells.’”® Re et al. synthesized xanthone analogues of

Geiparvarin that were tested against lymphocytic leukemia.*

O, (0] (e} A (@] (0] O
r
ID/ 49 50 R = Me, Ar = 4-quinolinyl IJ@/

51 R = Ph, 4-quinolinyl
52 R = 4-fluorophenyl, Ar = 4-pyridinyl

Figure 14

Marko et al. successfully used 3(2H)-furanones to modulate the growth of human tumor cells.”’ As a
possible origin of action, the interaction of thiol groups in proteins with the conjugated carbonyl structure of
the furanone was discussed.**®

Simple molecules such as HDMF (4-hydroxy-2,5-dimethyl-3(2H)-furanone) and HEMF (4-hydroxy-2-
ethyl-5-methyl-3(2H)-furanone) obtained from soy sauce and from Maillard reactions of hexoses and amino

OLXLS(SGG_GS demonstrated DNA-strand break activity through induction of active oxygen radicals (Figure 15).
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It was shown that the jatrophone derivatives hydroxyjatrophone B (3) and hydroxyjatrophone C (5)
from Jatropha gossypiifolia have an antineoplastic activity comparable with that of the parent jatrophone
(2).66

Mori et al. examined over 45 acylated hydroxyfuranone derivatives and discovered that 2,5-dimethyl-
4-pivaloyloxy-3(2H)-furanone (HDMF pivalate) (Figure 15) is highly effective against cataracts in an in
vitro model of a rat lens.””!

4. Synthetic strategies

The 3(2H)-furanone syntheses that are the subject of this chapter can be generally divided into two
major categories: the first, condensation and substitution strategies and the second, less studied, construction
of the cyclic system through intramolecular addition reactions. In both cases, classical methods and
transition-metal-catalyzed processes are discussed. Each section provides the underlying bond-forming
strategies along with selected examples and variants. Specific approaches that do not fit into this general

classification are subsequently detailed.

4.1. Cyclization/elimination approaches
A class of cascade reactions that result in the formation of 3(2H)-furanone heterocycles is based on a
dehydration step proceeding from reaction intermediates of type A (Figure 16). As the preceding cyclization

can be realized with diverse substrate classes, various bond-forming steps, discussed below, were employed.

O 0]

R2 4 1 R2,
| 2 R 5 2 R
1" 1"
R3 (0] R HO 3 (0] R
R* A

Figure 16. General dehydration strategy.

4.1.1. Bond formation between O1 and C5

As shown in Figure 17, the most simple way to afford intermediates of type A is by bond formation
between Ol and C5. To this end, o’-hydroxy 1,3-diketone units are ideal substrates for the requisite
cyclization that undergoes ring formation under both basic and acidic reaction conditions. Based on this
fundamental reactivity, a variety of processes has been developed, through which 3(2H)-furanones are easily
accessed. The synthetic value of these reactions is immense since the huge majority of synthetic strategies

utilizes this bond-setting.

R2 O (0] O R,].
R! R?
Ho Skl RT R
Rsro1 RZ OH
A

Figure 17. Bond formation between O1 and CS5.
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Amos B. Smith III et al. investigated the attractive potential of o’-hydroxy-1,3-diketones for the
synthesis of 3(2H)-furanones in great detail (Scheme 1).” While the general approach to the heterocycle
core involved the acid-catalyzed cyclization/dehydration discussed above, a focus was put on the efficient
substrate synthesis. For instance, the intermolecular acylation of hydroxy ketones such as 54 was realized
with acetyl imidazolide employing kinetic deprotonation (Scheme 1, eq. 1). Although this sequence led to
clean formation of 3(2H)-furanone 55, conversion was only in the range of 30—40%. A widely applicable
strategy involved an initial aldol reaction followed by oxidation with Collins’ reagent and treatment with
mild aqueous acid to effect cyclization/dehydration (e.g., 56—57; Scheme 1, eq. 2). This two-step protocol
was a general approach with wide applicability in the synthesis of numerous 3(2H)-furanones that underwent

many variations.

o 1) LDA (2 eq.), -78 °C (THF) o]
2) Acim
3) H |
(1
OH 0 ©
s 70% 55
1) LDA (1 eq.), -78 °C (THF)
o 2) PhCHO o)
3) Collins
4HH |
2
OSiMe3 74% Ph © ( )
56 57

Scheme 1. Synthesis of 3(2H)-furanones according to Smith III e al..

Extension of this synthetic strategy provides 3(2H)-furanones under basic rather than acidic conditions
(Scheme 2, eq. 1).” This approach might be of particular value when o’-hydroxy-1,3-diketones carry
functional groups that are sensitive to acid. For example, Tamm et al. used K,COs to cyclize 60 (Scheme 2,
eq. 2). Nevertheless, in their route toward the total synthesis of the pseurotins, Tamm et al. relied on the
acid-mediated ring-closure to give 3(2H)-furanone 63 in 75% yield (Scheme 2, eq. 3).*

O
o O
K5CO3 (MeOH) |
—_— o O]
OSiMe3 78%
OSltBuMe2
OSitBuMe,
KyCO3 (MeOH)
OSitBuMe, — -~
OSiMes yield not given OSitBuMe,

61
o]
HCI (THF/HQO) =
OTHP s A’

Scheme 2. Acid- and base-catalyzed ring closures in comparison.

Several substrate classes were investigated as synthetic equivalents for o’-hydroxy-1,3-diketones.”’®

For example, allenic equivalents were described to be directly converted into 3(2H)-furanones under acidic
conditions.”” A more widespread equivalent for o’-hydroxy-1,3-diketones is the heterocyclic core of

isoxazolines and isoxazoles that can be transformed into the intermediates prone to cyclization with
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hydrogenolysis. For instance, Torssell et al. showed that, upon condensation of silyl nitronates or nitrile
oxides with vinyl ketones, 5-acyl-2-isoxazolines are formed that are effectively reduced with Raney nickel
and H; in ethanol. Cyclization then proceeds in the presence of acetic acid to provide the corresponding
3(2H)-furanones via 1,4-diketo-2-ol intermediates such as 65 (Scheme 3, eq. DA A sequence based on the
reduction of isoxazolines was also described by Curran et al. (Scheme 3, eq. 2).* Standard Raney-nickel
mediated reduction produced 68, which was not isolated, but directly acidified to yield the corresponding
3(2H)-furanone 69 in 51-77% yield. Tsuge et al. made use of nitriloxides that are easily converted into
isoxazoles such as 70 by addition to substituted propargylic alcohols.® The isoxazoles were then treated
with hydrogen and the resulting open-chain intermediate was cyclized under acidic conditions in good yields
(Scheme 3, eq. 3). Importantly, the resulting phosphonates such as 71 could undergo subsequent Horner-
Wadsworth-Emmons reactions. Simoni ef al. constructed isoxazoles by exposure of ethyl 2.4-dioxo-
alkanoates to hydrochloric hydr0)<y1anline.82’83 Here, the conditions for the successive transformation into
3(2H)-furanones remained unaltered. This strategy was also employed by Chimichi et al. to access novel
geiparvarin analogues.84 A Baylis-Hillman approach followed by hydrogenation was used by Batra et al. to

obtain enaminone intermediates of type 68.%

o 1.Hp Ra-Ni _ B 0
N- O 2.HOAc O OH
[ NaOAc 1 H R!
R3w1 - = R3 R — | (1)
64 " 289s% 65 O R (()56
) i 0
N-O OEtoH 1. H, Ra-Ni NH, O .. "
I ' R R
2. HCI PN R'| H | 1
R® 151 R — 3 R" (2
R'R"  51.77% R
67 68 OH 69
- 0

o r\,—O OH  1.Hz Ra-Ni o R"
(OEt)zPW 2. HCI I Y
. EtO),P 3
R'R" “7p.879 (102 < ®
R 7
Scheme 3. Synthesis of 3(2H)-furanones through reduction of isoxazoles and isoxazolines.

The formation of 3(2H)-furanones through cyclization to intermediary species of type A’ and
subsequent elimination is a further strategy that has found widespread use (Figure 18). For example,
Hoffmann et al. heated 2-dimethylamino-4-methylene-1,3-dioxolanes such as 72 in DMF at 60 °C to obtain
the 3(2H)-furanone heterocycles 74 through intermediate 73 as was evidenced by NMR experiments
(Scheme 4).% Yields were not given for this transformation. Stasevich e al. assembled 2-aminomethyl
furanones such as 77 starting from epoxides and secondary amines.””™ The cyclization/elimination sequence
as depicted in Scheme 4 (eq. 2) results in yields between 31% and 54%. Interestingly, addition of
hydrobromic or hydrochloric acid instead of the secondary amine leads to the construction of 2-halomethyl-
3(2H)-furanones in 40-56% yield.

0] O 0O

5| 1 P | | 5[+ 1
HO 3 Ies R R3 (6] R RoN 3 04 R
R* A R® A

Figure 18. Variation in the elimination step.
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Notably, instead of dimethylamine to be replaced, protocols were developed during the course of
which Me,S is displaced to give the desired 3(2H)—fu1ranones.89

Mez;‘\ o) o}
o 0 60°C (DMF) R"| - Me,NH \fg<R1' 1
ﬁR1 S R? S =L U]
R‘I' MezN
72 73 74
o} o)
I r RoNH R" |-Me,NH R
02— | @
| (-PrOH) |Me:N—~g e
Me,N~ "R3 R3 NR, NR,
75 76 77

Scheme 4. Synthetic strategies with elimination of HNMe,.

Since the strategies discussed in this section are based on a ring-forming cyclization to create the bond
between O1 and C5 of the 3-furanone core, in most cases, 0’-hydroxy-1,3-diketones are accessed as reactive
intermediates for cyclization in the one or other way. An interesting variant was developed by Kutateladze et
al. providing a rapid entry into flexibly substituted 3(2H)-furanones.”” To this end, butylthiomethyl-1,3-
dithiane (78) dimerized upon lithiation with n-BuLi followed by addition to aldehydes such as propanal to
smoothly yield adduct 79 (Scheme 5). In the presence of an excess of HgCl,, this bis-dithianes hydrolyzes in
aqueous acetonitrile to directly give furanone 80. Besides this efficient one-pot multicomponent approach to

3(2H)-furanones, aldehydes protected as dithianes were previously used in furanone syntheses by Carlson et

77
al..

BuS (\s s/j 0
j\ 1. n-BuLi HgCl,
575 2. CHyCH,CHO S 8" (CH3CN/H,0) |
J OH oo ©
0
78 79 80

Scheme 5. Dithiane precursors.

Another way to form o’-hydroxy-1,3-diketones in situ is illustrated in Scheme 6. Inoue et al.
converted 4-hydroxyalk-2-ynones such as 81 in a one-pot protocol into the corresponding 3(2H)-
furanones.”! Product formation in the presence of an alkyl halide and K,CO3; under an atmosphere of CO,
can be explained by the intermediary formation of 1,3-dioxolan-2-one 82 followed by the degradation to 83
(Scheme 6). A related domino carboxylation/decarboxylation sequence via cyclic carbamates was also
introduced for the synthesis of 3(2H)-furanones.”> Substrates of type 81 were easily obtained through

transition metal-catalyzed cross-coupling of propargylic alcohols with aryl iodides in the presence of
CO 939

~Br Ph
0 ~ _ 0 0
CO, KyCO3 N
PN 80 °C (DMAC) \ -CO, |
68% o_ 0O 0
81 OH g2 83
0

Scheme 6. Alkylative synthesis of 3(2H)-furanone according to Inoue et al..

67



A class of reactions that involves a cyclization to create the bond between C5 and O1 of the 3-furano-
ne moiety is based on the hydration of an acetylene moiety to result in &’-hydroxy 1,3-diketone species
(Figure 19). According to this consideration, Williams et al. demonstrated that 3(2H)-furanone 85 is easily
accessed from acetylenic alcohol 84 by utilizing BF;- OEt, in the presence of catalytic amounts of mercuric
oxide and trichloroacetic acid (Scheme 7, eq. 1).” Saimoto er al. disclosed a protocol to afford 3(2H)-
furanones by utilizing a mixture of sulfuric acid and methanol.”® Alternatively, the action of a polymer
reagent Hg/Nafion-H was found to make the very same conversion possible (Scheme 7, eq. 2).”
Schlessinger et al. followed this strategy for their studies on the synthesis of quassimarin.98 3(2H)-Furanone
intermediate 89 was formed with sulfuric acid in THF from propargylic alcohol precursor 88 in 81% yield
(as a mixture of anomers) (Scheme 7, eq. 3). A way to build up perfluoropropyl-3(2H)-furanones was
discovered by Calas er al..”” They used 3-(perfluoro-butyl)alk-2-yn-1-ols such as 90 to produce carbonyl
compound 91 with formic acid through rapid triple bond hydration (Scheme 7, eq. 4). Surprisingly, under
these Rupe conditions, elimination to the unsaturated carbonyl compound was not observed. Instead, clean

cyclization and elimination of HF led to the formation of the 3(2H)-furanone skeleton.
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Figure 19. Ynone hydration strategy.
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Scheme 7. Triple bond hydration approaches.

4.1.2. Bond formation between C4 and C5

Another conceivable pathway to access 3(2H)-furanones through a final dehydration is that key
intermediate A results from a bond formation between C4 and CS5. As depicted in Figure 20, o-acyloxy-
ketones are suitable substrates, which are treated with a base to initiate cyclization. Following this
consideration, in 1971, Margaretha reported that the sodium hydride mediated acylation of hydroxy ketone
93 with ethyl formate led to cyclization. Under acidic conditions, dehydration occurred to afford furanone 87
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in 50% yield (Scheme 8, eq. 1).1907192 Nevertheless, a more detailed study carried out by Smith III er al.
showed that o-acetyloxy-ketones are of limited value as starting materials for the selective synthesis of
3(2H)—furanones.72 In the case of R® = Ph, the desired 3(2H)-furanone 96 was obtained in 88%:; on the other
hand, the reaction conditions (NaH/DMSO) led to the formation of butenolide 97 in poor yield when R’ is
methyl. These results suggest that an equilibrium is established between the ketone and ester enolates, thus,
limiting the applicability. Nevertheless, this cyclization mode was rendered feasible through enhancing the
acidity of the acyl group. For example, spiro furanone derivatives such as 100 were formed in excellent
yields through condensation of y-acetoxy-B-ketoesters of type 99 under basic conditions.'” These
compounds were easily accessed through hydrolysis of orthoesters 98, which were afforded in a palladium-
catalyzed oxidative cyclization/carbonylation of propargylic esters. In a similar fashion, o-hydroxy-ketones
undergo condensation with diethyl oxalate under basic conditions.” Subsequent 5-exo-trig cyclization and
saponification leads to the carboxylic acids 101 containing the 3(2H)-furanone moiety. With specific

substrates, a related cyclization step was induced with CsF.'%*!%

0 o} .
2 1
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Figure 20. Bond formation between C4 and C5.
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Scheme 8. Conversion of o-acyloxy ketones.
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Scheme 9. Carbonyl olefination strategies.

An alternative entry into 3(2H)-furanones through bond formation between C4 and C5 was realized

with carbonyl olefination reactions. Both a Wittig106 and Horner-Wadsworth-Emmons reactions'”’"'? were
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employed to directly install the C=C double bond of the heterocyclic system. The underlying strategies of
this approach are illustrated in Scheme 9.

4.1.3. Bond formation between C2 and C3

A particular access to a variety of 3(2H)-furanones is through bond forming cyclization between C2
and C3 (Figure 21). In these processes, an intramolecular condensation leads to the construction of the ring
system. As exemplified for the reaction of diester 102, treatment with NaOEt results in furanone formation
using a Dieckmann cyclization as key step (Scheme 10). Notably, the double bond geometry changes during

the course of the reaction, presumably due to the basic reaction conditions.'"'

I§<R1 f(xil

Figure 21. Bond formation between C2 and C3 through Dieckmann condensation.
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NaOEt
(EIOH) _ COOEt
EtoOC COOEt |
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Scheme 10. Example for cyclization through Dieckmann condensation.

4.2. Substitution approaches

A general method for synthesizing substituted 3(2H)-furanones by bond formation between O1 and C2
is based on an intramolecular nucleophilic substitution in the o-position of the C3 carbonyl group in C
(Figure 22). In most cases, this strategy is utilized for the synthesis of 3(2H)-furanone skeletons that are
monosubstituted at C2 (R' = H; R = alkyl, aryl) due to the ease of cyclization for these systems.

o) o _4
R2 4 R1 R2 R R1
2
| AR R1' X
RS O R¥0

Figure 22. General substitution strategy.

In a seminal work, Frohlisch et al. demonstrated that y-halo-B-keto-carboxylic esters can undergo an
intramolecular cyclization reaction upon treatment with triethylamine to yield 3(2H)-furanones (Scheme 11,
eq. 1)."? A related intramolecular alkylation was used by Yamaguchi er al. to cyclize 6-halo-3,5-

113

dioxoalkanoates such as 106. "~ This entry is particularly attractive for the preparation of a wide range of

functionalized 3(2H)-furanones since the starting 6-halo-1,3,5-trioxo compounds are easily accessed from

various O-chloroacetic acid chlorides and 1,3—bis(tlrimethylsilyloxy)—1,?a—butadienes.”‘l’115

In a powerful two-
component cyclocondensation, isocyanate 108 reacted with ethyl 4-bromo-3-oxopentanoate (109) to the
corresponding 3(2H)-furanone. He

Further extension of this heterocycle synthesis was accomplished by combining a C-acylation of an
enolate with a cyclization in a domino process that represents a flexible entry into 4,5-diaryl furanones 112

(Scheme 12).'" While the corresponding acyl bromides mainly funrnished O-acylation products, the
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selective C-acylation is due to the softness of the cyanide leaving group. With an excess of base, the one-pot
sequence results in yields between 33% and 77%. Importantly, the resulting furanones possess two methyl
substituents at C2.

NEt, O
rf\r Br (benzene) ﬂ A
62 %

Et0” SO etooc” ©
104 105
DBU O
n-Pr (CHQC|2)
| n-Pr (2)
80% MeO,C e}
COQMe
107

0,
Br 63% O,N
108 109 110

Scheme 11. Selected furanone syntheses with an alkylative cyclization.

Q Br
NC O
HsCS NaH (3 eq.) R
(THF) I
- )
11 O 112
HsCS
R = 3,5-difluorophenyl 71% o
R = 3-fluorophenyl 33%
R =Ph 80% R
R = 3-chlorophenyl 77% via
R = 4-nitrophenyl 57% Br
R = 4-methoxyphenyl  40% o
HsCS 113

Scheme 12. Domino acylation/cyclization sequence.

While most of the substitutions that follow the general synthetic scheme illustrated in Figure 22 take

118

use of bases, = an interesting alternative was developed by Hoffmann er al.. Here, the conversion of

dibromoketone 114 was achieved with a zinc-copper couple in DMF (Scheme 13).''%1%!

(6] e} e}
1. Zn/Cu (DMF)
Phw 2. HCI (aq) Ph Phﬁ<
Br Br yield not given |

Me,N~ © o
114 115

Scheme 13. Cyclization with metals.

It should be noted that a multitude of other reactions toward 3(2H)-furanones with a condensation or
substitution step have been reported; due to their specificity, such reactions are not discussed in detail
although they are useful in distinct cases. For example, Meister er al. investigated several approaches to
3(2H)-furanones using halogens as leaving groups.z’122 Greenhill et al. found the unexpected formation of

3(2H)-furanones when investigating the Mannich reaction of butane-2,3-dione with dimethylamine
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hydrochloride and para-formaldehyde.'* Skvortsov er al. produced 5-amino-3(2H)-furanones from nitriles
such as 116 with LiOH in moderate yields (Scheme 14)."** Nevertheless, the scope of this reaction appears

to be limited.

/jOH LiOH o) o
NC - S M NC\)J\k — szg<
50% o

116 117
HO

Scheme 14. Nitriles as cyclization precursors.

4.3. Addition approaches

The addition of an oxygen nucleophile onto a m-system as illustrated in Figure 23 easily generates
3(2H)-furanones. When alkynes are attacked (see D), the heterocycles are formed directly without need for
an additional oxidation. On the other hand, substrates of type E lack the grade of unsaturation that leads to
3(2H)-furanone products, thus, requiring an oxidative cyclization step. Independent of the type of reagent

employed, these cyclizations are 5-endo processes creating a new bond between O1 and CS.

o _4 0O o _4
2
R R R [0] R R
7 “g "R |
R D OH R3O R E OH

Figure 23. Modes of heterocyclization.

As an early example of reacting linear ynones in a 5-endo-dig closure, Baldwin ef al. simply refluxed
118 in methanol to effect cyclization in the presence of NaOMe (Scheme 15).'% In the absence of the base,
formation of bullatenone (1) was not observed. This cyclization is also induced under acidic conditions (e.g.,

126 albeit with a reduced rate. Marson er al. prepared 3(2H)-furanones in a catalytic

trifluoroacetic acid)
asymmetric domino process consisting of Sharpless dihydroxylation of enone 119 and subsequent mercury-
catalyzed cyclization.127 The corresponding furanones were obtained in moderate to high yields and good

enantioselectivity.

Q NaOMe 0
/J\% M /[lg< 1)
93% 0

Ph s OH Ph 1
i 2 g0 (4 ol ?
. mol*/
Z Me (ngS<(34/HzO)) /[/g_(a )
Ph Et 9793% pr 0= {OH
119 o &e 120

Scheme 15. 5-Endo-dig cyclization.

A fascinating domino cyclization reaction for the synthesis of 3(2H)-furanones was developed by

128
Gouverneur et al..

The cyclization of o-hydroxyynones with alkyl or aryl substituents at the alkyne gave
the corresponding furanones such as 122 in the presence of an excess of ethyl acrylate (Scheme 16). The

mechanism of the palladium-catalyzed cascade is believed to proceed through an initial coordination of
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Pd(II) to the alkyne resulting in a Wacker-type 5-endo oxypalladation. Since the vinylpalladium species 123
cannot undergo B-hydride elimination, a subsequent Heck-type carbopalladation with ethyl acrylate gives

124. After reductive elimination, Pd(0) is reoxidized by molecular oxygen to complete the catalytic cycle.

EtOOC” X

(MeCN),PdCly (10 mol%)
Cu(OAC),'H,0 (10 mol%)

Q| PPhy (10 mol%), LIBr (20 mol%) Et00C 2
O, (DME =
P i MBS

P, OH 58% npr” O
122
H
7 EtO,C 7 [0l
XLnPdI/$< fooc s  EtO; W
LnXPd
n-pr” O " n-pr 0
123 124

Scheme 16. Domino Wacker/Heck reaction.

A general method for synthesizing substituted 3(2H)-furanones by trapping a stabilized oxonium ion
intermediate with various alcohol nucleophiles was introduced first by Liu et al. (Scheme 17).129 In this

reaction, the onium ion 126 is formed by the nucleophilic attack of the carbonyl oxygen onto the gold-
activated alkyne.

o AuCl3 (2 mol%) | © 0 O
Oi-Prt-BuOH (1.5 eq.) | [Au] Oi-Pr
= (CH,Clp) | )—Oi-Pr I Ot-Bu
Ph o 0% pr” Og P~ ©
125 126 127

Scheme 17. Gold-catalyzed cyclization.

Kirsch et al. combined the initial heterocyclization to a cyclic oxonium ion intermediate with a
pinacol-type rearrangement to access substituted 3(2H)-furanones."™ As depicted in Figure 24, it is believed

that coordination of the alkyne moiety to a carbophilic Lewis-acid catalyst induces the 5-endo attack of the
carbonyl group.

©

0
R'. OH o HO Rt O Rt 0O
P NI R"
A — | )R — || ) R— | R
R [M] 0] R3 O® R3 O® rs” O
Figure 24. Proposed pathway for the synthesis of 3(2H)-furanones.

The putative oxonium ion then undergoes a 1,2-alkyl migration analogous to a formal o-ketol
rearrangement. In the course of this cascade, a bond between O1 and C5 is formed accompanied by the
construction of the quaternary center at C2. A representative example of this synthesis of 3(2H)-furanones is
shown in Scheme 18.""'% Spirocyclic furanones are easily accessible through ring-contracting cyclization
(e.g., 128—129). Acyclic systems also reacted, albeit with a significantly reduced scope. Shortly after, a

closely related protocol to access spirocyclic and open-chained 3(2H)-furanones was devised by Sarpong et
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al..® A valuable extension of this heterocycle synthesis was accomplished by using N-iodosuccinimide
(NIS) in an electrophile-induced route to 4-iodo-3-furanones."** In a variant, AuCls catalyzes the very same
domino reaction in the presence of NIS to provide the iodo-substituted heterocycles in moderate to excellent
yields. In combination with a subsequent cross coupling reaction, this transformation provides a convenient

and flexible approach to fully substituted 3(2H)-furanones.

PtCl, (5 mol%)
(toluene) | S 0)
= 85% o
72 o Ph

NIS
(CH,Cly)

90%

Scheme 18. Furanone syntheses following a heterocyclization/1,2-migration pathway.

One can find only a few reactions in literature that take use of a cyclization onto an enone moiety of
type E under bond formation between O1 and C5. The most impressive example of this type was developed

135
Here, a

by Gouverneur et al. while investigating palladium-catalyzed oxidative cyclizations (Scheme 19).
Wacker-type oxypalladation is terminated by a B-hydride elimination that gives rise to the furanone core
structure. Subsequent oxidation of the palladium species with molecular oxygen regenerates the
palladium(II) that is required for the double bond activation. These oxidative heterocyclizations take place
without affecting the stereochemical integrity of the starting substrates such as 132. As a singular example,
Tius et al. reported a rapid ring closure of diketone 134 under acidic conditions followed by double-bond

migration to afford furanone 135 in 78% yield."*

PdCly (10 mol%)

CuCl (10 mol%) /O
= OH NaHPO, (10mol%) ™ ~ o
W Ph 0, (DME) o/<\\\\\ )

O OH 70%

132 > 99% de 133
Ph
o) o)
TfOH
(CHQC'Q) l

|8 D @

Ph 78% ph” O
134 135

Scheme 19. Cyclization with enones.

The formation of a 3(2H)-furanone was also observed when reacting acetylacetone with 3-methyl-
furan-2,5-dione 136. This reaction most likely proceeds via a 5-exo Michael-addition as shown in Scheme
20 (eq. 1)."*7"* A related ring forming reaction is responsible for the one-pot conversion of 2-(acylmethyl)-
furans 139 into 3(2H)-furanones 141 (Scheme 20, eq. 2).139 By treatment with m-chloroperbenzoic acid
(MCPBA) such furans undergo a selective oxidation of the furan nucleus leading to an intermediate 140 that
is not isolable and directly undergoes cyclization under the reaction conditions.

Heterocyclizations involving allenes are also described to access 3(2H)-furanones via an addition
approach although the number of examples disclosed in literature are low. In this context, it was

demonstrated that allenic ketones afford 3(2H)-furanones in the presence of Hg(OAc), (Scheme 21, eq.
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1)." An interesting 3(2H)-furanone synthesis that proceeds through allene species was developed by
Hiyama et al. in a work that was aimed to overcome the lack of regiocontrol in the hydration of alkynes
(Scheme 21, eq. 2)."*' A mechanism via Ag(I)-catalyzed cyclization under acetoxy migration followed by

oxidation of the resulting enol acetates with DDQ was proposed to produce furanones such as bullatenone

(1).

R? MCPBA | R2 00O PR
R3 Y (CHCly) @
\ /" Topmaw |R? = | o
o
Scheme 20. Furanone synthesis according to Berner and Kolsaker.

___ Hg(OAc),
™ "Hoac
93% l @
o ° - o

142 143

——

| Hg(OAC) AcO Hg(OAc)
t-Bu @ t- Bl.l

OH 1.AgCIO, (5 mol%)

2. DDQ
Ph & (benzene)
81%

OAc 144
Ag(l)\‘ :302 <|[O]

Scheme 21. Allenic species in 3(2H)-furanone syntheses.

4.4. Miscellaneous reactions

A variety of strategies that do not exactly fit into the sections discussed above have also been
established as tools for the construction of 3(2H)-furanones. In some cases, the heterocyclic core of 3(2H)-
furanones was unexpectedly formed via skeletal reorganization during isomerization attempts on various

1467157 the formation of 3(2H)-furanone structures is somewhat limited

substrate classes.'**™'* In other cases,
due to the characteristics of the employed substrates.

An interesting protocol was developed by Calter et al. by using a C-O insertion reaction.' '’ This
powerful sequence efficiently converts diazoacetals such as 145 into intermediates of type 146, presumably
through metal carbenoid formation in the presence of Rhy(OAc)s (Scheme 22, eq. 1). Upon treatment with
alumina, the instability of these compounds led to the clean formation of 3(2H)-furanone 147 in good overall
yield. In a recent study, Winkler et al. demonstrated that 3-silyloxyfurans 148 undergo aldol reactions under
furanone formation (Scheme 22, eq. 2).'® The stereochemical outcome is influenced by the sterical

hindrance of the employed aldehydes.
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HaC(HC)s™~ O 98%  HyC(H,C)~ © Ph
148 149

Scheme 22. C-O insertion sequence for the generation of 3(2H)-furanones.

Noteworthy, a number of recently developed methods for transition metal-catalyzed bond formations
still remain to be applied to the synthesis of 3(2H)-furanones. For instance, the ring-closing metathesis
reaction might be a potent method for the construction of the double-bond between C4 and C5 in the

furanone core.

5. Selected applications in total synthesis
Total synthesis applications of the 3(2H)-furanone-forming reactions that are discussed in the previous
sections are relatively rare due to the amount of natural products possessing this structural element (see
Section 2). Although the following discussion puts the focus on the method used to construct the 3(2H)-
furanone unit in the respective natural product, the general synthetic strategy is outlined as well.
It should be noted that, despite convenient de novo approaches towards gregatin B,'®!'%
acid,'® tachrosin (34),164 hyperolactone A (9),165 hyperolactone C (11)166

occurring 3(2H)-furanones are not detailed in the following part; the reader is directed to the original

erigeronic

167

and wallemia C, ™' these naturally

literature.

5.1. Bullatenone

In 1958, the total synthesis of bullatenone (1), the first 3(2H)-furanone isolated from natural sources,
was successfully accomplished as outlined in Figure 257 A Grignard addition of 2-methylbut-3-yn-2-o0l onto
benzaldehyde followed by oxidation and triethylamine-mediated cyclization gave crystalline 1. Since then, a

huge variety of bullatenone syntheses were reported that are not covered in this review, 3808297168173

0 o) HO
/[/g<:> Ph \\ OH —— Ph s OH
ph” O
1

Figure 25. First strategy for the synthesis of bullatenone.

5.2. Geiparvarin

Apart from bullatenone, geiparvarin (33) is the naturally occurring 3(2H)-furanone with the most
synthesis attempts. In 1980, Smith III et al. completed the first total synthesis of geiparvarin by direct
alkylation of 5-ethyl-2,2-dimethylfuran-3(2H)-one (150) with aldehyde 151 followed by dehydration (Figure
26).""'" As the double bond configuration had not been determined before this de-novo approach, Smith’s

strategy had the major advantage to gain access to both diastereomers. Further strategies for the geiparvarin
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synthesis have a common key step that is the O-alkylation of phenol 152 with the furanone counterpart 153
(X = Br, OMs etc.). These strategies differ only in the way how the 3(2H)-furanone moieties are generated.

ﬂ
e

Smith, Il et. al.
~
“ 7 o-N OH
_ \
o. .0 OH Hovﬁ/J\ﬁBr MSOW
S 152

Raphael et al. Simoni et al.

(6] (6]
| 153
X
A (0] OTMS OH OH

X =0H, OMs, Br Takeda et al.

Kang et al.
Figure 26. Strategles for the synthesis of geiparvarin.

For instance, Raphael et al. constructed the 3(2H)-furanone core by using a sequence of hydrolysis and
cyclization of enamine 154 with aqueous acetic acid (Scheme 23).169 The creation of 155 then follows a
bond formation between O1 and C5 whereas 154 can be viewed as a synthetic equivalent for o’-hydroxy-
1,3-diketones. Conversion of 155 to its mesylate and treatment with phenol 152 in refluxing acetone in the
presence of K,COs produced geiparvarin. The same group developed alternative routes to geiparvarin with a
late-stage construction of the 3(2H)-furanone moiety.”o

0
NEt, O I
THPO._~ AN (ACOHMH0) 1o 5
38% o
154 Br 155

Scheme 23. Construction of the 3(2H)-furanone according to Raphael et al..

Other approaches by the groups of Takeda,'’ 177 7817 also relied on the ease of

furanone formation with o’-hydroxy-1,3-diketones. The only difference is the creation of the o’-hydroxy

Kang '’ and Simoni

1,3-diketone intermediate (or its synthetic equivalent) that is prone to cyclization under acidic conditions
(Scheme 24).

o-N Mo(CO)s O NH
\ (MeCN/HQO) RO P 2 . 0+_0 DS
quant. \/w N
157 OH
1. PhLi

] -72 °C (DME/HMPA)
OSiMe; 2. - COCI O O

/Ag 159 w
AN

- 0,

158 OSiMe; 63% 160 OSiMe;

Scheme 24. o’ -Hydroxy 1,3-diketone syntheses.
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For example, Simoni et al. employed an isoxazole ring that, after unmasking with Mo(CO)s in wet
acetonitrile, gave enaminoketone 157.' Alternatively, Takeda et al. lithiated silylenol ether 158 to obtain
1,3-diketone 160 through addition of acid chloride 159."" Further strategies that led to the successful

synthesis of geiparvarin are not illustrated herein.'”"'®’

5.3. Jatrophone

The seminal synthesis of jatrophone (2) developed by Smith III ef al. is based on the assembly of the
two intermediates 162 and 163 (Figure 27). The key step in the synthesis is an aldol reaction between both
compounds followed by oxidation of the obtained alcohol with Collins’ reagent. Exposure of o’-hydroxy-
1,3-diketone 164 to HCI in THF resulted in the formation of 3(2H)-furanone 165. It is important to note that
the macrocyclization of key intermediate 161 was found to be sluggish yielding not more than 23%.

Nevertheless, (+)-jatrophone, (+)-epijatrophone, (+)-hydroxyjatrophone A (4),'*"

181b

(+)-hydroxyjatrophone B

(3)""* and normethyljatrophone ®"~ were synthesized in this way.

%&Mes :f
MeSIO OSiMest-Bu

Smith, Ill et al.
(0]
H
/ / .. 0O O
163 Me3SiO )
OSiMe,t-Bu o 10% HCI ™
. —_ (THF)
o) OSiMeyt-Bu  68%
164
OSiMes
162
Me;SiO

Figure 27. Synthesis of jatrophone according to Smith III et al..

In an alternative route to (+)-jatrophone, Hegedus et al. used a procedure for the construction of the

3(2H)-furanone ring related to the method previously employed by Smith III et al. (Figure 28).'%

(0]
\ Me38|0 |

2 — ~_OTf | —_— Hegedus et al.
SnB
ol SnBu3
Me;SiO Q
TASF
(THF)
| 64%
167 SnBu3 SnBu3
OSiMe3

Figure 28. Synthesis of jatrophone according to Hegedus et al..
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To generate the spirofuranone 168 without protodestannylation, the cyclization of 167 required aprotic
conditions. Such a requirement was perfectly fulfilled with tris(dimethylamino)sulfur (trimethylsilyl)-
difluoride (TASF) as an anhydrous fluoride source. The synthesis of (+)-jatrophone and its epimer was
completed by using an intramolecular palladium-catalyzed carbonylative coupling of an vinylic triflate with
an organostannane (structure 166). In the case of jatrophone, this macrocyclization yielded the natural
product in 24%.

In 1992, the total synthesis of optically active (+)-jatrophone was described by Wiemer er al..''’ A
route was developed that used a chiral pool reagent to install the stereogenic center at C2 (Figure 29). The
furanone ring system was generated in 62% through an intramolecular Horner-Wadsworth-Emmons reaction
with key intermediate 171. The resulting bicycle 173 was subjected to palladium-catalyzed cross-coupling
with vinyl stannane 172 to afford 170. The macrocyclization followed then the route developed by Smith III
et al. to provide the common key intermediate 169. The convergent synthesis affords ynone 169 in 11 steps
from (R)-(+)-3-methyladipic acid in an overall yield of 15%.

7 N P(O)(OEt
Q\(‘)\r O)Obz o
+ l
(@]

TfO g\
OSiMeyt-Bu = 171 OSiMe,t-Bu

172

Wiemer et al.

(0]

L Po)oEY,
(o) NaH
(DME)
TfO o 2%
Z 171

Figure 29. Synthesis of jatrophone according to Wiemer et al..

5.4. Longianone
As outlined in Scheme 25, longianone (8) was synthesized by Steel in 1999 by using a radical
cyclization reaction of 174 to create the spirocyclic compound 175.'"% The 3(2H)-furanone unit was then

generated through late-stage introduction of the a,-unsaturation with PhSeCl followed by oxidation.

O 1.BusSnH, AIBN (10 mol%)

=7 (PhH) 0

% 2.1MHCI(CH,Ch)

o -0

o 1%
174 175

1. 03 (CH,Cly), then DMS
2. PhSeCl (THF/H,0)
3. 03 (CH,Cly)

13%

Scheme 25. Synthesis of longianone.

5.5. Trachyspic acid
The first total synthesis of ()-trachyspic acid (7) was accomplished by Hatakeyama et al. based on a
Cr(II)/Ni(II)-mediated key step to connect aldehyde 178 containing the citric acid moiety and the long-chain
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triflate 177 (Figure 30).184 Thus, 176 was obtained in 83% yield in the presence of 10 mol% NiCl, and CrCl,
in DMF. After Swern oxidation followed by desilylation, treatment of advanced intermediate 179 with 3 M
HCIQ, in THF afforded spiroketal 180. The 3(2H)-furanone moiety was constructed through ozonolysis of
181 and exposure of the resulting ketone to TFA gave ()-trachyspic acid. To access enantiopure trachyspic
acid, Rizzacasa et al. developed a quite similar route that generates the 3(2H)-furanone core via the very

same synthetic scheme.'®

O CO,H
\/\/\/\/W/\(,COZH
7 O‘\

Hatakeyama et al.

CO,H
176
Cr(ly/Ni(n)
HsCH:C)s oTf % OSiMe.
. z 3 OPMB
o0 177 CO,t-Bu 178
/ CO,t-Bu
OPMB
HC|O4 H3C(H20)8 O -
OPMB (T13f) Yl CO,t-Bu
CO,t-Bu o
72% HO CO,t-Bu
180
1. O3, NaHCO3
COH (CH,Cl,/MeOH)
H3C(H,C)g o/ corpy . thenDMS
—_—, \ 2 2. TFA (CH,Cl,)
Aco” O CO,t-Bu 50%

181

Figure 30. Synthesis of trachyspic acid according to Hatakeyama et al..

5.6. Azaspirene, pseurotin A and pseurotin F;

As illustrated in Figure 31, compound 182 was regarded as a versatile intermediate from which (-)-
azaspirene (12) could be easily assembled.'®® The conversion of 182 into o’-hydroxy 1,3-diketone 183 was
accomplished by using an aldol condensation with (2E,4E)-hepta-2,4-dienal followed by Dess-Martin
oxidation.

OOH OH Q OOH OMe
HO\.\»_NH Ph
\ Ph :
S 0. X )< Ph Et OH |
l NH pr— — B NH
TN OO Et OSii-P N ° ©
12 ii-Prs 13 O
182 OH
Hayashi et al.
o} OOR OH
HO N—NH TsOH-H,0 ‘J—{\/Ph
X M= Ph(CHuCLy) | %
NH
NS e, — 12
91% X0
183 O O  OSiiPrs 184 O R=sjiPr,

Figure 31. Synthesis of azaspirene according to Hayashi et al..

Upon treatment of 183 with a catalytic amount of TsOH-H,O, complete formation of the 3(2H)-

furanone moiety and hydration of the benzylidene group occurred to achieve furanone 184. Deprotection of
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the triisopropylsilyl group with NH4F then gives synthetic azaspirene that exhibited properties identical to
those of the natural product.

For the total synthesis of pseurotin A (13) by Hayashi et al., y-lactam 182 was again key
intermediate.'®” The furanone structure was introduced as discussed for the azaspirene synthesis. In 2004,
Tadano et al. described the syntheses of pseurotin A, pseurotin F, and azaspirene whereas the furanone

construction follows the assembly in the Hayashi syntheses.188

5.7. Eremantholide A

An elegant total synthesis of (+)-eremantholide A (28) confirming the assignment of its absolute
configuration was accomplished by Boeckman, Jr. ef al. in 1991."® The strategy features a Ramberg-
Bécklund sequence to effect the crucial ring contraction of key intermediate 185. For the synthesis of the

furanone ring, a classical cyclization of o’-hydroxy 1,3-diketone 186 was utilized (Figure 32).

— 7~ Boeckman, Jr. et al.
(0] o]
g =\

185

HCl
cH, (THP)_
93%

186 O
Figure 32. Synthesis of eremantholide A according to Boeckman, Jr. ef al..

As illustrated in Figure 33, an alternative route toward (+)-eremantholide A was described by Tadano

et al. based on the enolate C-alkylation of simple 5-ethyl-2-methylfuran-3(2H)-one with triflate 1881011

O O
Nas as
(@) O

or

X iO— —OTf —OTf
o 1 o 188 omo 189
O MeO y O MeO i
Tadano et al. Hale et al.

Figure 33. Synthesis of eremantholide A according to Tadano and Hale et al..

The enolate alkylation was thoroughly investigated since the choice of base, solvent and additive was
found to be critical for the diastereoselectivity. Best results for the desired diastereoisomer were obtained

when using an equimolar amount of 18-c-6 and KHMDS in toluene. Macrocyclization was then achieved
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with an intramolecular vinylogous aldol reaction. Hale et al. mainly followed this approach to eremantholide
A% As alkylating reagent, triflate 189 was employed rather than 188, thus enabling a ring-closing

metathesis for macrocyclization.

6. Reactivity of 3(2H)-furanones
Since a huge variety of reactions with 3(2H)-furanones have been reported, this section is a personal
selection that only summarizes the most intriguing transformations. As such, selected alkylations, ring

modifications, photochemical reactions, and cycloadditions are briefly discussed in the following part.

6.1. Alkylations and related reactions

As discussed in the previous section, 3(2H)-furanones can be lithiated to form the corresponding
enolates that react with various alkyl halides under predominant C-alkylation at C2 (Scheme 26)./284193719
In the case of a disubstituted C2-position, alkylation takes place at the y-position.”*'*® From a synthetic point
of view, it is interesting that y-functionalization with phenylselenyl chloride followed by oxidative

elimination affords valuable furadienones.”
1. LDA
2. Mel
93%
192
1. LDA (THF)

Yi%
2. PhSeBr
3. H202
0%
191 193

Scheme 26. Regioselective alkylations.
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The reaction of Schiff bases with 3(2H)-furanones was also examined with the result that clean
addition occurs at the C2-position of the furanone.'”’ If present, a C5-methyl group is attacked in a second
addition step thereafter.

Organocuprates add to simple 3(2H)-furanones in a conjugate addition.”” In Baldwin’s total synthesis
of racemic methyl nonactate, such a conjugate addition of a Grignard reagent in the presence of CuBr-Me,S
followed by methylation yielded 194 in a trans/cis-mixture of 10/1 and 56% yield (Scheme 27)."”® Csuk et
al. developed a related 1,4-addition of silyl ketene acetals such as 195 to 2,2-dimethyl-3(2H)-furanone.'” %!

1. Z>"MgBr
o) CuBrMe,S, -78 °C (THF) .9
fg<2. LDA, CHsl (THF/NEt3) \/\/E& 0
o 56% X o
87 194
OTMS
[TASF] 0
195 OMe (THF)
88% MeO,C o

196
Scheme 27. Conjugate addition to 3(2H)-furanones.
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6.2. Ring modifications

Ring modifying reactions are quite common to transform the 3(2H)-furanone moiety into other
heterocycles of value. For example, pyrazolones are easily accessed by treating the furanone skeleton with
diazonium salts (Scheme 28, eq. 1).2%2 Another heterocyclic system that can be generated from furanone
starting materials are pyrazoles. To realize this transformation ethyl 2-hydrazinylacetate might be used under
basic conditions (Scheme 28, eq. 2).203 On the other hand, 3(2H)-furanones are converted into isoxazoles
such as 201 in the presence of hydroxylamine.”” A variety of other heterocycle syntheses that rely on the
nucleophilic ring opening of the furanone core and subsequent heterocyclization under formation of a novel

- 116,205-211
ring system were reported as well.” ™

o}

O Cl
. 1. conc. HCI O
I . No"BF, 2. AcOH | N,N—/é 197 )
o] 97% Cl
Cl C,\@

0
NaOEt
EtO,C H 80°C (E1OH) 1020\ __
| + HZN,N\/COZEt f’ - /N_\ (2)
o] 92% N CO,Et

CeHs CGHS

198 HO 199

O
NH,OH, NaOAc

EtO.C (EtOH) EtO.C _

| —»700/ _ 0 (3

gt~ © 0 S
200 201

Scheme 28. Selected heterocycle syntheses.

In the presence of primary amines or ammonia, a simple ring opening of the 3(2H)-furanone unit was

observed as exemplified in Scheme 29.*'**"
0
t-BuNH, 0
(< (OO o4 mvteu
0 94% 202

Scheme 29. Furanone opening with primary amines.

An interesting tetrahydrofuran synthesis was described by Baldwin et al. (Scheme 30).2"* After
addition of dimethyloxosulfonium methylide to 2,2-dimethyl-3(2H)-furanone, a 1:1 mixture of the two
products 203 and 204 was obtained. Unfortunately, it was not possible to alter the product distribution. In a

similar way, treatment with dimethyl dioxirane led to the formation of corresponding epoxide.*"

o) o) o
[/g< (CH2);S(0)CH, &
.
(o] (6] (@]

87 SOCH3
203 204
0 O>—<O 0 47% 43%
fk — of@<
0 quant. 0
87 205

Scheme 30. Tetrahydrofuran formation with 3(2H)-furanones.
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6.3. Photochemical reactions

The primary photochemical reaction of 3(2H)-furanones is the [2+2]-photocycloaddition. While
investigating the intramolecular version of this reaction,”'® Bach er al. demonstrated that the regioselectivity
can be controlled through the tether length. As depicted in Scheme 31, the intramolecular [2+2]-
photocycloaddition allows for a rapid and high-yielding access to complex skeletons such as 207. Notably,
the regioselectivity was found to be completely reversed when employing substrate 208 under identical
reaction conditions. Additionally, numerous examples on intermolecular [2+2]-photocycloaddition with

3(2H)-furanones are described.'**1772%

CHzoBZ
0 hv, 350 nm Q §H0Bz
(benzene)
—_—
o 87%
— 206
CH,0OBz

hv, 350 nm CH.0Bz
benzene)
92%
\ 208

Scheme 31. Intramolecular [2+2]-photocycloaddition.

6.4. Cycloadditions

A rare example for the use of 3(2H)-furanones in cycloadditions was disclosed by Avery ef al. as the
first step in their total synthesis of laurenditerpenol.”® It is noteworthy that this reaction only produced a
single diastereomer in 69% yield as shown in Scheme 32. In the presence of a strong base, enolate 211 is
formed that undergoes a [4+2]-cycloaddition process to provide 210.%°**” Nevertheless, a sequential

Michael-addition/cyclization pathway provides an alternative explanation for the product formation.

o) 1.LDA, -78 °C (Et,0) o ©

o 69%
210 COQMe

OLi

via ] A\
O 211

Scheme 32. Anion-assisted Diels-Alder reaction.

7. Conclusions

This brief overview was intended to demonstrate the value of 3(2H)-furanones, a class of five-
membered heterocycles that can be broadly found as structural elements of many natural products and
pharmaceutically important substances. Natural products possessing this structural element frequently
exhibit significant biological activity. Although, as highlighted herein, a tremendous number of synthetic
methods is known to approach the heterocyclic core, the synthesis of simple and more complex 3(2H)-fura-
nones remains an area of ongoing interest. Moreover, 3(2H)-furanones are valuable building blocks for the
construction of further functionalities as exemplified in Scheme 3328

It is certain that many more protocols for the construction of polysubstituted 3(2H)-furanones will be

described in the future.”” One future trend is easy to predict: a number of methods will be applied to the
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target-oriented synthesis of complex structures. Currently, the methods to introduce the 3(2H)-furanone

moiety into a complex target molecule are mainly based on the cyclization of o’-hydroxy-1,3-diketones.

(¢}
o
o
6] 0O o H
[/g< Rhy(OAc)4 (PhF) 0
0o 56% O H
87 212

Scheme 33. Application in the synthesis of pseudosemiglabrin.
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ETHYNYLATION OF PYRROLE NUCLEUS WITH HALOACETYLENES
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Abstract. Recent publications covering new cross-coupling reactions of substituted pyrroles, 4,5,6,7-tetra-
hydroindoles and indoles with haloacetylenes on active surfaces (MgO, CaO, ZnO, BaO, Al;O;, TiO;, ZrO,,
K>CO;, CaCO;,  ZrSiO4) to regioselectively afford 2-ethynylpyrrole, -4,5,6,7-tetrahydroindoles and
3-ethynylindoles are discussed. These reactions proceed at room temperature without transition-metal
catalysts and base under solvent-free conditions. The yields of ethynylation products most often range
between 60 to 70%, in certain cases reaching 90-94%. Some reactivity and structure peculiarities
([2+2]-cycloaddition to the acetylene moiety and rotational isomerism along the triple bond in crystals) of

novel C-ethynylpyrroles, -4,5,6,7-tetrahydroindoles and -indoles are considered.
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1. Introduction

The development of efficient methodologies for the regioselective functionalization of the pyrrole
nucleus is of great importance, since these ring units occur as structural motifs in numerous biologically
active natural products and pharmaceuticals." Among the functionalized pyrroles and indoles, the C-ethynyl
derivatives attract major attention due to the rich chemistry of the triple bond.? Consequently, considerable
efforts have been devoted to the development of new methodologies for efficient synthesis of C-ethynyl-
pyrroles, -4,5,6,7-tetrahydroindoles and -indoles.

However, almost all the known syntheses of C-ethynylpyrroles, -4,5,6,7-tetrahydroindoles and -indoles

require functionalized pyrroles and indoles as reactants.
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Thus, a number of C-ethynylpyrroles were obtained by base-assisted elimination reactions of pyrrole

3 2—(2,2—dihaloetheny1)pyrroles,4 2-pyrrolyl-

derivatives such as 2- and 3-(2-chloroethenyl)pyrroles,
benzylketones.” Some C-ethynylpyrroles were synthesized by pyrolysis of 2-functional substituted
ethenylpyrroles6 and pyrrolylaroylmethylenephoshoranes.” Also, the synthesis of 2-ethynyl-1-methylpyrrrole
from 2-iodo-1-methylpyrrole and ethynylmagnesium bromide in the presence of ZnBr, and Pd(PPhs)s has
been reported.8

Copper derivatives of 1-methylpyrrole reacted with substituted iodopropyne to afford the
corresponding propynylpyrrole.9 Similarly, o-lithiated 1-methylpyrrole with FC=CH gave 2-ethynyl-1-
methylpyrrole.'

Some syntheses of C—ethynylpymroles11 and -indoles'? involved simultaneous building up the
heterocyclic ring. Today, the most frequently used methodology for the introduction of acetylenic substituent
to the pyrrole nucleus is cross-coupling of halopyrroles or -indoles with terminal acetylenes (Sonogashira
reaction and its modifications).>!*1?

However, as a rule, this reaction was limited to pyrroles with electron-withdrawing substituents'* and
N-substituted derivatives."> Also, this reaction seems to be inapplicable for electron-deficient acetylenes (at
least no examples of the cross-coupling with acetylenes bearing electron-acceptor function was as yet
reported). Instability of simple halogenated pyrroles,'® their decreased reactivity in the cross-coupling'’ and
a significant interference of the side reductive dehalogenation18 also make additional difficulties.

Therefore, it would be of methodological importance to devise a new type of coupling, in which
non-halogenated pyrroles could be cross-coupled with readily available halogenated acetylenes.

Meanwhile, the reaction of pyrroles with haloacetylenes can be complicated by Diels-Alder
condensation'® and nucleophilic addition® of pyrrole nucleus to the triple bond as well as by the reactions of
functional groups (in the cases of functionalized acetylenes and pyrroles). Recently, it was found that the
pyrrole nucleus is readily ethynylated with haloacetylenes having electron-deficient substituents, when the
reaction was carried out on the active surfaces of metal oxides or salts. The results of the systematic study of

this novel cross-coupling reaction are reviewed in this chapter.

2. Reactions of pyrroles, 4,5,6,7-tetrahydroindoles and indoles with haloacetylenes on active surfaces
2.1. Discovery of the reaction of pyrroles with haloacylacetylenes on active surfaces

In the first report’ devoted to ethynylation of pyrroles with haloacetylenes on active surfaces, the
reaction of unsubstituted pyrrole (la), 2-phenylpyrrole (1b) and 4,5,6,7-tetrahydroindole (1c¢) with
acylbromoacetylenes was briefly described. These pyrroles la—c were coupled with benzoyl- (2a) and
thienoylbromoacetylenes (2b) on the surface of alumina to give 2-(acylethynyl)pyrroles 3a—f (Scheme 1).

The reaction proceeded at room temperature for 30—60 minutes and was slightly exothermic.
Experimentally, the reactants were pulverized with a 10-fold mass excess of Al,Os under solvent-free
conditions, through some amounts of solvents (n-hexane, Et,O) to take off the products from the reaction
mixture were required.

The reaction was 100% regioselective: no isomeric 1- or 3-(acylethynyl)pyrroles were detected in the
reaction mixture (‘H-NMR). Side products of the coupling were 2-acyl-1,1-di(pyrrol-2-yl)ethenes 4a—f,
which were first assumed to be formed by the addition of a starting pyrroles to the major products 3a—f
(Scheme 2).
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R’ =2-thienyl: R'=R*=H (d); R'=Ph, R =H (e); R'- R* = (CH,), ()
Scheme 1

N T KR + Ry R!

| —

I S ) 17-35%
3a-f la—c

Scheme 2

The yields of 4 were normally up to 19%, expectedly increasing when excess pyrrole, higher

temperatures or longer reaction times were employed. For example, the reaction of 2-fold molar excess of
pyrrole 1¢ with bromothienoylacetylene 2b gave 55% and 35% yields of 3f and 4f, respectively (Schemes 1
and 2).

The mechanism of this new ethynylation is certainly completely different from the Sonogashira
couplingB_15

and probably involves an addition-elimination sequence (Scheme 3) promoted by the
coordinatively unsaturated centres of Al,O3 (electrophilic assistance) and by grinding up the reactants with
the solid phase.

AlL,O4
ll\] \ a—f
| O H
H 2a,b 0)
la—c R>
5a—f
Scheme 3

reaction of 1b with 2b), has been identified in the CDCl; extract of the reaction mixture by "H-.NMR
technique.

In fact, E-2-(1-bromo-2-thienoylethenyl)-5-phenylpyrrole Se, a possible intermediate (from the
However, upon chromatography (Al,O3) of the reaction mixture (1 hour after the reaction beginning),
the pyrrole 5e was not discernable ("H-NMR) and the yield of the corresponding ethynylpyrrole 3e was 60%.

If silica, instead of alumina, was employed as the reaction medium, the adduct Se became the major product
(the yield reached 60%) and the ethynylpyrrole 3e was detectable ("H-NMR) as traces only.
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2.2. A deeper insight into the reaction of 2-arylpyrroles with benzoylbromoacetylene

A closer investigation of the pyrrole ethynylation with haloacetylenes was performed on 2-arylpyrroles
with a benzoylbromoacetylene partner.”> Cross-coupling of 2-arylpyrroles 1b,6a—c with benzoyl-
bromoacetylene 2a on alumina at room temperature gave 2-aryl-5-(benzoylethynyl)pyrroles 3b,7a—c in
45-94% yields (Scheme 4). In addition, small amounts of compounds 5b,8b,c and 4b,9a—c were formed.

N\ A1203
n v 0 " 3b, 7a—c o
R H 2a 0.5-1h )
1b. 6ac 45-94%
b

0-19%

R = H (1b, 3b, 4b, Sb), Me,N (6a, 7a, 9a), MeO (6b, 7b, 8b, 9b), Cl (6¢, 7¢, 8¢, 9c)
Scheme 4

As it was previously assumed,” 2-(acylethynyl)pyrroles 3 were formed as a result of elimination of
hydrogen bromide molecule from the primary pyrrole-acylbromoacetylene adducts, 2-(2-acyl-1-
bromoethenyl)pyrroles 5. To verify this assumption, the reaction of pyrroles 1b,6a—c with acetylene 2a were
monitored by 'H-NMR spectroscopy (samples were withdrawn from the reaction mixtures at definite time
intervals and dissolved in CDCl; and their 'H-NMR spectra were recorded). It was found that 2-arylpyrroles
1b,6b,c reacted with acetylene 2a to give the corresponding 2-aryl-5-(benzoylethynyl)pyrroles 3b,7b,c and
2-aryl-5-(2-benzoyl-1-bromoethenyl)pyrroles 5b,8b,c. Their ratio changed slightly with time (Table 1). No
bromoethenylpyrrole 8a was detected in the reaction mixture obtained from pyrrole 6a and acetylene 2a:
even after 10 minutes, the mixture contained only pyrroles 7a and 9a together with the initial reactants
(Table 1).

The fact that the product ratio does not change during the process may be rationalized as follows:
pyrroles 1b,6a—c add to acetylene 2a according to the nucleophilic frans-addition pattern to give
Z-2-(bromoethenyl)pyrroles Sb,8a—c. The latter are transformed along two pathways: (1) elimination of
hydrogen bromide leading to the formation of ethynylpyrroles 3b,7a—c and (2) isomerization to E-isomers
stabilized by strong intramolecular hydrogen bond like that found in structurally related compounds.” The
absence of 8a in the reaction mixture is likely due to higher rate of the elimination of hydrogen bromide than
that of compounds 8b,c.

Since cis-elimination is slower than troms—elimination,24 some amount of the E-isomers of 2-(bromo-

ethenyl)pyrroles 5b,8b,c is present in the reaction mixture (Scheme 5).
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1b,6a—c 4+ 2a

Scheme 5

The formation of ethynylpyrroles 3b,7b,c from bromoethenylpyrroles 5b,8b,c is supported by
comparing the content of the latter in the crude product mixture with the yields of the isolated products. For
example, pyrrole 6¢ reacted with acetylene 2a for 1 hour yielding ('"H-NMR) 81% of ethynylpyrrole 7¢ and
19% of bromoethenylpyrrole 8c. Chromatographic separation of the product mixture on alumina gave 94%
of 7¢ and 3% of compound 8c. Moreover, bromoethenylpyrrole 8¢ was found to undergo a readily
transformation into ethynylpyrrole 7¢ on alumina (conversion 92% in 1 hour). These results indicate that
bromoethenylpyrrole 8c is an intermediate product in the cross-coupling reaction. The FE-isomer of
bromoethenylpyrrole 8b was more stable; its conversion into ethynylpyrrole 7b in 50% yield was realized

only by keeping the reaction mixture for 24 hours on alumina.

Table 1. Content of 2-aryl-5-(benzoylethynyl)pyrroles 3b,7a—c and 2-aryl-5-(2-benzoyl-1-bromo-
ethenyl)pyrroles Sb,8a—c in the cross-coupling of the pyrroles 1b,6a—c¢ with benzoylbromoacetylene 2a on

Al,O3 (room temperature).

R Reactions time (minutes)
10 30 60
Pyrrole, content Pyrrole, content Pyrrole, content
H 3b, 75% Sb, 25% 3b, 74% 5b, 26% 3b, 78% Sb, 22%
Me,N 7a, 51% 8a, 0% 7a, 64% 8a, 0% 7a, 710% 8a, 0%
MeO 7b, 53% 8b, 17% 7b, 59% 8b, 19% 7b, 64% 8b, 22%
Cl 7c, 12% 8c, 18% 7c¢, 719% 8¢, 21% 7c, 81%" 8¢, 19%"

*Yields of 7¢ and 8¢ after fractionation on Al,O; are 94% and 3%, respectively.

MeO
6b

Scheme 6

Apart from the major products, ethynylpyrroles 3b,7a—c and intermediate bromoethenylpyrroles

5b,8b,c, the reaction mixtures contained small amounts of 2-benzoyl-1,1-dipyrrolylethenes 4b,9a—c.

96



In some cases, the '"H-NMR spectra of samples withdrawn from alumina on the initial stage (10
minutes) of the reactions contained a couple of broadened signals at 8 5.6 ppm and 12.1 ppm. According to
the 'H- and "C-NMR spectra, these signals were assigned to 2-benzoyl-1-bromo-1,1-di(pyrrol-2-yl)ethanes
of type 10b formed probably from unreacted pyrroles and benzoylbromoacetylene in chloroform (Scheme
6).

Dipyrrolylethane 10b was also formed in an NMR ampoule (CDCls) from 2-(2-benzoyl-1-bromo-
ethenyl)pyrrole 8b and pyrrole 6b. After treatment of a solution of dipyrrolylethane 10b with aqueous
potassium carbonate, dipyrrolylethene 9b could be isolated.

2.3. The ethynylation of 1-vinylpyrroles with benzoylbromoacetylene on alumina

From theoretical and synthetic points of view it is intriguing to examine whether 1-vinylpyrroles, now
accessible, obey to the ethynylation reaction with acylbromoacetylenes on active surfaces. The 1-vinyl group
is known to deactivate o-position of the pyrrole ring25 due to the negative inductive effect of the double
bond” and its competitive conjugation with unshared nitrogen pair decreasing the pyrrole ring aromaticity. It
also enhances the probability of Diels-Alder reactions.”’ Generally, the interaction of 1-vinylpyrroles with
electron-deficient acetylenes represents a rewarding object for the investigation of competition of the two
nucleophilic centres (a-position of the pyrrole ring and B-carbon of the vinyl group) with respect to
electrophile.

In a recent paper,28 it was shown that 1-vinyl- (11a—c) and 1-isopropenylpyrroles 11d—f reacted with
acetylenes 2a,b on alumina regio- and chemoselectively to afford 1-vinyl- (12a—c¢,g,h) and 1-isopropenyl-2-
(acylethynyl)pyrroles 12d—f,i in 39—70% yields (Scheme 7).

The reactivity of pyrroles 11a—f depends on the substituents in the pyrrole ring. So, under similar
conditions the conversion of 1-isopropenylpyrroles 11d and 11f was 90 and 60%, respectively, while 1-iso-
propenyl-4,5,6,7-tetrahydroindole 11e reacted completely. During fractionating of the reaction mixtures on

alumina the reaction was not stopped: as a result, neither pyrrole 11d nor pyrrole 11f were detected in any

fractions.
R3 R4 R3
Al,0,
2/2/_\> + Br—<: - 2 /N
RN O m1h RTINS
RN 2a.b 39-70% RN R*
| 11a—f 12a—i

R!= H:
R?=R*=H (11a, 12a); R?- R’ = (CH,), (11b, 12b,g); R* = Ph, R® = H (11¢, 12¢,h);
R1 = Me:

R?=R’=H (114, 12d); R* - R’ = (CH,), (11e, 12¢,i ); R* = Ph, R* = H (11f, 12f);
R* = Ph (12a—f), 2-thienyl (12g—i)
Scheme 7

The ethynylation of 1-isopropenylpyrroles involves the formation of 1H-2-(acylethynyl)pyrroles
13d—f£,i as by-products.”® They appear to be formed due to the hydrolysis of isopropenyl group catalyzed by
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the eliminated HBr (Scheme 8). This is supported by the fact that the starting 1-isopropenylpyrroles 11d—f in
the presence of Al,O3 without acetylenes 2a,b under the reaction conditions are stable (it was shown using
1-isopropenylpyrrole 11e as an example).

It seems likely that the hydrolysis begins with electrophilic addition of water molecule (contained in
Al,O3) to the double bond of N-isopropenyl group and ends with decomposition of unstable o-pyrrolyl-
alkanoles 14d—f,i (Scheme 8).

R} R3
_ ALO,/H,0/HBr ya A\
12d-f,i RN 0 Meco RN T=_0
MeoH R H R4
Me
14d—f,i 13d—f,i
Scheme 8

Stability of the pyrroles 12d—f,i depends on the substituents character in the pyrrole ring. It turned out
that the least stable was 4,5,6,7-tetrahydroindole 12e. In 1 hour after the reaction beginning, the content of
1H-2-ethynylpyrrole 13e in the reaction mixture amounted to as much as 28% and this value still further
increased during the fractioning on alumina (up to 40%). 2-Ethynylpyrroles 13d,f,i were obtained (in 5, 3
and 10% yields, correspondingly) only when 1-isopropenyl-2-ethynylpyrroles 12d,f,i were
chromatographered on Al,Os.

Thus, the pyrroles having electron-donating substituents loose isopropenyl group more readily and that
was in good agreement with the hydrolysis scheme (Scheme 8), which began with electophilic attack of
proton to the double bond. This scheme was confirmed also with the fact that less protophile vinyl group was
stable under the reaction conditions. Indeed, 1-vinyl-2-ethynylpyrroles 12a—c,g,h did not form the
corresponding 2-ethynylpyrroles at all.

The ethynylation of 1-vinyl- and 1-isopropenylpyrroles apparently proceeded through the stage of their
nucleophilic addition to the activated triple bond with the formation of adducts 15, which further eliminated
HBr to afford the corresponding ethynylpyrroles 12a—i (Scheme 9).2% All attempts to detect the adducts 15 in

the reaction mixtures were not met with success.

A1203 R2 A1203

11a—f + 2ab

12a-i

N
RN

15
Scheme 9

2.4. Effect of active surfaces on the pyrrole ethynylation with haloacetylenes
As discussed above, the direct ethynylation of pyrroles with electrophilic haloacetylenes proceeded
readily on the alumina active surface. Special emphasis should be made that the reaction was found to be

facile and rapid at room temperature and required no transition-metal catalyst, base and solvent, thus closely
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corresponding to the green chemistry standards.”® This reaction looked as opening a promising avenue to
early inaccessible pyrroles with acetylenic substituents, useful building blocks to design drugs and new
materials for molecular electronics. Consequently, it was reasonable to elucidate whether alumina was the
unique metal oxide to affect the ethynylation and whether other active surfaces for this reaction could be
found. Therefore, the room temperature interaction of 2-phenylpyrrole 1b with benzoylbromoacetylene 2a
was investigated3 0 upon their grinding with diverse metal oxides and salts (10-fold amount) as active
surfaces. The reaction course [conversion of reactants 1b and 2a (Scheme 10) and the ratio of products] was
determined by the 'H-NMR spectra of the CDClj; extracts from the reaction mixture (Table 2). This reaction
was chosen as a standard for the pyrrole ethynylation with haloacetylenes.

As reported earlier,zl’22

this reaction, when carried out on Al,Os, gave ethynylpyrrole 3b as a major
product, small amounts of the intermediate Sb and the side product 4b.

Apart from signals of these compounds, in the 'H-NMR spectra of the samples taken from the reaction
mixtures, two broad singlets at 5.70 ppm and 12.44 ppm appeared. According to 'H- and “C-NMR
spectroscopic data, these signals were assigned to unstable dipyrrolylbromoethane 16, which can not be
isolated (Scheme 10).

It has been shown (Table 2)3 % that certain metal oxides are active media for the interaction studied,
particularly ZnO and BaO, the activity of which surpass that of Al,Os. The content of the ethynylation
product in the reaction mixture was 81% (Zn0O), 73% (BaO) and 71% (Al,0O3) after 60 minutes.

No direct dependence of the basicity on the oxide efficiency in the cross-coupling reaction is observed
as follows from the Table 2 (i.e., ZnO is a weaker base than CaO but shows much higher activity in the
cross-coupling). Moreover, alumina of different basicity, even with K,CO; additive, gave practically the
same results. One may suppose that transition metal contaminations of the above metal oxides and salts
influence the reaction studied. However, this does not agree with the practically similar results obtained with
different metal oxides (MgO, CaO, ZnO, BaO, Al,0s, Table 2). It is improbable that all the active surfaces

are equally contaminated with the same transition metals.

Scheme 10

As the case of ALOs*' the cross-coupling was accompanied by the formation of bromoethenylpyrrole
5b and dipyrrolylethene 4b, the former being an intermediate and the latter a side product (Scheme 10).

The metal oxides (TiO,, ZrO,) as well as the salts (CaCO;, ZrSiO,4) were found to be inactive in the
cross-coupling. Instead, they were highly active in the nucleophilic addition of pyrrole 1b to the triple bond
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of benzoylbromoacetylene 2a to afford the adduct 5b (the content of which in the reaction mixture ranged
from 81% up to 87%).*° Thus, these metal oxides and salts are specific active surfaces for effecting chemo-,
regio- and stereoselective addition of pyrrole 1b (by its C2-position) to the triple bond of acetylene 2a.

In all cases, dipyrrolylethene 4b was formed in much smaller amounts (0—19%). This was obviously

the product of substitution of the bromine atom in the intermediate Sb by the pyrrolyl moiety.

Table 2. 'H-NMR spectroscopic monitoring of the reaction of 2-phenylpyrrole 1b with benzoyl-

bromoacetylene 2a (room temperature) on active surfaces.

Active surface Reaction times (minutes)
10 60
Composition of reaction mixture (%)
1b 3b 5b 4b 16 1b 3b 5b 4b 16
MgO 54 41 0 0 25 69 6 0 0
CaO 71 19 3 0 39 50 9 2 0
ZnO 0 78 18 4 0 0 81 15 4 0
BaO 7 69 20 4 0 0 73 20 6 0
ALOs (pH 7.5) 17 62 21 0 0 5 71 23 0 0
AL O3 (pH 9.3) 17 62 21 0 0 68 26 0 0
AlLO5" (pH 9.3) 14 61 20 5 0 12 68 20 0 0
TiO, 9 0 70 0 21 0 0 87 13 0
710, 0 0 73 0 27 0 0 83 0 17
CaCOs3 0 0 59 0 41 0 0 81 19 0
ZrSiQy 7 0 61 0 32 0 0 85 0 15

“K,CO5 (5% relative to alumina) was used.

Apparently, the cross-coupling, resulting in the formation of the ethynylpyrrole 3, proceeded via the
intermediate 5 which further eliminates HBr. This was supported by the observation that, when the
intermediate 5 (prepared on ZrO,) was passed through an Al,O3 column, the ethynylpyrrole 3 was isolated.

Obviously, the route to ethynylpyrrole 3 via the charge-transfer complex 17 and further the salt 18
avoiding the adduct 4, could not be excluded (Scheme 11). Such a reaction may be realized as a parallel or

complementary channel of the above HBr elimination from the adduct 5.

23 / \
1b N Br——
H 0
17
]\
N ==
H
3b 9]
Scheme 11
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It is known that reactions on the metal oxide surfaces often proceed by one electron transfer and hence
for an investigation of their mechanisms, the ESR technique is appropriate.3 !

The reaction between the pyrrole 1b and acetylene 2a on active surfaces of the oxides: ZnO, Al,O;3
(pH 9.5), TiO,, ZrO; and the salts: CaCOs3, ZrSiO4 was monitored by the ESR technique.3 0 Singlets with
g-factors in the region of free radicals were observed (Table 3).

The value of g-factors changed depending on the surface nature and varied within 0.0006. The
asymmetric signals detected for ZrSiO4, TiO, and ZrO, under microwave power saturation split in two lines.
The line with g-factor 2.0023 was assigned to the 2-phenylpyrrole cation radical. The second line with g-
factors 2.0032—2.0044 (depending on active surface nature) was likely to be attributed to the complex of
benzoylbromoacetylene anion-radical with active surface. At the same time, microwave power saturation
applied to the reaction mixtures on oxides Al,O3; and ZnO did not cause the ESR signals splitting. Probably,
the components of the reaction mixture activated by the crystalline lattice first underwent charge transfer to
deliver the ion-radical pair. Depending on acid-base properties of the active surface the ion-pair components
behaved diversely: on the acidic surfaces, the radical cation should be stabilized, while on the basic ones it
was deprotonated to a neutral radical, thus leading to different reaction products 3 and 5§, respectively.

Thus, the experimental data point to the fact that ethynylation of pyrroles with benzoylbromoacetylene
may involve a one electron transfer stage delivering ion-radicals stabilized by the crystalline lattice of the

active surface. >

Table 3. ESR signal characteristics for the reaction of 2-phenylpyrrole 1b with benzoylbromoacetylene 2a

on active surfaces.

Active surface [N-10'°, spin/g | g-factor | AH, mT
Zn0O 35 2.0030 | 0.660
ALO; (pH9.5) 10 2.0026 | 0.600
CaCOs3 6.9 2.0030 | 0.533
TiO, 11 2.0027 | 0.710
ZrO, 4.0 2.0024 | 0.622
ZrSi0,4 8.7 2.0024 | 0.580

The active surface participation in the ion-radical generation was also confirmed by appearance of the
corresponding but very weak signals in the ESR spectra of the separated pairs: Al,O3-2-phenylpyrrole and
AlOs-benzoylbromoacetylene. Thus, approximately 0.5 hour after preparation, 2-phenylpyrrole on Al,O;
turned light brown. In the ESR spectrum appeared a weak (3-10' spin/g) broad (1.1 mT) singlet with
g-factor 2.0024, narrowing and increasing with time. Benzoylbromoacetylene on Al,Oj3 just right after the
preparation, became pink and its ESR spectrum showed very weak (10" spin/g) narrow (0.33 mT) singlet
with g-factor 2.0032, which did not practically change with time.

On silica gel, the pyrroles 1a—c reacted with acylbromoacetylenes 2a,b under mild conditions (room
temperature, moderate self-heating, 15—-30 minutes) to form 2-acyl-1,1-di(pyrrol-2-yl)ethenes 4a—f as major
products (in yields of up to 60%, based on a starting pyrrole) (Scheme 12).*
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Scheme 12

The expected primary adducts, 2-(2-acyl-1-bromoethenyl)pyrroles Sa—f, could be isolated (by
chromatography on Al,O3) in 3—11% yields only.

Monitoring of the reaction of pyrrole 1a with acetylene 2b by 'H-NMR confirmed that the primary
adduct was 2-(1-bromo-2-thienoylethenyl)pyrrole 5d, the content of which was increasing over the time
studied. However, in this case the adduct 5d was not isolated in pure form: during chromatography on
alumina, it partially underwent HBr elimination to form the acetylene 3d in 12% yield, while the major part
of 5d was polymerized. Still, 2-(2-acyl-1-bromoethenyl)pyrroles Sb,c,f were stable enough to be isolated by
chromatography on alumina in 3—11% yields.

The isolated yields of 2-acyl-1,1-di(pyrrol-2-yl)ethenes 4a—f were also sensitive towards the nature of
substituents in the pyrrole ring. Thus, from the equimolar mixtures of pyrroles 1b,c and acetylene 2b, after
their short contact (15 minutes) with silica, the adducts 4e,f were prepared in 57 and 60% yields,
respectively. Meanwhile, in order to attain a preparatively acceptable yield (31%) of the dipyrrolylethene 4d,
it was necessary to use a two-fold molar excess of the pyrrole 1la and increase the reaction time to
30 minutes. However, further prolonging the process resulted in resinification of the products.

In the above-mentioned cases, acetylenes 3e and 3f were also formed in low yields (3 and 2%,
respectively). The yield of these products increased to 20-22% after chromatographic treatment of reaction
mixtures on alumina, again supporting the HBr elimination from the primary adducts 5 to be the source of
acetylenes 3. Correspondingly, on silica 2-acyl-1,1-di(pyrrol-2-yl)ethenes 4a—f were mainly formed as a
result of the substitution of bromine atom in 2-(2-acyl-1-bromoethenyl)pyrroles Sa—f by a second molecule
of the pyrrole 1 (presumably, through an addition-elimination two-step process). Another probable route to
4a—f was the addition of the pyrrole 1 to acetylenes 3a—f. It was also possible that both of these routes took

place.

2.5. The ethynylation of 4,5,6,7-tetrahydroindoles with halopropynoates on an active surfaces
Application of the above methodology to the synthesis of 4,5,6,7-tetrahydroindole-2-propynoates has

been considered as justified since these compounds are promising protected ethynylpyrroles because the
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ester moiety can be easily removed through conventional decarboxylation procedures.” Furthermore,
4,5,6,7-tetrahydroindole-2-propynoates could be expected to undergo easy catalytic dehydrogenation (as in
simpler cases®) to yield 2-substituted indoles, potential intermediates for many alkaloids and
pharmacologically important taurgets.3 >

Although the methods for the preparation of 3-substituted indoles are well established, there is a need
for easier access to 2-substituted indoles. Unlike 3-substituted derivatives, 2-substituted congeners,
particularly 2-ethynylindoles, still represent a synthetic challenge, since most electrophilic aromatic
substitution reactions of indoles occur at the position 3. Consequently, tetrahydroindole derivatives which
are actually pyrroles (in terms their reactivity) can be considered as potential precursors of corresponding
2-substituted indoles.

Therefore, the cross-coupling of 1H- and 1-vinyl-4,5,6,7-tetrahydroindoles with ethyl bromo- and
iodopropynoates to give 3-(4,5,6,7-tetrahydroindol-2-yl)-2-propynoates has been studied.*

In contrast to benzoylbromoacetylene, which with 4,5,6,7-tetrahydroindole 1¢ [Al,Os, pH 7.4, a
10-fold amount (by weight), room temperature, 0.5 hours] formed mainly 2-(benzoylethynyl)-4,5,6,7-
tetrahydroindole, ethyl bromopropynoate 19a under similar conditions reacted with 1¢ to form a mixture of
ethyl 3-(4,5,6,7-tetrahydroindol-2-yl)-2-propynoate 20 (20%), ethyl 3-bromo-3-(4,5,6,7-tetrahydroindol-2-
yl)-2-propenoate 21 (62%) and ethyl 3,3-di(4,5,6,7-tetrahydroindol-2-yl)acrylate 22 (14%) (Scheme 13).

Q/_\> + Br%/(O ALOs -\ N

19a

OFEt 1, 0.5 h N X
H

22 OEt
Scheme 13

With an increased alumina ratio (50-fold), product 21 was not detected and the only reaction products
were indoles 20 (38%) and 22 (62%). A similar result was observed when a more basic sample of alumina
(pH 9.5, a 50-fold amount) was employed.

When K;CO3; (10% relative to alumina) was added to the reaction mixture with a 50-fold amount of
alumina (pH 9.5), the proportion of indolylpropynoate 20 in the reaction mixture increased to 58%
(preparative yield 46%), while the content of di(indolyl)acrylate 22 dropped to 34%.

Unlike ethyl bromopropynoate 19a, ethyl iodopropynoate 19b™° reacted with 4,5,6,7-tetrahydroindole
1c (a ratios of 1c:19b, 1:1, 2:1) on alumina of different pH values (7.4 and 9.5) and with different quantities
(10- and 50-fold excess amount) to afford chemospecifically ethyl di(indolyl)acrylate 22 (yield 79%)
(Scheme 14).

Upon mixing of equimolar quantities of the indole 1¢ and ethyl bromopropynoate 19a without
alumina, a strong self-heating and bright violet coloration were observed. A caramel-like reaction product

was formed consisting of ethyl di(indolyl)propanoate 24 and ethyl propynoate 19a (Scheme 15).”° With 2
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mol equivalents of indole 1c per 1 mol equivalent of ethyl bromopropynoate 19a, the reaction furnished

propanoate 24, though accompanied by resinification.

Y ALO
e + I—=-H 2

OEt rt, 0.5 h

Scheme 14

le + 192 —
rt, 0.5 h

Scheme 15

As it was mentioned before, 1-vinyl-4,5,6,7-tetrahydroindole 11b reacted with benzoylbromo-
acetylene 2a on Al O3 selectively to give the corresponding ethynylindole 12b. Under similar conditions, the
indole 11b and ethyl bromopropynoate 19a formed indolylpropynoate 25 (77%) along with ethyl
di(indolyl)acrylate 26 (23%) (Scheme 16). At a higher content of Al,O3 (a 50-fold amount), the selectivity of
the reaction was greater and in 0.5 hours the ratio of 25:26 reached 92:8 (preparative yield of ethyl
indolylpropynoate 25 in this case was 71%).

In the case of ethyl iodopropynoate 19b, indole 11b reacted slowly and in contrast to the indole 1c,
nonselectively: in 0.5 hours (Al,O3, a 10-fold amount) the starting material 11b still remained (46%) with
the ratio of 25:26 at 40:14.%° To isolate ethyl di(indolyl)acrylate 26, the reaction was carried out with 11b
and ethyl iodopropynoate 19b (ratio of 11b:19b, 1:1) on alumina (pH 9.5, a 5-fold amount) during 1 hour. In
this case, the reaction gave ethyl indolylpropynoate 25 (53%) and ethyl di(indolyl)acrylate 26 (47%); the
preparative yield of the latter was 31%.
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Scheme 16

Efficient chemo- and regioselective ethynylation of 4,5,6,7-tetrahydroindoles derivatives 27a—f,
including compounds 1c and 11b, with ethyl halopropynoates 19a,b was reported on solid K,COj3 as novel
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active surface to afford the corresponding ethyl 3-(4,5,6,7-tetrahydroindol-2-yl)-2-propynoates 20,25,28a—f
in 62-90% yield (Scheme 17).”

O K2C03 /\
Q/_\BHMT“(—H’ NN B

II\I OEt 1'{

R 19a,b EtO
1c, 11b, 27a—f 20, 25, 28a—f
Hal = Br, [; >0-90%

R =H (20), CH=CH, (25), Me (28a), Bn (28b), Me(CH)OPr-i (28c¢),
Me(CH)OBu-n (28d), CH,CH,SEt (28e), CH,CH,SPr-n (28f)
Scheme 17

The reaction proceeded smoothly at room temperature for about 60 minutes on grinding the reactants
with solid K,COs. The reaction was equally efficient both on air and under argon blanket. The products
20,25,28a—f were isolated chromatographically by placing the solid reaction mixture on the top of an
Al,Os-packed column and consequent eluting with n-hexane and diethyl ether.

In contrast to the similar reaction on the Al,Os active surface,” in the case of ethyl bromopropynoate
19a, no any side products were detected, whereas with ethyl iodopropynoate 19b, 4,5,6,7-tetrahydroindole
1c gave minor amounts of ethyl di(4,5,6,7-tetrahydroindol-2-yl)acrylate 22 (2-4%). Besides, the latter
reaction appeared to be noticeably slower (41% conversion of pyrrole 1¢ for 60 minutes).

The reaction is chemo- and regioselective. The expected addition products of the type 2-(1-bromo-2-
ethoxycarbonylethenyl)-4,5,6,7-tetrahydroindole were not detectable in the reaction mixtures. Also, no
traces of the corresponding 3-isomers contaminate the products; in spite of that it is the common knowledge
that bulky and branched substitutions at position 1 in the pyrrole nucleus can direct the electrophilic attack to
position 3.% In this reaction, even bulky substituents such as CH(Me)OPr-i and CH(Me)OBu-# did not
change the high regioselectivity (actually specificity), though the reaction time was considerably increased
(12 hours instead of 60 minutes) and portion-wise addition of acetylene 19a to the reaction mixture was
required. Obviously, the low reaction rate in this case resulted from the steric hindrance. Generally, the
ethynylation tolerates the substituents R of quite a different nature (H, Alk, benzyl, vinyl, acetal and sulfide
functions).

Astonishingly, the reaction did not occur in solution (diethyl ether, CHCI;, CDCIl3) both with and
without K,COs3, indicating a crucial role of the freshly ground potassium carbonate.

The key effect of the K,COj3 active surface on the ethynylation studied was also supported by the
reactants/K,CO; ratio influence on the product yield: at the 1:10 ratio the yield of 20 was close to
quantitative, while at the higher concentrations of reactants in the K,CO3; medium (1:2, 1:5) the yield
dropped to 50-55%. Meanwhile, the addition of K,CO;3 (2.5 mol excess) to Al,Oj; just insignificantly
changed the usual (for Al,O3) products ratio: 20:22 for Al,0;=2:3, for A1203,+K2CO3:3:2.3 6

Formally, the ethynylation studied can be rationalized both as electrophilic substitution on the pyrrole
ring or nucleophilic addition of the electron-rich pyrrole ring to the electron deficient triple bond. In both

cases, the one-electron transfer step is plausible. Indeed, in the ESR spectrum of the reaction mixture, singlet
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(g=2.0023, AH=1.8 mT) was observed, thus confirming a one-electron transfer step from the pyrrole 1c¢ to
the acetylene moiety, forming the ion-radical pair 29 which further transforms via intermediate salt 30 to

ethyl propynoate 20 (Scheme 18).
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Scheme 18

To illustrate the easy aromatization of the ethyl 3-(4,5,6,7-tetrahydroindol-2-yl)-2-propynoates, the
ethyl 3-(1-methyl-4,5,6,7-tetrahydroindol-2-yl)propynoate 28a was refluxed in o-xylene with Pd/C (10% of
Pd) for 12 hours to give ethyl 3-(indol-2-yl)propanoate 31 and ethyl 3-(indol-2-yl)acrylate 32 (4:1 ratio)
resulting from the hydrogen redistribution between the cyclohexane ring and the triple bond (Scheme 19).%

O = O
N A o o-xylene N * N

Me Me OFt Me OFEt
EtO
28a 31 32
Scheme 19

This confirmed that ethyl 3-(4,5,6,7-tetrahydroindol-2-yl)-2-propynoates 20,25,28a—f synthesized

were expectedly readily converted to 2-functionalized indoles.

2.6. The ethynylation of indoles with benzoylbromoacetylene on alumina

Indoles are important molecules, which exhibit a wide spectrum of biological activity.1 Many naturally
occurring products contain the indole skeleton.”® The pharmacological activity of natural and synthetic
indole derivatives has led to the extensive development of diverse methodologies for their synthesis. In
particular, highly potent indole building blocks are those with acetylenic moieties. They are currently used in
the design of numerous indole structures™” due to the rich chemistry of the acetylenic function.” Certain
syntheses of C-ethynylindoles are known (see introduction). Meanwhile, to our knowledge, there are no
methods for introduction of an acetylenic moiety in place of the CH-indole hydrogen.

The successful development of the cross-coupling employing non-halogenated pyrroles and
haloacetylenes stimulated the authors" to apply this methodology to the synthesis of acetylenic indole
derivatives.

The experiments showed that indoles 33a,b reacted smoothly with benzoylbromoacetylene 2a under

the following conditions: room temperature, 1 hour, when the reactants were ground with a 10-fold mass
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excess of Al,O3; under solvent-free conditions. The reaction proceeded chemo- and regioselectively to afford
3-(benzoylethynyl)indoles 34a,b in 72 and 76% yields, respectively (Scheme 20).4
In the solid state but without Al,O3, the ethynylation did not take place (just ~1% of a mixture of

unidentified products was formed).

33ab 34a,b

R =H (a), Me (b)
Scheme 20

The only side products of the reaction were 1,1-di(indol-3-yl)-2-benzoylethenes 35a,b, detectable in
all cases ("H-NMR) in small amounts (5-8%). The isolated yield of 35b was 6%. The adducts 35a,b were
most probably formed by the substitution of bromine in the intermediates of this reaction, namely
3-(2-benzoyl-1-bromoethenyl)indoles 36a,b since ethynylindoles 34a,b could not add indoles 33a,b under

the reaction conditions (Scheme 21).

Ph
Br O
2
33ap 2 T 33ab 35ab
ALO; N~ R
H
36a,b
Scheme 21

The condensed indole, benz[g]indole 37, under the same conditions, was coupled with acetylene 2a to
furnish a mixture of 3- (38) and 2-ethynylindoles (39) in 45% overall yield (based on 37 conversion was
66%) (Scheme 22).*' In this case, 2-(2-benzoyl-1-bromoethenyl)benz[glindole 40, stabilized by strong
intramolecular H-bonding between the NH and C=0 groups (0 NH 14.59 ppm), was also observed.

39 22%
Scheme 22
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In accordance with previous results,”"** 4,5-dihydrobenz[glindole 41, being actually a 2-phenyl-
pyrrole, on reaction with benzoylbromoacetylene 2a on alumina was readily converted to the corresponding
2-ethynylated derivative 42 in 68% yield. A side product of coupling, 2-benzoyl-1,1-di(4,5-dihydro-
benz[glindol-2-yl)ethene 43, was isolated in 9% yield (Scheme 23).

I\ 2a N P,
N Al 04 N Ph
H H
41 42
Scheme 23

By contrast to benzoylbromoacetylene 2a, ethyl bromopropynoate 19a reacted (room temperature,
Al,O3) with indoles 33a,b to give mainly the corresponding ethyl 3,3-di(indol-3-yl)acrylates 44a,b in up to
57% yield (Scheme 24), whereas ethynylindoles 45a,b were isolated in no more than 17% yield.** It should
be noted that this reaction had a considerably lower rate than with benzoylbromoacetylene: indole 33a with
an equimolar amount of acetylene 19a in 2 hours at room temperature gave only ~4% of ethynylindole 45a
and ~6% of acrylate 44a. By heating the reactant mixture (52-54 °C, 1 hour), the concentration of acrylate
44a increased to 18—-19%, the fraction of ethynylindole 45a being 4-5%. Apart these products, the reaction
mixture contained unreacted indole 33a and acetylene 19a. In the presence of 2 equivalents of the latter
(room temperature), the amount of ethynylindole 45a increased to 20% in 1 hour and to 26% in 3 hours and
it was isolated in 17% yield (after 3 hours). In this case, the concentration of acrylate 44a did not exceed
10%. When the reaction was carried out with 2 equivalents of indole 33a, the yield of acrylate 44a reached
41%.

CO,Et
7
Q/_\B\ 19a + [ R
N~ R N
B ALO, 0
33a,b 45a,b

R =H (a), Me (b) 44a,b
Scheme 24

2-Methylindole 33b turned out to be more reactive than indole 33a towards ethyl bromopropynoate
19a: after 2 hours, only traces of 33b were detected. The corresponding ethynylindole 45b and ethyl
di(indolyl)acrylate 44b were formed in approximately equal amounts. However, the product ratio changed
after the fractionation of the mixture on alumina column and compounds 44b and 45b were isolated in 57
and 12% yields, respectively.42 The reactions of indoles 33a,b with acetylene 19a in the presence of other
oxides, namely SiO,, BaO, CaO, MgO, ZnO, were examined. Among these, only MgO showed a weak
catalytic activity (~3—4% of ethynylindole 45a and traces of acrylate 44a were present in the reaction
mixture after 1 hour at room temperature).**
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3. A peculiarity of the C-ethynylpyrroles and -indoles reactivity

The above transition metal- and solvent-free ethynylation of pyrrole nucleus with electrophilic
haloacetylenes on alumina® or other active surfaces’ makes 2-ethynylpyrroles and 3-ethynylindoles, bearing
electron withdrawing substituents at the triple bond, readily accessible. In particular, this new methodology
has led to 2-acyl- and 2-alkoxycarbonylethynyl-4,5,6,7-tetrahydroindoles using large-scale 4,5,6,7-tetra-
hydroindole43 as starting material. These compounds, due to their possible easy aromatization, might be
suitable intermediates to synthesize 2-functionalized indoles.**

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) is especially effective for aromatization and it is
often the reagent of choice to effect facile dehydrogenation of both simple and complex hydroaromatic
compounds.45 For example, fully aromatic derivatives were obtained in high yields by dehydrogenation of
the corresponding tetrahydro-heteroaromatic compounds using DDQ.* It is known that the treatment of
4,7-dihydroindol-2-yl-fumarate with DDQ gives the expected indole in 94% yield.47 Consequently, an
attempt to apply this methodology to the synthesis of indoles with acetylenic substituents from 2-ethynyl-
4,5,6,7-tetrahydroindoles 3c,20,28a,b was recently undertaken.*®

Surprisingly, the anticipated aromatization did not occur. Instead, [2+2]-cycloaddition to the triple
bond to afford 1:1-adducts, bicyclo[4.2.0]octadienes 46a—d, in 81-93% isolated yields was observed
(Scheme 25).*® The bright colored (cherry, deep cherry) adducts started precipitating instantly just after the
reactants (pyrroles and DDQ) were mixed.

O
NC Cl
NC Cl
]\ o
= 0
IIQI ) benzene'
R rt, 5-10 min
3c, 20, 28a,b 81-93%

R?=OEt; R' = H (a), Me (b), Bn (c); R?*= Ph, R' = H (d)
Scheme 25

In the '"H-NMR spectra of the adducts 46a—d, signals of indole protons were absent and the signals of
four CH, groups of the cyclohexano moiety along with signals of pyrrole H-3 remained, the NH, H-3
couplings equaling to 1.7-2.0 Hz, that was typical for 2,4,5-trisubstituted pyrroles.49 In the "C-NMR
spectra, the signals of acetylenic carbons (& 81.8—-87.9 ppm) disappeared and the cyclobutene sps-signals
(6 53.8—52.2 ppm) were observed.

As to the question, whether the chlorine-substituted C=C bond of DDQ or the one with the cyano
groups undergoes the cycloaddition, the comparison of the BC-NMR spectrum of the adducts with that of
DDQ™ unambiguously evidences in favor of structures 46a—d. Indeed, the chemical shifts of the olefinic
carbons C-3 and C-4 of quinone cycle (8 142.9-144.0 ppm and & 140.1-141.1 ppm, respectively) were
similar to those of the chlorine substituted carbons (8 141.0 ppm) in DDQ, being significantly different from
carbon atoms bound with cyano groups (8 125.1 ppm).
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Generally, DDQ is a powerful oxidizing agent and it has proved to be a versatile reagent for various
organic transformations, e.g. it is an active dienophile.51 However, its participation in [2+2]-cycloadditions to
an acetylenic moiety so far was not reported. Moreover, DDQ was used to oxidize phenylalkynes to the
corresponding enynes,52 i.e. with an intact triple bond. Also unknown remained any other [2+2]-cyclo-
addition reactions at the triple bond of ethynylpyrroles. Thus, the observed [2+2]-cycloaddition of DDQ to
the triple bond of 2-ethynyl-4,5,6,7-tetrahydroindoles was the first example of such reactions for acetylenes
and DDQ.

Commonly, cycloaddition reactions of benzoquinones with acetylenes are mostly photochemical
leading (depending on the quinone structure) either to the adduct at the carbonyl group™ or at the double
bond.>* The 'H-NMR monitoring of the reaction of 2-ethynyl-4,5,6,7-tetrahydroindoles 3¢,20,28a,b with
DDQ in the dark confirmed that the reaction was not a photochemical one: in this case, the [2+2]-cyclo-
addition was as efficient as in daylight.

The reaction was proved to be of a general character: apart from the 2-ethynyl-4,5,6,7-tetra-
hydroindoles 3¢,20,28a,b other substituted 2-ethynylpyrroles, e.g. pyrroles 3b,7b,c, reacted with DDQ in the
same [2+2]-cycloaddition manner, though the process required a longer time (1 hour) and/or a polar solvent

(acetone, acetonitrile or acetone-benzene) (Scheme 26).

O
NC Cl

4\ !
R/Q\(O NC I Cl R
H 2

R acetone / benzene or
3b, 7b,c acetonitrile, rt, 5—10 min 47a—c
76-92%
R?=Ph; R' = Ph (a), 4-CIC¢H, (b); R’=4-O,NC¢H,, R' = 4-MeOCH, (c)
Scheme 26
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Figure 1. CT bands in the UV/Vis spectra of Figure 2. UV/Vis spectra of the mixture of pyrrole

cycloadducts: 1-46a; 2-46b; 3-46c¢c; 4-46d; 5- 47a; 20 (0.025 mM) and DDQ (0.025 mM) in benzene,

6-47b; 7-47c. room temperature; 1-DDQ); 2-pyrrole 20; 3-after 2
min; 4—after 10 min; S-after 25 min; 6-after 60 min.

The structure of the adducts 47a—c was in agreement with the NMR spectra, showing that pyrrole C-3
and C-4 carbons and the corresponding protons H-3 and H-4 remained intact. A large difference (up to 22

ppm) between BC-chemical shifts of the CN-substituted carbons in the tetrahydroindoles 46a—d and
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S-arylsubstituted series 47a—c called for intramolecular charge transfer (CT) from arylpyrrole moiety
(through conjugation mechanism) onto the dicyanocyclobutene counterpart of the molecule that was
convincingly evidenced by the large red shifts (up to 70 nm) and hypochromic effect of the CT band in
UV/Vis spectra of compounds 46a—d and 47a—c (Figure 1). This long-range charge transfer was also
manifested by the BC- down-field shifts (1-3 ppm) of the most remote C,,, carbons of the aryl substituents
in the adducts 47a—c as compared to the starting acetylenes 3b,7b,c.

The reaction of 3-ethynylindoles 34a,b with DDQ obeyed the same [2+2]-cycloaddition scheme to
give cycloadducts 48a,b in 84—87% yields, proceeding as smoothly as with 2-ethynylpyrroles 3b,7b,c

(acetone-benzene or acetonitrile, rt, 5—10 minutes) (Scheme 27).

0 O

Ph NC Cl
/

4 NC Cl

\ O

N~ R
I|{ acetone / benzene or
34a.b acetonitrile, rt, 5—10 min }'[
’ 84—87% 48a,b

R =H (a), Me (b)
Scheme 27

Reactions of quinones often proceed with electron transfer and hence can be examined by UV/V is”
and ESR™*“*® spectroscopy. Indeed, the experimental data (UV/Vis and ESR) obtained may be tentatively
rationalized as an evidence for the electron transfer for the cycloaddition reaction under study. When
monitored by UV/Vis spectroscopy (Figure 2), just after mixing of reagents in benzene, two sharp intense
peaks at 330, 381 nm along with a broad absorption band in the region 400-600 nm were observed. Further
evolution of the spectra within 60 minutes showed that the band at 330 nm was decreasing while the
intensity of the band at 381 nm and the broad absorption in the region 400-600 nm were increasing and the
maximum at 477 nm was appearing. The final spectrum corresponded to that of the adduct 46a, isobestic
point at 431 nm indicating the conversion 3c+DDQ—46a.

In MeCN, at ~30 °C the absorption band at 1082 nm (which disappeared at room temperature) was
registered. According to reference,” this band was assignable to the radical cation species like 49a. It is
known that in polar solvents like MeCN CT-complexes or ion-radical pairs such as 49 are dissociated, in this
case, to radical cation 49a and radical anion 49b (Scheme 28).

Thus, the UV/Vis monitoring of the cycloaddition course showed that the starting acetylenes
3¢,20,28a,b upon contacting with DDQ were transformed rapidly to the cycloadducts 46a—d, for which the
strong intramolecular charge transfer was a major feature, while at low temperature (—30 °C), the
intermediate radical cation became likely discernible (1082 nm). Notably, as mentioned above, for the
adducts 47a—c derived from 2-aryl-5-ethynylpyrroles, the CT band was significantly red-shifted (up to 70
nm) with simultaneous hypochromic effect (Alg £ 0.53), thus indicating deep charge transfer with the
participation of aryl substituents (Figure 1). Correspondingly, this was accompanied by the down-field shifts

of C,ar, carbons of the aryl groups (see above) and a pronounced shielding of the CN-substituted carbons.
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Scheme 28

In the ESR spectrum of the mixture of pyrrole 20 and DDQ (1:1 molar ratio, room temperature,
benzene), two overlapped signals (g-factors 2.0052 and 2.0048, respectively) with no hyperfine structure
were observed. Judging from g-factor value, the first signal was assigned to the DDQ radical anion. To
check this assignment, the reaction was monitored at a low temperature (the ampoule with reaction mixture
under argon was frozen in the liquid nitrogen and was then placed in the ESR spectrometer). In the
spectrum, a signal with hyperfine structure (five lines, aN=0.58 G, g=2.0052), attributable to the DDQ
radical anion’’ was registered. This is in agreement with a tentative mechanism which involves electron
transfer from the ethynylpyrrole moiety to DDQ to form ion-radical pair including the DDQ radical anion
and the ethynylpyrrole radical cation, the latter being undetectable by the ESR technique here employed due
to its lesser stability (separately, both reactants, pyrrole 20 and DDQ, are non paramagnetic in benzene).

In the solid state, adducts 46a—d, 47a—c, 48a,b are paramagnetic (~10" spin/g) as exemplified by the
ESR spectrum of adduct 46a where two overlap singlets (g,=2.0052, AH,=8.7 G; g,=2.0042, AH,=2.9 G) are
observed. Upon dissolving of the adducts (e.g. in benzene) the paramagnetism vanishes. It may be assumed,

that the paramagnetism of the solid sample results from the electron transfer in the associated molecules.

4. Rotational isomerism of 2-(2-benzoylethynyl)-5-phenylpyrrole in crystal state

The 2-(2-benzoylethynyl)-5-phenylpyrrole 3b was found to crystallize in two visually distinctive
forms: prisms 3b-1 and needles 3b-2 with different melting points.”®

The prisms 3b-1 were less stable and upon repeated recrystallization transformed to the needles 3b-2,
which did not give the prisms when further recrystallized. The latter can only be isolated by the instant
extraction of the alumina used in the reaction.

The X-ray analysis (Figures 3 and 4) revealed that the crystals represented the cis- (3b-1) and
trans-(3b-2) rotamers with respect to mutual disposition of the nitrogen atom and the carbonyl group
(Scheme 29). For 3b-1, the torsion angle between the pyrrole and 5-phenyl planes was ~10° and that
between the benzoyl was ~17°, whereas in the molecule of 3b-2 these structural units were essentially planar
(~7° and 0°, respectively), that likely meant a stronger conjugation in the latter. The crystal packing of the
two forms was entirely different: the prisms 3b-1 consisted of H-bonded macrocyclic dimers (Figure 5),

while the needles 3b-2 were H-bonded chains (Figure 6).
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3b-1
Scheme 29

Figure 5. The H-bonded macrocyclic dimers in the Figure 6. The H-bonded chains in the crystal
crystal structure of 3b-1. structure of 3b-2.

The crystals 3b-1 and 3b-2 had different IR spectra (in KBr pellets, cm ™), major differences being
observed in the regions: (VNH) 3311 for 3b-1 and 3332 for 3b-2; (vCO) 1630 (s), 1617 (sh, m) for 3b-1,
1623 (s), 1610 (s) for 3b-2; (8 =C-) 650 (s) for 3b-1, 651 and 647 (m) for 3b-2.

However, in a solution (CCly, 50 mmol/l), these differences disappeared and only a higher intensity
of the C=0 absorption [1637 (s) cm™ for both 3b-1 and 3b-2] and a slight lower frequency shift of the bound
NH were observed for 3b-1 as compared to those of 3b-2 [3306 (s) cm™! for 3b-1 and 3312 (w) cm™ for
3b-2]. In the UV/Vis spectra (in cyclohexane), the absorption maxima were the same for both crystals,
though they were all systematically more intensive for 3b-2 [(An.x/nm (Ig € for 3b-1, 3b-2)]: sh 218 (4.04,
4.13), 237 (3.91, 4.02), 269 (4.23, 4.31), sh 286 (4.14, 4.22), 385 (4.52, 4.58), reproducibility of the Ig €
value being within 2—4% (from 3 different concentrations).

The NMR ('H- and C-) spectra were identical for both crystals in accordance with the expected low-

rotation barrier between the two rotamers. Indeed, the B3LYP/6-311G(d) calculations of isolated molecules
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gave the total energy difference of 0.77 kcal/mol in favor of 3b-2, with the 3b-2—3b-1 barrier equaling to
2.6 kcal/mol.

All the data were rationalized as follows: the cis-rotamer 3b-1 was likely originated from an alumina-
induced cis-elimination in the intermediate Sb with immediate stabilization of the cis-orientated N-H and
C=0 bonds in the macrocyclic dimer 2-3b-1, which then further transformed to the H-chained 3b-2 (Scheme
30).

Thus, the fixation of the cis- and trans-rotamers 3b-1 and 3b-2 was likely due to the strong

H-bonding in the crystal state, which remained for a while in a solution.

Al,04

5b — 3b-2

/N\Q O
H
o

O
H
= N O
o=
3b-1
Scheme 30

-HBr

Just 1recent1y,59 a crystalline diacetylene, 1,4-di(o-naphthyl)-1,3-butadiyne, was found to adopt a
centrosymmetric conformation of the naphthalene rings around the -C=C-C=C- axis. However, the

corresponding cis-rotamer was not detected.

5. Conclusions

The ethynylation of pyrroles and indoles with haloacetylenes on active surfaces, in spite of its recent
discovery, has already attracted attention and been cited not only in original papers,60 but also in reviews®'
and monographs.”> The synthetic potential of this novel cross-coupling reaction is far from being fully
understood and keeps developing. Additional possibilities of this methodology are to be expected from its
modification using metal complex catalysis as it has been demonstrated by the successful ethynylation of
fused nitrogen heterocycles by haloacetylenes in the presence of palladium catalyst in toluene.® Doping the
active surfaces with catalytically active metals promises new adventures in this intriguing field.

Alkyl-, aryl- and heteroarylpyrroles, as well as tetrahydroindoles and hence indoles are now readily
available via the two-step reaction of ketones (through ketoximes) with acetylene® and those haloacetylenes
can be easily prepared by halogenation of terminal acetylenes.65 Therefore, the ethynylation of pyrrole
nucleus with haloacetylenes on active surfaces has a potential to become a useful economic and “green”

methodology in pyrrole, indole and acetylene chemistry.
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Abstract. Azaspirocyclic system and in particular spiropiperidines can be found in numerous natural
products of relevant activities. This motif constitutes privileged substructures for drug discovery and has
been also used as scaffolds for combinatorial libraries. Moreover, spiropiperidines themselves are useful
tools for the mechanism of interaction of small nonpeptidic molecules. In this context, this article describes

an overview of the synthetic attempts developed toward 3- and 4-spirocyclic piperidines.
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1. Introduction

A great number of biological active compounds possess a heterocyclic substructure. Among them, the
piperidine ring system is one of the most common motif found in numerous natural products, drugs and
drugs candidates. In addition, when the piperidine ring is engaged in a spirocyclic system, it constitutes the
privileged structural motifs of a great number of molecules of pharmaceutical and agrochemistry
importance. Therefore, spiropiperidine derivatives are attractive molecules. The spiro centre could be found
o, B or yto the nitrogen atom leading to three different classes of piperidines that we can call 2-, 3- or
4-spiropiperidines.

Thus, 1-azaspiro[5.5]undecanes or 6-azaspiro[4.5]decanes (2-spiropiperidines) (Scheme 1) constitute
the spirocyclic parts of a large number of natural compounds with remarkable biological activities such as
the well-known alkaloid histrionicotoxin (HTX) which acts as potent non competitive blocker of nicotinic
receptor-gated channels.' Variation in the length and degree of unsaturation of the side chain of HTX

permitted an access to several derivatives possessing important neurophysiological properties.’

P
= \\ lﬁl/le
NH ) | - | H Me
n =0, 6-azaspiro[4.5]decane WOON N
) n =1, 1-azaspiro[5.5]undecane H
! HO

2-Spiropiperidine .
pIopIp (-)-Histrionicotoxin 2834 ()-Nankakurine A

SCN
7
N

13(—)—Fasicularin

CeH

Cl

(—)-Pinnaic acids
HO X OH

(—)-Halichlorine

Scheme 1. Alkaloids with a 2-spiropiperidine ring.

More complex natural products possess azaspirocyclic skeletons. For instance, the marine alkaloid

halichlorine, a vascular cell adhesion molecule-1 antagonist,2 and the pinnaic acids which show specific
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inhibition of cytosolic phospholipase A, (ICs50=0.2 mM)’ contain a 6-azaspiro[4.5]decane skeleton. The
1-azaspiro[5.5]undecane framework is found in the lycopodium alkaloid nankakurine A, a compound
inducing secretion of neurotrophic factors recognized for their potential in combating neurodegenerative
disorders which first enantioselective synthesis was described in 2008.* This system is also present in the
tricyclic alkaloid fasicularin which is cytotoxic toward Vero cells (Scheme 1). The 3-spiropiperidines, in
particular the 2-azaspiro[5.5]undecanes, are present in very simple natural compounds such as the
v-aminoalcohols nitramine, isonitramine and sibirine isolated in 1973. Moreover, more complex natural
products exhibit this structural feature. Gymnodimine for example, a marine biotoxin which is responsible
for a neurotoxic shellfish poisoning in 1993 of the North Island of New Zealand, is constituted by an unusual
spirocyclic imine: in fact an azaspiro[5.5]undecadiene subunit, within a macrocarbocycle is responsible of
the toxicity. Serratezomine A, with a seco-serratinine type skeleton, possesses also this typical core (Scheme
2). Other 3-spiropiperidines derivatives were recognized as biologically active substrate. Among them, we
found fawecettidine, an acetylcholinesterase inhibitor (AchE) with a 7-azaspiro[4.5]decane system; the
members of the manzamine A family can be mentioned, e.g. nakadomarin A, which acts as Cdk4 inhibitor
and presents a cytotoxicity against murine lymphoma L1210 cells,’ incorporating a 2,7-diazaspiro-

[4.5]decane moiety (Scheme 2).

H H H
HO HO HO
Me-
HN N
N
H (+)-Nitramine (+)-Isonitramine (+)-Sibirine

H
O

Me™
(+)-Fawcettidine

B N

(—)-Gymnodimine (—)-Nakadomarin A

Scheme 2. Compounds incorporating a 3-spiropiperidine moiety.

Compounds with a 4-spiropiperidine motif like the spiroindolinone I, spirohydantoin II or
spirotetraline III moieties possess interesting activities and most of them were synthetic derivatives. Thus,
spiperone, also known as spiropitan, is an antipsychotic drug acting of both 5-HT and dopamine receptor
used for the treatment of schizophrenia which has anti-inflammatory and neuroprotective effects in the

central system by modulating glial activation.® MK-0667 has been detected as a potent peptidomimetic
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Groth Hormone Secretagogues’*® and various N-substituted analogs exhibited affinity to the nociceptin
(NOP) receptor.7c 1-387,384, a spirotetraline piperidine, possesses affinity for ¢; ligand (IC5y=3.8 nM),
whereas its oxygen analogue the spiro[[2]benzopyran-1,4’-piperidine] A is recognized as a selective
o, ligand (IC5=0.90 nM);® L-366,509, a spiroindenepiperidine, acts as an oxytocin antagonist and BL1743,

a reduced cyclohexadienone azaspirocycic compound, appeared to be an antiviral (Scheme 3).

0
N HN—
o o NH
N N
Spiroindolinone I Spirohydantoin II Spirontetralins III

' Bo

F HO,C
*ﬁ e T
H2N .

(£)-Spiperone

(+)-L-366,509

(+)-MK-0667
N N N
‘\/\g\I 17 )%
. CL'H,N” S NH
/
(+)-L-387,384 spiro[[2]benzopyran-1,4'-piperidine] A (+)-BL1743

Scheme 3. Bioactive molecules with a 4-spiropiperidine ring.

As a lot of synthetic efforts have been aimed at the synthesis of the 2-spiropiperidine skeleton (in
particular for the lead (-)-histrionicotoxin),” a large number of strategies were reported and recently
summarized for this structure,10 we will therefore focused on an overview of the diverse methods developed

for the construction of the less studied but nevertheless attractive 3- and 4-azaspirocyclic frameworks.

2. 3-Spiropiperidines
2.1. General retrosynthetic pathways

The general pathways that have been developed to elaborate the 3-spiropiperidine motif involve two
approaches depending of the order in which the piperidine nucleus and the carbocyclic ring were
constructed.

In approaches I, the spirocycle is elaborated from a preformed piperidine ring. In most cases, a

2-piperidone derivative constitutes the point of anchorage from which the spirocyclic system was elaborated

123



by formation of one C-C bond (route I-A) or two C-C bonds (route I-C). Enamines and their reactivity were
also used as starting materials in a route I-B affording the formation of one C-C bond.

In approaches II, the carbocyclic ring was built first with or without the quaternary carbon centre in
place and the piperidine was finally elaborated by ring closure classical reactions (routes II-D, formation of
one C-C bond and route II-E) (Scheme 4).

/
d\ g
N
| ~ route II-D --
route I-A B Ny~ >
N

GP
route I-B Construction Construction of the
S < of the carbocycle piperidine ring
Y o
GP route I-C N

- S \

y route II-E /
(Y D |
N =
GP
Scheme 4. Retrosynthetic general pathways to 3-spiropiperidines.

We described below the two approaches I and II giving details about the different routes developed in

the literature for the edification of 3-spiropiperidines.

2.2. Approaches by construction of the spirocycle from a preformed piperidine ring
2.2.1. From 1,5-dicarbonyl compounds (route I-A)

This approach permitted the synthesis of racemic Nitramine, Isonitramine and Sibirine by Deyine et
al.'' in 2005. Thus, aminosilylenolether 1, prepared from the commercially available 3-piperidinol, reacts
with methyl vinyl ketone (MKV) (Michael-type addition) furnishing the key ketoaldehyde 2 in 73% yield.

0]
OH ~~ ~0SiMe,tBu
OA_, (jﬂ > MKV, i-PrOH CHO HCI, 3N
N N BF,E6,O, MeNO, ¥ A, 82%
1
H
0
N
I'\I Me . )
CO,Et ] ' (%)-Isonitramine
3 (+)-Nitramine (+)-Sibirine (49.5%)
(53.5%) (52%)
Scheme 5
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The cyclization of 2 performed under acid conditions leads to the enone 3 which, after oxidation

followed by hydrogenation, generates the azaspiranic alkaloids (Scheme 5).

2.2.2. Reductive cyclization (route I-A)

In the Nakadomarine A synthesis, the spirocyclic ring compound 5 was obtained in 44% yield by a
classical reductive cyclization of the aldehyde-ester 4, obtained in four steps and 41% yield from the methyl
4-oxo-3-piperidinecarboxylate, using 4-methoxybenzylamine followed by NaBH;CN reduction.'” This
spiro-y-lactam 5 was then used to elaborate the tetracyclic A-B-C-D part of the natural product by functional

transformation (Scheme 6).

o o9
(ﬁ/cone © CO,Me  PMB-NH,, MeOH, ACOH &NPMB
CHO 1 1 h, then NaBH,CN,
Nuci reflux, 2 h, 44% N
5

(£)-Nakadomarin A

2.2.3. RCM (route I-A)
The spiroimine ring system present in Gymnodimine (see Scheme 2 for structure) has attracted
particular attention. Brimble and Trzoss'® have developed a rapid method using a ring closing metathesis of

the diene 7 as a key step.

/
(l (l b,c,d, e ~
2y -
N ~O
SIMC3 H
6 (#)-7an=1(@81%)
(£)-7bn =2 (78%)
f g, hij
n n
SRARE NS0 N’
,Rll— H
Cl" 4~ Ph
PCyj; (®)-8an=1(90%) (£)-9an=1(86%)
(£)-8bn =2 (95%) (£)-9b n =2 (84%)

a. n-BuLi, THF, =78 °C, SiMe;Cl, =78 °C-0 °C; b. LDA, —=78 °C; c. 4-bromo-1-butene, —78 °C to 0 °C; d. followed when
n=1 by LDA, —78 °C; e. allylbromide, —78 °C to 0 °C; f. Grubbs’ catalyst, CH,Cl,, rt, 3 h; g. n-BuLi, THF, 78 °C;
h. 2-(trimethylsilyl)ethyl-4-nitrophenyl carbonate, —78 °C to rt; i. LiEt;H, =78 °C then work-up; j. Buy,NF, THF, rt, 12 h.
Scheme 7
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At first N-trimethylsilyl lactam 6 was prepared from 2-piperidone and, after a double alkylation, diene
7 was formed in good yield. Grubbs’ catalyst (Cl,(PCy3;)RuCHPh)-RCM gave spirolactams 8 in 90-95%
yield. N-Protection of the lactams followed by reduction of the amido group using the conditions of Grieco
and Kaufman (triethylborohydride)'* and exposure of the resulting mixture to tetrabutylammonium fluoride
furnished the desired spiroimines 9 (Scheme 7).

Using a similar approach, the chiral bicyclic lactams 10 served as a chiral template to prepare
enantiopure spiropiperidines.ls Thus, lactams 10 were doubly alkylated to 11 with good to high
diastereoselectivity and were involved in a ring-closing metathesis using Cl,(PCys);RuCHPh catalyst to
afford the corresponding spirocyclic lactams 12 in excellent yields. DIBAL-H reduction of the bicyclic

lactam 12b, for example, furnished finally the spiropiperidine 13 nearly quantitatively (Scheme 8).

10 O (+)-11bR' =Me, RZ=Ph, R* = H
Me 95% (>97:3)

Ph
:/O rt
(+)-11cR'=Me, R*=Ph, R* = H (+)-12¢ (93%)
Me 95% (>97:3)
DIBAL-H, THF
12b
—78°Ctort HO
87% Ph 13

Scheme 8

2.2.4. Mitsunobu reaction (route I-B)

In the search directed toward the synthesis of useful modulators of neurokinin NK-1 receptor,
Kulagowski et al. ' chose to prepare 1-oxa-7-azaspiro[4.5]decane derivatives 17 starting from (25,35)-(+)-2-
phenyl-3-piperidinol. This latter was stereospecifically transformed into 14 in 82% yield after protection of
the amino group to a carbamate, a Swern oxidation of the hydroxy followed by a Grignard addition and a
desilylation. A palladium(0)-mediated hydrostannylation of 14 provided a mixture of two vinyl stannanes
isomers 15 which were cyclized under Mitsunobu conditions to furnish the spiropiperidine 16 in 63% yield.
Further transformation via a Stille cross-coupling followed by a reduction of the double bond furnished
lactam 17 (Scheme 9).
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a. Boc,0, Na,CO3, H,0, CH,Cl,; b. Swern [O]; c. BrMg-C=C-CH,OTMS; d. Bu,NF, THF;
e. n-Bu;SnH/PhMe, Pd(PPh;),; f. DEAD, PPh;/THF.
Scheme 9

2.2.5. Metal-catalyzed cyclizations (route I-B)
Metal-catalyzed cyclizations involving an alkyne have emerged as a powerful methodology to
construct nitrogen-containing heterocycles. Recently, this reaction process has been successfully applied to

1,6-enyne system A to form quaternary carbon centre leading to spiropiperidines or piperidones B (Scheme
10).

[ - 171 X
EWG EWG
AR =H or OSiR'R’R? BX=HH; O

Scheme 10

Thus a selective mild 5-exo-dig cyclization of the m-acetylenic silyl enol ether 18 occurred when it was
treated in a 10:1 mixture of CH,Cl,/MeOH which is used as a proton source, with gold(I) catalyst and silver
co-catalyst generating spirocycle 20" (Scheme 11).

Ts. Ts. T
N (PhsP)AuCl N MeOH
« .
TIPSO AgSbFg or AgBF, TIPS@(D) © ©
Au(L) Au(L)
18 \ M 19 (420 (75%)
AN
Scheme 11

In a similar manner, enesulfonamide 21 tethered to an alkyne cyclized in PhCH3/MeOH giving the

spirocyclic compounds 22 or 23 as a single isomer and 80% yield, differing about the possible migration of
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the double bond upon the choice of the catalyst (PtCl, or PtCl,/AgOTf). The spiropiperidine 23 was then
cleanly transformed in four steps in 29% overall yield to a 2:1 mixture of Nitramine and Isonitramine
(Scheme 12).18

=
\ ~ .
5 mol% cat Pt(II). = Et;SiH
PhCHy/MeOH (2 eq) BF,.OEt,
| : o
N N~ “OR N N
Ts Ts Ts Ts
A (£)-22 (£)-23
PtCl, ratio 22:23 = 1:0 (80%)

PtCl,+AgOTf ratio 22:23 = 0:1 (80%)

23 - R!= OH, R’=H (£)-Isonitramine

R' = H, R? = OH (+)-Nitramine
Scheme 12

The powerful of palladium substrates in chemical transformations has been used to synthesize
3-spiropiperidines. In fact, the spirocyclic indoline ring system which presents numerous biological
applications is considered as an important scaffold for the discovery of novel therapeutic agents because of
its favourable physical properties for oral bioavailability. A few methods exist for the synthesis of the
spiro[indoline-3,3’-piperidine] core 25. However, Pfefferkorn and Choi" described in 2008 a simple
approach to this skeleton using an o-arylation intramolecular reaction of 24 easily obtained from ethyl
3-piperidinecarboxylate (ethylnipecotate) (Scheme 13). Thus, the palladium-catalyzed cyclization of 24 at
elevated temperature provided oxindole 25 in 54% yield. Further reduction with BH;.SMe, followed by
deprotection with chloroethylchloroformate furnished the corresponding 1,1’-H-spiro(indoline-3,3’-

piperidine] in 49% yield.

0 Pd(OAc),, P(C¢H, )3
(j/COZEt (j/l N KO1Bu, dioxane/THF (10:1) N—PMB
—, | ]
N PMBBr 85 °C N O
H Boc 4% Boc
49%/
24 25

NH

g (2)- spiro[indoline-3,3'-piperidine]
Scheme 13

Use of palladium(0) permitted the formation of spiroindenepiperidinedione moiety 27 and
spiroindenepiperidones 28 from cyclic arylenamide 26 via a 5-exo-cyclization of the aryl-palladium

intermediates 29 under an intramolecular Heck cyclization which allowed the insertion of the enamide
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double bond into the aryl-Pd bond.”*® Then, imide 27 provided through an oxidation of iminium ion 30
whereas amide 28 is issued of its reduction (Scheme 14).

R!
R2
N\
Bn Bn
O
27 (9- 19% 28 (38-45%)
Proposed mechanism 27
R e
[O]
Pd(O) \ N- Bn
PdBr —> ~Red
@N 28
29 Br Bn

30 O
Scheme 14

In 2008, Procter and coll.?' used a Samarium(IT)-mediated cyclization of 7,8-unsaturated keto-lactams
31 bearing on the N-aryl moiety an electron-withdrawing substituent (Ar=4-C¢H4-CF3 or 4-C¢Hy-OMe) to
obtain syn-spirolactams 32 with complete diastereoselectivity. The proposed mechanism consists of the Sml,
reduction of the double bond of amide 31, generating a radical-anion, which was further transformed into a

samarium enolate which implies a chelation-controlled aldol cyclization affording the spirocyclic compound
(Scheme 15).

EtO, ,O
1 EtO/P o
R
\H/\AO + N@—RZ
(0]
R'=Me, Et, i-Pr R® = CF;, OMe
i .
! i =aOH
R \H/vﬁ\l/ Ar Smlz, THF-MeOH R .‘\\\j
0 0°Ctort
o7
31 (56-76%) A

(*)-32 (68—-88%)
Proposed mechanism
O.

1 S Ar
31 _, R AN
0

Scheme 15
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2.2.6. Use of phenyloxazolopiperidine (route I-B)

The synthesis of natural (-)-Sibirine, (+)- and (-)-Isonitramine was efficiently achieved by Kunesch,
Husson et al.* starting from the condensation of (R)-(—)-phenylglycinol and glutaraldehyde in the presence
of sodium p-toluenesulfinate as a nucleophilic source. The key step is the formation of the spiro compound
33 via a stereocontrolled spiroaldolization process in which the enamine intermediate reacts on the aldehyde
function in a chair-like transition state with the sulfone and the newly formed C-O bond in a diequatorial
position (Scheme 16).

(\OH + Two molecules of glutaraldehyde
NH,

(R)-(—)-phenylglycinol

|

Ph . : Fh
’/<@ diastereoselective '/( 0
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Q 0 OH™ I [y
~ Q
0 TolSO,0 TolSO;
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1) W-2 Raney Nickel HO

(—)-Sibirine (86.5%)

2) Na(Hg) _N
N 9 g/' Me
enamine add1t1013 Ph~</ R
O

33 51%)1) LiAIH,

HO
R =S0O,Tol 2) Na(Hg) AN
3) Hy/Pd(OH),/C
(=)-Isonitramine (66%)
Scheme 16
Ph// Ph/, 0
\O N
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The same authors developed in 2004 a rapid and efficient synthesis of 3-spiropiperidines using the key
phenyloxazolopiperidine 35 as an equivalent nucleophilic synthon which reacts on methyl vinyl ketone in a
Michael reaction to give the 3,3-bisubstituted oxazoline 36.7 Compound 36 underwent an acidic
crotonization-dehydration reaction (route A) leading to a 1:1 mixture of the spirocyclic compounds 37a,b
(Scheme 17).

2.2.7. [1-3]-Dipolar cycloaddition (route I-B)

The [1,3]-dipolar cycloaddition of azomethine ylides is one of the most powerful methods for the
formation of substituted 2,5-cis-pyrrolidines starting from metallo-stabilized ylide 38a (syn orientation of
substituents). However, if bulky azomethine ylide like 38b is used, 2,5-frans-pyrrolidines are obtained due
to the anti-orientation of the substituents.

Applying this methodology to the piperidinenone 39, this reaction allowed the synthesis of the
cycloadduct 40, precursor of the ADE fragment of (—)-Nakadomarin A (see Scheme 2 for structure) which
was isolated as a single diastereomer due to the cycloaddition of the ylide on the opposite face of the phenyl

groups (Scheme 18).%
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' + H '6 i @/_\
Ph\\\ N Ph\\‘ N
2 0
Boc\ O#
N
— —>,. (—)-Nakadomarin A
35%

Scheme 18

2.2.8. Diels-Alder reaction (route I-C)

In their synthesis directed toward segments of (—)-Gymnodimine (see Scheme 2 for structure), Romo
et al.™* prepared the spirocyclic imine core using an intermolecular Diels-Alder cycloaddition promoted by
Et,AICI of an a-methylene-d-lactam dienophile 41a and the (Z)- or (E)- dienyne 42. The reaction led to the
spirocyclic compound 43 possessing the relative stereochemistry of the natural product.

The authors reported latter an asymmetric synthesis of the spirocyclic compound 43 starting from 41b
and (E)-isomer 42 via, this time, a diastereo- and enantioselective concerted Diels-Alder reaction catalyzed

by an Evans’ type copper-bis(oxazoline) complex (Scheme 19).%P
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Similarly, Murai et al. % chose to obtain the spirocyclic part of Gymnodimine by highly exo-selective
asymmetric Diels-Alder cycloaddition of the same methylene lactam 41b and triene 44 in the presence of
Ellman’s copper bis(sulfinyl)-imidoamidine complex. The reaction proceeded with excellent regio- and

diastereofacial selectivity allowing the formation of only one cycloadduct 45 in good yield (Scheme 20).
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Scheme 21
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In another synthesis of Gymnodimine, Kishi and coll.”’ developed a Diels-Alder macrocyclization of
the o,B-unsaturated imine 46 in water at pH 6.5 under dilute conditions and a moderate temperature of
36 °C. The reaction is not selective and a mixture of endo- and exo-cycloadduct (stable natural diastereomer)
47a and 47b was obtained in a 1:1 ratio (Scheme 21).

Starting from o-methylene lactam 41c¢, reaction with 1-trimethylsilyloxy-1,3-butadiene permitted the
access to 48, precursor of (+)-Sibirine in 50% yield (Scheme 22).%

OTMS TMSO

(f i nea (ﬁ ZSteps 41%
reﬂux 17 h, 50%

Ale 48 (£)-Sibirine

Scheme 22

2.3. Approaches by construction of the piperidine ring from a carbocyclic ring in place
2.3.1. Radical cyclization (route I11-D)

Radical cyclization process is an effective method to allow the generation of quaternary centre in a
regio- and stereocontrolled manner.

In this context, preparation of the phenyl selenide carbamate 49 as precursor for a radical intermediate
is of particular interest.”” Even if a 7-endo-cyclized product was expected in the cyclization step as well as
the 6-exo adduct, the use of a sterically demanding group R” such as SO,Ph, which acts also as a stabilizer
on the radical intermediate, permitted the synthesis of the spirocyclic compounds S1a,b through exclusive
“path a” from 50. Major compound 51a was isolated and further transformed into (—)-Sibirine in 78% yield
(Scheme 23).

\n—Bu3SnH
CO,Me 1
OR.N OR' /I(J)\ OR
" J 6-exo N OMe  7-endo 7
R b 15{2 \COZMC
6-exo-adduct path b 7-endo-adduct
(:)TBS J(J)\ TBSO
AIBN, toluene
SO,Ph SePh A7h
50 51a 51b (—)-Sibirine

Scheme 23
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2.3.2. Photocyclization (route 11-D)

A general method for the preparation of spirolactam has been developed in 1999 by Piva er al.*
following a strategy relying on the fragmentation of a [2+2] cyclobutane photoadduct by Lewis acid
activation. Thus, the unsaturated oxoamide 52 was engaged in a cross-coupling metathesis with
trimethylallylsilane which underwent a photocycloaddition giving compound 53, in 84% yield, as a mixture
of syn- and anti- isomers. Transformation of 53 into the spiranic vinyl compound 54 was accomplished with

BF;.0Et; in 79% yield (Scheme 24). The vinyl group was then easily cleaved by oxidation/decarbonylation

@)
— _~_3SiMe
e j H= 3 . SiMe; BF,.OEt,
N Grubbs' catalyst CH,Cl,, 0-25 °C
CH,Cl,, rt O ’
MeN

2) hv (A =366 nm)
52 CH,Cl,, 1t 53 (i)'54
Scheme 24

procedure.

O

2.3.3. N-Acyliminium ion cyclization (route 11-D)

N-Acyliminium ion cyclization has been successfully applied to the synthesis of the spirocyclic part of
Nakadomarin A (see Scheme 2 for structure).31 Thus, treatment of amide 55 with Sc(OTf); provided a
mixture of two hemi-aminals 56 and 56B (54% yield) which resulted from a conjugate addition and
subsequent capture of the N-acyliminium ion by adventitious water. Oxidation of the hemi-aminals afforded

a spirocylic imide possessing the furan substituent in an equatorial position (Scheme 25).

~N 0 ScOThHyH,0 ©

|
(f 7 0°C 121 N
o: 60% N
H
BocN 55 O B: 40% 056 Boc
Scheme 25

2.3.4. Use of cyclohexadiene-Fe(CO); (route I11-D)

Intramolecular coupling between the cyclohexadiene-Fe(CO); moiety of the N-butenyl amides 57
under a CO atmosphere led to a mixture of spiro-y-lactams 58a,b.** The presence of an electron-withdrawing
group on the pendant olefin increases the stability of the starting complex 58. Spirolactams 58a,b were
further transformed into spiroenone 59 in 70% yield by treatment with trimethylamine N-oxide (MesNO)
followed by an acidic hydrolysis of the enol ether (Scheme 26).

2.3.5. Lactamization (route II-E)
Among the reactions developed to prepare heterocyclic compounds, halocyclization of unsaturated
compounds is one of the most used, in particular, the iodolactonization process. In contrast, asymmetric

iodolactamization has been less studied.
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Li and Shen® investigated this reaction on a plethora of w-unsaturated amides substituted with
oxazolidines as chiral auxiliaries. Among them, hexenamides 60 were developed and led under basic BuLi
treatment to d-lactams 61 in 90-98% yields with excellent diastereoselectivities due to the most favour

transition state placing the olefinic moiety and the sec-butyl group at the opposite faces of the imide to
minimize steric repulsion (Scheme 27).
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A spirolactamization via radical-mediated intermolecular C-C bond formation of bridged lactones 63
with acrylonitrile followed by chemoselective reduction using LAH was reported for the preparation of the
7-azaspiro[4.5]decane 65, a conformationally restricted pseudopeptide, which relative stereoche-mistry was
deduced from X-ray analysis.** The bromo bicyclic lactone 63 was prepared as a single regioisomer by SNi2
alkaline H,O, cleavage of the diketone 62 (Scheme 28).

2.3.6. Hydroamination (route I1I-E)

Intramolecular addition of N-H bond of an amine or amide on unactivated alkenes is an interesting
reaction permitting an access to heterocyclic compounds. Nevertheless, this reaction suffers of the
oxophilicity and /or basicity of the metal catalysts used and requires, sometimes, drastic conditions.

Recently, it was applied on primary and secondary ammonium salts using a mixture of Au(I) catalyst
and AgOTf (5 mol%). As an example, spiropiperidine 66 was obtained in 91% yield (Scheme 29).*> The

mechanism of this cyclization was recently reported.35b

NH;*BE,
NH;",BF,
¥
<X ® _ HBF,
AuLfY
®
AuL NH,
H\® H AuL w
BE, N e
HO®H é
N._Me . uL
66

Scheme 29

3. 4-Spiropiperidines
3.1. General retrosynthetic pathways

The general approaches to elaborate the 4-spiropiperidine framework can be classified in two
pathways, III and IV, depending if the piperidine cycle is preformed or not.

In approaches III, the piperidine nucleus served as an appendage to build the spiro ring. In this case,
the spirocycle was elaborated from piperidine substituted at the C-4 position by a pendant olefine (route I11-
F) or from 4-piperidone (route III-G) by reaction on the ketone function which allowed the introduction of
the element constituting the spirocycle.

In approaches IV, two routes were proposed. Route IV-I implicates the formation of the quaternary
centre by a double alkylation step, whereas in route IV-H, the quaternary carbon is created at first and the
piperidine ring is elaborated at the last step by reaction with amine-derivatives.

In addition, multi-component reactions (MCR) were developed allowing more complexicity in the
carbocyclic part of the synthesized 4-piperidine; in this case, either an amine or a piperidone was used to

promote the piperidine part of the spiroheterocyclic compound (Scheme 30).
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Scheme 30. General retrosynthetic pathways to 4-spiropiperidines.

3.2. Approaches by construction of the spirocycle from a preformed piperidine ring
3.2.1. Fischer indole reaction (route I11-F)

Commercially isonipecotic acid was required in the preparation of MK-677 growth hormone
secretagogue. This acid was readily transformed to aldehyde 67 which underwent a Fischer indole reaction
by treatment with phenylhydrazine and TFA giving the spiroindoline 68 in 93% overall yield without other
side—product.36 Classical transformations furnished MK-677 in few steps with a good yield and in a synthetic
process allowing the preparation of multikilogram quantities (Scheme 31). A solid phase synthesis of

spiroindolines based upon this strategy was also reported.3 !

HN‘Q(NHZ'MSOH

PhNHNH,, THF Cbz 0

CO,H CHO cH,Cl,, 35 °C, 16 h N BnO 0
(ﬁ 91% h then NaBH,

N
N N 93% -
H |
Cbz N 8%
(+)-isonipecotic acid 67 H N (&-MK-677
\
68 SO,Me
CHO O\>_
® )
N 1) AINHNH,, 0 J
0 o O)W R
0 2) NaB(OAc);H o)
) 3) A0, EGN, Et;N/MeOH, 1/9] 83-95%
‘ DMAP, CH,Cl, 50°C, 12 h 0

y_
N
\O/LK/\gN \\R

Scheme 31
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3.2.2. Palladium-catalyzed cyclization (route I1I-F)

The intramolecular Heck reaction is a powerful reaction to create tetrasubstituted carbon centres and
therefore it has been extensively used in the synthesis of spiroheterocycles. For example, this reaction was
applied on bromophenylaminopiperidine 69 to produce a mixture of spiropiperidinequinolines 70 and 71 in
77% yield (9:1 ratio)*® (Scheme 32).

ﬁjj @[ Br 77%
C

BOC% e

9/1
a. 2-Bromoaniline, A, toluene; b. allyIMgBr, toluene, c. HCI, EtOH, A; d. ACQO, e. Pd(OAc),, PPh;, NEt;, CH;CN.

Scheme 32

Spiroindolinones piperidines 73°** were synthesized by palladium-catalyzed intramolecular o-arylation
of amides 72 using Hartwig’s method.* After oxidative addition of halide amide 72 to palladium(0)
complex, basic treatment induced the formation of an arylpalladium enolate complex which, after reductive
elimination, furnished 73. This method allowed an access through a five-steps sequence to a series of
3-spirocyclic indolin-2-ones with a variety of substituents on the phenyl group and piperidine rings, in
12-65% yield, which displayed affinity for ORL-1 receptor (Scheme 33).

O b
R P + — R
NH PG )
R, NPG

t-BuONa, dioxane Me

60-85%

N
X =Br,1 PG = Boc, Bn 72

PG

N 0
10% Pd(dba),, rac-BINAP F N

> R- 0]
N
7 R

Scheme 33

3.2.3. Radical cyclization reaction (route I11-F)
A radical approach was used to prepare spirobenzofuranpiperidines 74. Among them, 74a was
detected as a potent tryptase inhibitor with oral efficacy in animal models of airway inflammation. Thus,

N-Boc-4-piperidone was transformed into allyl chloride 75 in 52% yield. Coupling this unstable chloride
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with 2-bromo-4-cyanophenol furnished ether 76 in 67% yield. Radical-based cyclization with
BusSnH/AIBN in refluxing toluene afforded the spiropiperidine 77 in 85% yield. The synthesis of 74a was
then achieved from 77 in seven steps and 33% overall yield (Scheme 34).*

o Cl NC Br NC
1) BU3SHH, AIBN _Boc
e Y — O/\@ PhMe, A _ N
N~ 52% 67% N

. N 2) prep. HPLC
Boc Boc Boc 85% ©
75 76 77

<
0] : \
74

74a Z =HH; Ar=Ph
Scheme 34

Spirohexadienones were conveniently prepared by radical cyclizations in which the radical is
generated by photolysis of iodides or reduction of diazonium salts.*' More recently, an ipso-type oxidative
radical cyclization process using (MesSi)3SiH/Et;B has been reported and applied to the synthesis of
spirooxindoles and spirodihydroquinolones but in only low yields. Thus, the formal synthesis of aza-
galanthamine was realized from precursor 79 in 40% yield, easily prepared by radical cyclization of 78

issued from available starting materials (Scheme 35).**

OTBS OTBS OTBS
I Et;B, air
+ — I (Me;Si);SiH .
w o) # T Cx
I
OMe N N
0 oMe! © OMe !
7
OTBS 8 (o)

- . O - . O precursor of aza-galanthamine
0 40% 0

N

OMe ! OMe |
79

Scheme 35

A more efficient method based upon radical spirolactamization of xanthates derivatives 80 was

developed and, by this way, azaspirocycles 81 were obtained in good yields (Scheme 36)."
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3.2.4. From 4-piperidone (route 111-G)

This path is the more general approach used. In this case, the ketone function of the 4-piperidone
moiety constitutes the point of anchorage of the two carbon chains, precursor of the second cycle allowing
the creation of the quaternary spirocentre by chemical classical reactions.

Spirohydantoins are considered privileged structures with potential for diverse biological activity.
Among them, spirohydantoins-piperidines are attractive because they are recognized as antagonists of the
melanin-concentrating hormone receptor and act as glycine transporter 1 (ClyT1) inhibitor. Screening of
various substituents on the nitrogen atoms has been reported** and, in addition, a solution-phase parallel
synthesis was developed.44d The skeleton of these interesting substrates was always prepared by the same
method in a few steps. The synthesis started with N-substituted 4-piperidone which was used for the
introduction of the hydantoine part through a Strecker reaction, employing a mixture of amines/TMSCN or
amines/KCN. Cyclization of the aminonitrile 82 thus obtained into the spirocyclic structures 83 was then
achieved, either with chlorosulfonylisocyanate followed by acid hydrolysis, or by a variety of substituted

isocyanates and acid treatment in moderate to good yields (Scheme 37).

1) chlorosulfonylisocyanate
3
DCMor CHCl;, 25°C, R o

0 N Hp 2) HCl, 70 °C-90 °C N_/l(\r 2
fﬁ\ NH2R2 3) R3Br, K2CO3, CH3CN, A 0 R
KCN or TMSCN g
RN R s com R NTR! . RYONTR!
R R 3 R
1) R°’NCO, EtOH, tt
()-82 2) HCL, 70 °C ()-83
10-43%
Scheme 37

Another strategy often used led upon a Knoevenagel-cyclocondensation reaction of N-substituted-
4-piperidones with cyanoacetates furnishing intermediates 84. These latter were further transformed either in

spiropyrimidones 85 in 70-96% yield45"‘ or, in piperidines 86 by treatment of 84 with acetate derivatives.
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Compound 86 constituted then efficient precursors of 3,9-diazaspiro[5.5]undecanes 87*° by simple
reduction with NaBH4-CoCl,-MeOH (Scheme 38).

o) N\j
NH NH
H,NNH, NC
N
1
o NC._CO,R R
| 85
CN
(0
N CO.R N ) H
R R R'0,C R N._O
84 NC CO,Et R
LDA, R,CH,CO,Et N N
R R
86 87
Scheme 38

3.3. Approaches by construction of the piperidine ring
3.3.1. Amine condensation (route 1V-H)

In this approach, the quaternary centre is already formed and the piperidine ring was built by a
reductive cyclization of an amine on an ester-aldehyde or a dialdehyde (88—89) (Scheme 39),%° a
condensation of an urea on a diester which was subsequently reduced (90—91) (Scheme 40)47 or by addition
of an allylmagnesium bromide to a ketimine issued from addition of an amine on the ketone function,
followed by an acid catalyzed intramolecular Friedel-Crafts alkylation (92—>93)48(Scheme 41).

Cl cl Cl Cl
O  NH,R', NaBH(OAc), X
R 1,2-DCE ! NR!
N
TBSO™ > 50-55%  TBSO
O \O O
88 R = H, OMe 89 R =H, OMe
X=HH; O
Scheme 39
Me Me
N/ 1) 48% HBTr, rt /
0 2) urea N
3) LiAIH,
CO,Et low yield
CO,Et y
90 2 N
91 H
Scheme 40
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3.3.2. Nucleophilic substitution (route IV-H)
The classical route to prepare 4-spiropiperidines involves the dialkylation of a suitable activated

compound by mechlorethanamine. Thus, spiroindolinone 94*** and spiroindolylpiperidine 95*° were

obtained in good yields (Scheme 42).

Me l)NaHMTHF Me
N § N
2 M
- CN Cl Cl
N M N F 3) LAH, N
H 1{1 H EtOH, glyme H
95

JL

Cl Cl

94

Scheme 42

3.3.3. Anionic cycloacylation of carbamate (route IV-I)
In this approach, a xanthen-9-yl anion was trapped by its carbamate side-chain situated at the same

position.
R
(0] N._ _OEt
H 1) RNH,, MeOH \[C])/
CL0 B L0
926 97aR =Bn
97b R =Bu
97C R :CH2CH2Ph
| .R
N. _OEt N
Li
O O 0 1) - LiOEt O O
o 2) [H] o
98aR=H
98b R = Bu
Scheme 43
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Thus, carbamates 97 were easily prepared by reductive amination of 96 with primary amines/NaBH, in
60-76% yield. In the case of 97a and 97b, deprotonation with one equivalent of LDA afforded, after
cyclization and reduction of the carbonyl group, the spiropiperidines 98a,b in 55-85% yield. In the case of
97¢, two equivalents of LDA were necessary to deprotect both benzylic positions leading, after cyclization
and subsequent PB-elimination, to the secondary lactam which was isolated and further reduced into

spirolactam 98a in good yield (Scheme 43).”°

3.4. Multi-component reaction

Multi-component reactions (MCRs) are procedures allowing the formation of complex molecules with
high efficiency and stereoselectivity. For instance, functionalized spiroquinolines 99 were obtained through
a one-pot three component cascade reaction between alkynoyls 100, aldehydes 101 and aniline derivatives
102 using a Pt>* (5 mol% of [PtMes(cod)] (cod=1,5-cyclooctadiene) and HBF,) as the catalyst (Scheme
41).>! Under these conditions, spiro[furan-2,4’-quinoline] derivatives 103 were synthezised in 72—-87% yield
in the most cases with a dr of 1:1 except for 103a—c¢ which were isolated as a single diastereomer (Scheme
44).

o R3 [PtMe,(cod)] 0
[ O 7y _ HBF, N
S . (e
MeCN g2 R* N
NH, 30°Ctort H
100 101 102 99 103

aR’= H, R?= Ph, single diastereomer (86%)
bR®= t-Bu, R? = OMe , single diastereomer (89%)
¢cR’= CO,Et, R’=Cl, single diastereomer (89%)

Proposed mechanism
H,0 101 + 102

[PtMe,(cod)] + HBF, \@ HY
2 CHy ‘/1

3
Ay P2t /\R(
Rl_/\og 100
\/’\[Pt]2+ /x
1 ® Q
. & , . &)Z PR
R

[P
1_\)_/ 2

Scheme 44

A library of spirodiketopiperazines 104 as potent CCRS antagonists with anti-HIV activity, was

synthesized on the basis of a solid phase Ugi multi-component reaction.”> Thus, reaction of isonitrile resin
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with amines, 4-piperidones and carboxylic acids led to intermediate 105 which underwent a deprotection and

a final cyclization-cleavage to give the spiro 104 in high purity (95.9-100%) and good yields (72-97%)

(Scheme 45).
2
R‘NH2 %EIE\?—POI 1) TMSOTT, 2,6-lutidine
isonitrile resin CH,Cl,, rt, 1h )
1 2 O IQ3 or TFA-CH2C12 R\ O
— N | RI—N .
Boc
R’ NH 2) AcOH/toluene N )
‘ ° O R
HO .Boc O Pol 90°,24h
TW/LITZ 105 104
O R
Scheme 45

4. Conclusion

Because of their diversified activities (antibacterial, antiviral, antigastrin, anticonvulsant...), 3- and

4-spiropiperidines were considered as important pharmacophores in medicinal chemistry and this has

encouraged many chemists to develop a lot of synthetic approaches to obtain them.
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Abstract. In the past few years, much attention has been paid to the enantioselective synthesis of

pyrrolidines and piperidines, given that they are extensively used as catalysts, ligands and constitute

important structural motifs in medicinal chemistry. This manuscript has the aim to cover the principal

organometallic and organocatalytic methodologies to synthesize them.
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1. Introduction

Pyrrolidines (1) and piperidines (2) are common substructures in many natural products and

pharmacologically active compounds (Scheme 1). Both structures are nitrogen containing heterocycles and

the great importance of these compounds is clearly stated by the efforts devoted by chemical community in

the quest for new and highly effective methodologies that allow building of these privileged structures in an

O 0O

enantioselective fashion.

N N
H H
Pyrrolidine Piperidine
1 2
Scheme 1. Nitrogen heterocyclic rings.

Quinolidines, proline derivatives, pipecolic acid derivatives, non-natural aminoacids, azasugars, and

more, are only some few examples of the huge relevancy of these structures. From organometallic chemistry

to organocatalysis, several methods have

been developed for the enantioselective synthesis of these
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compounds. Some representative examples are illustrated in Scheme 2. CYB3 (3) is found in the seeds and
leaves of Castanospermum austral,’ Swainsonine (4) was isolated from Swainsona canescens in 1979,
Adenophorine (5) was discovered in plants in 2000, (+)-241D (6) is a dendrobate alkaloid.*

OH OH
O\/ -1OH \\\\(j/\/ O
CYB3 Swainsonine (+)- Adenophorlne (+) 241 D
3 4 5 6

Scheme 2. Examples of natural products containing pyrrolidine or piperidine rings.

2. Enantioselective synthesis of piperidines

Piperidines (2) and their derivatives are prominent structural units of alkaloids and other natural
compounds and are important intermediates in the synthesis of numerous bioactive pharmaceuticals, which
often display interesting biological activities.* The stereoselective synthesis of piperidine derivatives is
therefore important for organic and medicinal chemistry. Paroxetine (7), Nojirimicin (8) or Laccarin (9)
(among others) have attracted much attention from the chemical community, which has developed a large

number of enantioselective synthesis of them (Scheme 3).

F
OH 0
o Ho,, X_.OH ©
> J NH
o O Ho\\‘A N OH HN )
H
N
H
(-)-Paroxetine Norijimycin (+)-Laccarin
7 8 9

Scheme 3. Different biological active piperidines.

Piperidines (2) represent a class of heterocycles frequently associated with biologically active natural

products and often embedded within scaffolds recognized as privileged by medicinal chemists.’

2.1. Metal catalyzed approaches

As discussed in the introduction, piperidines (2) constitute an interesting target for many chemists. The
chemical community has devoted many efforts for the enantioselective synthesis of piperidines (2). One of
the most common enantioselective approaches is the use of organometallic methodologies.

One of the most efficient enantioselective approaches was developed by Gallacher and co-workers.
They have outlined a methodology based on the reactivity of 1,2- and 1,3-cyclic sulfamidates towards
nucleophiles that provide a versatile approach to a range of enantiomerically pure N-heterocycles, including
piperidines (2) and piperidones.6

Based in this strategy, Gallagher described the synthesis of (=)-paroxetine (7) and (+)-laccarin (9).’

The approach to the synthesis of (—)-paroxetine (7) is shown in Scheme 4, being the key feature the
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intermediacy of the C(3)-aryl substituted 1,3-cyclic sulfamidate 14 and the high degree of stereochemical
control exercised during the reaction of 14 with the enolate of dimethyl malonate (15). Commercially
available keto-ester 10 was reduced using a [Ru][CI-MeO-BIPHEP] catalyst system (I) to give alcohol 11 in
95% yield and 97% ee. Aluminium mediated amidation, followed by amide reduction, gave amino alcohol
13 and the two step cyclic sulfamidate formation proceeded smoothly to give the key intermediate 14 in
excellent overall yield. After a subsequent nucleophilic displacement, the crude product was immediately
subjected to mild acid hydrolysis and, afterwards, thermolysis, which gave lactam 16 as essentially a single

diastereomer in 70% yield. Reduction and N-debenzylation gave (—)-paroxetine (7) in 52% overall yield

(Scheme 4).
o 9 O OH OH
i i
F 13
10 11 F F
E \iii
0
«COMe Os P
O> v BnN . BnN/S\O
[\
F
N 16 14 F
N 7

Reagents and conditions: i, [((S)-Cl-MeO-BIPHEP)Ru-(cymene)CI]Cl (I) CH,Cl, (0.5 mol%), H, (8 bar), MeOH, 60 °C (95%);
ii, AlMes;, BnNH,; (12), PhMe, 0 °C to rt (100%), LiAlH,, THF, reflux (98%); iii, SOCl,, Et;N, imidazole, CH,Cl,, 220 °C to 0 °C
(95%); RuCl; (0.25 mol%), NalO,, MeCN-H,O0, 0 °C (87%); iv, dimethyl malonate (15), NaH, DMF, 60 °C; then 5 M HCI; then
PhMe, reflux (70%); v, LiAlH,, THF, reflux; MsCl, Et;N, CH,Cl,; NaH, DMF, 90 °C, 10% Pd/C (35%), H, (6 bar), i-PrOH,
AcOH, 50 °C, then aq. HC], i-PrOH.

Scheme 4. Synthesis of (—)-Paroxetine reported by Gallagher.

In order to synthesize (+)-laccarin (9), commercially available ethyl (3R)-hydroxybutyrate (17) was
converted to N-benzylamide (18), followed by reduction and conversion of the resulting aminoalcohol to the
target sulfamidate (19) in 62% overall yield. The sodium enolate of diethylmalonate (20) reacted efficiently
with cyclic sulfamidate (19) and a subsequent ring cleavage afforded the resulting adduct (21). The amine
was Boc-protected in order to inhibit premature lactam formation (Scheme 5).

Amination at C(2) was achieved using monochloramine (22) under basic conditions to give 23 in 75%
yield. N-Acylation using diketene and cyclization under Claisen conditions, followed by ester hydrolysis and
decarboxylation using aqueous acid, afforded 25. N-Boc cleavage using TFA and then neutralization and
thermolisys gave N-benzyl laccarin (26). Hydrogenation of N-benzyl laccarin in acetic acid and presence of
TFA afforded, in an efficient and chemoselective way, (+)-laccarin (9).

In 2007, Hoveyda and co-workers developed an enantioselective synthesis of piperidines 27 based in a
catalytic asymmetric ring opening metathesis.® Azabicycle 28 reacts with molybdenum-based catalyst (IV)
to afford 2,6-disubstituted piperidines 27 with excellent yields and enantioselectivities (Scheme 6).

The same year, Rao and co-workers developed an asymmetric synthesis of piperidines with ring
closing methatesis (RCM) as the key step.9 In this paper, Rao used an asymmetric reduction of a-azido aryl
ketone and consequently oxidative cleavage of an aryl group, RCM, and dihydroxylation reactions in a
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highly stereoselective and efficient manner. This new synthetic route has been demonstrated to be efficient
for the synthesis of 1-aza sugars related to hydroxy piperidines that are highly potent and specific inhibitors
of B-glycosidases. Soon after, Krishna and co-workers developed a similar approach in the synthesis of

(-)-andrachcinidine. 10

.
2,

0 EtOC _co,Et
MeO BnHNJ\/\ (- Bnl 21
Bo

17 0 18 19 C j vi
R 0
NHBoc
HN o Et0,cHN o .. EtO:C, | _co,Et
X viii, ix
Bnl}l Bnl}l o) Bnlgl
Boc oC
25 Boc 23
i, i 24
o o}
O o}
] ]
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Reagents and conditions: i, AIMe;, BnNH,, PhMe, 0 °C to rt (88%); ii, LiAlH,, THF, reflux (98%); iii, SOCl,, Et;N, imidazole,
CH,Cl,, 220 °C to 0 °C (84%); iv, RuCl; (II) (0.25 mol%), NalO,, MeCN-H,0, 0 °C (85%); v, diethyl malonate (20), NaH, DMF,
110 °C; then 5 M HCI,; vi, Boc,O, NaHCO;, MeCN (81% from 3); vii, NH,Cl (22) ca. 0.15 M in Et,0, +-BuOK, THF, 0 °C to rt
(75% + 23% recovered 13); viii, diketene, cat. DMAP, THF, 60 °C; ix, NaOEt, EtOH, 60 °C; x, H,O, then 5 M HCI; xi, TFA,
CH,Cl, then Et;N; xii, PhMe, 80 °C (68% of 18a and 18b from 14); xiii, 10% Pd/C (III) (65 wt%), H, (5.5 bar), TFA (93%).

Scheme 5. Sinthesis of Laccarin reported by Gallagher.

Mo catalyst (IV) 2% OTBS
TBSO benzene
up to 95% yield

> 29 up to 98% ee
N = Ar

S

Mo catalyst (IV) =

A
28 @ 27
Vo \
OMos/éPh
@)

Scheme 6. Asymmetric ring opening metathesis developed by Hoveyda.

Helchem and co-workers developed in 2009 a new route for the enantioselective synthesis of

piperidines based on an Ir-catalyzed allylic substitution as the key step.11
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In order to show the power of this new methodology, the authors did the total synthesis of the
dendrobate alkaloid (+)-241D (6) and (2R,4S5,65)-2-methyl-6-propylpiperidin-4-ol (42), a spruce alkaloid.
The overall strategy is described in Scheme 7. Key steps are, as already mentioned, two asymmetric
Ir-catalyzed allylic substitutions and an addition of Brown’s chiral allylboron reagent Ipc;B(allyl) to the
intermediate aldehyde 33. Given the availability of both enantiomers of all the chiral reagents, the

configurational switch allows the preparation of each of eight stereoisomers with high selectivity.

OH OHI Brown allylation
N"R SN
intermolecular allylic intramolecular allylic
substitution substitution

Scheme 7. Retrosynthetic analysis of 2,6-disubstituted hydroxypiperidines.

The synthesis started with the Ir-catalyzed amination of trans-crotyl methyl carbonate (30) with
HN(CHO)Boc (31), an ammonia equivalent. This reaction was efficiently catalyzed by iridium catalyst V.
Subsequent steps of deprotection, hydroboration/oxidation and Swern oxidation furnished aldehyde 33 in
89% yield (Scheme 8).

31
OHC\N/BOC IrCl(cod)2 (V) 0.5 mol% 1) deprotection
H L1 (1 mol%), TBD 2 mol% OHC\NzBoc 2) hydroboration/oxidation - Boe
THF, 50 °C 7h 3) Swern oxidation
+ /k/ ) /'\/CHO
32 33

~N"0c0,Me

Ar.
30
(0]

40 _P

Scheme 8. Synthesis of 34 reported by Helmchen.

Then, 33 was treated with (+)-B-allyldisiopinocampheylborane (34) at low temperature. Finally, chain
prolongation was carried out by cross metathesis (Grubbs’ II catalyst VI) of the homoallylic alcohol 35 and
biscarbonate 36. Allylic carbonate 37 was produced in 87% yield as a 9:1 mixture of E/Z isomers. Cleavage
of the Boc group under standard conditions gave the cyclization precursor 39 in 96% yield.

The Ir-catalyzed cyclization of amine 39 proceeded smoothly under standard conditions. The reaction
was efficiently catalyzed by 41 as ligand, obtaining the piperidine 39 in 90% yield and total
diastereoselectivity. It is noteworthy that only by choosing the opposite enantiomer of the ligand, the
obtained diastereomer was the opposite (Scheme 9).

Next, compound 39 was modified to achieve (+)-241D (6) and (2R,4S5,6S5)-2-methyl-6-propylpiperidin-
4-0l (42) (Scheme 10).
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(+H(Ipe)Blally)] (34), g PN Boe

Et;0 Hz0p, NH OH Grubbs Il catalyst (VI) “NH OH OCO,Me
1o _NaoH: MeOH : CH.Cly PSS
CHO N N
33 35 37
TFA/CH,Cl,
r.t.
[(IrCl(cod)),] (V) 2 mol%
9H 41 4 mol% OH
O TBD 8 mol% A
THF rt.
W H // o NH2\
38 OCO,Me
M Ar= 2-(MGO)CGH4
Scheme 9. Synthesis of compound 39.

OH OH

O n-octyl [E— O

W N Y wNN RPN

H H
6 39 42

Scheme 10. Synthesis of (+)-241D (6) and Spruce alkaloid (41).

Very recently, Carretero and co-workers have described an elegant methodology which affords
piperidine derivatives 43 via an inverse-electron-demand Diels-Alder.'* N-(Heteroarylsulfonyl)-1-aza-1,3-

dienes 44 react with ethyl vinyl ether (45) and this process is catalyzed by simple nickel salts (VII). The

corresponding piperidines are obtained in high yields and enantioselectivities and with almost pure endo
diastereoselectivity, as illustrated in Scheme 11.

0
0=5"X Ni(C10,).6H,0 (VII) SOR .
[ | DBFOX-Ph Ph.__N.__.OEt 73% yield
Pho N N EtO @ 88% ee
©
N |
Ph
Ph a5 N
44
DBFOX-Ph =

Scheme 11. Aza-Diels Alder reported by Carretero.
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2.2. Organocatalytic approaches

The first researchers to synthesize a piperidine derivative through an organocatalytic methodology
were Akiyama and co-workers' in 2006. They developed an enantioselective aza-Diels-alder reaction
between Brassard’s diene (1,3-dimethoxy-1-(trimethylsiloxy)butadiene, 47) and aldimines 48 catalyzed by a
chiral Brgnsted acid VIII to afford piperidinones 49 (Scheme 12).

HO 1) Catalyst (VIl) (3 mol%), 0
:@\ OMe OMe mesitylene, —40 °C Ar
N cHy * A N
OMe

3
y OTMS ) PhCOLH (1 equiv.) .
R~ 48 47

Catalyst (VIII): Ar 49
OO o 63-91% yield
o<y N 93-99% ee
PO |
0" O HN_~
SO
Ar
Ar: 9-phenanthryl
Scheme 12. Synthesis of piperidinone derivatives 49 reported by Akiyama.

Akiyama used the pyridinium salt of the chiral phosphoric acid derived from Binol (VIII) at low
catalyst loadings (3 mol%) to obtain a wide set of functionalized piperidinones 49 in good yields (63-91%)
and excellent enantioselectivities (93-99% ee). The improved results obtained with the catalyst in its salt
form (VIII), instead of as free acid, can be explained due to its weaker acidity combined with the high
reactivity and lability of Brassard’s diene (47). When the reaction was carried out with the catalyst as free
acid, although the high enantiocontrol was maintained, the cycloadduct yield decreased significantly.

It is noteworthy that the presence of the hydroxyl moiety on the N-aryl group is essential for attaining
the high enantiocontrol. When the reaction was tested with an aldimine derived from p-methoxyaniline, the
final product was obtained in low optical purity. This observation suggests a nine-membered transition state,
wherein the phosphoryl oxygen atom forms a hydrogen bond with the hydrogen atom of the imine’s OH

moiety, allowing the preferential attack of the nucleophile by the Re face of the aldimine (Scheme 13).

Me

O‘ \\\‘\\\H_o
o IO
~N

OO ™
Ar H

Re face

attack

Scheme 13. Nine-membered transition state between phosphoric acid and an aldimine.

The same research group published soon after a nice synthesis of tetrahydroquinolidines 50 through an
inverse-demand aza Diels-Alder reaction of aldimines 48 (azabutadienes) and enol ethers 45 (which act as
electron-rich alkenes).'* The process is efficiently catalyzed by the free phosphoric acid derived from
BINOL (IX), affording schalemic tetrahydroquinolidines 50 with high to excellent enantioselectivities (87—
96% ee) and in almost total cis diastereoselectivity (96:4-99:1 dr).
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r \ Toluene H “Ar

OH
48 45
OH 50
Ar 59-89%
Catalyst (IX): OO 96:4 t0 99:1 dr
o P 87-96% ee
PLN
CCC ™
Ar
Ar: 9-anthryl

Scheme 14. Synthesis of tetrahydroquinoldinines 50 through an inverse-demand aza Diels-Alder.

In this reaction, aromatic and heteroaromatic aldimines 48 as well as different vinyl ethers 45 proved
to be good substrates. The reaction even worked with cyclic vinyl ethers such as dihydrofuran and
dihydropyran affording the tricycloadducts with excellent results.

Nearly at same time, Bode and co-workers" performed the first [NHC(N-Heterocyclic Carbene)]-

catalyzed aza Diels-Alder reaction, allowing the obtaining of cis-3,4-disubstituted dihydropiridinones 51.

Cl Me
S) Me
.,,,N/§® X
7 _ /
ArO2S 0] be Me (1 0 mOIo/o) O
N

| . J\/\Wpﬂ ATOS. R'
H
HJ\/\RQ o) DIPEA (10 mol%) N~g20 51

toluene/THF 10:1

52 33 rt 51-90% yield
one diastereomer
97-99% ee
Scheme 15. NHC-catalyzed aza-Diels-Alder reaction affording
cis-3,4-disubstituted dihydropyridinones (51).

This reaction between N-sulfonyl-a,B-unsaturated imines (52) and B-activated enals (53) is efficiently
catalyzed by a novel chiral triazolium salt (X).

As shown in Scheme 16, the enal (5§3) undergoes a nucleophilic addition of the carbene catalyst (X),
forming the Breslow intermediate 54 or its homoenolate resonance structure 55. Then, protonation of 55
affords the catalyst-bounded enol or enolate 56, an exceptionally reactive dienophile which undergoes
LUMOy;ene-controlled Diels-Alder with the imine partner 52, furnishing the dihydropyridinone derivatives
51 in excellent diastereo- and enantioselectivities. That exceptional diastereoselectivity can be rationalized
by the high performance for an endo transition state and in the NHC-catalyzed system. This reaction mode is
reinforced by the presence of the bulky triazolium moiety in the active dienophile 56 (Scheme 17). In
addition, the cis-stereoselectivity would arise from a (Z)-enolate 56 reacting as the dienophile.

In 2007, Terada and co-workers'® developed a domino aza-ene type reaction/cyclization cascade for

one-pot entry to enantioenriched piperidines 57.
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Scheme 16. Postulated catalytic cycle.
Scheme 17. Stereochemical model for endo-Diels-Alder cycloaddition.
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Scheme 18. Domino aza-ene type reaction/cyclization cascade for the construction
of enantioenriched piperidines (57).
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The potential of such cascade transformations catalyzed by binol-derived phosphoric acid (XI) was
highlighted through their ability to achieve a rapid increment in molecular complexity from simple
enecarbamates 58 and a broad range of aldimines 59 (aromatic and aliphatic), affording the desired
piperidine derivatives 57 with three new stereogenic centres in a highly diastereo (88:12-95:5 dr) and
enantioselective (97-99% ee) manner.

Later on, Cérdova and co-workers'’ reported a highly enantioselective synthesis of 1,2-dihydro-
quinolidine-3-carbaldehydes (62) through a domino aza-Michael/Aldol reaction between 2-amino-
benzaldehydes 63 and enals 64 catalyzed by commercially available diphenylprolinol TMS protected ether
(XII).

Ph
Xl
Q N OTFI)\:S O
H
RI- X CHO + Rad (20 mo%) e ] ] H
NH, PhCOOH ZSNT YR
64 63 DMF, —25 °C H
31-90%
90-99% ee

Scheme 19. Synthesis of 1,2-dihydroquinolidines (62) reported by Cérdova and coworkers.
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Scheme 20. Proposed catalytic cycle for the enantioselective formation
of 1,2-dihydroquinolidine-3-carbaldehydes (62).
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The development of a conjugate addition of an amine to an electron-deficient o,B-unsaturated system
represented an unprecedented organocatalytic process since, generally, an amine is a much weaker
nucleophile than a thiol or an alcohol. Actually, this reaction represented the first asymmetric
organocatalytic aza-Michael reaction of primary amines with o,3-unsaturated aldehydes.

Thus, a wide set of 1,2-dihydroquinolidines (62) can be synthesized through this domino sequence
starting from both aromatic and aliphatic enals (64) as well as different substituted 2-aminobenzaldehydes
(63), affording six-membered nitrogenated compounds with moderated to good yields (31-90%) and
excellent enantioselectivities (90-99% ee) (Scheme 20).

Ph
N Ph Xl

H OTBS OH OH

. _CHO Boc, o =
©/\/ )j (10 mol%) (\/,\ﬂaoc N (L/I\QBOC
+
Ar (CHyCl)p, 70 °C © ZAr © Z A
70 71 0—69 B—69

73-90% yield
dr:34:66-14:86
88-99% ee (both epimers)

Scheme 21. Synthesis of piperidines (69) reported by Hayashi and co-workers.
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Scheme 22. A plausible reaction mechanism.
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Some months later, Wang and co-workers'® reported the same domino sequence employing
2-N-protected-aminobenzaldehydes in basic media, rendering also good results.

Hayashi and co-workers' published in 2008 a formal aza [3+3]-cycloaddition reaction for the
formation of enantioenriched piperidines 69. Serendipitously, they discovered that when cinnamaldehyde
(70) and N-(1-phenylvinyl)acetamide (71) were reacted under the effect of a catalytic amount of
diphenylprolinol TBS ether (XIII), the piperidine derivative 69 was furnished in good yields and excellent
enantioselectivities, albeit in moderated diastereoselectivities, as depicted in Scheme 21.

This method consists on four consecutive reactions involving an asymmetric ene reaction to form the
acylimine 74, an isomerization to enamine (75), the catalyst hydrolysis and, finally, the hemiacetal
cyclization to afford 69 (Scheme 22).

Notably, this methodology represents one of the few successful examples of asymmetric, catalytic ene
reaction of o,-unsaturated aldehydes as enophiles reported until that moment.

Soon after, Rueping and co-workers™ published a spectacular highly enantioselective cascade reaction
in which six steps were catalyzed by a chiral Brgnsted acid (IX), providing enantioenriched
tetrahydropyridines 76 (Scheme 23).

R31NH+ . +O\j/\R1 O@%@@ ;Ej(

R2 Catalyst (IX) (5 mol%), 50 °C
Hantzsch ester (1.1 equiv.)
77 78 CHCl; or benzene 42-89% yield
89-99% ee
Ar
Catalyst (IX): OO
O\P//O

ook
Ar
Ar: 9-anthracenyl
Scheme23. Cascade reaction reported by Rueping.

The exposition of a mixture of enamine 77 and vinyl ketone 78 to a catalytic amount of the Brgnsted
acid (IX) led to the formation of the corresponding Michael adducts 79a and 79b. The cyclization of 79a,
under acid equilibrium with 79b, affords the hemiaminalic compound 80, which, after fast water elimination,
gives the dihidropyridine 81. Afterwards, a subsequent Brgnsted acid protonation induces the generation of
iminium ion 82, the chiral ion pair, which is activated for an enantioselective hydride transfer from Hantzsch
ester 83 to render the desired product 76. Notably, although the yields of the isolated products are quite low,
in nearly all cases the cascade reaction proceeds with almost total enantiocontrol (Scheme 24).

Later on, Chen and co-workers *' developed an organocatalytic asymmetric inverse-electron-demand
aza-Diels-Alder reaction, providing an easy entry to piperidine derivatives 84 (Scheme 25). The reaction of
N-sulfonyl-1-aza-1,3-butadienes 85 and the in sifu generated chiral enamine as electron-rich alkene affords
the nitrogenated compound in good yields (40-92%), excellent enantioselectivities (93-99%) and, in all

cases, a total diastereocontrol (>99:1).
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Scheme 24. Six step cascade reaction.
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Scheme 25. Synthesis of piperidine derivatives 84 through an inverse-demand aza Diels-Alder.

Franzén et al.** published a very elegant synthesis of quinolozidine skeleton (87and 88) through a one-
pot, two-steps procedure (Scheme 26).

The organocatalytic conjugated addition of amide 89 to an o,B-unsaturated aldehyde 64 affords
intermediate 90, which cyclizes spontaneously under the reaction conditions to give hemiaminal 91. The
epimerization of the labile stereocentre at C3 establishes the most thermodynamically stable trans
configuration. Treatment of 91 with catalytic amounts of acid results on the formation of acyliminium ion 92
which undergoes an electrophilic aromatic substitution with the aryl moiety to give the quinolizidine
products 87 or 88 (Scheme 27).
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Scheme 26. Synthesis of quinolizidine skeleton (87and 88) reported by Franzén and co-workers.
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Scheme 27. Proposed mechanism for the one-pot synthesis of quinolizidine skeleton 87.

The diastereoselectivity observed in the acidic-catalyzed cyclization of the acyliminium ion can be

explained as follows: although the minor diastereomer detected is the more stable isomer which presents
equatorial orientation of the indole moiety (thermodynamic product), the major isomer isolated is formed

faster under kinetic conditions (=78 °C) owe to the less steric hindrance from the equatorial o proton in the

transition state.

Finally, the formation of benzo[o]quinolizidine 88 requires stronger acidic conditions (40 mol%) than

for indolo[2,3a]quinolizidine 87 (20 mol%), due the lower nucleophilicity of the phenyl ring compared to

the 3-indolyl moiety.

Almost at the same time, Vesely, Moyano and Rios™ reported an easy entry to the synthesis of

pyperidines 93 based in the reaction of 3-amidoesters 94 and o,-unsaturated aldehydes 64. After the first

malonate Michael addition over the enal 64, the piperidine ring is formed through a hemiaminal cyclization,

pushing the reaction toward the products with three new stereogenic centres (Scheme 28).
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H OTMS  90-99% ee

Scheme 28. Synthesis of pyperidines reported by Vesely, Moyano and Rios.

Among the eight possible isomers formed, only two are detected in the crude mixture. They
correspond to the equatorial and axial position of the hemiaminalic hydroxyl piperidine. Their ratio can be
controlled up to 5:1. The epimerization of the labile C3 stereocentre allows a total trans disposition between
the other two stereocentres. Piperidines 93 are obtained in excellent yields, diastereo- and

enantioselectivities.

3. Enantioselective synthesis of pyrrolidines
3.1. Metal catalyzed approaches

The enantioselective synthesis of pyrrolidines (1) via organometallic chemistry is one of the
cornerstones of chemists nowadays. There are several highly efficient approaches, but, among all others,
[3+2]-cycloadditions between azomethine ylides 96 and alkenes 97 are in our opinion the most easy and
efficient in order to obtain this valuable scaffold.** Pyrrolidines (1) are important building blocks in the
syntheses of many natural products and pharmaceuticals.25

1,3-Dipolar cycloaddition® reactions are fundamental processes in organic chemistry®’ and their
asymmetric version offers a powerful and reliable synthetic methodology to access five-membered

heterocyclic rings in a regio- and stereocontrolled fashion.*®

MeOQQ
25 °C /
+ 2 C0,Me
Ligand:
%9 Ph,  Me

M = Mn (60% ee) (XIV)
M = Co (96% ee) (XV)

Scheme 29. Reaction reported by Grigg et al..

Grigg et al.®?® were the first group to attempt to use chiral Mn(II) complex (XIV) of ephedrine
derivative 101 in a stoichiometric amount as catalyst for the study of the enantioselective 1,3-dipolar

cycloaddition reaction of the N-metalated AZY 98 with methyl acrylate 99. Decreasing the amount of ligand

161



lowered the ee, while an increased amount slowed the reaction dramatically. The use of a molar equivalent
of the anhydrous CoCl, in presence of 2 mol of 101 provided the corresponding cycloadduct 100 in
moderate yields and good ee (up to 80%). In order to increase the efficiency and stereoselectivity of the
reaction, they decided to use methyl acrylate 99 as the solvent, enhancing the enantioselective excess up to
96% (Scheme 29).

Karlson ef al.*' described afterwards the use of a chiral Lewis acid (XVD) in order to catalyze the
asymmetric cycloaddition between nonstabilized AZY 102 and a variety of o,-unsaturated dipolarophiles

103. This reaction proceeded with low enantioselectivity.

0
N Ph »\:/
. 0 2 2 N
@NTy . Ph\/\”/NW( 0C

Bn (0]
° 0 o N 32% ee
102 103 | \\)
N, ,N— 104
Bu' Cu "By
CF3COOH (106) XVI
TMS/\I}I/\OCH3
Bn

105
Scheme 30. Reaction developed by Karlson.

Zhang et al? reported a highly enantioselective Ag(I)-catalyzed [3+2]-cycloaddition of 96 with
dimethyl maleate 107 in the presence of various chiral phosphine ligands 109. The reaction furnished only
the endo diastereomer 108 in good yields and enantioselectivities. It should be noticed that authors used only

3% catalyst to perform the reaction, as shown in Scheme 31.

o CO,Me 3% AgOAc (XVII), -ProNEt MeOoC ~ jCO=Me
R N7 COR? 4 1 )
| o R'™" N\~ ~CO:R
oivlie H
96 107 0 Q 0

NH HN up to 96% ee

PPh, PhoP 108

Fe Fe
= <<
109

Scheme 31. Reaction performed by Zhang.

Jgrgensen and coworkers described a catalytic asymmetric dipolar cycloaddition reaction of ylide 96
and methyl methacrylate 110 catalyzed by copper (XVIII) or zinc (XIX) in combination with -Bu-BOX

ligands. Both metals worked well in terms of yield and enantioselectivities, as shown in Scheme 32.
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In 2003, Schreiber” reported a catalytic asymmetric dipolar cycloaddition of 96 with butyl acrylate
112 using silver as catalyst and different phosphines as ligands. The stereoselectivity of the reaction was
high; concretely P,N-ligand QUINAP 112 showed excellent levels of both diastereo- (>20:1) and
enantioselectivity (96-99%) even at a reduced catalyst loading of 1% (Scheme 33).

MeO,C, Me
Me._~_ OMe 20 °C n
Ar _N__CO.Me \/\[( Ar= >\ COMe
i % H
O O
96 110 g/ | | 111
N N
M z M = Cu (XVIIl) 87% yield 87% ee

t t
Bu Bu  M=2zn (XIX) 95% yield 78% ee
Scheme 32. Reaction reported by Jorgensen.

AgOAc (XX)(1 mol%)

ProNEt, THF, —45 °C '
RA_N._COMe + X COBu 2 +1CO,Me

1w N
So S
96 112 N

up to 96%ee

SO

114
Scheme 33. [3+2]-Cycloaddition reported by Schreiber.

Soon after, intramolecular cycloaddition of azomethine ylides using Ag (I) complexes of QUINAP 114
was also reported,” with virtually complete diastereocontrol and enantiomeric excess of up to 99%.

Although most cycloadditions of azomethine ylides of AZY catalyzed by chiral metal complexes are
endo-selective, Komatsu and co-workers™ developed an exo-selective cycloaddition reaction between
various N-metalated azomethine ylides 96 and N-phenylphtalimides 115 catalyzed by Cu(OTf), (XXI) in
combination with chiral phosphine ligands. Using 20 mol% of Cu(OTf), (XXI) and 10 mol% of BINAP 117,
the best diastereo- and enantioselectivities (exo/endo 87:13; ee of exo adduct=34%) were obtained. Both
diastereo- (exo) and enantioselectivities were improved at low temperature, employing BINAP 117 or
BINAP derivatives and Cu(OTf), (XXI).

H b

]
Ph Cu(OTH), (XXI) (2 mol%) R's—N<_CO,Me R N ~CO,Me
N EtsN, CHoCly, r.t.
R\._N._CO:Me + OVO +
. OO, Tue TwT
|
96 115 PPh, Ph Ph
PPh2 exo endo
OO 116a 116b
117

Scheme 34. Exo-cycloaddition reported by Komatsu.
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In 2008, Najera and co-wokers reported a catalytic enantioselective 1,3-dipolar cycloaddition reaction
of azomethine ylides 96 and alkenes 97 using phosphoramidite-silver(I) complexes.3 ® This monodentate
phosphoramidite-silver complex is a very efficient chiral catalyst for a wide range of 1,3-dipolar
cycloaddition reactions between azomethine ylides 96 and different dipolarophiles. The advantage of this
monodentate ligand 120 is the possibility to use sterically hindered components in the reaction.

For example, when fert-butyl acrylate 113 was used as dipolarophile with iminoglycinate 118, the
proline derivative 119 was afforded in 83% yield and in diastereo- (only endo adduct was observed) and

enantiopure form (Scheme 35).

+-BuO,C,

AgCIO4(XXII), L ,Z_)\
= Et3N, toluene r.t.
Ph"™ N"COMe © A CogtertButyl — Ph™ N\~ ~COMe 119
H

113 yield: 83%
OO Ar, ee: >99%
L= o) Ar=Ph

118

120
Scheme 35. Cycloaddition reported by Najera.

Another related reaction for the synthesis of pyrrolidines (1) by 1,3-dipolar cycloaddition of
azomethine ylides 96 was reported by Carretero in 2009.” They described the use of phenylsulfonyl group
122 as regiochemical controller in the catalytic 1,3-dipolar cycloaddition. This strategy allowed them to
obtain selectively the 2,3-dicarboxylic ester substituted pyrrolidines 121 with very high exo selectivity and
enantioselectivity by using simple copper catalysts (XXIII). Moreover, desulfonylation of the adducts 121
makes this procedure very attractive due to the possibility of obtaining substituted pyrrolidines 121 with
opposite regioselectivity to that obtained using typical acrylate dipolarophiles (Scheme 36).

[Cu(CHaCN) ] PF¢ (XXIIl
10 m0|°/o, 123 (10 m0|°/o) PhOQS COzR

N\
A SN come Z conm EtsN, CHoCly, r.t. Z—g
SO,Ph A N “"CO.Me
96 H
122 yield: up to 81%
ee: up to 96%
PCy2
Fe PPhy 121

@ 123

Scheme 36. 1,3 dipolar cycloaddition reported by Carretero.

Soon after, the same authors reported the 1,3 dipolar cycloaddition reaction of azomethine ylides and
o,B-unsaturated ketones catalyzed by copper, affording exo-trans cyclic enone salts with excellent yields,

. . Ca. 38
diastereo- and enantiosectivities.
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In 2008, the same group reported the use of bis-sulfonylethylene as masked acetylene equivalent in the
catalytic asymmetric [342]-cycloaddition of azomethine ylides, affording the desired pyrrolidine derivatives
in excellent yields and enantioselectivities.”

Very recently, O’Brien and coworkers developed a new enantioselective approach to the synthesis of
chiral pyrrolidines starting from simple achiral pyrrolidines.” In this approximation, authors use an
enantioselective lithiation using (-)-sparteine as a chiral inductor. As shown in Scheme 37, N-Boc-
pyrrolidine is treated with sec-BuLi and sparteine to promote the asymmetric deprotonation, then the anion

was trapped with an aldehyde to form compound XX in good yields and enantioselectivities.

a) 1.3 equiv *BulLi
0.3 equiv (-)-sparteine
1.0 equiv. LIDMAE

Ph
O b) PhCHO O( 64% yield
N

N OH 80% ee
_ \
Boc Et,O, -78 °C, 4h Boc

124 125
Scheme 37. Synthesis of pyrrolidines reported by O’Brien.

Other interesting approach to the enantioselective synthesis of pyrrolidines has recently been
developed by Widenhoefer and coworkers.*! They reported the use of gold-catalyzed dynamic kinetic
enantioselective intermolecular hydroamination of allenes rendering the corresponding pyrrolidines in

excellent yields, diastereo- and enantioselectivities using chiral diphosphines as ligands (Scheme 38).

CbzHN 127 25mol%) o
AgClO, (5 mol%) . 94% yield
m-xylene Cbz 96% ee
1
Et
126
128

MeO ‘ “’PAr,AuCl
MeO,,, PAr,AuCl
Sl

127 Ar= OMe

Bu
Scheme 38. Hydroamination reported by Widenhoefer.

3.2. Organocatalytic approaches

Vicario and coworkers described in 2007 a process that gave access to pyrrolidines 128 with three
contiguous stereocentres.*”

They designed the transformation depicted in Scheme 39. a-Aminoacid imines can undergo thermal
1,2-prototropy to produce azomethine ylides in a kinetically controlled process, being the acidity of the

a-hydrogen atom a key parameter in terms of whether or not this process occurs. Imines 130 underwent this
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prototropy process very readily to afford a stabilized azomethine ylide (131), which reacted with an
o,B-unsaturated aldehyde 64 under organocatalytic conditions upon the activation of the aldehyde as an

iminium ion 132.

~ R 64
2
Sy S+ e\ OHO - orey B
o 1 s COOEt
EtO OEt =~— = !
Catalyst XXIV R N COOEt
ol OEt OEt H
130 131 128

Scheme 39. Proposed enantioselective organocatalytic [3+2]-cycloaddition of azomethine ylides
and a,B-unsaturated aldehydes.

The reaction was efficiently catalyzed by commercially available o,a-diphenyl prolinol (XXIV) and
water as cocatalyst and could be carried out in THF. It worked with linear and branched aliphatic enals and
with aldehydes having an aryl or heteroaryl moiety at B-position 64, as well as different imine 130
substrates. In all the experiments, the cycloaddition product 129 was obtained as a single regioisomer, in

excellent yields and with excellent enantio- and diastereoselectivities, as shown in Scheme 40.

XXIV
Ph
[ ydcen
N OH
H OHG R2
1 00 (20 mol%) i
RvNY Et . 2 \CHO o COOEt
R™ "N” "COOEt
COOE H,O (4 equiv.) H
THF, 4 °C
130 64 129 57-93 %
85-99% ee
dr: 91:9—>95:5

Scheme 40. Synthesis of pyrrolidines (129) developed by Vicario.

Their proposed mechanism involves efficient shielding of the Si face of the chiral iminium
intermediate 132 by the bulky aryl groups of XXIV, which leads to a stereoselective endo-type approach of
the E 1,3-dipole to the sterically less hindered Re face of the intermediate £ iminium ion 133, as illustrated
in Scheme 41.

Soon after, Cérdova and co-workers presented a highly chemo- and enantioselective [C+NC+CC]
coupling process.43 This multicomponent reaction was performed between aldehydes (“C”) 86, dialkyl
2-aminomalonates (“NC”) 135 and o,p-unsaturated aldehydes (“CC”) 64. Diphenylprolinol TMS ether (XII)
gave good results in terms of yield, medium to high diastereoselectivities and excellent enantioselectivities
(Scheme 42).

One year later, Vicario, Badia and co-workers developed an improved procedure for the
enantioselective Michael reaction between p-nitroacrolein dimethyl acetal 136 and a variety of aldehydes 86,
generating the corresponding highly functionalized nitroaldehydes 137 in high yields and stereoselectivities

(Scheme 43).*
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R2 SN
\\ \\ 1
H,0 Etozc§_,/’ R 133
C 10,5 ° @
64 Ph. Ph o
Ph
MPh Ner, B2
N oH f \ F&cooa
H R™ N
XXIV OHG  ,R? 20 y COOH

F§<COOEt 134

R™ N" "coOEt
129
Scheme 41. A plausible reaction pathway for the enantioselective [3+2]-cycloaddition of azomethine ylides
and a,p-unsaturated aldehydes with catalyst XXIV.

Ph
HF’“ X

N OTMS Re
o,
j\ HQNYCOQRZ A)cj)\ 20 mol% OHC, &COQRz
+ +
1 2 3 2
R H CO-R R H EtaN (1 equiv.) RN CO:R
1. Toluene or CHCls, r.t. H
R':aryl 86 135 64 .
R2: alkyl 50-63% yield 129
R3: alkyl, aryl 3:1->10:1 dr
90-98% ee

Scheme 42. Synthesis of highly functionalized pyrrolidine derivatives presented by Cérdova.

Ph
O%—Ph

Xl
H OTMS MeO.__OMe
0] MeO X NO, 10 mol%
Rt T Y NO,
H)J\/ OMe Oé\}/

R: alkyk, aryl R 63-99% yield
136 137 up to >20:1 dr
86 up to >99% ee

Scheme 43. Conjugate addition of different aldehydes to B-nitroacrolein dimethyl acetal
developed by Vicario and Badia.

The obtained adducts 137 were converted into enantiopure highly functionalized pyrrolidines 138

containing two or three contiguous stereocentres by means of two short and efficient protocols.
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3.4-Disubstituted pyrrolidines 138 were obtained in a cascade process by Zn-mediated chemoselective
reduction of the nitro group followed by intramolecular reductive amination, as shown in Scheme 44.
Pyrrolidines 138 were isolated in excellent yields as single diastereoisomers. The reduction/reductive
amination procedure proceeded without epimerization at the a-stereocentre of the starting material 137,

which was expected to be fairly prone to racemization during the reductive amination step through
imine/enamine tautomerization.

MeQ,

MeO._ _OMe OMe
1) Zn, AcOH R,
Z N02 ‘
O ! 2) NaOH \
H
137 138

Scheme 44. Synthesis of 3,4-disubstituted pyrrolidines 138.

On the other hand, trisubstituted homoproline derivatives 139 were prepared by means of an
olefination reaction and a cascade process involving chemoselective reduction of the nitro group followed by
a fully diastereoselective intramolecular aza-Michael reaction, cleanly furnishing the target pyrrolidines 138

as single diastereomers of high enantiomeric purity (Scheme 45).

MeO
MeO_ _OMe MeO. _OMe OMe
NO, EtO,C NO,
’
o I CH,Cly, rt. ~ [ 2) NaOH N
CO,Et
137 140 139

Scheme 45. Synthesis of trisubstituted homoproline derivatives.

The same year, Wang and co-workers reported a direct method for the synthesis of trisubstituted chiral
pyrrolidines 141.*> This unprecedented cascade aza-Michael-Michael reaction was performed between
ao,B-unsaturated aldehydes and trans-y-Ts protected amino o,-unsaturated ester 142. The process, efficiently
catalyzed by diphenylprolinol TMS ether (XII), was simple and practical, being its outcome excellent,
achieving high levels of enantio and diastereoselectivity and, also, high yields.

Ph
O—éph

N  OTMS
H CO,Et
0 0 10% X #~cHO

NaOAc (1 equiv.)
| H + | OEt R
R TsHN CHClg, r.t. N

Ts

142 85-94% yield
64 96% to >99% ee

7:1to >30:1 dr
141
Scheme 46. Synthesis of pyrrolidines described by Wang.

R. aryl

168



This one-pot transformation produced a complex molecular architecture formed with high
stereocontrol of three new stereogenic centres and an array of exploitable orthogonal functionalities for
further synthetic elaboration (Scheme 46).

Central to the implementation of this proposed cascade reaction was the recognition of reactivity and
selectivity issues that needed to be addressed. Although N-centered nucleophiles had been employed for
conjugate addition reactions, the more active specific species was required as a result of its weak
nucleophilicity. The amine 143 should not function as catalyst for the formation of iminium intermediate
(TS A), but must serve as nucleophile for conjugate addition to the catalyst activated iminium (TS B). The
substrate amine ester 142 should be stable during the reaction without undergoing intramolecular
lactamization. They designed a trans-y-protected amino a,B-unsaturated ester. The protected amino-group
inhibited forming an iminium with enal 145, while the enhanced acidity rendered it to be readily
deprotonated under basic conditions to produce a more nucleophilic nitrogen anion for the first Michael
addition reaction. The trans geometry could significantly reduce intramolecular lactamization. With these
molecules in hand, they found out that no reaction occurred with Ac, Boc and Cbz, but tosyl group gave
good results. Once suitable conditions had been discovered, they tested the reaction with a set of aromatic

enals, obtaining excellent results in all cases (Scheme 47).

CO,Et

o} 0 CHO
cat. =
J)J\ T H OFt R
R pi-N 142 N
64 Ts
p': Ac, Boc, Cbz and Ts 141
O_O Second
N Michael
H Xl addition

- PLN@.P?
TN q3g 63@\0 First :
! 1 Michael K7) co,Et

' (|' Y o addition //é“’/%
HN”™ OEt R” "N
> 143 k | L

P pi- 142 P |

143

ZT

TS A: not desired TS B: desired
Scheme 47. Mechanistical proposal.

Until this point, we have discussed reactions based in iminium ion strategies that make use of chiral
secondary amines. Organocatalytic syntheses of chiral pyrrolidine derivatives can be achieved, as well, by
means of different activation modes. For instance, in 2008 Gong and co-workers*® developed an asymmetric
[3+2]-cycloaddition reaction of isocyanoesters 145 to nitroolefins 146 catalyzed by chiral cinchona alkaloids
derivatives (XXYV), which have been revealed as efficient organocatalysts for many asymmetric reactions.
This reaction affords highly functionalized 2,3-dihydropyrroles 147 with excellent yields, diastereo- and

enantioselectivities, as shown in Scheme 48.
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NO,

R3
R'O c}f\g
2 N

2C
1 Z
R OgC\rN .\ |:{3/\/51()2

R2 RZH 147
Rz' alkyl up to 79% yield
R<: aryl up to >20:1 d.r.
R®: aryl, alkyl up to >99% ee

Scheme 48. Enantioselective synthesis of 2,3-dihydropyrroles developed by Gong.

Their mechanistic approach for the formal cycloaddition reaction catalyzed by a chiral base is shown

in Scheme 49.

C : s, NO,
R'0,C__N? chiral base (B*) (XXV) R
r 1 N a7
145 R R'0,C—~
R® H
° B*-H
G NO
B I 3 2
" o®g‘ i No, _BH N R .
2 2 —_
5 146 R® R? H
148 R
149 150

Scheme 49. Proposed mechanism for the asymmetric cycloaddition reaction of isocyanoesters
to nitroolefins catalyzed by a chiral base.

In this approach, the chiral base (XXV) could promote an asymmetric Michael addition of
isocyanoesters 145 to electron-deficient olefins, such as nitroolefins 146, by activating the acidic a-carbon
atom of 148 to generate intermediates 149. Subsequent intramolecular cyclization reaction of intermediates
149 afforded precursor 1,2-dihydropyrroles 150, which may be converted into dihydropyrrole 147 after
protonation.

The same authors reported at the same time the asymmetric 1,3-dipolar cycloaddition of azomethine
ylides 153 with nitroalkenes 146."" The reaction was efficiently catalyzed by thiourea alkaloid derivatives
(XXVI). In this approximation, benzophenone imines 151 reacted with different nitroalkenes, affording the
corresponding highly substituted pyrrolidines 152 in high yields, high diastereoselectivities and moderate
enantioselectivities, as shown in Scheme 50. It should be noticed that the relative configuration of the
substituents in pyrrolidine ring is trans.

Azomethine ylides 153, which can be formed by treatment of 151 with Lewis base, attack the reactive
nitroalkenes 146 formed by hydrogen-bond activation between the nitro group and protons of Brgnsted acids

such as ureas and thioureas, 154 to principally undergo the 1,3-dipolar cycloaddition (it should be noticed
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that in the case of nitroalkenes, the 1,3-dipolar cycloaddition is a stepwise reaction and the intermediates can

be easily isolated), as illustrated in Scheme 51.

A
| N\H/N CF3
/ CF3 R
—N + _/
Ph>7 R’ cyclohexane, 40 °C Ph NH

Ph 152

151 R'= Aryl, thienyl up to 77% yield

146 up to 65% ee
up to >99:1 d.r.

Scheme 50. 1,3 dipolar cycloaddition of azomethine ylides with nitroalkenes.

—N + R/\/Noz
Ph 144 139
base urea or thiourea
o R
)N N© on. 1
PH 0”70 2
146 + : : E—— CO.R
R~ Y "R
X 145
X=OorS
147

Scheme 51. The proposal pathway for bifunctional-organocatalyst promoted 1,3-dipolar
cycloaddition of azomethine ylides with nitroalkenes.

¥ and Takemoto® reported, almost at the same time, the first asymmetric three-

Soon after, Chen*
component 1,3-dipolar cycloaddition of aldehydes 86, a-aminomalonates 135 and nitroalkenes 146,
catalyzed by chiral thioureas (XVII, XXVIII). The achiral diastereoselective version of this reaction had
been published some months earlier by Rios and co-workers.”

In the case of Chen and co-workers, the reaction began with the formation of an imine 130 from
a-aminomalonate 135 and aldehyde 86, whereas Takemoto and co-workers started directly from a-amino-
malonate imine 130. This compound reacted with a nitrostyrene 146 via Michael addition and a subsequent
aza-Henry reaction (formally, a [3+2]-cycloaddition) afforded highly substituted pyrrolidines 155, as shown
in Scheme 52. Both reactions were promoted by the thiourea catalyst.

The reaction worked well with aromatic aldehydes and an array of nitrostyrenes with electron-

withdrawing or donating substituents, affording the corresponding pyrrolidine derivatives 155 in high yields,
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diastereo- and enantioselectivities. However, aliphatic nitroalkenes led to more modest ee values. Aliphatic

aldehydes again could not be successfully used in the 1,3-dipolar cycloaddition (Scheme 53).

¥ e
NH, - o
1 CO,Et
E A gt R'CHO PR 30 COZEt
tO,C~ "CO,Et EtO,C~ ~CO,Et Rl H 5
135 86
? 155
R \/\N 0,
146
Thiourea catalyst Aza-Henry
reaction
5 S
3 4 5 A
R\\N N’R R\\N/M\N,R
H o H Michael addition B
O;T//O' FE -oNl _O-
—~ 1
= 0 4F—R
\\\—//éQL\ R N
EtO,C~ "COEt EtO,C COLEt
— 156 a
b 157

Scheme 52. Proposed mechanism for the formal [34+2]-cycloaddition.

R2
NH catalyst 10%  O2N,, ,
2 + RiCHO + R0 COEt  ypto 95% yield
EtO,C~ “CO,Et 2 RN TN CO,Et up to 92% ee
R', R?=aryl 146 H
135 86 155

H
FsC HYS FsC N\(S

Takemoto's catalyst = HN Chen's catalyst = Ar HN\O
CF3 ~ \\O CF3@“

N
I =
XXvii Ar = 3,5-F,Ph Ar XXV

Scheme 53. Formal [3+2]-cycloaddition reported by Takemoto and Chen.

4. Conclusions

The synthesis of pyrrolidines and piperidines is nowadays one of the most important goals for
synthetic chemists. As we have seen, there are several organocatalytic and organometallic methods that
afford these privileged structures in exceptional yields and with high enantiomeric purities. In this review,
we have summarized the most useful and selective procedures that allow us to perform this important

transformations. Research in this field is continuing apace and, each year, we can find huge improvements in
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the literature. Organic chemists have been focusing their efforts to improve this reaction until achieving

exceptional levels of stereoselectivity and atom economy. However, this field is in continuous expansion, the

explosion of organocatalysis and the development of new organometallic methods suggest a brilliant future

for the enantioselective synthesis of this privileged structures.
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Abstract. The rapid assembly of pyridine rings can be efficiently achieved by catalytic [2+2+2]-cyclo-
trimerization of alkynes with nitriles in the presence of various transition metal compounds under mild
reaction conditions. This review summarizes application of the aforementioned cyclotrimerization reaction
for the synthesis of natural compounds and their analogs, biologically active compounds, pyridine based

ligands for transition metal compounds and their chiral congeners.
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1. General considerations
1.1. History

Substances with the pyridine framework constitute a large group of various compounds spanning from
natural compounds to its heterocycle based ligands for transition metals. Despite the fact that there are
numerous synthetic routes to the pyridine framework, the simplest and hence the attractive one, although not
always easy to carry out, is cyclotrimerization of alkynes with nitriles. There are several points that make
this approach highly desirable. Firstly, alkynes as well as nitriles are usually readily accessible starting
material (also from the commercial point of view). Secondly, the cyclotrimerization of alkynes and nitriles

has a high degree of synthetic efficiency. Last but not least, the cyclotrimerizations are usually carried out in
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the presence of the stoichiometric or catalytic amount of transition metals that ensure mild and neutral
reaction conditions, under which a number of various functional groups is tolerated.

Although the first cyclotrimerization of alkynes with nitriles has been reported in the second half of
19" century' (synthesis of pyridine by passing a flux of ethyne with hydrogen cyanide through hot iron
tubing), the first practical procedures started to appear in the 1970s and since then, this reaction has attracted

a considerable amount of attention from chemists in both academic and industrial laboratories.

1.2. Reaction mechanism and regiochemistry

Regarding the course of the reaction mechanism of the cyclotrimerization of alkynes with nitriles
catalyzed by late transition metal compounds, it has been discussed in detail in several reviews” and thus its
subtle aspects will not be treated herein. Nonetheless, the generally accepted sequence of events can be
outlined in the following terms (Scheme 1). It begins with the redox coupling of two alkynes on a
coordinatively unsaturated transition metal compound (oxidative/reductive dimerization) forming
metallacyclopentadiene A. Its formation is probably preceded by a stepwise formation of an alkyne-metal
and a bis-alkyne-metal complexes. In the next step, a nitrile is coordinated to the central metal atom,
followed by the insertion into the metal—C bond giving rise to azametallacycloheptatriene B. It should be
emphasized that the nitrogen atom is always bound to the metal atom. Finally, the reductive elimination of
pyridine completes the catalytic cycle by regenerating the coordinatively unsaturated transition metal
compound, which can enter in the reaction again. This course of the reaction has been recently supported by
theoretical calculations showing oxidative addition of two alkynes to give metallapentadienes to be the key
step followed by the addition of the nitrile to these intermediates via a side-on fashion.” The rate of the
pyridine formation is independent of the nitrile concentration, the amount of alkyne trimerization may be

kept low by using nitrile in excess, if practical.

R
R
+3 +3 =
M M
R
CN R R
R‘ CN
Scheme 1. The reaction mechanism of [2+2+2]-cyclotrimerization of alkynes with nitriles.

When symmetrically substituted alkynes are used for cyclotrimerization, only one product is formed.
However, in the case of terminal or unsymmetrical alkynes, a mixture of several possible regioisomers might

be formed as the result of the formation of variously substituted metallacyclopentadienes (Scheme 2).
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R R + R—CN ——

_— 1_ .

Scheme 2. The regioisomer formatlon in the cyclotrimerization of alkynes and nitriles.

1.3. Catalysts

A number of transition metal compounds are able to catalyze the selective cyclotrimerization of
alkynes with nitriles. The use of various catalysts affecting the cyclotrimerization has been recently reviewed
by Sai and Varela in 2003*" and 2008™" thus this area will be focused just on general aspects and the
summary of catalysts or catalytic systems with the pertaining references is given in Table 1. Although a
great deal of transition metal compounds has been used to affect the cyclotrimerization of alkynes and
nitriles it is important to emphasize the pioneering works of Wakatsuki and Yamazaki* as well as that of
Bergmann5 and Boénnemann.”

Among the catalysts most often used there is the commercially available CpCo(CO),, known also as
Vollhardt’s catalyst and its derivatives such as CpCo(cod) and unstable, but highly reactive,
CpCo(CH,=CHa;),, known as Jonas’ catalyst. The cobalt-catalyzed pyridine synthesis can be carried out also
by in situ generated species from CoCl,-6H,O/NaBH,. Popularity of the cobalt based-catalysts arises from
their robustness and often the high effectiveness/price ratio and reasonably wide tolerance to various
functional groups. Even today the use of CpCo(CO), is widespread and the carrying out of the reactions
under different reaction conditions (such as light irradiation at 0-25 °C, microwave irradiation, appropriate
choice of the solvent) has enabled to expand horizons of its application. It is also worth mentioning that the
in situ generation of catalytically active species from CoCl,-6H,O/dppe/Zn or Co(dppe)l,/Zn brings
considerable simplifications. The use of cobalt compounds is followed mainly by rhodium and recently by
ruthenium complexes as well. In addition, it has been shown by Louie that cyclotrimerization of alkynes
with nitriles can be catalyzed also by nickel-carbene complexes. A rare example of the Pd-complex
catalysed cyclotrimerization of nitrile with diphenylacetylene was also reported (for pertaining references,
see Table 1).

Last but not least, it should be mentioned that the pyridine ring could also be constructed by using
stoichiometric processes. Typically those are based on the use of early transition metal compounds such as
Zr and Ti. As for the former, it has been shown by Takahashi ef al.’ that the reaction of a preformed
azazirconacyclopentadiene with an alkyne in the presence of the stoichiometric amount of NiCly(PPhs),
resulted in the formation of highly substituted pyridines (Scheme 3). It is assumed that azanickelacyclo-
pentadiene is the reactive intermediate able to undergo insertion of the second alkyne. Since this
methodology is based on the sequential formation of azazirconacyclopentadiene from an alkyne and a nitrile,
followed by the addition of a second alkyne, it enabled the regioselective synthesis of pyridines from two
different alkynes (Figure 1). As for the titanium-based cyclotrimerization, the early examples of

titanacyclopentadiene reactions with nitriles to give substituted pyridines were reported by Rothwell.?
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Table 1. Catalytic systems for alkyne/nitrile cyclotrimerization.

Metal Catalysts Conditions References

Co CpCo(CO), heating 5,13, 14, 17, 25-27, 40, 44, 53, 55, 62, 64, 75
Co-cyclopentadienes 4, 63
CpCo(CO), solvent effect 20
CpCo(CO), mw 16, 21-23, 41-43, 54
CpCo(cod) 18, 19, 24, 31-36, 38-40, 66
CpCo(cod) hv, 0-25 °C 36, 45, 46
CpCo(CH,=CH,), 15, 27, 40, 67, 75
CpCo(CO)(fumarate) 77
Cp,Co 12
CoCl,-6H,O/NaBH,4 6, 66
CoCl,-6H,0O/dppe/Zn 56
Co(dppe)l,/dppe/Zn 57
CoClo/Mn or Zn 65
Co-vapour 66, 69
Co(0) complexes 70

Rh [Rh(L)]'X™* 47, 48, 49, 76
Rh-complexes 68,71, 73,74

Fe Fe(CH,=CH,),(toluene) 72

Ru Cp*RuCl(cod) 3b, 28, 59
Cp*Ru(MeCN);PF¢ 58

Ni Ni(cod),/SIPr ° 60

Pd [C3Hs5PdCl],/PPh; 61

Ta Ta(DIPP),C13-(OEt,) ¢ 11la
TaCls/Zn 11b

“L=bidentate chiral phosphines. ’SIPr=1,3-bis-(2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene. ‘DIPP=2,6-diiso-
propylphenoxy.

R’ R R3—R3
R1 R1 .
e A= %ZC R2-GN szc NICL,(PPhs),
P2£LTEL reps - AP
R2 N 'CPQZFC'Q
R1
1 3
R Z | R
- Ni(PPhg), R27 N R3S

Scheme 3. The reaction mechanism of the Zr/Ni-mediated pyridine formation.
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Ph SiMes SiMes SiMes
Ph _ Pr Bu _ Me Bu _ Et Bu _ Me
< < < <
Et” "N~ "Pr Et” "N~ “Ph | X N~ “Ph N~ “Ph
N
= Me
77% 77% 62% 58%

Figure 1. Typical examples of the Zr/Ni-mediated pyridine synthesis.

These results served as the basis for another selective formation of substituted pyridines from two
different alkynes and a nitrile developed by Sato et al. (Scheme 4).° The advantage of the Ti-based
methodology is in tolerance of ester groups present in reactants, which are otherwise incompatible with the
Zr-based procedure. Fe-mediated reaction of two phenylethynes with acetonitrile was reported10 as well. A
tantalum complex'' or tantalum species''® formed by the reduction of TaCls in the presence of Zn were also

reported to mediate cyclotrimerization of alkynes with nitriles.

L Ti(O-1Pr)s CONEt,
R—==—CONEt; 5 ippygCI _ TolISO,CN
+ Ti(O--Pr),
R2—— -50 °C = ~50 °C
R2
. , CONEt CONEt
(Pr-£0),Ti. CONE, . CONEL . 2 o 2
R’ 3 N. Z N H' Z N
N —  _LTiO-Pr) | —— S — |
R2 SO,Tol TiXs3
SO Tol R2 R2 R2
Scheme 4. The reaction mechanism of the Ti-mediated pyridine formation.
CONEt, CONEt, CONEt, CONEt, CONEt,
Hex NN Et NN Et N Et N Ph N
X ! A ! A ! 2 ! A !
Hex (CH5)>,0Bn Ph SiMes Ph
62% 68% 70% 55% 67%

Figure 2. Some typical examples of the Ti-mediated pyridine synthesis.

1.4. Regioselectivity

The synthesis of unsymmetrically substituted pyridine rings faces several problems associated with
chemo- as well as regioselectivity issues. This especially concerns the catalytic cyclotrimerization of two
alkynes with a nitrile. Nonetheless, these problems could be overcome by taking several different
approaches. As for the catalytic methods, in order to achieve high regio-control one has to resort to substrate
limitations. High degree of chemoselectivity can be reached in cyclotrimerization of two identical alkynes

with a nitrile as far as the formation of pyridine is concerned (Figure 3, A); however, the use of
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unsymmetrically substituted alkynes or two different alkynes (see Scheme 2) leads usually to a statistical
mixture of all possible isomers. High degree of regioselectivity as well as chemoselectivity is achieved in
cyclotrimerization of a diyne with a nitrile (Figure 3, B) and an ynenitrile with an alkyne (Figure 3, C). The
methods B and C are complementary and give regioisomeric bicyclic pyridines. All these approaches have

been utilized in syntheses of natural compounds.

/RR i R
R/ ‘ R R [ ‘ AR
A + I — | B X s I — X |
R N N N— N
\ R —
AN
R R
L R
c X + |l — X |
\—:N N

Figure 3. Different ways of the cyclotrimerization of alkynes with nitriles.

A stepwise construction of the pyridine framework based on the use of stoichiometric processes
deserves special attention. This was already recognized in early papers on the cyclotrimerization of alkynes
with nitriles: the stepwise formation of unsymmetrically substituted cobaltacyclopentadienes was followed
by their reaction with nitriles. However, the necessity to purify intermediate cobalt complexes and also the
formation of regioisomeric products in the last step make this approach impractical.4 These problems were

solved almost thirty years later thanks to advances in metallacyclopentadiene chemistry of zirconium and

Et Pr Et Pr
Et._~ Pr Pr~ Et Et._~ Pr Pr_~ Et
o o . o
Me N Pr Me N Et Ph N Pr Ph N Et
86% 58% 73% 63%
Figure 4. Selected examples of the regioselectively prepared pentasubstituted pyridines.

titanium.

1 1

R R
1 1
R'—— R ~ R g2y R = mr
CpoZr, _

szZrEtQ Cp22r -
|
R2 CuC
R R! R’
1 1 H* 1
| ﬂ _’ f\I
N M 7 P
M7 R N” O R? Me” N7 “R2

M = Cu or Cp,ZrCl

Scheme 5. The reaction mechanism of the Zr/Cu-mediated pyridine formation.

In the case of the polysubstituted pyridine synthesis, the stepwise cyclotrimerization approach based

on the sequential reaction of alkynes and a nitrile through metallacycles could provide high degree of
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regiocontrol with respect to the substituent arrangement on the pyridine ring. Such is the example of the
Zr-mediated synthesis of pentasubstituted pyridines (Scheme 3) where the switch in order to use two alkynes
could lead to the synthesis of regioisomeric pyridines (Figure 4).” An alternative regioselective synthesis of
tetrasubstituted pyridines is based on a similar approach; however, azazirconacyclopentadiene is allowed to
react with propargyl bromide in the presence of the stoichiometric amount of CuCl (Scheme 5, Figure 5).”
Owing to the reaction mechanism regioselectively substituted pyridines can be also prepared by the

titanium-mediated selective co-cyclotrimerization of two different alkynes.”

r SiMey Ph
Et — | Pr _ | Bu _ | Ph _ |
NS NS NS S
N Me Et N Me Ph N Me N Me
t-Bu
98% 57% 54% 73%

Figure 5. Selected examples of the regioselectively prepared 2,3,4,6-substituted pyridines.

2. Synthesis of natural compounds and their congeners

The pyridine ring is the essential structural feature in several groups of compounds found in Mother
Nature. One of the most well known naturally occurring compounds possessing pyridine ring, albeit
structurally simple, is probably (S)-nicotin, 3-[2(S)-1-methylpyrrolidin-2-yl]pyridine. Although the
cyclotrimerization of alkynes with nitriles to pyridines constitutes an efficient synthetic method for the
construction of six-membered heterocyclic nucleus, this synthetic strategy has been in last 30 years applied
for synthesis of natural compounds, derivatives thereof and biologically active compounds in just a few
cases so far.

One of the first cyclotrimerizations of alkynes with nitriles used in the synthesis of natural compounds
or their derivatives appeared as early as in the mid 1980s, when there were almost simultaneously published
two independent reports on the synthesis of pyridoxine (vitamin B6) by the group of Schleich'? and that of
Vollhardt." The synthetic strategy of both the syntheses was similar, i.e. they were based on the co-
cyclotrimerization of a diyne with a nitrile. The former synthesis (Schleich) started with the reaction of
bis(trimethylsilyl)propargyl ether in the presence of an acetonitrile excess catalyzed by rarely used Cp,Co. It
provided the crucial intermediate bistrimethylsilylated cyclopenta[c]pyridine, which, after the additional

elaboration, gave desired pyridoxine hydrochloride (vitamin B6) (Scheme 6).

SiMes

Cp,Co OH
/—==—SiMes (5 mol%) o~ Me Mo
(0] + MeCN QO . lN —_ HO = I
—="SiMe, MecA HO._Jx_N . HCl
SiMe3
vitamin B6

Scheme 6. The synthesis of vitamin B6 (Schleich).

The latter one (Vollhardt) applied the same strategy but used bis(trimethylstannyl)propargyl ether and
CpCo(CO), as the catalyst instead. The bistrimethylstannylated cyclopenta[c]pyridine obtained was

subjected to additional functional group manipulation to give rise to vitamin B6 hydrochloride (Scheme 7).
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SnMe3

_ CpCo(CO), M OH
/—=—=—5nMe, (5 mol%) % e _, Me
0 + MeCN Ol IN —_ HO Y
—==SnMe; Mech HO._AS\ N . HCI
SnMej o
vitamin B6

Scheme 7. The synthesis of vitamin B6 (Vollhardt).

The concept of the cyclotrimerization of an yne-nitrile with an alkyne was the underlying strategy for
the synthesis of ergot alkaloid lysergene by Vollhardt."* The reaction of the yne-nitrile with the indol
skeleton catalyzed by CpCo(CO), yielded a tetracyclic compound with the ergot skeleton (Scheme 8) in
regioselective manner. The target compound, lysergene, was obtained by further synthetic operations. An
alternative approach to this type of alkaloids was outlined by Groth."” His strategy was based on the fully
intramolecular cyclization of a diyne-nitrile having the alkyne moieties connected through a silicon tether
(Scheme 9). Its cyclotrimerization was carried out under catalysis of CpCo(CH,=CH,),; interestingly, the
use of CpCo(CO); as the catalyst did not bring about the desired transformation. Moreover, the obtained
tetracyclic intermediate showed considerable resistance to desired functional group transformations, namely
the cleavage of the silicon tether. Thus its conversion to the desired ergot alkaloid derivative — lysergene —

was not accomplished.

OH
OH  GpCo(CO),
— || (10 mol%) 7\ SiMe. 74
+ 3 —
benzene —N - NMe
HN CN o
4 SMe; 48T HN__ HN__

lysergene
Scheme 8. The synthesis of lysergene based on intermolecular cyclotrimerization.

Me Si/o
— S|Me2 C(p2C50I(T?02|l;}4))2 ?
\o : ° 7 N\
HN_ / Et,O —\
/ —80 ’[O 20 °C HN
CN 39% 4

Scheme 9. The synthesis the lysergene framework based on intramolecular cyclotrimerization.

The reaction of a diyne with a nitrile bearing a suitable functional group in the side chain reported by
Deiters et al. was the underlying strategy for the cyclotrimerization/intramolecular alkylation sequence
utilized for the synthesis of phenanthroindolizidine class of alkaloids.'® [2+2+2]-Cyclotrimerization of
2,2’-diethynylbiphenyl with 4-mesylbutanenitrile catalyzed by CpCo(CO), was carried out under microwave
irradiation (Scheme 10). In the course of the reaction, the non-nucleophilic N-centre of the nitrile was
converted into the nucleophilic pyridine moiety that subsequently underwent an intramolecular nucleophilic
substitution with tethered sulphonate leaving group. This one-pot reaction directly yielded dehydrotylo-
phorine in 78% yield. Its reduction with NaBH, gave rise to tylophorine in quantitative yield.

The cyclotrimerization was also exploited in the synthesis of the heterocyclic moiety of antitumor

ll7

alkaloid camptothecine by Vollhardt ef al.”’ On the contrary to previous cases, a substrate with isocyanate
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moiety was used instead of the nitrile. The key synthetic operation was the cyclotrimerization of
1-isocyanato-1-pentyne with an unsymmetrically functionalized alkyne to give a bicyclic intermediate that

was subsequently transformed into the target molecule (Scheme 11).

OMe OMe OMe
MeO MeO
O NG CpCo(CO)»
% \\ . :> (10 mol%)
O MsO toluene
mw
OMe 120 °C MeO MsO
OMe OMe OMe
dehydrotylophaorine tylophorine

Scheme 10. The synthesis of tylophorine.

0
T0  h Gacolco), Hor
© = (20 mol /o 7N\
N + m-xylene, N - s
\\C\ SiMes hv, reflux SiMes = N @]
\
60% camptothecine

Scheme 11. The synthesis of camptothecine.

As for analogs of natural compounds, the synthesis of 2-nicotine (regioisomer of nicotine) by Chelucci
et al. should be mentioned.'® In this case, an intermolecular cyclotrimerization of a chiral nitrile with ethyne
was applied. The pyridine ring was assembled by the reaction of ethyne with a boc-protected
(25)-2-cyanopyrrolidine, prepared from L-proline, catalyzed by CpCo(cod) under standard thermal
conditions (Scheme 12). The corresponding chiral 2-(2-pyrrolidinyl)pyridine was obtained in very good 80%
yield. Finally, the deprotection provided 2-nornicotine (R=H) and its methylation under usual conditions
yielded (25)-2-nicotine (R=Me).

toluene
Cbz 110 °C

CpCo(cod)
(32 mol%) SN \\ \\ AN W
1wy Gl = O v
~
80% nicotine

R Me
Scheme 12. The synthesis of 2-nicotine.

3. Synthesis of potentially biologically active compounds

Since the pyridine ring is found in many biologically active compounds (see above), the
cyclotrimerization reaction offers an attractive approach for the synthesis of various compounds with
potential medicinal application. One of the early examples was the synthesis of pheniramines that constitute
an important class of antihistaminics agents by Botteghi ef al. (Scheme 13)." Thus the cyclotrimerization of
benzyl nitriles with variously substituted aryl moiety with ethyne catalyzed by CpCo(cod) gave the target
compounds in good yields: 85% (X=H), 75% (X=Cl) and 70% (X=Br).
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X
CpCo(cod)
(8.5 mol%) X=H, 85%
+ = X =Cl, 75%
140 °C N X =Br, 70%
Me,N CN MezN T
€o S

Scheme 13. The synthesis of pheniramines.

Recently the cyclotrimerization of nitriles with various silicon-tethered diynes was used by Schreiber
et al. to generate a library of potential inhibitors of neuregulin-induced neurite outgrowth.20 The reaction of
silyloxaheptadiynes or silyoxaoctadiynes with nitriles catalyzed by CpCo(CO), (25-30 mol%) at 140 °C in
THF provided good yields of the desire bicyclic silylpyridines without the necessity of any external

irradiation (Scheme 14).

R? R'

Rl—— &-R®  CpCo(CO); i 5
5 o (25-30 mol% N X '\ TBAF Ny OH
R°—CN + |
P '//R3 THF 140 oC R5 ’/R3 R5 = "/R3
rR— i Lo T

Scheme 14. The cyclotrimerization of nltrlles with silyloxadiynes.

In some cases, better results were obtained by using the stoichiometric amount of the Co-complex with

respect to the reactant (Figure 6).

Ph
/—Pr
- IFPr //-
Cl A S\
O
Cl :

62%, cat. 30 mol% 80%, cat. 100 mol%

o "0 MeO MeO
30%, cat. 30 mol% 50%, cat. 30 mol% 87%, cat. 30 mol% 98%, cat. 30 mol%

Figure 6. Some typical examples of the cyclotrimerization of silicon-tethered diynes with nitriles.

The bicyclic silylpyridines and monocyclic pyridines, prepared by treating the former with TBAF,
were tested for the aforementioned biological activity. Using this assay, 1-[2-phenyl-6-(3,4,5-trimethoxy-
benzyl)-pyridin-4-yl]-propan-1-ol (Figure 7) was discovered to be a potent inhibitor of the neuregulin/ErbB4
pathway, with an approximate ECsj of 0.30 uM, while its bicyclic precursor was inactive at 20 uM.

A similar approach, i.e. the fully intramolecular cyclotrimerization of a diyne-nitrile, reported by
Snyder et al., was applied also for the synthesis of a library of unnatural heterocycles — tetrahydro-

naphthyridines.21 Suitably substituted diyne-nitriles were used as starting material in which the alkyne and
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nitrile functionalities were tethered by N and O atoms. The cyclotrimerization catalyzed by CpCo(CO),
under microwave irradiation led to the formation of four basic scaffolds that were further elaborated by
functional group transformations (Scheme 15). The testing of the prepared library of compounds against

Mycobacterium tuberculosis revealed three lead structures with promising MIC values (Figure 8).

OMe Ph
MeO N .
NI N inhibitor of the neuregulin/ErbB4 pathway
H ECso: 0.3 uM
MeO = _ o) 50
_\
Figure 7. A potent inhibitor of the neuregulin/ErbB4 pathway.

PMB-~ CpCo(CO), O._R? R'=Ph, R?=CHg, 81%
(0mof%) . R! = CH,OPh , R? = CHg, 87%
mw, PhCl, N | R' = n-C4Hg , R? = CH3, 87%
... 180 °C, 15 min SR R'= 2-Me-4-MeOPh, R? = Ph, 91%

Scheme 15. The intramolecular cyclotrimerization of diyne-nitriles into tricyclic heterocycles.

Me OMe
MIC M. tuberculosis: 5.0 uM MIC M. tuberculosis: 3.8 uM MIC M. tuberculosis: 1.5 uM
Vero cell ICsq: >50 pg/mL Vero cell IC5y: >50 pg/mL Vero cell ICsq: >50 pg/mL

Figure 8. Three lead compounds showing high activity against Mycobacterium tuberculosis.

The cyclotrimerization of a diyne with a nitrile was also used for synthesis of new types of bicyclic
6-(tetrahydroisoquinolinyl)purines as potential purine based cytostatics (Kotora et al.).?* In this instance, the
successful reaction of purinyldiynes with nitriles was carried out in the presence of the stoichiometric or
catalytic amount of CpCo(CO); under microwave irradiation (Scheme 16). It should be emphasized that the
application of microwave irradiation was essential for the successful course of the reaction (isolated yields
were within the range of 29-89%), because under usual thermal conditions it gave the desired products
either in low yields or it did not proceed at all. It should be noted that, in many cases, the yields obtained
under catalytic conditions were superior to those obtained with the stoichiometric amount of the cobalt
complex. Few typical examples of the prepared 6-heteroarylpurines are given in Figure 9. The
cyclotrimerizations could also be expanded to the synthesis of 1,4-bis(purin-6-yl)tetrahydroisoquinolines
(Scheme 17) under the identical conditions. The products were obtained in 28-42% isolated yields.
Unfortunately, the further testing of the prepared compounds for cytostatic activity did not identify any

promising leads among them.
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X R1
: CpCo(CO) T 1
| | | | (20 opr 0 02I%) N R! = alkyl, aryl, heteroaryl

2
R1_CN + \ n Re = Bn, THP
N7 X N mw NTX X =CH,, O
L > THF, 200 °C L n=1 2
= N

I o O
N~
NTXN
LAy
N~ N
THP
50%, cat. 100 mol% 75% 42% 56%, cat. 100 mol%

Figure 9. Some typical examples of the cyclotrimerization of 6-diynylpurines with nitriles
(20 mol% of the catalyst unless otherwise noted).

CpCo(CO), R' = Ph, R2=Bn, 31%
(100 mol%) R' = Me, R2 = Bn, 33%
mw R' = Ph, R% = THP, 42%
THF, 200 °C R'! = 4-CF3Ph, R? = THP, 28%

Scheme 17. The synthesis of 1,4-bis(purin-6-yl)tetrahydroisoquinolines.

The cyclotrimerization of 1,2-bis(propyn-3-yl)benzene with various nitriles was reported to be a
convenient method for the rapid and high yielding synthesis of 2-azaanthracenes (Scheme 18).” The
catalysis of the reaction by CpCo(CO), under microwave irradiation led to almost quantitative yields of the
corresponding products. The prepared 2-azaanthracenes exhibited generally higher fluorescence levels than

the similar anthracenes.
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— CpCo(CO),

T (10 mol% DDQ Z
+ R-CN
. toluene 120°C N N NS N

20 mm R = Me, 94%
R = Pr, 87%
= (CH,),0H, 83%
R = CH=CH,, 90%
R = Ph, 87%
R = Pyr, 80%

Scheme 18. The synthesis of fluorescent 2-azaanthracenes.

4. Synthesis of pyridines and bipyridines

The synthesis of polypyridine compounds and namely bipyridines — potential ligands for transition
metal compounds — has attracted considerable interest since the beginning of the application of the
cyclotrimerization of alkynes with nitriles. One of the first examples was demonstrated by Bonnemann et al.
who showed that the cyclotrimerization of cyanopyridines with ethyne catalyzed by CpCo(cod) led to the
formation of the corresponding bipyridines (Scheme 19).%* The reaction was carried out either with ethyne or
terminal alkynes. Thus the reaction of 2-cyanopyridine with the former gave rise to unsubstituted
2,2’-bipyridines, whereas its reaction with the latter provided a mixture of 3,6- and 4,6-disubstituted
2,2’-bipyridines. Similar results were obtained with 3-cyano- and 4-cyanopyridines as well. This concept has

later become the standard strategy for the synthesis of chiral pyridine base ligands (vide infra).

CpCo(cod) R R
(0.9 mol%) — — R=H, 95%
@—CN + R= =YX ! M= ) R=Me 91%, 72128
=N toluene =N N =N N R = Ph, 79%, 69/31
120 °C R R

Scheme 19. The cyclotrimerization of 2-cyanopyridine with alkynes.

Some 20 years later Sad et al. developed several other approaches to compounds with the bipyridine
scaffold. The first method was based on the cyclotrimerization of o,®-ynenitriles with 2-alkynylpyridines
catalyzed by CpCo(CO), under light irradiation (Scheme 20).

The crucial condition for high yields of the pyridine products was the slow addition of the catalyst into
the reaction mixture through the whole course of the reaction. Disappointingly, the scope of the reaction was
highly depending on the structure of substrates and also regioselectivity was rather poor: the products were
always obtained as a mixture of 2,2°- and 2,3’-bipyridines in favour of the latter. This procedure was also

used with some success for synthesis of terpyridines.

SiMes =
L CpCo(CO)» |
( )n = || (C:Olmol/o) . f | N
C=N oluene .
Z N reflux, hv N" “SiMes

A
=1,75%, 1/1.1
=2,76%,1/1.5

Scheme 20. The cyclotrimerization of o, ®-ynenitriles with 2-alkynylpyridines to 2,2’- and 2,3’-bipyridines.
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The same authors later developed an alternative procedure that was based on the cyclotrimerization of
5-hexynenitrile with 1,4-substituted 1,3-butadiynes, allowing to synthesize compounds with the bipyridine
scaffold in one step. As in the aforementioned case, the reaction was catalyzed by CpCo(CO), under light
irradiation (Scheme 21).%° Unlike the previous cases, regioselectivity was shifted in favour of the formation

of 2,2’-bipyridines.

R R
R 7 N\ \
—N =
L | | CpCO(<|3°O)2 R = Me, 48%, 1.7/1
a (30 mol%) . R = CH,OMe, 63%, 2.7/1
Cc=N | | toluene R= CHQOSIEt3, :‘-5%, 41
reflux, hv R R R = COOMe, 18%, 1.4/1
R N
7200 /N
—N _

Scheme 21. The cyclotrimerization of 5-ynenitrile with 1,3-butadiynes.

As for the synthesis of other compounds possessing several pyridine rings, the cyclotrimerization of
bis-alkynylnitriles with alkynes is worth mentioning. The procedure was also developed by the group of Sai
and opened a new approach to C,-symmetric ligands.27 The reaction was again catalyzed by CpCo(CO),
under light irradiation, but attempts to improve the yield by using CpCo(cod) and CpCo(CH,=CH3), did not
materialize (Scheme 22). In general, the cyclotrimerization provided the desired compounds — bis-pyridines
— in rather low yields (7-33%) strongly depending on the substituents attached to the alkyne triple bond.

R n=1,R=H, 7%, (32% with CpCo(cod))

\\ // R CpCo(CO);

(30 mol%) R = SiMe3 33%
nl In o+ | t R R = Ph, 9%
oluene R = COOMe, 7%
NC CN R reflux, hv n=2, R=_SiMe3 32%

Scheme 22. The cyclotrimerization of bis-ynenitriles with alkynes.

A similar method for the synthesis of bispyridinyl compounds was reported by Itoh et al. who utilized
the cyclotrimerization of o,-diynes with nitriles.® Importantly, they demonstrated that Cp*RuCl(cod) is
the alternative choice to the Co-based systems concerning the reaction conditions (lower reaction
temperature, lower catalyst loads) and functional group variety attached to the diynes or nitriles. In addition
they opened a new and efficient approach to bipyridines showing that they could be accessed in a single step

by the cyclotrimerization of 1,6,8,13-tetradecatetraynes with nitriles (Scheme 23).

o MeOOC, =
MeOOC, Cp*RuCl(cod) - ON
Py (10mol%)  MeOOC x-N
MeOOC COOMe + NC~ “CN
CICH,CH,CI NN COOMe
=/ COOMe 80 °C |
95% NC z COOMe

Scheme 23. The cyclotrimerization of a tetrayne with a nitrile.
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This approach has later become the standard synthetic pathway to various bipyridines. Generally, it
should be taken into the account that both catalytic systems are complementary and their choice depends on

the substrates nature: Co-catalysts for electron-rich nitriles whereas Ru-catalysts for electron-poor nitriles.

5. Synthesis of pyridine based chiral ligands and catalysts

The discovery of chirality led to the development of new methods for obtaining enantioenriched
compounds. The importance of chirality is underscored by the fact that nearly all natural compounds are
chiral and their physiological and pharmacological properties depend upon their recognition by chiral
receptor. Also many enantioselective syntheses are based on the use of transition metal complexes with
chiral environment around the central metal atom. In this respect, a great deal of effort has been devoted to
design and synthesise new chiral ligands. Moreover, the concept of organocatalysis and recent developments
in enantioselective organocatalytic reactions indicate the importance of synthesizing of new pyridine-based
Lewis basic catalysts. Since this area has been recently reviewed,” this part will be limited to the basic
concepts of synthesizing of chiral pyridine ring containing compounds.

Generally, there are several strategies for the synthesis of chiral pyridines based on the use of the
catalytic cyclotrimerization reaction: i) the cyclotrimerization with chiral nitriles, ii) the synthesis of racemic
pyridine compounds followed by resolution, and finally, iii) the cyclotrimerization catalyzed by chiral
catalysts (this will be dealt with in Section 6, because this approach has not yielded a useful ligand yet).

As for the first approach, i.e. the first cyclotrimerization with a chiral nitrile was reported already in
1975 by Botteghi et al.®® who dealt with the cyclotrimerization of (+)-(S)-2-butyronitrile with ethyne
catalyzed by CpCo(cod). It gave chiral pyridine in excellent 95% yield of high optical purity (Scheme 24).

CpCo(cod)  Me  LEt
MeYEt . — (3 mol%) § 95%
CN 140 °C | N optical purity min 80%
optical purity min 83% Z

Scheme 24. The synthesis of a pyridine with the chiral side-chain.

Gratifyingly, this result showed that the reaction conditions did not lead to the loss of the chiral
information of the nitrile, i.e. racemization, and that it was transferred onto the product. Soon, it was
followed by the cyclotrimerization with other chiral nitriles.”' This approach was applied for the synthesis of
a chiral pyridylphosphine — PYDIPHOS — a N,P-ligand (Scheme 25). The preparation was based on the
reaction of the chiral nitrile, prepared from diethyl L-(+)-tartrate, with ethyne (14 atm) and catalyzed by
CpCo(cod) in toluene at 120 °C.* The pyridine intermediate was formed in excellent 91% yield.

CpCo(cod
> > Ploat)

Q o = Q" o,
/_< - f( toluene RO
EtOOC COOEt RO CN 120 °C

PYDIPHOS

Scheme 25. The synthesis of pyridyl-phosphine PYDIPHOS.
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Similarly, the reaction of a bisnitrile, also derived from the tartrate, with ethyne under the identical

conditions yielded bispyridine in 70% yield (Scheme 26). The above mentioned approach was used to

18,34

synthesize a number of various chiral hydroxyalkylpyridines,” aminoalkylpyridines and also

aminoalcohols. >

>( CpCo(cod) o
(cat.) 3
=z O + =
/—( toluene
NC CN 120 °C

Scheme 26. The synthesis of chiral bispyridine.

Recently, it was shown by Heller et al. that the cyclotrimerization of alkynes with chiral nitriles could
be carried out under much milder reaction conditions. They showed that catalysis of the reaction with
CpCo(cod) (1 mol%) at 25 °C under light irradiation gave high yields of corresponding pyridines (Scheme

27).%® Some typical examples are shown in Figure 10.

_ CpCo(cod) R" RS
3_— pn3
R! RP—R (1 mol%) y
“»—C=N + or R? |
R2 = hv (A 420 nm) N
toluene
= 25 °C R3

R' = alkyl; R? = alkyl, amido; R® = H, Me
Scheme 27. The synthesis of pyridines with a chiral side-chain.

© 5 NHAc
/,,'l AN
N. BnOCON

82% 89% 83% 64%
Figure 10. The synthesis of chiral pyridines by the reaction with chiral nitriles
and chiral side-chain from nitriles.

The aforementioned approach was also successfully applied to the synthesis of chiral bipyridines.
Chiral nitrogen containing ligands have distinct advantages over phosphines: i) they can often be employed
in catalytic processes where the use of phosphines may be incompatible with the reaction conditions,
ii) many nitrogen ligands are now available in the enantiomerically pure form and iii) ligands that bind
through nitrogen are known to coordinate with a wide variety of metal ions and considerable progress has
been made in understanding the role, which these ligands play in affecting catalytic processes. Out of variety
of nitrogen ligands the most important are those with 2,2’-bipyridine scaffold.”’

The first such an example was reported already in 1984 and was based on cyanation of (+)-(S)-2-sec-
butylpyridine, which itself was prepared by the cyclotrimerization of (+)-(S)-2-sec-butyronitrile with ethyne
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(see Scheme 24), that provided two regioisomeric cyanopyridines (+)-2-cyano-6-((S)-sec-butyl)pyridine and
(+)-4-cyano-(2-(S)-sec-butyl)pyridine. The subsequent cyclotrimerization of the obtained (+)-2-cyano-6-
((S)-sec-butyl)pyridine provided the corresponding bipyridine in 80% yield (Scheme 28).

Me L Et CpCo(cod) Et
(3.3 mol%) Me
+ = —N N 80%
| N toluene w 7\ °
7 CN 120 °C __

Scheme 28. The synthesis of a bipyridine with a chiral side-chain.

A similar approach was undertaken also in the synthesis of chiral bipyridine-phosphine (Scheme 29).%
The bipyridine framework was constructed in a stepwise fashion: i) the cyclotrimerization of ethyne with a
chiral nitrile (see Scheme 25), ii) the cyanation of the prepared chiral pyridine, and finally, iii) the
cyclotrimerization of the prepared chiral cyanopyridine. The cyclotrimerization proceeded very well and
provided the desired bipyridine in 86% yield. The cyclotrimerizations of other chiral cyanopyridines were
carried out as well and in all instances the yields of the corresponding bipyridines were very high (up to
95%).%*

CpCo(cod)
(5mol%) RO —_—
+ pr—
toluene
120 °C 86%

Scheme 29. The synthesis of a chiral bipyridine-phosphine.

As it has been mentioned above, the cyclotrimerization of suitably substituted alkynes (diynes) with
nitriles can serve as a convenient pathway for the synthesis of various bipyridines. In this regard, a recent
application of pyridine and bipyridine N-oxides as Lewis basic organocatalysts for activation of silicon
compounds has provided an important impetus for renewed interest in this area. This approach has been
taken by Kotora et al. who used cyclotrimerization of various diynes with nitriles for the synthesis of
arylpyridines and bipyridines that were further used for the preparation of axially chiral N-oxides used in
asymmetric allylation of aldehydes.***' Thus the cyclotrimerization of 1-pyridyl-1,7-octadiynes with
benzonitrile was carried out under two different conditions: A, classical thermal conditions and B, under
microwave irradiation. The results obtained clearly show benefits of the conditions B, not only as far as
yields are concerned but also in reaction time, which was shorten from 24 h to 20 minutes (Scheme 30).41
The similar approach, i.e. the cyclotrimerization under microwave conditions of 1-isoquinolyl-1,7-octadiyne
with various nitriles, was used by the same group for the synthesis of (tetrahydroisoquinolinyl)isoquinolines
that were transformed into chiral (tetrahydroisoquinolinyl)isoquinoline N,N’-dioxides.**

A considerable improvement in the bipyridine synthesis was achieved later, when it was found that
bipyridines derivatives — 1,1’-bis(tetrahydroisoquinolines) — could be prepared by the one-pot

cyclotrimerization of hexadeca-1,7,9,15-tetrayne with nitriles under microwave irradiation (Scheme 31).43 It
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should be emphasised that carrying out the reaction under conventional thermal conditions did not result in
any reaction. When one takes into the account that the bipyridine formation consists in the formation of six
new bonds and that the tetrayne is susceptible to oligomerization under the reaction conditions, then the
isolated yields of the corresponding bipyridines (up to 50%) could be considered as very good. The selected
bipyridines were oxidized to the corresponding N,N’-dioxides and, after separation into enantiomers, were
used in asymmetric allylation of aldehydes. In addition, the cyclotrimerization was also carried out with
chiral nitrile — 2-(R)-tetrahydrofuranecarbonitrile — yielding chiral bipyridine. Its oxidation provided two
diasteroisomeric N,N’-dioxides (R,S,R) and (R, R,R) stereoisomers that could readily be separated by a simple
column chromatography avoiding the often tedious and troublesome enantiomer separation. Few examples

of chiral N,N’-dioxides are displayed in Figure 11.

=
Conditions |
AorB N .
+ Ph—CN ——> -
Ry
S |

R= Cond.A Cond.B
H 30% 43%

A: CpCo(CO), (20 mol%), 140 <C, 24 h, CHs  27%  84%

B: CpCo(CO), (20 mol%), mw, 20 min. CF3  24% 35%
F 9% 65%
CN 18% 30%
OMe 0% 72%

Scheme 30. The synthesis of unsymmetrically substituted bipyridines.

R = Ph, 36%
N R R = Ph, 51%
3?5%8%2 SN R = 4-CF3CgHa, 46%
+ R=CN R = 4-CHgOCgHg, 50%
mw, 20 min Z>N R = PhCH,, 34%
NS

| o R= /0,48%
%o

Scheme 31. The one-pot synthesis of bis(tetrahydroisoquinolines).

Figure 11. Typical examples of chiral bipyridine N,N’-dioxides.

The synthesis of chiral bipyridyl compounds with binapthyl scaffold is also worth mentioning. In this
case the starting material, (R)-2,2’-dicyano-1,1’-binaphthyl, was cyclotrimerised with diynes yielding the
corresponding (R)—bispyridyl—binaphthyls.44 The reaction was catalyzed by CpCo(CO), under standard
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thermal conditions (Scheme 32). Since racemization was not observed during the cyclotrimerization steps

the expected products were obtained in ees over 99%.

OO o CpCo(CO), i
CN - ) (60 mol%) n=1,87%
* n=2,70%
CN — n toluene no3 9%
reflux

R, ee >99% R, ee >99%

Scheme 32. The synthesis of bis-pyridines with binapthyl scaffold.

6. Enantioselective cyclotrimerizations catalysed by chiral catalysts

There is no doubt that carrying out the catalytic asymmetric cyclotrimerization of alkynes with nitriles
providing chiral pyridine compounds (with axial chirality) would represent a state-of-art methodology as
well as a useful synthetic tool for the synthesis of chiral ligands. However, the development of such a
procedure has been hampered by issues associated with the reaction mechanism of the cyclotrimerization
(sufficient rigidity of the transition state ensuring the transfer of the chiral information) as well as the
availability of suitable catalysts or catalytic systems. Fortunately, there has been considerable progress in
this area recently.

The first successful asymmetric cyclotrimerization was reported by Heller et al. who demonstrated that
cobalt complexes bearing chiral cyclopentadienyl moiety (Figure 12) could efficiently catalyze the
cyclotrimerization with nitriles providing atropoisomeric arylpyridines.45 The crucial factor behind these
outstanding results was a careful choice of the reaction conditions. Owing to the discovery of a

36,46

photochemically induced cyclotrimerization at low temperatures (0-5 °C), they were able to carry out the

cyclotrimerization with high degree of enantioselectivity.

Figure 12. Typical examples of the used chiral cyclopentadienyl cobalt catalysts A-C.

2 R2
R | I
CN RZ —_— Cp CO(COd) N
OR N (1 mol%) R27N o RY N
+
OO THF, 20 °C OR! OR'
R2—R?2 vy (A 420 nm) OO OO

Scheme 33. The synthesis of atropoisomeric 2-arylpyridines.

The cyclotrimerization was carried out in two ways: either as the reaction of 2-methoxy-1-naphthyl-

cyanide with alkynes or diynes (Scheme 33), or as the reaction of 2-methoxy-1-diynylnaphthalene with
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nitriles (Scheme 34). In the former the ees were up to 71% (for typical examples of the prepared
arylpyridines, see Figure 13). On the other hand, the latter mode proceeded with substantially higher

=
S

enantioselectivity yielding products with ees >98%.
N R = Ph, 86%, ee >98%
R Me 88%, ee >98%

cat. C
| | | | (1 mol%)
+ R-CN
OMe THF, 3 °C OMe = tBu, 74%, ee >98%
hv (A 420 nm)

Scheme 34. The synthesis of atropoisomeric aryl-tetrahydroisoquinolines.

Et n-Pent n-Pent
Et = | Et n-Pent = | n-Pent n-Pent Z | n-Pent
Et NN n-Pent N n-Pent N
E O OMe E O OBn E O OMe E O OMe
cat. A, 14%, ee 45% cat. B, 3%, ee 59% cat. A, 11%, ee 40% cat. C, 2%, ee 63%

cat. A, 81%, ee 32% cat. B, 8%, ee 31% cat. B, 7%, ee 39% cat. C, 33%, ee 38%

Figure 13. Typical examples of synthesized chiral arylpyridines.

Important advance in the cyclotrimerization of alkynes with nitriles has been achieved by the
discovery of the possibility to catalyze this reaction by cationic Rh/phosphine complexes.”’” As for the
phosphine a wide range of ligands such as BINAP, Hs-BINAP, Segphos, etc. were successfully tested. In
addition, the potential of these catalytic systems was clearly demonstrated by the cyclotrimerization of a
diyne with a dinitrile catalyzed by a combination of [Rh(cod),]BF4/(R)-xyl-Solphos or (R)-BINAP that gave

rise to the enantio-enriched pyridines with tertiary stereocentre in the side-chain (Scheme 35).

[Rh(cod),]BF,

- (5 mol%) Mer_ Bn

MeOOC ——Me R Bn ligand MeOOC Z > CN
X + X ’
MeOOC “——=—=—Me NC° CN  CH.Clrt.  MeOOC x-N
R = H, (R)-xyl-Solphos, 91%, ee 64% Me

R = Me, (R)-BINAP, 75%, ee 33%
Scheme 35. The enantioselective cyclotrimerization of a diyne with a nitrile.

In a similar manner, the same catalytic system was used for the intramolecular cyclotrimerization of
tetrayne-dinitriles (Scheme 36).** The reaction gave rise to C;-symmetrical enantioenriched (up to 71% ee)

bispyridyl compounds (Figure 14). The generality of the above mentioned approach was also demonstrated
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by asymmetric cyclotrimerization of a tetrayne with cyanoacetate to axially chiral bipyridine in 38% yield
(ee 98%) along with achiral regioisomers (Scheme 37).* In view of the foregoing, it should be emphasized
that the enantioselective cyclotrimerization methodology can be used also for the synthesis of chiral

biaryls.”

[Rh(cod)2]BF4 (10 mol%)
(R)-Segphos or (R)-Hg-BINAP

CHQC|2’ r.t.

Ph Me
(R)-Segphos, 90%, ee 45% (R)-Hg-BINAP, 98%, ee 40% (R)-Hg-BINAP, 99%, ee 18%

Figure 14. Typical examples of synthesized chiral bis-pyridines.

Me
S —— Me [Rh(cod)]BF4 (10 mol%) QO ~ |N
g COOEt (S)-Segphos N~ COOEt
== + C 38%, ee 98%
o i CH,Cly, r.t., 16 h . -COOEt
; |
Me— R ~_N
Me

Scheme 37. Synthesis of a chiral bipyridine.

7. Other applications
The cyclotrimerization of alkynes with nitriles has been used in many other applications. Early

example of the cyclotrimerization carried out in water was reported by Heller as early as 1995.% Later it
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was shown that the use of water as the solvent had a beneficial effect on the formation of pyridines.**>' The
use of a water soluble catalyst — a cyclopentadienyl cobalt complex with a hydrophilic side-chain — allowed
to carry out the cyclotrimerization of various nitriles with propargyl alcohol or 1,4-butyndiol in a mixture
water/MeOH (Scheme 38).>

@)

OH
Co-cat. Q)J\/\/OH
(2.5 mol%) |
Me-oN + || H,0/MeOH Co
2 e S
BT &
76% catalyst

Scheme 38. The cyclotrimerization of alkynes with nitriles by a hydrophilic Co-complex.

CpCo(CO), O\ )

Q o 5 ] (20 m0|°/o) Tr.to | \ R
+ R——R* + R'-CN

Trto/\Q toluene N A NR2

reflux R

R1
Scheme 39. The synthesis of pyridines on a solid-phase.
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T 140 °C

meta para
Scheme 40. The formation of meta and para regioisomers by the macrocyclization of a diyne with a nitrile.
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Figure 15. Some typical examples of pyridine-cyclophanes.
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The cyclotrimerization was also used in solid-phase synthesis of pyridines. This method was
implemented in several modifications by immobilizing: i) one alkyne reaction partner on a resin,” ii) a diyne
or an ynenitrile.”* The former variant led to the formation of substituted pyridines (Scheme 39), whereas the
latter provided bicyclic pyridines.

Against the odds, the cyclotrimerization of long chain bis-alkynes with nitriles was shown to be
feasible and allowed the synthesis of fused pyridine macrocycles — pyridine—cyclophanes.5 > The reaction was
catalyzed by CpCo(CO); under light irradiation and to keep the low concentration of the bis-alkyne, in order
to prevent its oligomerization, it had to be added by a syringe pump (Scheme 40). In such a fashion the
corresponding pyridine-cyclophanes were obtained in reasonable yields (Figure 15). Because of the
flexibility of the long-tether connecting triple bonds, the products were always obtained as a mixture of para
and meta regioisomers with ring sizes ranging from 15 to 23. As for the nitriles, those bearing an aromatic,

heteroaromatic, alkyl and alkenyl moieties were successfully used.

8. Conclusion

Transition metal catalyzed [2+2+2]-cyclotrimerization of alkynes with nitriles constitutes a convenient
method for the preparation of various compounds possessing pyridine framework. The course of the
reaction, i.e. yield of the products and the possible formation of regioisomeric products, often depends on the
proper choice of the catalyst or catalytic system, on the electronic and steric nature of the substrates as well
as on additional factors (heating, irradiation, solvent, etc.). However, by making the careful choice and
variations of these factors, it is sometimes possible to control the overall outcome of the reaction. The broad
scope and synthetic aspects of this methodology have demonstrated that it could be used for the preparation
of not only natural compounds and their analogs but also of other classes of pyridine-ring containing
compounds such as potentially biologically active compounds, ligands for transition metals, etc. It is obvious
that the topic of the cyclotrimerization of alkynes with nitriles to pyridines has not been exhausted yet and
there is ever-continuing demand for better, cheaper and more selective catalysts as well as applications in

synthetic organic chemistry.
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Abstract. In this review, we will describe the latest achievements in the synthesis of two families of nitrogen

containing heterocycles via (stereoselective) Bronsted or Lewis acid catalysis.
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1. Introduction

Nitrogen containing ring systems are key structural elements in a vast array of natural products as well

as in a large class of biologically active natural products, being also often embedded within scaffolds
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recognized as privileged structures by medicinal chemists. Accordingly, new efficient and stereoselective
(when possible) routes to these derivatives are of widespread interest. In this review, we will focus on the
latest developments on the synthesis of two classes of these heterocyclic compounds: the non symmetrical

dihydropyridines and the substituted dihydropyrimidones.

2. Brgnsted and Lewis acids catalyzed Hantzsch type synthesis of 1,4-dihydropyridines (1,4-DHPs)
Current literature reveals that 1,4-DHPs exhibit interesting pharmacological and biological properties.
Thus, they have been used as calcium channel modulators for the treatment of cardiovascular diseases.' They
also present vasodilating activities® and are NADH mimics.” The best known procedure for the preparation
of symmetrical 1,4-DHPs is the classical Hantzsch synthesis: a multicomponent condensation involving two
molecules of B-ketoesters, one molecule of aldehyde and one molecule of ammonia.” Due to the importance
of this class of heterocyclic system, many efforts have been devoted to the preparation of such compounds.”
The (N-substituted) non symmetrical 1,4-DHPs are also of particular interest for a systematic study of
their biological activities and from a synthetic point of view (Figure 1). This first part of the review will be

focussed on the recent developments of the synthesis of substituted 1,4-DHPs.

N

ARS
N\ =
Cl
MeO,C CO,Et iPrO,C CO.Me
Me H CH>OCH,CH,NH, Me H Me
Amlodipine Isradipine

Figure 1

2.1. Recent synthesis of 1,4-DHPs
2.1.1. Brensted acid catalysis

Catalytic strategies for the synthesis of 1,4-DHPs, involving different catalysts and conditions, have
been developed since the last decade but they all suffer from one or more drawbacks including: low yields,
costly reagents, and drastic reaction conditions. For the synthesis of 1,4-DHPs, catalysts can be either a
Brgnsted or a Lewis acid.

Electrophilic activation has emerged as an important tool for the organic catalysis, with new
applications and developments appearing at a rapidly increasing pace.® Among the known carbonyl
activators, Brgnsted and Lewis acids have recently demonstrated their potential to serve as active catalysts
for a variety of synthetically useful reactions in organic chemistry.”

In this chapter, we will report all the new and important methods which were described in the last
decade and which lead to 1,4-DHPs via Brgnsted or Lewis acids catalysis.

In 2001, J. L. Scott et al. reported studies of the condensation of an aromatic aldehyde with an
appropriate acetoacetate ester in the presence of a catalytic amount of glacial acetic acid to form the
corresponding benzylidene intermediate (Scheme 1).? The latter was reacted with 3-aminoacrylate to yield a
set of unsymmetrical 1,4-DHPs. In all cases, the reactions were carried out under solvent-free conditions.
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Yields were ranging between 5% and 99%, according to the reaction conditions and to the nature of the

substituents.
Os_Me
Ox o
R! o 0o CH5COOH =
piperidine o) R!
+ R3 3-
PRI O UL
R2
NH, O
4
e S AN RY | CHICOOH
R1
A @[ O A O

Scheme 1

In 2004, Tripathi et al. developed a novel method for the synthesis of several glycosyl 4-substituted
DHPs at 80 °C in diethylene glycol using tetrabutylammonium hydrogen sulfate (TBAHS, Scheme 2).'°

Yields of this three-component reaction were ranging between 90% and 98%.

H
JI + 07[|v|e 2)(CHoGH,OH);0,

1
- Me, OEt
Me™ NH; 30-60 °C °

2 - Me, OMe, OFEt

o R=L__0O
R H Q
Py 1) TBAHS .
COR, O COR, (CHoCH;0H),0, 80 C R1OCJ|\)ICOR2 MeO O
Me~ "N~ "Me R
H R
Scheme 2

The synthesis of potential anti-tubercular precursors, showed in Scheme 3, was carried out under these

optimized reaction conditions utilizing an aldehyde which was obtained from the L-ascorbic acid (Scheme

2)‘11
Meo_ ~OMe Meo.  OMe
MeOC CO,Et MeOC O
|| |
Me N Me Me N
H H

Scheme 3

H-donor organocatalysts such as amino acids or cinchona alkaloids have also been used as catalysts for

the synthesis of unsymmetrical 1,4-DHPs such as polyhydroquinoline derivatives.'” In all cases, L-proline
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proved to be the catalyst of choice. In the continuation of these studies, Kumar et al. reported the one-pot
synthesis of 1,4-DHPs via the three-component coupling of cinnamaldehyde, anilines and [B-ketoesters
(Scheme 4). This reaction was carried out at room temperature under solvent-free conditions, in the presence

of 10 mol% of L-proline."” No enantiomeric excess was reported by the authors for this process.

= I
)J\/U\ L Proline | | COR R= OEt, OMe, O'Bu
Solvent free N~ “Me OACOZH

N
H
L-Proline

Sulfonic acids proved to be efficient catalysts for the preparation of a variety of heterocyclic systems.
The synthesis of polyhydroquinoline derivatives was performed in the presence of various sulfonic acids in
aqueous micelles under ultrasonic irradiation.'* Best results and reaction rates were obtained in the presence
of p-toluene-sulfonic acid (Scheme 5).

Scheme 4

R

O)\ H

0 0 O R O
R=Ar
R3 PTSA R® R'=H,CH
1 ¥ aqmicele R’ - R~ H. Me
R N~ "M PN
0O 0O "Me N

R2 D) R2 e R3 = OEt, OMe, O'Bu, Me
NH,OAc

Scheme 5

Heterogeneous catalysts such as sulfonic acids functionalized silica have also been used to catalyze
the condensation of cinnamaldehyde with aniline derivatives and B-ketoesters (Scheme 6)."” The reaction
proceeded at room temperature within 5 to 30 minutes under solvent free conditions. In that case,
corresponding 1,4-DHPs were formed in high yields (80-89%) and the catalyst can be recycled after use.

— || |

N~ Me

R;
o= SI/\/\
G/ SOH R?
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Scheme 6

Recently, other metal-free H-donor catalysts such as aryl phosphoric acids have been used for the
synthesis of 4-alkyl and 4-aryl substituted 1,4-DHPs from o,-unsaturated aldehydes and B-enamino-esters
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(Scheme 7).'® Under these mild reaction conditions, a substituted biaryl phosphoric acid was used as a
catalyst (5 mol%) and yields ranging from 31% to 89% were obtained.

Bu l Bu
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Scheme 7

The proposed mechanism for this Brgnsted acid catalyzed cyclization reaction is outlined as follows
(Figure 2). The Michael addition of the enaminoester on the o,f-unsaturated aldehyde is promoted by the
interaction with the Brgnsted acid (BH) catalyst (transition state I). After the catalyst release, the obtained
enamine can react on the resulting aldehyde, according to the transition state II, which undergoes the

cyclization. Finally, the intermediate III leads to the 1,4-DHPs after a dehydration reaction.
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Figure 2

Chiral derivatives of this catalyst were also involved in this reaction and are described in the last

chapter.

2.1.2. Lewis acid catalysis
An alternative to the Brgnsted acid catalysis is the Lewis acid catalysis in the presence of metal salts.

The Michael condensation of B-enaminoesters to ,B-unsaturated carbonyl compounds represents a powerful
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method for the synthesis of unsymmetrical 1,4-DHPs. This stepwise condensation is accelerated in the
presence of Lewis acids catalysts. Renaud et al. reported on the iron(IIl) chloride and scandium(IIl) triflate
catalyzed condensation of B-enaminoesters to o,-unsaturated carbonyl compounds (Scheme 8)."” The

reaction was carried out at room temperature in dichloromethane in the presence of Na;SOs as the

dehydrating agent.
0 Rs R4
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Scheme 8

In all cases, FeCl;-6H,0O was found to be the catalyst of choice. For example, the 1,4-DHP in which
R,;=PhCH,, R,=Me, R;=Ph, and R4=Rs=H, was obtained in nearly quantitative yield from cinnamaldehyde
and the corresponding B-enaminone. In the continuation of this study, the same authors carried out the
synthesis of the 1,4-DHPs in a one-pot process. To this end, B-ketoesters or B-diketones were reacted first
with the requisite primary amine in the presence of 5Smol% of Lewis acid (Scheme 8). The addition of the
o,B-unsaturated aldehyde afforded the 1,4-DHPs in yields comparable to those obtained from the isolated
[B-enaminoesters. Sambri et al. have shown that metal perchlorates behave also as cheap and efficient Lewis
acids for the synthesis of unsymmetrical 1,4-DHPs (Scheme 9)."* In preliminary experiments, 3-enamino-
ester in which R;=0r-Bu, R,=Ph, R3=i-Pr, and a slight excess (1.2 equiv.) of (E)-4-methyl-2-pentenal with
R;=i-Pr were stirred at ambient temperature in CH,Cl, in the presence of various catalysts including:
Zn(Cl10y),-6H,0, LiClO4 and Mg(ClOy),. The conversion yields were high (up to 85%) and the expected
1,4-DHP was obtained in the presence of various amounts (8—25%) of the corresponding pyridinium salt
whose formation could be attributed to the sensitivity of these adducts to work-up and probably to aerial

oxidation.

-Ro
O HN Mg(CIO,), (10 mol% R R =
/U\)\ + R3MO g( 4)2 ( _ ) » 1 | | + 1 \@ |
R; Me MgSO, (20 mol%) Me N

CHQC'Q, 0.5 M, r.t. | |

Scheme 9

In the continuation of their studies aimed at the discovery of multidrug resistance modifiers possessing
a 1,4-DHP structure, Perumal er al. reported that boronic acids catalyzed the synthesis of various
4-[3-ethoxycarbonyl-1H-pyrazol-4-yl]-1,4-DHPs dicarboxylate in ionic liquid medium."’ The authors found
that, when pyrazole aldehyde (R3;=NO;) reacted with ethyl acetoacetate and ethyl 3-amino-crotonate in
[bmim]Cl, in the presence of 5 mol% of 3,4,5-trifluorobenzeneboronic acid, the unsymmetrical 1,4-DHP
was obtained in 92% yield (Scheme 10).
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Debache et al. have shown that classical Hantzsch three-component reaction was efficiently catalyzed

by the presence of 10 mol% of phenylboronic acid (Scheme 11).%

O 0 O Ar O
PhB(OH)s oF
ArCHO + R, - OEt + NH;0Ac - R, | t
R 0 O Me R H Me
Scheme 11

Yao et al. have reported that molecular iodine was an efficient promoter for the condensation of
benzaldehyde (Ar=C¢Hs), dimedone (R;=Me) and ethyl acetoacetate.”! The reaction was conducted using 15
mol% of iodine in ethanol at 40 °C for 30 minutes to afford a suitable entry into the polyhydroquinoline
heterocyclic ring system.

The same authors have also investigated the catalytic activity of cerium ammonium nitrate (CAN).?
As a typical experiment, one equivalent of each aldehyde (Ar=Ph, p-MeOCgsHy, p-CIC¢H4, p-HOC¢Hy,,
2-thienyl), 1,3-cyclohexanedione (R;=H), ethyl acetoacetate and ammonium acetate were stirred in ethanol
in the presence of 5 mol% of CAN for 1.5 hours to yield the expected polyhydroquinoline in 98%. An
increase in the quantity of CAN from 5 mol% to 10 mol% decreased both the reaction time (from 2 to 1
hours) and the yield (35%) of polyhydroquinoline. To address the role of CAN in this reaction, different
Lewis acids such as CeF, and CeCls-7H,0 and Brgnsted acids such as NH4Cl were used. The Hantzsch-type
condensation proceeded more rapidly and the yields were higher when CeF, and NH4CI were used instead of
CeCl;-7H,0. This result indicates that Ce(IV) and ammonium ions which are present in CAN, act as Lewis
and Brgnsted acids, respectively.

Cerium ammonium catalyzed a three-component domino reaction between aromatic amines,
o,B-unsaturated aldehydes and ethylacetoacetate, to afford a suitable entry into a new class of N-aryl-5,6-
unsubstituted 1,4-DHPs (Scheme 12).23 In a model reaction involving cinnamaldehyde (R;=H), ethyl
acetoacetate (Z=OEt) and m-toluidine (R,=R3=Rs=H, R4=Me), the best results were obtained with 5 mol% of

207



CAN to afford the DHP derivative in a 71% yield after one hour stirring in ethanol at room temperature.
These optimized reaction conditions were applied to a range of substrate including electron-donating
(R,=0OCH3, R3=H) and electron-withdrawing groups (R,=Cl, Rs=H) on the nitrogen aryl substituent. It is
worth to note that the catalyst tolerates the use of tert-butyl -ketothioesters as the dicarbonyl derivative. To
clarify the role of CAN, a series of experiments were carried out. In one of these, the condensation between
cinnamaldehyde, aniline and ethyl acetoacetate was carried out in the presence of a radical trap (1,1-di-
phenylethylene) and do not revealed a noticeable loss of yield. This result is similar to previous observations

in which it was shown that CAN could behave as a Lewis acid rather than a single electron oxidant.
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Scheme 12

Rare earth triflates such as Yb(OTf)324 or SC(OTf)325 also catalyzed the four-component Hantzsch
reaction of aldehydes, dimedone, ethyl acetoacetate and ammonium acetate. Polyhydroquinoline derivatives
were obtained in good yields. Interestingly, the catalysts can be extracted by water and reused without

significant loss of activity.
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Scheme 13

Lewis acids have also been used to synthesize symmetrical Hantzsch 1,4-DHPs. Sabitha et al. reported
the first condensation of an aldehyde with 2 equivalents of ethylacetoacetate and NH4OAc in the presence of
trimethylsilyl iodide (TMSI, generated in sifu from trimethylsilyl chloride (TMSCI) and sodium iodide)
(Scheme 13).%° The reaction was carried out at room temperature and went to completion within 6 hours.
Various substituted aliphatic and aromatic aldehydes carrying either electron-withdrawing or electron-

donating substituents were converted into the expected 1,4-DHPs. It was also shown that TMSI also
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catalyzed the modified Hanzsch procedure employing ethyl aminocrotonate as nitrogen source. All the
reactions proceeded smoothly to afford the expected 1,4-DHP in 2—2.5 hours.
More recently, convenient and cost-effective protocols involving A1C13-6H2027 and molecular iodine”

as catalysts have been used for the synthesis of symmetrical Hantzsch 1,4-DHPs.

2.2. Synthesis of optically active 1,4-DHPs

The synthesis of unsymmetrical 1,4-DHPs involves the formation of a new stereogenic carbon at the
C-4 position. It has been shown that the two enantiomers displayed different biological activities® and
pharmacological effects.”” Thus, efficient methods for the synthesis of optically pure 1,4-DHPs is not only of
interest for drug discovery but also for organic synthesis.

The first optically active DHP derivative was purchased in 1992. Since then, several 1,4-DHPs
derivatives have been patented for the treatment of neurodegenerative diseases.”’

In 1991, Goldmann and Stoltefuss reviewed different methods for the formation of optically enriched
1,4-DHPs such as: the resolution of racemic mixture via the formation of diastereomeric esters,
diastereoselective syntheses via chiral auxiliary groups, chemoenzymatic separations and diastereoselective
reductions of pyridines. Pharmacological behaviours of 1,4-DHPs enantiomers were also discussed in this
review.” Since the beginning of the 2000’s, new advances in this field have been reported. This chapter
covers the different methods leading to enantiomerically enriched 1,4-DHPs, namely the chemoenzymatic
approach of optically active 1,4-DHPs, diastereoselective cyclizations and reductions of pyridines. Finally,

the last advances in the organocatalytic enantioselective syntheses of 1,4-DHPs will be reported.

2.2.1. Enzyme-catalyzed enantioselective differentiation

Biotechnological approaches, based on enzyme-catalyzed enantiomeric differentiation, has been
shown to be a promising technique for the synthesis of enantiopure 1,4-DHPs.*® This method is based on the
hydrolysis of simple prochiral 1,4-DHP-dicarboxylic diesters and showed a number of distinct advantages to
other methods. Thus, enzymes are usually active under mild conditions and they often exhibit high
stereoselectivities and possess a broad substrate tolerance.

Since 1991, chemoenzymatic syntheses of enantiopure 1,4-DHP derivatives have been largely reported
by several research groups who well described the desymmetrization of prochiral 1,4-DHPs and the kinetic
resolution of racemates.”*

In 1993, Hirose et al. reported their results concerning the enzymatic hydrolysis of the
bis(carbamoylmethyl)-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyridine  dicarboxylate using the
protease Seaprose S (Aspergillus muelleus). This enzyme afforded the hydrolyzed 1,4-DHP in 83% yield and
99% e.e. (Scheme 14).%

The transesterification was then carried out in the presence of sodium methoxide, to lead to the
(R)-methyl ester in a 54% overall yield (two steps), without any racemization. It is worth to note that the
latter compound constitutes an advanced intermediate for the synthesis of the (R)-manidipine or the
(R)-nitrendipine.

In 2001, Sobolev et al. described the enzyme catalyzed desymmetrization of racemic 3,5-bis(iso-
butyryloxymethyl)-4-[2-(difluoromethoxy)phenyl]-2,6-dimethyl-1,4-dihydro-3,5-pyridinedicarboxylate by
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the Candida rugosa lipase (CRL) (Scheme 15). This latter was reported to be more efficient toward various
substrates than the lipase AH previously described.’® The enantioselectivity of the reaction was greater than
95%, and the (R) isomer was obtained in 55% yield.
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2.2.2. Diastereoselective synthesis of 1,4-DHPs
2.2.2.1. Diastereoselective cyclizations

The major part of diastereoselective syntheses of 1,4-DHPs have been published before 2000. One of
the first diastereoselective approach is reported in the review of Goldmann and Stoltefuss®> and refers to the
diastereoselective synthesis of a 1,4-DHP sulfone.”” In that case, a chiral sulfoxide borne by an unsaturated
ketone derivative was able to react with an enaminoester derivative to lead to a 1,4-DHP with 94% d.e. in
which the C-5 ester was replaced by a sulfone group.

Diastereoselectivity can be brought as well by a chiral auxiliary group placed on the nitrogen. Chiral
enaminoesters like hydrazones were part of the work of Enders et al. in 1988.% In this Hantzsch-type
condensation, the chiral information is introduced via the nitrogen functionality. After the cleavage of the

chiral auxiliary, the expected 1,4-DHP was isolated in high enantiomeric excess (98%) and good yield (72%).
210



Other methods involving amino acid derivatives as chiral auxiliary have also been described to synthesize a
biological active 1,4-DHP with an enantiomeric excess greater than 94%.

In 1992, a three component Hantzsch type synthesis involving a cyclic 1,3-diketone, an aromatic
aldehyde, a chiral diketone and ammonia was reported by Rose and Driger (Scheme 16).*" This reaction led
to the intermediary 1,4-DHP in 98% d.e. Cleavage of the chiral auxiliary by transesterification with sodium
methoxide afforded the desired 1,4-DHP in 68% yield.
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In 2002, Patel et al. described a concise and convergent asymmetric synthesis of 4-substituted
1,4-DHPs via the Michael addition of an optically pure vinylogous amide to an o,fB-unsaturated ketone
(Scheme 17).* The intermediate enaminone was obtained in 70% d.e, and was directly treated with aqueous
ammonia in the presence of ammonium chloride and finally dehydrated with concentrated HCI to afford the
expected DHP in 95% e.e. and 29% overall yield.
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Scheme 17

Recently, Palacios et al. demonstrated the moderate activity of N-vinylic phosphazene as intermediates
for the preparation of symmetrical and unsymmetrical 1,4-DHPs (Scheme 18).42 Optically active E-vinylic
phosphazene derived from B-aminoesters of (1R,2S,5R)-(—) menthol was prepared and condensed with
methyl 2-(p-nitrophenyl)methyleneacetoacetate in CH,Cl,. The corresponding 1,4-DHP was obtained as a
mixture of two diastereoisomers in a 63:34 ratio.
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2.2.2.2. Selective reduction of pyridines and pyridinium salts

As mentioned by Goldmann and Stoltefuss, the enantioselective reduction of pyridine and pyridinium
salts is considered as an elegant route to optically active 1,4-DHPs.*

Thus, Meyers and Oppenlaender showed that the face selective nucleophilic addition of alkyl anions
(such as methyllithium) to a pyridine nucleus can be successfully used for the synthesis of C-4 substituted
non racemic 1,4-DHPs.* Schultz and Flood have shown that the addition of Grignard reagents to pyridinium
salts was more selective.*!

This reaction was extensively studied by Ohno et al. who pointed out that the stereochemical outcome
of the reductive alkylation with Grignard reagents depended on the syn or anti conformation of the
pyridinium salts derivatives.*>*

Likewise, Alexakis et al. showed the efficiency of organocopper derivatives for the 1,4-addition
process (Scheme 19).*” In that case, the chiral 1,4-DHP was obtained in 90% yield and 95% d.e. As depicted
in Scheme 19, the metal chelated transition state can explain the observed stereoselectivity. According to X-
ray studies, the trans relationship between the N-methyl substituent of the imidazolidine ring and the o-
phenyl group creates a diastereofacial selectivity. It was hypothesized that the conformation shown in the
transition state is locked by a chelation of the dimeric cuprate allowing for the Re face attack of the pyridine

ring.
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Scheme 19

This type of reduction has been extensively studied by Yamada's group, who prepared 1,4-DHPs by
regio- and stereoselective addition of organometallic reagents™ or ketene silyl acetals™ on pyridinium salts
(Scheme 20). They demonstrated that stereoselectivity could be relied to an intramolecular interaction

between the 1,3-thiazolidine-2-thione moiety and the intermediary pyridinium salt derivative as shown in
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Scheme 20.”° After the addition of two equivalents of ketene silyl acetal at room temperature, the expected
1,4-DHP was obtained stereoselectively (95% d.e.).
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Similarly, the same group also showed that intramolecular cation-7 interactions can be used as a
conformation-controlling tool for the face-selective addition of ketene silyl acetal onto pyridinium systems
(Scheme 21).51 High diastereoselectivities were then obtained (57% yield; 99% d.e.).
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2.3. Enantioselective catalytic syntheses of 1,4-DHPs

In 2007, Renaud et al. reported the first catalytic asymmetric synthesis of enantiomerically enriched
1,4-DHPs. 4-Aryl substituted 1,4-DHPs were obtained from the condensation of an o, B-unsaturated
aldehyde with various enaminoester derivatives. This reaction was carried out in the presence of chiral
phosphoric acids derived from different 3,3’-aryl substituted (5)-1,1'-bi-2-naphthol (Scheme 22)."® As an
example, the condensation of cinnamaldehyde and ters-butyl-N-benzylaminobut-2-enoate was carried out at
—7 °C in dichloromethane to provide the optically enriched 1,4-DHP in 89% yield with 50% e.e.

B ~
UG o'Bu
Ar Me O'Bu | ]
CC ~
cat. O O Ar = 4-Me-C6H4 kPh
oP “OH 2,5-(CF3)2-CgHj
OO 1-Naphthyl
Ar
Scheme 22
Recently, Gong et al. reported the asymmetric three-component cyclization of an aryl o,-unsaturated

aldehyde, a primary aromatic amine and an acetoacetate in the presence of a chiral phosphoric acid.”

Hydrogenated 1,1'-bi-2-naphthol derivatives proved to be the more efficient catalysts. From p-nitro-
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cinnamaldehyde, p-anisidine and ethyl acetoacetate, the corresponding 1,4-DHP was obtained in 97% e.e.
and in 53% yield (Scheme 23). Lower enantiomeric excesses were obtained starting from unsaturated
aliphatic aldehydes.

cat.

Scheme 23

Finally, Jgrgensen et al. recently published their results™ concerning the one-pot reaction of
o,B-unsaturated aldehydes with B-diketones or B-ketoesters and primary amines. Optically active 2,3-di-
substituted 1,4-DHPs were obtained in moderate yields and with good enantioselectivities (Scheme 24). The
1,4-DHP was synthesized in 55% yield and an enantiomeric excess of 90% when the reaction was performed

in the presence of L-proline derivatives and benzoic acid as additive.
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3. Brgnsted and Lewis acids catalyzed Biginelli reaction

The Biginelli reaction is a three-component condensation reaction between an aldehyde, an urea or
thiourea and an easily enolizable carbonyl compound. It was originally described by the italian chemist
Pietro Biginelli in 1893.>* This reaction offers a straightforward approach to multifunctionalized
3,4-dihydropyrimidin-2-(1H)-ones and related heterocyclic compounds.” The first example of this reaction
was carried out by simply heating the three components in refluxed ethanol in the presence of a catalytic

amount of HCI. This multicomponent synthesis was largely unexplored until the late 1980’s. Since then, the
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number of publications and patents on the subject increased tremendously because the dihydropyrimidines
have a broad range of biological effects, including: antiviral, antitumor, antibacterial and antiinflammatory
activities,® antihypertensive agents,57 0, adrenoreceptor-selective antagonists,58 mitotic kinesin Eg5 motor
protein inhibitor and potential new lead for the development of anticancer drugs.”® Moreover, several marine
natural products with interesting biological activities contain the dihydro-pyrimidine-5-carboxylate core.”
This second part of the review will report the recent advances in the Biginelli reaction catalyzed either by
(chiral) Brgnsted acids or (chiral) Lewis acids, but it has to be mentioned that this chapter is not an

exhaustive review of all the catalysts available and published in the literature during the last decade.

3.1. Recent synthesis of dihydropyrimidines (DHPMs)
3.1.1. Lewis acid catalysis

The original Biginelli protocol for the preparation of dihydropyrimidines (DHPMs) consisted of
heating a mixture of the three components included B-ketoester, aldehyde and urea in ethanol containing a
catalytic amount of HCl. The major drawbacks associated with this protocol are the use of a strong acid as
well as the low yields in the case of substituted aromatic and aliphatic aldehydes. As Biginelli reaction for
the synthesis of DHPMs has received renewed attention, several improved procedures have been reported
based on metal-catalyzed Biginelli reaction during the last decade and some of them are reported in Table
1.61-73

By comparison with the original reaction conditions, the yields are usually higher, even with
substituted aromatic aldehydes. Among all the Lewis acids reported in Table 1, Fe(OTf)3,65 Fe(OzCCF3)3,65
Ce(N03)3-6H2082 and Yb(OTf)379’84 seem to provide the best results in term of yield, reaction time and
broad substrate compatibility. Yields of up to 95% can be reached within a few minutes with these catalysts.

An alternative method to improve the Biginelli condensation is the development of micro-wave
heating associated to metal catalyzed reaction (Table 1). Coppelr(II)67 and zirconium(IV)72 led to
encouraging results in this reaction as up to 99% yield could be reached in only 2 minutes.*

In the light of green chemistry, some works also focussed on:

67,68,84 79,83

i)  the reuse of catalysts (Table 1): then, copper salts, ytterbium triflate or sulfonated
zirconium’? can be reused several times (3 to 5) without almost any decrease of the yields;

ii)  solvent free reactions (Table 1): in neat conditions, iron salt at 70 OC,65 copper salts at 100 OC,67 and
ruthenium chloride” provided good yields within few minutes;

iiil) reactions in water: up to now, the most efficient catalysts in water were the metal triflimide (Cu, Ni,
Yb).% By comparison with CeCls- 7H,O which was previously reported as efficient catalyst in water,”!
the catalyst loading is low (5 mol% of M(NTf2)2o3 and 25 mol% of CeCls-7H,0) and the reaction
occurred at lower temperature (room temperature), whatever the substituents on the aromatic ring, the
yields remained quite high.

In the last ten years, many improvements have then been achieved and nowadays the Biginelli reaction
might be one of the most studied multicomponent reactions. However, in these Biginelli reactions catalyzed
by Lewis acids, some points have to be improved. For example, the role of metal halides such as FeCls,
NiCl,, ZrCly, or LaCl; is not well understood, and several authors suggest that these catalysts promote the in
situ formation of HCL.*
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Table 1. Lewis acid catalyzed Biginelli reaction.
Yield (%, Yield (%, .
Catalyst R 1:ary1) R I:alkyl) Time Yocat. solvent Ref.
Mg(Cl10y), 60-92 / 4-8.5h 10 EtOH, 80 °C 61
60-95 20—60 min
(thermal) (A) 16 (A) or 31
Al(HPO4); 56-91 / 15-20min ~ (M.W.) neat 62
M.W.) M.W.)
SiCly 75-98 / 4h 10 DMF/tiH3CN’ 63
FeCl;-6H,0 53-96 53-72 4h 25-60 EtOH, A 64
Fe(OTf); 86—99 90 15-40 min 5 Neat, 70 °C 65
Fe(O,CCF3); 86—99 90 15-40 min 5 Neat, 70 °C 65
NiCl,.6H,O/HCl 58-94 62—-64 5h 25 EtOH, A 64b
Ni(NTf,), 59 / 24 h 5 Water, t.a. 66
8097 80-85 60—110 min
CuCl,-2H,0 (thermal) (thermal) (A) 10 neat, 100 °C or 67
CuSO4-5H,0 8299 80—88 1-2 min M.W.
M.W.) M.W.) M.W.)
Cu(OTh), 65-95 60 1 B
Cu(NTf,), 65 / 24 h 5 Water, t.a. 66
ZnCl, 5684 60—-68 6h 10 neat 69
Sr(NOs), 50-78 / 6h 5 AcOH, A 70
ZrCly 40-99 / 10 neat 71
2 h (MeOH)
71(SOW), 81-94 / 60-90sin  /(100mg). MeOH, A 7
neat, M.W.
M.W
RuCl; 80-93 74-76 30-90 min 5 neat, 100 °C 73
InCl; 84-95 75-85 6-9h 10 THEF, A 74
In(OTH); 75-95 / 5h 10 CH3CN, 90 °C 75
SnCl, 2H,0 63-98 / 6h 20 CHLENOrBOR, = ¢
SbCl; 51-89 / 18-24 h 20 CH;CN, A 77
LaCls-7H,O 68—96 56-60 5h 50 EtOH, A 78
La(OTf);3 89 (1 ex.) / 20 min 5 neat, 100 °C 79
BiCl; 50-92 85-95 5h 12 CH;CN, A 80
82-95 80-83
(EtOH) (EtOH) EtOH or H,O or
CeCl;-7H,O 80-93 (H,0) 73-76 (H,0) 2.5-5h 25 neat 81
65-80 (neat) 65—73 (neat)
Ce(NO3);-6H,O 84-98 84-87 10—40 min 5 neat, 80 °C 82
Yb(OTi); 81-98 83-87 20 min 5 neat, 100 °C 79,84
Yb(NTT,); 81-98 83-87 24 h 5 water, I.t. 66
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To the best of our knowledge, until now, there is also no really efficient catalytic system for the
synthesis of a broad range of alkyl substituted DHMPs.

3.1.2. Brgnsted acid catalysis

An alternative strategy for the synthesis of DHMPs is the use of Brgnsted acids instead of metal salts
as catalysts. Indeed, in the original procedure reported by P. Biginelli, the catalyst mediating the synthesis of
DHPMs was hydrochloric acid. Because of some drawbacks (low yields, narrow scope, long reaction
time...), these reaction conditions were revised during the last decade and numerous Brgnsted type catalysts
appeared in the literature. As for the Lewis acids, this chapter will not cover all the published catalysts and
will not be an exhaustive review, but we will try to provide an overview of the different kinds of catalysts
actually available (Table 2). By comparison with the original reaction conditions, some Brgnsted acids such

87-91

as acetic acids type86 or sulfonic acid type provide encouraging results when aromatic aldehydes and

few aliphatic aldehydes were used in a such condensation. However, except for PTSA in water,®’ the catalyst
loading remains usually high (from 10 to 300%).57851

POMs (polyoxometallates) and zeolite seem to be more interesting in term of activity, recyclability
(green chemistry) and scope.gz_98 In fact, in temperature ranging from 50 °C to 110 °C, DHPMs, substituted
by an aromatic (bearing also a large variety of substituents: OH, CI, NO,, alkyl...) or an aliphatic moiety at
the C4-position, can be isolated in very high yields within few minutes using low catalyst loading. Supported
POMs were also effective for the synthesis of DHPMs and a slight decrease of the yield was noticed after the
fourth cycle.95 Even ammonium chloride, bromide or more functionalized ammonium chlorides (such as
substituted hydrazine, proline) can act as efficient catalysts.””'%* One might suggest that the ammonium
cation is only a weak acid, but it appears (Table 2) that with such catalysts, results are better than those
obtained with acetic acid or sulfonic acid.

Moreover, the most intriguing catalyst but also the most efficient one is the trialkyl ammonium
bromide reported by Reddy in 2003, which has no acidic proton.'® It is worth mentioning that most of the
catalysts usually used for preparation of DHPMs are halogen containing Lewis acids. These results indicate
that the halide present in the catalyst may be playing a crucial role in these transformations and may assume
significance in the wake of the large number of publications which have appeared recently for the synthesis
of DHPMs by modified Biginelli reactions using heavy metal halide catalysts. Maybe there is some doubt as
to whether the reaction is catalyzed by Lewis acids via metal ion coordination or simply by the halide ions.
However, whatever the activation type (H-bonding, Lewis acidity,...), the results presented in the Table 2
with trialkylammonium bromide indicate the scope and generality of the method, which is efficient, not only
for urea or thiourea, but also for aliphatic as well as aromatic aldehydes (up to 93% yield and up to 99%
yield, respectively). An important feature of this method is that electron releasing or withdrawing groups
give excellent yields in high purity. It is pertinent to note that this trialkyl substituted ammonium salt gave

consistently higher yields with aliphatic aldehydes.

3.1.3. Miscellaneous
Boron derivatives can be used as catalyst for the synthesis of DHPMs. Then boronic acid'® (10 mol%)

in refluxing acetonitrile or boric acid'® in glacial acetic acid at 10 °C can lead to the heterocyclic
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compounds in 60—-97% and 86—98% yield, respectively. It is worth to mention that only aromatic aldehydes

have been engaged in the reaction.

R1
(0] X O O
5 cat, solvent, temp. R30,C
R1)J\H + H2N)J\NH2 + Rz)J\/U\O,R | /Niﬂ
RN X
X=0,S H
Table 2. Brgnsted acid catalyzed Biginelli reaction.
Yield (%, Yield (%, .
Catalyst R'=aryl) R'=alkyl) Time Yocat. solvent Ref.
CICH,CO,H 79-98 47-75 3h 10 neat, 90 °C 86
PTSA 81-94 / 15 min 2-3% water, <50 °C 87
) 3*weight of  water, 80 °C
PSSA 86-92 / 20 min aldehyde under MW, 88
1T3P 1686 83 6h 100 AcOEt, A 89
AlL,O;-SO:H 67-92 69-72 0.5-3 min 15 “eﬁtéé\g&',w' 90
KHSO, 86—99 85-86 0.5-2h 25 glycol, 100 °C 91
(NH4),HPO, 84-97 84-88 2-3.5h 30 neat, 80 °C 92
HsW 2P0y 52-98 50-95 1-9h 25 CHiCN, A 991’
H3Mo,POy 57-97 47-89 1-9h 2-5 CH;CN, A 993
H3W,Si049 60-96 52—65 1h 5 CH;CN, A 93
H3W,POy4 on SiO, 84-95 53-72 50—-100 min 9%wt CH;CN, A 95
zeolite TS1 >03 >03 10-30 min 10%wt neat, 50°C 96
zeolite HY 63-80 4264 12h 05¢g toluene, A 97
Dowex 50W 27-95 / 90-180 min  Smg/mmol neat, 130 °C 98
NH,Cl 77-90 42-78 3h 40 neat, 100 °C 99
NH,Br 77-93 64—86 20—60 min 35-50 neat, 100 °C 100
. i-PrOH or
hydrazine-2HCl 62-97 93-95 224 h 5-10 DMSO., r.t. 101
proline-OMe.HCl 10-99 63 18 h 10 MeOH, A 102
N,N,N-(Me,, Et)- . o
NCH(CH;)Ph 87-99 86—93 20—60 min 35-50 neat, 100 °C 100
TMSCI 73-97 / 1-3d 400 DMF, r.t. 103
R1
(0] X O O
PPhs, 100 °C, neat R30,C
3 2
piANy ¢ HZNJ\NHZ . | )N:
X< 0. S R N7 X
=0, H

Scheme 25

Triphenylphosphine has been investigated by Debache and coworkers in 2008 as Lewis base catalyst
for the Biginelli one-reaction (Scheme 25).106 With only 10 mol% of PPhs at 100 °C, substituted
dihydropyrimidones have been obtained within 10 hours with moderate to good yield (58—70%).
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More interestingly, Khodaei et al. introduced Bi(NO3)3 salts in a Biginelli type reaction.'” As these
bismuth salts were able to oxidize benzyl bromide compounds into aryl aldehydes in the presence of TBAF
(tetrabutyl ammonium fluoride), they prepared several DHPMs in high yields from different substituted
benzyl bromide derivatives, urea and B-ketoesters (Scheme 26). The advantages of this method are not only
the use of non toxic catalyst but also the introduction of benzylic halides instead of aromatic aldehydes

which are prone to be readily oxidized into the corresponding acids.

TBAF, 120 °C, 3 h
79-93% R? H 0

Br ) O O Bi(NO3)3.5H,0
E
R1) + HQNJ\NHQ + Rz)J\/U\O/Et toch\NH

Scheme 26

3.2. Synthesis of chiral DHPMs

The considerable interest for DHPM-type products stems from their structural similarity to DHPs
(Hantzsch products, DHPs), a class of compounds used as calcium channel antagonists. Therefore, they have
found extensive use as therapeutics in the clinical treatment of cardiovascular diseases such as hypertension,
cardiac arrhythmias or angina pectoris.5 6

Then, as biological relevant compounds, they have to be prepared in an enantiomerically pure form.
For instance, (5)-L-771688 is a more potent and selective o1, receptor antagonist for the treatment of benign

prostatic hyperplasia (BPH) than the corresponding R enantiomer (Figure 3).°*

0
MeOg\CI\N H/\/\N
MeO H/KO | N
(S)-L-771688 N~
Figure 3

Despite the fact that the activity depends only on the absolute configuration of the C4 stereocentre, the
Biginelli reaction has been mostly carried out in an achiral version and methods to produce optically active
DHPMs are scarce. Optically active DHPMs can be produced by three different strategies, i.e. (i) chemical

or enzymatic resolution, (ii) diastereoselective synthesis and (iii) enantioselective synthesis.

3.2.1. Chemical and enzymatic resolution of racemic DHPMs

The easiest way to produce optically pure DHPMs is a chemical resolution of a racemic mixture, but
this methodology is not broadly applicable. Such approach was described for the synthesis of SQ-32926
(R and S) via a transamidification reaction of the DHPM carbamate with the chiral (R)-a-methyl
benzylamine as a key step. The two enantiomers could be isolated in an optically pure form after the release

of the chiral auxiliary (Scheme 27).18
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i : Pro,C L
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J\ /&o N

N
o Ph™” “NH, T

i NO §
PrO,C NJJ\OAr CH3CN, r.t. ©/ 2 SQ-32926

(@] = () =
i z z
PrO,C | NJJ\H/\Ph
N/go
H
Scheme 27

The use of C-glycosylcarbonyl chloride as a chiral auxiliary for the chemical resolution of monastrol
was reported by Dondoni et al. After purification/separation of the diastereomers on silica gel and removal

of the chiral auxiliary, both optically pure enantiomers were obtained (Scheme 28).**°

OTBDMS OH
? NaOEt
MeOQC J O MeOQC

OB
OTBDMS S\ PBz N’gs z NS
c”

O\ H OBzOB: H
; < (R)-monastrol

MeO,C \H BzO OBz .
| toluene, 100 °C, 4 h
N~ =S
H OTBDMS OH
(J o
H NaOEt H
MeO,C l (0] MeO,C ~
| /I\L puu\ Jl\/\NH
N S OBz N/gs
H OBz(0OBz H
(S)-monastrol
Scheme 28

The third route described in the literature to optically pure DHPMs using chemical resolution needs the
preparation of chiral ammonium salts of racemic 5-dihydropyrimidinone carboxylic acid (Scheme 29).
Separation of the diastereomers by simple crystallization and acidic treatment led to optically pure DHPMs,
but this method cannot be extended to a broad range of DHPMs.'"

The enzymatic resolution can also provide opportunities for the isolation of both enantiomers of
DHMPs. Subtilisin was introduced for the first time by Ikemoto ef al. in such kinetic resolution.''” The

kinetic hydrolysis of the ester function gave rise to the corresponding acid in 95% e.e. and the remaining
ester was also isolated in similar optical purity (Scheme 30).
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lipase

iPrO,C NO-

| N" OAc SQ-32926

IPI’OQC /\oH

Ses

N (6]
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Lipase can also be applied to synthesize optically pure intermediates of pharmaceutical derivatives
(Scheme 31) via kinetic hydrolysis of an acetic ester moiety. After chemical arrangements, both enantiomers
of SQ 32926, of which the (R)-isomer is a calcium channel blocker, can be obtained.'"

3.2.2. Diastereoselective approaches

The diastereoselective synthesis of DHPMs was described independently by Kappe and Dondoni in
2002. The strategy developed by Kappe involved the use of the (—)-menthyl acetoacetate in the presence of
urea, naphthaldehyde and a catalytic amount of H' in refluxing methanol. This reaction led to an inseparable

mixture of diastereomers in a 1:1 ratio (Scheme 32).112

H*, MeOH

Scheme 32

Dondoni et al. introduced a C-glycosyl fragment on the DHPM nucleus. The purposes were to obtain
and isolate all the DHPMs diastereomers (internal asymmetric induction), and to evaluate their
pharmacokinetic or pharmacodynamic properties.'"” To this end, Dondoni et al. prepared several DHPMs
containing C-glycosyl moieties either on the nitrogen, or at the C,, and/or at the C4 position, (Scheme 33).
Diastereoselectivities were moderate when the C-glycosyl fragment was located either at the C,, or the C4

position, and no selectivity was observed when the nitrogen atom was linked to the C-glycosyl fragment.

R1
j\ j\ j\/ﬁ\ a CuCl, AcOH, BF4.Et,0 Etoch*\NH
1 + 3 + 2 -~
R SH * H,N" “NHR R o) THF. 65 °C, 24 h =2 N/&o
|
R3

R' = C-glycosyl, R? = Me, R® = H; d.e. = 50-70%
R2 = C-glycosyl, R' = Ph, R® = H; d.e. = 50-70%
R® = C-glycosyl, R = Me, R" = Ph; d.e. = 0%

R' and R? = C-glycosyl, R®=H;d.e. = 76-82%
R',R% R®= C-glycosyl, no reaction

Scheme 33
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3.2.3. Enantioselective synthesis

The most promising, economically and environmentally interesting approach to obtain
enantiomerically pure DHPMs remains the catalytic asymmetric Biginelli reaction. The first report was
disclosed by Juaristi in 2003 using Lewis acids [cerium(IV) and indium(III)] bearing chiral ligands (Scheme
34).""" The best result was obtained by using a chiral cyclic urea and cerium(IV) chloride. However, the
selectivities were quite low (up to only 28% e.e.) and the catalyst loading was high (20 mol%). The

enantioselectivity could be improved to 40% if the intermediate imine of the urea was previously prepared.

Ph

)(J)\ j])\ M CeCls, L', toluene, 70 °C Meo?c/\f*\NH
+ +
Ph™ H HaoN™ "NH; o y = 88%, e.e. = 28% N/go
T H
L = U/\Ph
Scheme 34

The first breakthrough in the catalytic asymmetric Biginelli reaction was described by Zhu et al. in
2005. In the presence of 10 mol% of ytterbium triflate and chiral polydentate ligand, in THF at room
temperature, DHPMs were isolated in high yields and excellent enantioselectivities (up to 99% e.e.) (Scheme
35).!"® These reaction conditions were also applied to the synthesis of SQ-32926 in 3 steps, 58% overall
yield and 99% e.e. Zhu et al. demonstrated also that the catalyst could be reused several times without any

loss of activity (yield and enantioselectivity).

R1
0 X o 0 cat.” (10 mol%) R202C
: o “>NH
O T P |
R H © HN” NH, 0 —p_— Sy
H
X=0,8 y = 73-90%
| AN | AN e.e. = 80->99%
N N
“Ph PhOY
cat = N N (OTf)
OH OH
Scheme 35

As the first Biginelli reaction was carried out in refluxing ethanol with a catalytic amount of
hydrochloric acid, the next challenge was to achieve this multicomponent reaction in the presence of chiral
Brgnsted acids. Their chemistry, and particularly that of chiral phosphoric acids, has known an explosive
growth in the last few years.°*!'® Given that phosphoric acids are known to activate imines (one of the

intermediate of the Biginelli reaction) through the formation of an iminium ion, Gong et al. evaluate such
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catalysts in the reaction between (thio)urea, ethyl acetoacetate and several benzaldehydes.117 Depending on
the temperature and the substitution pattern at the 3,3’ position of the phosphoric acid, the
enantioselectivities ranged from 50 to 97% (Scheme 36). The reaction time, the nature of the substituent on

the aromatic ring or on the ester group, have almost no influence on the stereochemical outcome of the

reaction.
R1
. 2
0 X o 0 » cat (10mol%) R0 ~NH
R1)J\H * HN NH + )J\/U\O/R |
2 2 CH.Cly, r.t., 6 d N7 X
‘ Ar H
O y = 40-86%
o (O P//O e.e. = 88-97%
O ™
Ar
Scheme 36

Using the same methodology, Schaus et al. developed the synthesis of the key precursor of SNAP-
7941 in high yeld (96%) and in 98% e.e. ''™ The target molecule was then obtained after functional
arrangements (Scheme 37).

0
0 o o O cat (10mol%) )J\
M N, * o~ HIN"NH
2 2 e.c. 89% N

; Ph F
® F
* O\P//O J
cat = -
Cc X
. NS
\H/N \\\\\%OMG
/( j M
0 F C02 e
F

SNAP-7941
Scheme 37

Alternatively, the same group developed the synthesis of a variety of chiral DHPMs via an asymmetric
Mannich reaction.''*** Starting from B-ketoester, a-amidosulfones as acyl-imine precursors in the presence
of 10 mol% of cinchonine as chiral inductor, the DHPMs were obtained in three steps in good overall yields
and high selectivities (Scheme 38).

In the fertile area of organocatalysis, pyrrolidine derivatives belong to the most popular family of
organocatalysts and they are now able to catalyze a wide range of reactions.'”” Zhao, Wang and co-workers
introduced in 2009 chiral 5-(pyrrolidin-2-yl) tetrazoles as catalysts for the asymmetric Biginelli reaction.'*

Under the optimized reaction conditions (catalyst, solvent), high yields (63—88%) and enantioselectivities
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(68—81%) can be reached (Scheme 39). To explain the stereochemical outcome, a double-activation by the
catalyst was suggested. After addition of the pyrrolidine motive on the PB-ketoester to produce the
corresponding aminoacrylate, the tetrazole can activate the intermediate imine (formed from aldehyde and
urea) via H-bonding interaction. The authors also showed that the final stereochemistry of the DHPM could
be relied on the stereochemistry of the catalyst and more precisely on the stereochemistry of the tetrazole

moiety.

o 10 mol% cinchonine )J\ A~
o o « L CH,Cly, ~15°C O HN" "0
)J\/U\ XS0 NH Na,COs(aq.), NaCl(ag.) R2
1+
R PhSO;~ “R? y = 85-90% 7R

e.r.=93/7-97/3

1) Pd(PPhs),4, barbituric acid
R®NCO, THF, r.t.
H 0 y = 75-85%
3 .
R~ J\ 2) AcOH, EtOH, M.W., 100 °C, 5 min

cinchonine = y =72-85%

COR'
Scheme 38

Ar
. 2
O X o 0 » cat (10mol%) R°02C “NH

EtOH, r.t., 24 h R! ” X

y = 63-88%

N-
e D( N e.c. = 68-80%
- A

N
H H

Scheme 39

A dual activation was also reported by Feng et al. Whereas, Zhao et al. and Wang et al. used only one
catalytic species, Feng used a mixture of four components to catalyze the synthesis of DHMPs (Scheme
40)."!

cat’ (5mol%), 5 mol% TFA

5 mol% BuNH, 1 1
J(J)\ JOL )Ol\j\ ni 5 mol% 2-Cl-4-NOCHgCOH "o B
+ +
Ar TH HoN™ "NH, o dioxane/THF (2/8) N/go
r.t., 2.5-6d H
y = 46-73%
HO,,/EHO e.e.=70-97%
cat = N HN@
H
Scheme 40
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Under the optimized conditions (yields, enantioselectivities), the reaction between aromatic aldehydes,
urea and B-ketoesters has to be carried out in the presence of 5 mol% of chiral prolinamide, 5 mol% of
2-chloro-4-nitrobenzoic acid and 5 mol% of fert-butylamine and trifluoroacetic acid. Even if the role of the
chiral proline and benzoic acid additive can be compared to the role of the chiral pyrrolidine tetrazole
described by Zhao et al. and Wang et al., the role of the two other additives remains unclear. However,

yields up to 68% and enantiomeric excesses up to 97% were reached with this catalytic system.

4. Conclusion

During the last decade, development of efficient processes toward heterocyclic compounds, such as
dihydropyridines and dihydropyrimidines, has been described. Lewis or Brgnsted acids appeared to be good
candidates for this purpose, and led to improvements compared to former procedures and allow new
developments in green chemistry (recycling of the catalyst, reaction in aqueous medium, use of micro wave
heating). Following these results, the first enantioselective catalysis of DHPs and DHPMs appeared, and
excellent enantiomeric excesses were obtained using either organocatalysts (such as phosphoric acid
derivatives) or metal salt catalysts (earth rare metal triflate, lanthanide). The enantioselective Hantzsch type
and Biginelli reactions remain a hot topic in organic chemistry due to the high potential of the corresponding
compounds in biology. The challenges lie in the next years on the development of a catalyst able to promote
the synthesis of a broad range of alkyl substituted dihydropyrimidines and on the development of more

efficient and enantioselective catalysts of the Biginelli and Hantzch type reactions.
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Abstract. [4+3] Cycloaddition reactions of C2-functionalized furans with 1,3-dimethyl-oxyallyl cation
afford versatile polyfunctionalized cycloheptane synthons, which are building blocks of a wide variety of
natural and synthetic products with biological and/or structural interest. A study of the influence of stereo-
electronic properties of the substituent at C-2 of furan on the yield and diastereoselectivity has been carried
out. Also a general method of assignment of the relative stereochemistry in cis-endo, cis-exo and trans
diastereoisomeric pairs of cycloadducts has been established. On the other hand, an improved methodology
to carry out [4+3] cycloaddition reactions of dienes and oxyallyl cations, under mild thermal or
sonochemical conditions at low temperatures (from 0 °C to —44 °C) and for short reaction times (<15
minutes) has been developed. In this particular study, the analysis of the influence of the nature of reducing

metal in the cycloaddition outcome has been very useful.
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1. Introduction
1.1. The [4+3] cycloaddition reaction
The reaction of an allyl cation with a diene to generate a seven-membered ring represents a highly

convergent and very useful route to such ring systems (Scheme 1).! Essentially this reaction is a
231



[4C(4m)+3C(2m)] cycloaddition that may have inter- and intramolecular variants. In this review it will be
discussed, in particular, the intermolecular [4+3] cycloaddition of C2-substituted furans and 1,3-dimethyl-2-

oxyallyl cation, generated in situ from 2,4-dihalo-3-pentanone and a reducing metal (Scheme 2).**

z

X
[4C(47x) + 3C(2x)] Cycloaddition
\ / -
@

Scheme 1. [4+3] Cycloaddition reaction generating seven-membered ring systems.

(0] @) (0]
HsC CHs  Nal H;C CHs a1 HsC CHg
—_— —_—
SN2 Sn2
Br Br -NaBr Br _NaBr
Cu/Nal |-I®
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O'Na*
H3C CH
Hsc\)\/CHs r N NS ’
e @h‘\

|
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@/ -Nal I, + 2 Cu—> 2Cul
C2-functionalized furan
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R = Alkyl or aryl
YR,
[4+3]-Cycloadduct

Scheme 2. Generation of the oxyallyl cation from o,o’-dihaloketones.

(98%)

Scheme 3. Configuration of the oxyallyl cation.
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The configuration of the oxyallyl cation used in these studies, i.e. 1,3-dimethyl-2-oxyallyl cation, is
mainly (Z,Z) or “W-configuration” (Scheme 3) in a 98% extent, according to trapping studies, under kinetic
control.” The other configurations (ZE and E,E) are quite minor as demonstrated by the distribution of
diastereomeric cycloadducts formed in the reaction with a cyclic diene (see below).

Why to use C2-functionalized furans as dienes in this cycloaddition process? There are several
reasons: in first place, because in the resulting cycloadducts the bridge-head of the oxabicyclic system (in
case of using furan as diene) is an acetalic carbon and this functionalization allows the easy opening of the
oxygen bridge in order to convert the cycloadducts in other molecules and synthons of higher added value
and complexity (Scheme 4). In second place, because it is possible to convert both bridge-heads into
different organic functions, which may be modified and transformed, in a more easy way, than in the case of
conventional cyclic ethers. In a third place, because the C2-functionalization may be designed with the
adequate stereo-electronic nature in order to condition the kinetics, the diastereoselectivity and the

enantioselectivity of the cycloaddition reaction, in this last case by using a chiral auxiliary as a C2-substi-
tuent of the furan diene.*

\/O@% - @YR”

0 j [4+3] Cycloaddition

/i "y, ‘\\\\\\

R=-OMe, -NHBoc

llll

s “onyyy
O /
OH I OH
YR,
Glycosidase inhibitors Antiretroviral
O
) ) \
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VIII 3-Aminotropones R
", W R=LH AcO

Antitumoral

VII

Anti-HIV %, -

COOH AcO

-
PhCOO CHO CHO OHC

VI A\ v

1 l Antitumoral

C17-C23 Fragment of Ionomicine (C20-C26 Fragment of

Rifamicines S and W

Scheme 4. Added value synthons prepared from [4+3] cycloadducts derived from C2-functionalized furans.
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1.2. Concerted and stepwise mechanisms

Intermolecular [4+3] cycloaddition reactions have been classified into two types based on mechanistic
considerations (Scheme 5):'” concerted cycloadditions are categorized as type A and stepwise
cycloadditions are designed as type B. Moreover, there is another mechanistic alternative in the reaction of
allyl cations and dienes: it is the type C mechanism, which is a stepwise process that does not lead to
cycloadducts but to products derived from an initial electrophilic addition of the allyl cation on the diene.
This last type of reaction is common in the case of using electron rich dienes as substrates. In the case of

aromatic electron rich heterocyclic dienes like pyrrole the resulting products are formally SgAr products.

Oe 0
o X
)\ ' \; /; et
N —_—
"'@ N Concerted
cycloaddition
X =CH,,O,N, S
(0]
o X
)\ * \; /; i
D —_—
RPN Stepwise
® cycloaddition

)\ Type C
S tepw:se

X=CH,, O,N, S

Scheme 5. Mechanistic alternatives in the reaction of allyl cation and dienes.

Experimental data demonstrate that the reaction proceeds mainly via a concerted process (Type A) but,
when the diene is electron rich or when the electrophilicity of the oxyallyl cation increases, the reaction
proceeds also via Type B and Type C mechanisms in a certain extent. It has been established that the
electrophilic character of oxyallyl cations ranges from the very electrophilic and poorly nucleophilic
hydroxyallyl through metal oxyallyls to the free oxyallyl species. The electron density of oxygen atom
increases along the series from left to right and the electrophilicity decreases in the same order (Scheme
6).1a3

RSS| BrZn BrCu

BBV BVUN

Scheme 6. Electrophilicity of oxyallyl cations.
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The concerted [4+3] cycloaddition (Type A) of an allyl cation to cyclic conjugated dienes can proceed
via both a compact transition state (I) and an extended transition state (II) (Scheme 7).

Type A

O @ [4+3]-cycloaddition 0
| e
| o Compact o
e approach /
(IID)
@
Cis-diequatorial (Me, Me) = cis-endo
o, ©o
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O [4+3]-cycloaddition WAN o
+ VA ! \|'
| Extended |
approach /
av)
an l
% |
7 N
W)
Cis-diaxial (Me, Me) = cis-exo
Type B S} o
[4+3]-cycloaddition
(e}
O, /\ @ (Stepwise process) / \r
‘ « —_—
—_— <
+ [ ——
| Oe Electrophilic % / o
addition
* . Trans (Me, Me)
C-C bond rotation
(VIa) (VIla)
Type B © o
S o [4+3]-cycloaddition o
"
o) ‘)\/ (Stepwise process) ‘A/
VA<
D — —_—
‘ v ., - ,f Y o
| Electrophilic /
addition

Trans (Me, Me)

* C-C bond rotation

VIIb
(VIb) (VD)

Scheme 7. Formation of diastereomeric cis-diequatorial, cis-diaxial and trans [4+3] cycloadducts.

In the case of working with 1,3-dimethyl-2-oxyallyl cation (derived from 2,4-dibromo-3-pentanone)
and assuming that it predominantly adopts a W configuration, the resulting [4+3] cycloadduct (III) derived
from a compact transition state will have a chair-like conformation for the newly formed oxane-4-one ring
and the methyl groups on C-2 and C-4 will adopt a cis-diequatorial disposition. However, the product (IV)
derived from an extended transition state will adopt a boat-like conformation for the oxane-4-one ring. This
conformation is unfavourable and the ring flipping occurs to give the more stable conformer (V);

simultaneously the methyl groups on C-2 and C-4 will adopt a cis-diaxial disposition. The cis-diequatorial/
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cis-diaxial ratio indicates the proportion of compact versus extended attack. Experimentally, it could be
observed that the proportion of the extended attack increases when increasing electrophilicity of the allyl
cation. On the other hand, formation, in a measurable extent, of the trans (Me, Me) cycloadducts, under
kinetic control, from a (Z Z)-allyl cation will require a configurational loss and suggests a stepwise process
(mechanism Type B) via an intermediate, which must be sufficiently long lived to allow rotation about the
newly formed ¢ bonds. The likelihood of rotation in the case of using C-2 functionalized furans as substrates

will depend, inter alia, on the nature of atom or group Y (Scheme 2).

2. C2-Functionalized furans as dienes in [4+3] cycloadditions: a study of the stereo-electronic factors
controlling the diastereoselectivity

In this section, the results found in the literature on the [4+3] cycloaddition reactions of

2-functionalized furans with oxyallyl cations (Scheme 8) are presented.4 This work is related with several

research efforts oriented to the synthesis of polyfunctionalized cycloheptanes as versatile synthons and

precursors of biologically active natural products.5 The attention has been focused on furans as dienes,

having a function attached at C-2 through an heteroatom (in particular atoms from groups IVA and VIA of

the periodic table).

5 O, YRn Nal, Cu »
\ /* + — A —

4 3 Br Br CH;CN f o+

Y=N, C, Si, Ge, Sn, O, S, Se

Scheme 8. [4+3] Cycloaddition reaction.

The resulting functionalization on C-1 of cycloadducts, together with the wide variety of heteroatom
linkers (Y=N, O, S, Se, Si, Ge, Sn) and their different reactivity, give to these products high versatility
regarding the modification of their structures: interconversion of functional groups, cleavage of the oxygen
bridge, etc. Starting from these bicyclic cycloadducts, it has been possible to prepare polyfunctionalized
cycloheptanes or linear heptane synthons having five different organic functions and up to five
stereocentres.” ¢

Apart from the afore-referred works, we have not found in the literature any reference regarding a
similar systematic study. Only, there are a few exampleslb’i where furans substituted at C-2 (through C-C
bond) by aryl or alkyl groups are used as dienes in such reactions, but none with a function linked to C-2
through an heteroatom which is of major interest here.

From C-2 functionalized furans, it is possible to obtain bicyclic cycloadducts having on C-1 an organic
function that facilitates opening of the oxygen bridge. This methodology has some advantages with respect
to other synthetic approaches because at least five stereocentres and five different organic functions could be
introduced in the cycloadduct, since the beginning, maintaining at the same time the relative stereochemistry
of substituents in the cycloheptane system. These features make the aforementioned cycloadducts very

versatile and useful synthons (Schemes 4 and 9).5
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Scheme 9. Generation of polyfunctionalized synthons with up to five stereocentres from [4+3] cycloadducts.

Table 1. Results obtained from the [4+3] cycloaddition of C2 substituted furans.

Entry Furan diene Reference  Cycloaddition Conversion Cycloadduct®
of furan method” (%)*
o preparation Q
@/YRn method
YR,
YR, = . . Py - P
" Product Yield Diastereoselectivity Diastereoselectivity
N° N° (%) cis:trans endo:exo

(%) (%)
1 H 1 - H 100 28 63 100:0 80:20
2 NO, 2 8 N 82 29 13 100:0 96:4
3 NHBoc 3 9 N 100 30 76 45:55 89:11
4 CH; 4 - H 92 31 77 100:0 92:8
5 CH; 4 & H? 100 31 95 100:0 95:5
6 C(CH;); 5 & H 60 32 9 100:0 67:33
7 Ph 6 10 H 66 33 60 100:0 96:4
8 CO,Et 7 - H 97 34 27 100:0 97:3
9 CO,Ch 8 11 H 63 35 22 100:0 100:0
10 CHO 9 & H 10 36 25 68:32 78:22
11 COMe 10 & H' 59 37 85 100:0 100:0
12 CH(OCH,CH,0) 11 12 H 100 38 54 100:0 100:0
13 SiMes 12 13 H 100 39 32 100:0 100:0
14 GeMe, 13 14 H 100 40 30 100:0 100:0
15 SnMe, 14 15 H 96 41 67 100:0 94:6
16 SnBu, 15 14* H 31 42 30 100:0 100:0
17 OCO,Et 16 16 H 37 43 100 100:0 100:0
18 OCO'Bu 17 16,17 H 100 44 93 100:0 95:5
19 OCOPh 18 17 H 86 45 16 100:0 83:17
20 OPO(NMe,), 19 - H 98 46 21 100:0 93.7
21 OMe 20 & H 84 47 96 100:0 67:33
22 OMe 20 - H? 100 47 95 100:0 70:30
23 OMe 20 & H 100 47 95 100:0 52:48
24 OMe 20 - N 82 47 80 88:12 92:8
25 OSiMe; 21 & H 100 48 86 100:0 95:5
26 0SiMe,'Bu 22 18 H 100 49 29 100:0 92:8
27 SMe 23 15 H 37 50 41 100:0 93:7
28 SCh 24 15 H 63 51 27 100:0 100:0
29 SPh 25 19 H 60 52 79 100:0 937
30 SeMe 26 20 H 62 53 31 100:0 97:3
31 SeCH,Ph 27 20 H 57 54 25 100:0 100:0

*Commercially available. "H=Hoffmann's cycloaddition method (Cu/Nal, stirring, and heating at 60 °C); H'=(Zn/Nal, stirring at r.t.); H’=(Cu/Nal, ultrasound
sonication at 0 °C); HS:(Zn/NaI, ultrasound sonication at —44 °C); N=Noyori's cycloaddition method (Fe,(CO)y, ACN, stirring at —10 °C then r.t.). “Conversions of
furan substrates and yields of cycloadducts are not optimized. Conversion was evaluated by GC in front of a standard. Diastereoselectivities cis-trans and endo-exo
were determined by NMR and GC.

In these studies, twenty seven different C2-substituted furan substrates were submitted to [4+3]
cycloaddition.4 In these reactions, a 1,3-dimethyloxyallyl cation model was used as dienophile, due to its
symmetry, to avoid regiochemistry problems which would complicate the interpretation of results of this
study. This cation was generated in situ by reaction of 2,4-dibromo-3-pentanone with a reducing metal by
several alternative procedures: Hoffmann’s method? (Nal, Cu, MeCN, 60 °C) and Noyori’s method!™®
(Fe,(CO),, C.H, 80 °C) and modifications of both procedures (see footnotes of Table 1). The different
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electrophilic character of oxyallyl cations, generated by both methodologies, is quite important because it
conditions the mechanism of cycloaddition reactions and their stereochemical results. '™’

In this review, we have analyzed both the reactivity of furans in front of the oxyallyl cation
(conversion and yield) and the stereoselectivity of cycloaddition: cis-frans and endo-exo diastereoselectivity.
The results obtained from the cycloaddition reactions of these twenty seven furan models are quoted in
Table 1. Furans were commercially available or synthesized according to shown references.

Peering at experimental data from Table 1, it is possible to establish a relationship between conversion,
yield and diastereoselectivity versus stereoelectronic properties of groups (YRp) attached at C-2 of furans or
of their heteroatom linkers (Y).

First of all, it is worth noting the high cis stereoselectivity obtained in practically all the studied
models. This fact could indicate that, under the used reaction conditions, the [4+3] cycloadditions take place
via a concerted mechanism where the oxyallyl cation preferably adopts a “W” or (Z2) configuration.2
However, in the case of using the Noyori's reaction conditions (entries 3 and 24), which generate a very
electrophilic oxyallyl cation (Scheme 6), it is possible to observe trans product, which becomes the major
product in the case of YR,=NHBoc (entry 3). In entry 10, the presence of trans isomer may be due to the
inductive deactivation of the furan ring by the CHO group, which leads the reaction though a stepwise
mechanism.

For substituents of type YMe, (Y=C, Si, Ge, Sn), (see entries 6, 13, 14, 15), it is possible to appreciate
in all cases, apart from a cis stereospecificity, a moderated yield of cycloaddition (due to the large volume of
YMe, group and its close proximity to the reactive C-2 carbon of furan) and a very high endo
diastereoselectivity.

A similar effect could be noted in the model system YMe (Y=0, S, Se): when descending group VIA,
an improvement of endo-exo diastereoselectivity and a decrease of yield is observed (see entries 21-24, 27,
30). This last fact could be interpreted taking into account that, when the volume of atom Y in YMe
increases, it is more difficult for the cation to approximate the furan diene system, making cycloaddition less
feasible (Scheme 10). According to these experimental data, the steric effect of atom Y of groups YMe3 and
YMe should be of larger magnitude than the concomitant electronic effect, when conditioning the
cycloaddition outcome. This could explain how, when descending group IVA or VIA (even though
decreases electronegativity of atom Y and consequently the attached diene would be richer in electron

density), the tendency to undergo cycloaddition decreases, affording lower yields.

Steric Repulsion

>>>

Extended approach Compact approach
(exo TS) (endo TS)

Scheme 10. Influence of the steric hindrance in the approach diene-dienophile.
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On the other hand, comparing organic functions with the same heteroatom linker (Y), it is possible to
observe the steric effects of anchored R groups on the yield and/or diastereoselectivity endo/exo of
cycloadducts. So, looking at entries 27 and 28 (Y=S), entries 15 and 16 (Y=Sn) or entries 30 and 31 (Y=Se),
we can appreciate how, when increasing the size of the group R, the yield decreases and the endo/exo
selectivity increases. In all cases, we appreciated a higher influence of the steric effect than the inductive
effect on the cycloaddition results. Entries 28 and 29 (cyclohexyl and phenyl groups) show how the steric
effect exerted by cyclohexyl overwhelms the negative inductive effect of phenyl group.

The presence of electron-withdrawing groups at C-2 (see entries 2, 8—10, 13—-16, 20) weakens
substituted furans as dienes affording low to moderate yields of cycloadducts. If alkyl groups, with slight
electron-donating character, are anchored in position C-2 of the furan ring, cycloadduct yields turn from
moderate to good (compare entry 1 versus 4 and 5). Inserting groups with marked electron donating
properties (YR,=OR, OCOR, OSiRRR’), it is possible to obtain the best yields and conversions.

Even though it is not possible to observe neat steric and/or electronic effects, because both act
simultaneously (stereoelectronic effects),”) we have selected appropriate furan substrates in order to
rationalize how the type of substituents at C-2 of furans can affect conversion, yield and stereoselectivity.
Thus, after this systematic study, it is possible to establish structure-reactivity and structure-
diastereoselectivity relationships in the [4+3] cycloaddition reactions of C2-functionalized furans with
1,3-dimethyloxyallyl cation. First of all, it is possible to conclude that cis-trans diastereoselectivity does not
depend on the nature of the function on C-2 of furan substrate but on the reaction conditions (mechanism).
Secondly, it is possible to remark that both yield and endo-exo diastereoselectivity of [4+3] cycloaddition
reactions of furans with 1,3-dimethyl-oxyallyl cation are highly affected by the pattern of substitution at C-2
of the furan diene. Bulky and/or electron-withdrawing functions at C-2 afford moderated to low yields.
Small and/or electron-donating groups improve considerably conversion of reagents and yield of
cycloadducts.

Regarding endo-exo diastereoselectivity, it is quite clear, from these results quoted in Table 1, that,
increasing the size of the function attached at C-2 of furan, increases endo diastereoselectivity of
cycloaddition, becoming stereospecific when the substituent is bulky enough. In third place, it is possible to
design the adequate model of function at C-2 of furan in order to get good yields and very high endo
diastereoselectivities. For this purpose, it is necessary to insert a “spacer”, like for example an atom of
oxygen (Y=0), which activates furan diene by an electron-donating effect and put the steric demanding
R groups (YR,), apart from the reactive centres of furan, without losing its steric discriminating effect when

approaching to the oxyallyl cation.

3. General method of assignment of relative stereochemistry in C-1 substituted cycloadducts by "H-
and C-NMR correlations

In this type of reactions, the stereochemical outcome is of capital importance. Thus, in every
cycloaddition experiment, the diastereoisomeric cycloadducts were isolated from the reaction mixture and
purified by column chromatography and spectroscopically characterized. The stereochemical assignment of
diastereoisomeric cycloadducts was carried out, in an unequivocal way, by careful correlation of the
spectroscopic properties of cis/trans and endo/exo stereoisomers, on the basis of 1D and 2D 'H- and
C-NMR experiments: DEPT, COSY-45, COSY-90, DQFCOSY, HETCOR, HMBC, HMQC and NOESY.
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Due to the stereochemical complexity of the reaction, it has been necessary to establish a model of
assignment of stereochemistry based on NMR correlations. Here this NMR based model is exemplified for
stereoisomers 20a (endo) and 20b (exo), whose relative stereochemistry was confirmed by X-ray diffraction

analysis of single crystals.4a

3.1. Complete assignment of the 'H and BC-NMR spectra of the diastereomeric pairs

The structural problem of the complete assignment of the 'H- and BC-NMR spectra of the
diastereoisomeric pairs a/b (Scheme 11) is discussed here. Correlations of clearly identified 'H- and
PC-NMR data were made and the effects responsible for the upfield or downfield shifts were analyzed in
signals, within each pair of diastereoisomers and among the pairs of the studied series of cycloadducts. The
observed effects depend on both the kind of function attached to C-1 of the bicyclic skeleton and on the
relative position of methyl groups H3-C-9 and H3-C-10 with respect to the bridging oxygen, following
certain trends which allow establishing a general method of assignment of relative stereochemistry in this

type of oxabicyclic structures.”

OMe

20a 20b

Scheme 11. Models for the assignment of relative stereochemistry of C-1 substituted
diastereomeric cycloadducts.

The observed phenomena have been exemplified for the pair of diastereoisomers (20a, 20b) where the
function attached at C-1 is YR,=OMe. The structural assignment was confirmed by X-ray diffraction
analyses on single crystals of these particular molecules.* Afterwards, the observed phenomena were
extended to the remaining pairs of cycloadducts of the studied series.”> In this way, it was possible to
establish a general method of assignment of stereochemistry for this type of cycloadducts.

For the aforementioned objectives, a complete assignment of 'H- and *C-NMR spectral data was
required. In some cases, the signals of H-2 and H-4 appeared very close to each other or overlapped, so to
distinguish them we followed one of next approaches: a) to run the spectra at 500 MHz to increase
resolution; b) to carry out selective 1D double-irradiation experiments on methyl groups H3;-C-9 and
H3-C-10 to observe the chemical shifts and multiplicities of H-2 and H-4; ¢) to run the spectra in C¢Dg in
order to resolve the overlapped signals by aromatic solvent-induced shifts (ASIS).** The final assignment of
signals to the corresponding hydrogen atoms was done by COSY-90 experiments.

The "*C signals from the 1D totally decoupled spectra were analyzed by DEPT experiments (in order
to know multiplicities) and 2D hetero-correlated spectroscopy (HETCOR). In the minor diastereoisomer b,
the assignment of 'H and Bc signals corresponding to positions C-2, C-4, C-9 and C-10 was initially not
clear due to H-4 appearing as a quartet without coupling to H-5. To obviate this difficulty, HMQC and

HMBC experiments were carried out, modifying the parameter Typ from 0.06 to 0.11 in order to appreciate
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the H-C long-distance couplings. From these experiments, it was possible to observed next couplings:
H;-C-10 with C-3, C-4 and C-5 and on the other hand, H;-C-9 with C-1, C-2 and C-3. This information
allowed to clearly assign all abovementioned signals and to corroborate previous assignments carried out for
the remaining carbons and hydrogen atoms of the molecule, and also to confirm the C-C connectivities of
the carbon skeleton. So, as C-1 and C-5 are clearly identified by the HETCOR experiment and, based on the
previous observations, it was possible to assign the signals corresponding to H-2, H-4, H-9, H-10, C-2, C-4,
C-9 and C-10, which have interesting stereochemical diagnostic value, as will be discussed below.

Running NOESY experiments for both diastereoisomers (a,b), it was possible to establish the relative
stereochemistry for both of them. The stereochemistry of the molecule in both cases was confirmed by a
careful correlation and comparative study of 'H and "C spectra (8, multiplicity and J), as will be analyzed
later on. From NOESY spectra, we observed the NOE effects® shown on Scheme 12 (exemplified for 20a
and 20b). It is worth noting that the optimum mixing-time parameter for the NOESY pulse sequence was
750 ms, lower values did not give NOE signals and higher values gave COSY signals as artefacts.

NOE Effects
H6 (slight)

5 <— H4 (intense)
illO (intense)

H7=<— H9 (intense)
H6<—> HI10 (intense)
H2<—> H9 (intense)
H4<—> HI10 (intense)
H2=<— H4 (medium)

H5 «<—> H4 (intense)
I¢-110 (very intense)

H6<—> H4 (intense)
H7<—> H2 (slight)
H7<—> HI11 (intense)
H2=<—= H9 (intense)
H4=<—"> H10 (intense)
H9 < HI10 (medium)

H2 =<~ H10 (not observed)
H4=S"" H9 (not observed)
H7 =~ H9 (not observed) 20b

Scheme 12. NOE effects observed in the NOESY spectra of 20a and 20b.

The NOE observations allowed establishing a working model of relative stereochemistry for both
diastereoisomers. So, it was assigned to a, the major isomer, a 1,3-cis-diequatorial disposition of methyl

groups H3-C-9 and H3-C-10, attached respectively to C-2 and C-4, and a chair-like conformation to the
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1-oxane-4-one ring. For the minor diastereoisomer b, in the light of NOE effects a quasi-1,3-cis-diequatorial
disposition for methyl groups and a boat-like conformation for the 1-oxane-4-one ring were considered.
Additionally, it was deduced that the configuration of C-2 and C-4 stereocentres in a were simultaneously

opposite to those of b.

3.2. Comparative analysis of "H-NMR spectra for 20a and 20b

The chemical shifts (8, ppm), multiplicities and coupling constants (J, Hz) of signals corresponding to
'H spectra of 20a and 20b have been quoted for comparative purposes in Table 2. The main differences
observed in both spectra are commented below; some of them give considerable structural information.

The multiplicity of H-4 varies from 20a to 20b, observing in 20a a J45=4.8 Hz and in 20b a J45=0 Hz.
Also it is appreciated in 20b, Ju4 10=J29=7.5 Hz while in 20a, J4,10=J29=7.0 Hz. This phenomenon is observed
in all pairs of diastereoisomers of the studied series, independently of the function attached to C-1 in the
cycloadduct. From Table 2, we can observe that the most significant differences in & (ppm), multiplicity and
J (Hz) between both diastereoisomers are at H-2, H-4, H3-C-9 and H3-C-10. The fact that in 20b J45=0 Hz, is
only possible for a dihedral angle (H-4)-(C-4)-(C-5)-(H-5) with an approximate value of 90°, which is
consistent with a major population of conformers having a 1,3-cis-quasi-diequatorial disposition for methyl
groups H3-C-9 and H3-C-10, as previously observed by NOESY experiments. Also, according to this J
value, the 1-oxane-4-one ring would adopt necessarily a halfboat-like conformation, which is logical from
the thermodynamic point of view in order to decrease the destabilizing steric repulsions existing in a typical
1,3-cis-diaxial disposition for methyl groups attached to C-2 and C-4. This phenomenon is known as inverse
reflex effect (Scheme 13).26

Scheme 13. Inverse Reflex Effect in 20b: A) destabilization by steric compression for
1,3-cis-diaxial orientation of H3-C-9 and H3-C-10. B) 1,3-Cis-quasi-equatorial orientation
for methyl groups on C-2 and C-4.

A phenomenon with high stereochemical diagnostic value is that H3-C-9 and H3-C-10 in 20b isomer
are deshielded with respect to their homologous methyl groups in 20a (Table 2). This behaviour is due to a
deshielding 1,3-dipolar interaction (electric field effect)®’ of methyl groups in 20b with the bridging oxygen,
interaction which is not possible in 20a. At the same time, H-2 and H-4 are deshielded in 20a compared to
20b, because of the same aforementioned interaction with the bridging oxygen (Scheme 14 and Table 2).
These observations are consistent with a simultaneous opposite configuration at C-2 and C-4 stereocentres of

20a and 20b diastereoisomers.
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Table 2. "H-NMR data of 20a and 20b in CDCls.

20a 20b
Hydrogen 3 (ppm) m J (Hz) 6(ppm) | m J (Hz) A820a-20b AJ

H3-10 0.84 d|J,=70 1.36 d [J,=75 052 Al =05
H3-9 0.91 d J9’2=7.0 1.27 d J9’2=7.5 -0.36 AJQ’Q——O.S
H-2 2.62 q  |4,=70 254 Q4 [4,,=75 0.08 AJ, =05
H-4 2.60 dq | J,,,=70 223 q |45 0.37 AJ, =05

J 4’5=4.8 J 4’5=0 AJ4’5=4.8
H-11 3.28 S 0 3.42 S 0 —0.14
H-5 4.73 dd J5’6=1.9 4.67 d J5’6=1.9 0.06 AJ5’6=0

J;,=4.8 J54=0 AJ =48
H.7 6.06 d|/,=6.1 6.09 d [J,=60 ~0.03 AT, =0.1
H-6 6.28 dd J6’5=1.9 6.36 dd J6’5=1.9 —0.08 AJ6’5=0

J 6’7=6. 1 J 6’7=6.0 Ajmzo_ 1

20b

20a
Scheme 14. Electric field effect exerted by the bridging oxygen.

Other effect contributing to the upfield shift of H3-C-9 and H3-C-10 in 20a versus 20b is the shielding
influence of the anisotropy cone of carbonyl group28 of C-3, which could affect in a certain extent to these

methyl groups in 20a.
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The molecules under study, due to their bicyclic structure, have a low degree of conformational
freedom, as can be judged from molecular models. There is a major conformation with an energy minimum,
as calculated by molecular modelling (MOPAC); so, the weighed contribution of this preferred conformation
to the chemical shifts and coupling constants should be very important. On the basis of this consideration,
for the value of J45=4.8 Hz in 20a, it was made an estimation of the dihedral angle (H-4)-(C-4)-(C-5)-(H-5)

by the Karplus equation®® *

obtaining an approximate value of 44° for that angle. This indicated that the
1-oxane-4-one ring has a halfboat-like conformation in which carbons C-1, C-2, C-3, C-4 and C-5 are almost

on the same plane (Scheme 15).

’

H“Shielding

Scheme 185. Different intensity of shielding effects H3-C-9<>H-5 in 20a and 20b: approximate values of
dihedral angles obtained from J4 5 coupling constants.

Other observation, consistent with the previous stereochemical assignment, is that in 20b hydrogen
H-5 appears at higher field than its homologous hydrogen 20a. The origin of this phenomenon may be in the
shielding 1,2-interaction between methyl group H3-C-10 and H-5, which is more intense in 20b than in 20a
because of the close proximity of both kind of interacting hydrogen atoms in the former stereoisomer. This
could be appreciated in Scheme 14, where the estimated values for the dihedral angle (H-5)-(C-5)-(C-4)-(C-
10) are shown: 30° for 20b and 76° for 20a.

The protons H-6 and H-7 have not stereochemical diagnostic value because 6(H-6)> or <6(H-7) and/or
S(H-6, H-7)[20a]> or <(H-6, H-7)[20b], depending on the stereoelectronic effects exerted by the organic
function attached to C1 of cycloadduct (Table 2).

3.3. Correlation of *C spectra of 20a and 20b

The correlation of *C-NMR spectra of diastereoisomers a and b afford interesting information for the
establishment of configuration at C-2 and C-4 stereocentres. The main differences between the spectra of
both stereoisomers are observed on & values of C-1, C-3, C-9 and C-10 carbons (Table 3).

In first place, it might be observed an upfield shift of C-6, C-7, C-9 and C-10 in compound a with
respect to the homologous carbons in its diastereoisomer b (Table 3). This shielding effect could be due to a
V-gauche interaction®® between C-7 and C-9 and also between C-6 and C-10 in compound a. However, this
interaction is not possible in the stereoisomer b (Scheme 16).

The important A3(C-3) observed between a and b sterecoisomers could be interpreted on the basis of
the different intensity of destabilizing repulsive interactions between the non-shared electron pairs of the
bridging oxygen and the Tm-electrons of the carbonyl group. In structure b, due to the close proximity of

orbitals, the electron density of the T orbital in the carbonyl group is dissymmetrically pushed towards its
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oxygen atom, leaving the carbonyl carbon deshielded. This effect would not be observed or it would be
produced in a lesser extent in isomer a, where the 1-oxane-4-one ring adopts a half-chair like conformation
(Scheme 17).

Table 3. '°C NMR data of 20a and 20b in CDCl;.

Carbon &4 20b  Ad20a-20b
(ppm) (ppm)
C-1 112.16  110.27 1.89
C-2 54.68 54.05 0.63
C-3 208.11  213.74 -5.63
C-4 48.01 47.82 0.19
C-5 79.00 79.72 -0.72
C-6 136.10  137.01 091
c-7 13242 133.39 —0.97
C-9 10.18 13.14 -2.96
C-10 8.64 17.83 -9.19
C-11 51.14 51.39 -0.25

20a 20b

) D 56)
sp3 O
sp3 5 Me /y M@
1 ’ 1 () %
€

S
M

20b 20b

20a P

Scheme 17. Downfield shift of C-3 in 20b.

245



In summary, the "H and ">C chemical shifts of the 25 pairs of studied diastereomeric cycloadducts
have been -carefully assigned.zz’23 *! The identification of every individual signal was carried out
unequivocally by the general methodology commented here. Peering at these data, it was possible to draw
the same conclusions and observations than those appreciated in the 20a/20b system. This is an indication of
the wide scope and applicability of this method of stereochemical assignment for the C-1-functionalized

oxabicyclic structures under study.

3.4. General method of relative stereochemistry assignment based on NMR correlation
The general trends in the correlation of 'H- and ""C-NMR spectra of diastereomeric a/b pairs of

cycloadducts are summarized as follows:

1.- The most significant differences in chemical shifts (8), multiplicity and coupling constants between
both diastereoisomers are at the level of H-2, H-4, H-9 and H-10.

2.- 8(H-9) and 8(H-10) of major diastercoisomer a are smaller than the homologous signals in the minor
stereoisomer b. This is caused by the different interaction of methyl groups with the bridging oxygen.

3.- Jog (@)<J29 (b)
Ja10 (@)<J410 (b)
Js5 (@)#0, normally 4<J4 5<5 Hz; J45 (b)=0

4.- 3(H-2) and 8(H-4) of a are higher than 6(H-2) and 8(H-4) of b, because of the different interaction of
those hydrogen atoms with the bridging oxygen.

5.- 8(H-5)(a)>0(H-5)(b) by 1,2 shielding effects with Me-(C-4).

6.- The main differences in & (13 C) are observed for carbons: C-1, C-3, C-9 and C-10.

7.- 8(C-9)(a)<d(C-9)(b) and O&(C-10)(a)<d(C-10)(b), due to the Y-gauche interactions in the a
diastereoisomer.

8.- 8(C-3)(a) < &(C-3)(b), caused by electron compression between a sp3 orbital of the bridging oxygen and
a p, orbital of the C3 atom.

4. Improvement and optimization of the [4+3] cycloaddition reaction: generation of oxyallyl cations
by reduction of a,0’-diiodoketones under very mild sonochemical or thermal conditions

The optimization work here presented deals with the development of an improved methodology for the
[4+3] cycloaddition reactions based on the in situ generation of oxyallyl intermediates from diiodoketones in
the presence of reducing metals under very mild conditions and for short reaction times. This optimization
study was performed in order to get high conversion of substrates and also high yield (chemical selectivity)
and diastereoselectivity of cycloadducts under kinetic control, i.e. under very mild reaction conditions and in
short reaction times.”> For this purpose, the reaction was carried out under such conditions that the
generation of the oxyallyl cation should be performed by using selective reagents (compatible with a wide
variety of functional groups), which also would improve the general applicability and versatility of this
important reaction, and at low temperatures to improve the diastereoselectivity of the process.

The substrate models used in this study are illustrated in Scheme 18. These molecules are important
precursors of both versatile linear and cyclic synthons for the preparation of biologically active natural

products.’
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Scheme 18. Diastereoisomeric products resulting from the [4+3] cycloaddition reaction
of dienes II and 1,3-dimethyl-2-oxy-allyl cation.

Classical [4+3] cycloaddition methodologies1 frequently use, to generate allyl cations, unstable and
lachrymator o, -dibromoketones which in the reaction medium are reduced by Fe,(CO)y (in benzene at
80 °C for 18 hours)'™® or by Cu/Nal (in acetonitrile at 60 °C for 4 hours).?

Precedents could be found in the literature to prepare allyl cations at low temperatures. In most cases
their application is oriented to certain structural models, for example: the generation of allyl cations by

33 oc—chloro—enamines,34 o-chloro-imines™ or a-chloroalkyl-enol

reaction of «-chloro-silyl-enol ethers,
ethers®® with Ag" salts. Also allyl cations could be prepared starting from o, 0’-dialkoxy-silyl-enol ethers,”’
a-bromoalkyl-enol ethers,™ o-bromo-silyl-enol ethers,” o-sulfono-alkyl-enol ethers* or a-carbonyl-silyl-
enol ethers’' in the presence of Lewis acids. On the other hand, there are methodologies that use strong
reaction conditions (i.e., the generation of allyl cations by reaction of chloroketones in an alkaline
medium),** which make these procedures non-compatible with a wide variety of organic functions attached
to the diene. On the basis of these precedents, a methodology was developed starting from non-volatile and
non-lachrymator o,o’-diiodoketones that afforded cycloadducts in high yield (up to 90%), at low
temperatures (from 0 °C to —44 °C) and in very short reaction times (<15 minutes).

With the purpose of analyzing the factors that condition the reduction of dihaloketones in the [4+3]
cycloaddition reaction, an exhaustive study was carried out on all experimental parameters affecting the
reaction: (a) type of dihaloketone (iodo and bromo-derivatives); (b) type and morphology of reducing agent
(Fex(CO)y, Cu powder, Cu bronze, Cu submicron, Zn, Zn-Cu pair); (c) reaction activators (Nal, Lil,
TMSCI); (d) temperature (reflux of solvent, r.t., 0 °C, =20 °C, —44 °C, —78 °C); (e) source of energy (heating,
ultrasound sonication); (f) type of solvent (polar, non-polar, protic, aprotic); (g) concentration of reagents;
(h) stoichiometry. On the other hand, the following parameters were evaluated: reaction time (up to total or
constant conversion), conversion of starting materials, yield, cis-trans diastereoselectivity and endo-exo
diastereoselectivity.

From this study, it was possible to draw the following conclusions (Table 4):

1) The use of o,0’-diiodoketones as precursors of the oxyallyl cation instead of o, ’-dibromoketones
(maintaining constant the remaining reaction factors) considerably improve the reaction rate, in such a
way that it it possible to get complete conversion and high yield, at reaction temperatures down to —44 °C,
much lower than the usual reaction temperatures found in the literature for these proccesses, and

affording cycloadducts in a reaction time also much shorter (10 to 30 minutes instead of 4 to 18 hours).
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2) From the operational and safety points of view, to work with diiodoketones, which are non-volatile (in
same cases they are solids) and non-lachrymator, is easier and safer than to work with the corresponding
dibromoderivatives that are relatively volatile and very lacrimator. Even though dibromoketones are
usually stored in the freezer, after a while they decompose and every time you need to use them, it is
necessary to filter them throught a pad of neutral alumina, in order to remove Br, and HBr formed, or
even it is necessary to redistil them. However, diiodoketones, when stored in the freezer and protected
from light, crystallize and they are stable for long periods of time.

3) The use of reducing agents based on Zn (Zn powder and Zn-Cu pairs)43 improves the reactivity of the
system, affording cycloadducts at lower temperatures and shorter reaction times than in the case of using
copper powder as a reducing agent. At the same time, the use of Zn based reductors allows doing the
reaction without activators such as Nal or TMSCI, which, on the other hand, facilitate the formation of
polymers and /or electrophilic addition products to the detriment of [4+3] cycloadducts.

4) The use of ultrasound (generated by a high-frequency immersion sonication probe) considerably
accelerates the kinetics of the reaction. Energy is released in sonication via a cavitation process that
involves the formation and collapse of microbubbles with liberation of sufficient heat to reach
temperatures up to 5000 °K and pressures up to 1000 atm within the microbubble in microseconds.** It is
worth noting the use of ultrasound in heterogeneous reactions involving metals, where sonication
produces four main effects:* (a) activation of the surface of metal particles (removal of passivating
metallic oxides); (b) removal of reaction products from the surface of solid particles, facilitating the
access by new molecules of reactants; (c) vigorous dispersion of the metallic or solid particles in the
reaction medium; and (d) generation of the activation energy necessary for the reaction process to take
place, increasing the number of efficient collisions among metallic particles.46 This raising of the reaction
rate allows to carry out the cycloaddition reaction, with similar yields, at lower temperature (—44 °C) than
the necessary one (0 °C) to carry out reactions under stirring (without sonication).

A selection of significant results from this study is summarized in Table 4, which comported almost
300 experiments! In all cases a 2,4-dihalo-3-pentanone was used as precursor of the oxyallyl cation. As
dienes three different cyclic dienes were used (Scheme 18).

In entries 1 and 2 from Table 4 it is possible to observe the results obtained by using the standard
conditions found in the literature."™*® Under these conditions, good yields and diastereoselectivities are
obtained but the reaction conditions require reflux of solvent (60—80 °C) for long periods of time.

When this new cycloaddition methodology was applied to furan as a diene (entries 5, 7 and 8 from
Table 4), it was possible to appreciate that the reaction went faster (10-30 minutes instead of 240-960
minutes) and at a much lower reaction temperature (—44 °C to 0 °C instead of 60—80 °C) than in the case of
using the Hoffmann’s or the Noyori’s methodologies (entries 1 and 2, respectively). 26 On the other hand, in
entry 1 the yield is lower (with similar cis-trans and endo-exo diastereoselectivities) than in the present study
case. Also, in entry 2 the cis-trans diastereoselectivity is low (46:54) meanwhile the endo-exo
diastereoselectivity is complete (100:0). It is worth noting (compare entries 7 and 8) the use of sonication as
an energy source, which allows carrying out the reaction in one third of the usual reaction time, maintaining
invariable the rest of the reaction conditions. The use of Nal as reaction activator decreases the reaction time

down to 7 minutes, but considerably decreases the yield of cycloadducts (favouring the formation of
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electrophilic addition products on C-2 of dienes), even though the endo-exo diastereoselectivity is slightly
increased (see entries 5 and 6). When this new cycloaddition methodology was applied to dienes other than
furan (entries 8—10), the reaction afforded diastereomeric cycloadducts III, IV and V with similar yields and
diastereoselectivities than those observed in the literature' (under more drastic reaction conditions), but in
the present case, with much shorter reaction times and at lower reaction temperature.

The role of the metal is to transform in situ the starting o, o’ -dihaloketones into the oxyallyl cation.
Cleaning effectively the surface of these metals prior to react and activating their surfaces by ultrasound
during the reaction considerably accelerates the reaction rate and it allows carrying it out at temperatures as

low as —44 °C. This fact represents a great improvement of this synthetic methodology.

Table 4. Comparative results from [4+3] cycloaddition reactions of several dienes, between standard and

newly designed reaction conditions.

Entry 1° 2" Reducing Additional Energy source® T t Conv." Yield DS’ DS’
agent reagent (°C) (min) (%) (%) (cis: trans) (endo: exo)

(%) (%)

1 Ia IlIa Cu Nal Therm. 60 240 100 63 100:0 90:10
2 TIa IIa Fey(CO)y - Therm. 80 960 100 90 46:54 100:0
3 Ia IIa Zn(Cu) - Sonic —44 150 100 83 100:0 80:20
4 Ia IIa Zn(Cu) Nal Sonic —-44 90 100 78 100:0 90:10
5 Ib IIa Zn(Cu) - Sonic. 44 15 100 90 100:0 91:9
6 Ib IIa Zn(Cu) Nal Sonic —44 7 100 58 100:0 94:6
7 Ib IIa Zn(Cu) - Sonic. 0 10 100 70 100:0 90:10
8§ Ib IIa Zn(Cu) - Stirr. 0 30 100 75 100:0 90:10
9 Ib IIb Zn(Cu) - Stirr. 0 60 100 71 100:0 66:34
10 Ib IIc Zn(Cu) - Stirr. 0 30 100 42 100:0 51:49

“I=Dihaloketone. "II=Diene. “Energy source: Therm.=Thermal (heating and magnetic stirring). Sonic.=Ultrasounds sonication. Stirr.=Magnetic
Stirring at Tr.t. dConv.=conversion of raw materials. °Yield=% of raw material reacted that afforded cycloadducts III to V.
'DS=Diastereoselectivity: cis/trans=I+IV:V; endo/exo=TIL1V.

From the operational point of view, stirring was carried out by a magnetic stirrer and sonication with
ultrasound was performed with an ultrasound horn sonicator (with higher releasing energy: >100 W.cm™).

d**® to work on small scale (2 to 50 mL

For this last system an ultrasonic reactor was specifically designe
volume, adequate to react a few mg of starting materials). For the experiments carried out under ultrasound,
a three-necked sonication reactor, fitted with septa and partially immersed in a cooling bath (0 °C, —44 °C,
—78 °C), was used. A 1/8” sonication probe (from Branson EDP ref. n° 101-148-062) was immersed in the
reaction mixture and adapted to obtain a conveniently closed system. The reaction was carried out under

inert argon atmosphere and the inner temperature was monitored by a flexible thermo-couple (PT-100).
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Abstract. Pyrrole containing natural products have been relatively rare. (R)-(—)-Rhazinilam is an unusual
monopyrrolic product isolated from nature but its formation is probably an artefact of the isolation
procedure. The discovery and the identification of rhazinilam and analogues of rhazinilam are reviewed.
The seven total syntheses of rhazinilam are described and critically evaluated. Some general conclusions
concerning the use of protecting groups during the synthesis are presented. The comparison of the first
synthesis with the more recent syntheses shows that the number of steps needed starting from commercial
materials has stayed almost constant despite the spectacular development of organic synthesis in recent
years. Only one of the published syntheses gives a considerable improved overall yield. Most other syntheses

give the natural product in comparable overall yield.
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1. Pyrrole containing natural products

Alkaloids are the archetypical nitrogen containing natural products. Many important heterocyclic
systems used by nature contain one or several nitrogen atoms. Until the sixties of last century, an impressive
structural variety of nitrogen containing natural products has been isolated and their structure determined.

Before 1954, the number of monopyrrolic natural products isolated was however rather small (Figure n.!

F\ . |\/\

—Z

=

2-Acetyl pyrrole S-Nicotyrine Ryanodine Prodigiosin

Volatile isolated Insecticide isolated Insecticide isolated Isolated from Serratia marcescens
from different plants from tobacco from Rvania speciosa (formerly Bacillus prodigiosus)
1935 1937 1940 1929

Figure 1. Monopyrrolic natural products known before 1954.

This is all the more surprising because the more complex tetrapyrrolic macrocyclic natural products
are synthesized by nature in large quantities. The tetrapyrrolic pigments fulfill essential tasks as inevitable
cofactors for important processes. Porphobilinogen or PBG is the dedicated pyrrolic intermediate for the
biosynthesis of uroporphyrinogen III, the precursor of all tetrapyrrolic macrocycles (Figure 2A). The
structure of PBG was determined by Cookson and Rimington in 1954. Only three years later, the initial
proposals for the structure of netropsin an oligopeptidic antibiotic isolated from Streptomyces netropsis were
published (Figure 2B).**

COOH B: 0
COOH HN /—-{
0
> @

NH  HN AN e d
BN \ N o] NH,
. O
N N HN NH,
HN \
Porphobilinogen (PBG) Netropsin

2™ precursor for the "Pigments of life"

Figure 2. A) Structure of porphobilinogen and B) structure of netropsin.

Since these two important discoveries, an increasing number of monopyrrolic natural products have
been isolated and their structure determined. The beautiful review article by Gossauer presents a systematic
overview of all monopyrrolic natural products known before 2003. The multitude of structures is impressive.
The monopyrrolic natural products are incorporated in an astonishing variety of different skeletons. One
structural factor is present with many of the monopyrrolic natural products: most natural products contain a
functional group directly linked to the pyrrolic aromatic ring stabilizing the electron rich heterocycle against
oxidation and degradation. Very often esters, amides or lactam rings are directly bound to the heteroaromatic
ring. In some cases, an aromatic ring directly connected to the heterocycle plays the role of the stabilizing

group. The number of pyrrole containing natural products lacking a stabilizing group is relatively small.
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Pyrroles isolated from ants are a notable exception (Figure 3).” However, the myrmicarins 215 B and 215 C

contain additional conjugated double bonds which will increase the stability of the heterocycle.

H
(R)<(+)-Myrmicarin 217 Myrmicarin 215 B Myrmicarin 215 C

Figure 3. Alkaloids isolated from African ants Mirmicaria opaciventris.

The most remarkable exception is porphobilinogen, the second dedicated precursor of the tetrapyrrolic
natural macrocycles. The absence of stabilizing groups in porphobilinogen bestows a high reactivity and a
low stability to this compound. Nature uses this reactivity for the synthesis of uroporphyrinogen III, the
reduced precursor of the natural tetrapyrroles. From a chemical standpoint nature’s choice, to introduce
electron attracting and/or conjugating groups onto the pyrrole ring is very reasonable. At least in one case,
where nature has chosen not to introduce stabilizing groups on the pyrrole ring, this choice makes (chemical)
sense, because the increased reactivity is used for the next step of the biosynthesis. One can therefore
conclude that electron withdrawing groups juxtaposed on pyrrolic natural products or on precursor of natural
products fulfill a purpose. These groups are probably necessary to make these compounds sufficiently stable
to be used by nature and based on the same logic that these compounds can be isolated and manipulated by

humans.

2. Isolation and structure determination of rhazinilam and its analogues
2.1. Isolation of rhazinilam

(R)-(—)-Rhazinilam (1) was first isolated by Linde from Melodinus australis in 1965.° Subsequently, it
has been found in other South-East Asian members of the family Apocynaceae such as Rhazya stricta
(1970),7’8 Aspidosperma quebracho-blanco (1972),9_11 Aspidosperma marcgravianum (1983),12 Leuconotis
eugenifolia (1986)," Kopsia singapurensis (1987),"* Leuconotis griffithii (1989)," Kopsia teoi (1993)'® and
Vallesia glabra (1995)."” The alkaloid 1 has also been obtained from somatic hybrid intergenic cell cultures
of two Apocynaceae, namely Rauvolfia serpentina and Rhazia stricta (2000)."® More recently,
(R)-(—)-rhazinilam (1) was isolated from the plant species Kopsia arborea (2007).19-2°
2.2. Structure determination of rhazinilam

The structure of (R)-(—)-rhazinilam (1) was established in 1972 concomitantly through spectroscopic
analysis (‘H-NMR, fluorescence studies) and chemical degradation studies® and confirmed by X-ray
crystallographic techniques (Figure 7).!% Later, this alkaloid was identified by infrared, mass spectra and
'H- and "C-NMR analysis.* Compound 1 possesses four rings: a phenyl A-ring, a nine-membered lactam
B-ring, a pyrrole C-ring and a piperidine D-ring. The molecule incorporates two stereogenic elements, a
quaternary carbon centre at C20 and a phenyl-pyrrole chirality axis. Through X-ray analysis, it was
determined that the A-C dihedral angle is almost 90°, the amide bond possesses s-cisoid conformation and
the nine membered lactam ring adopts a boat-chair conformation. However, it was not possible to determine

the absolute configuration (R, aR) by X-ray analysis. The absolute configuration was deduced via semi-
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synthesis from an aspidosperma alkaloid, namely (+)-1,2-didehydroaspidospermidine (3).”* The systematic
name for rhazinilam used by Chemical Abstracts is (8aR, 14aR)-8a-ethyl-7,8,8a,9,10,11-hexahydro-
indolizino[8,1-ef][1]benzazonin-6(5H)-one. The numbering system used is indicated in Figure 4 and it is

based on the supposed biosynthesis.23 24

(R)~(-)-thazinilam (1)

Figure 4. (R)-(—)-Rhazinilam (1).

2.3. Putative formation of (R)-(-)-rhazinilam from other natural products
(R)-(—)-Rhazinilam (1) is now considered to be an artifact of the extraction procedure from the plants.
Its immediate natural precursor is believed to be the unstable 1,2-dihydrorhazinilam (5),8 which aromatizes

13,14

spontaneously on exposure to air. (R)-(—)-Rhazinilam (1) can also be synthesized starting from

(+)-vincadifformine (2) (Scheme 1).

Cl1

HCl(aq.)
reflux
(100%)

m-CPBA o
—_—
CH,Cl,, 20 °C

FeSO,,H,0, r.t.
-—

1 (45%) 5 (5%) 4

T [0,] |

autoxidation, 1-2 days

Acy0, Et;N, CH,Cl,, 0 °C
(81%)

Scheme 1. Semi-synthesis of (R)-rhazinilam (1) from (+)-vincadifformine (2).

The mechanism of the stepwise conversion was proposed by Smith* and later experimentally
confirmed by Guenard.”?® The sequence started with the acid-catalyzed removal of the ester group in
(+)-vincadifformine (2) resulting in the formation of (+)-1,2-didehydroaspidospermidine (3) in quantitative
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yield. The MCPBA-promoted oxidative cleavage of the C2-C3 indoline bond in (+)-1,2-didehydro-
aspidospermidine (3) produced the 5,21-dihydrorhazinilam N-oxide (4) in 65% yield via a non-isolable
bis-oxidized intermediate. The configuration at carbon C2 is not known. However, the isomer with the
absolute configuration () at C2 is sterically much less hindered than its diastereomer with the inverted
configuration. The N-oxide 4 was reduced with Fe(Il) to give a 9:1 mixture of (R)-(—)-rhazinilam (1) and
5,21-dihydrorhazinilam (5). Exposing 5,21-dihydrorhazinilam (5) to air for several days gave rhazinilam.
This slow conversion (R)-5,21-dihydrorhazinilam (5)—(R)-(—)-rhazinilam (1) suggested that the formation
of rhazinilam from the 5,21-dihydrorhazinilam N-oxide (4) occurred via a Polonovsky-type reaction.”’
Subjecting the N-oxide 4 to classical Polonovski conditions using acetic anhydride and triethyl amine
afforded (R)-(—)-rhazinilam (1) in 81% yield.26 Moreover, starting from (+)-1,2-didehydroaspidospermidine
(3), the one-pot reaction (without isolation of the intermediate) gave (R)-(—)-rhazinilam (1) in reproducible
50% yield. Therefore the air-sensitive 5,21-dihydrorhazinilam (5) is almost certainly the direct precursor of
(R)-(—)-rhazinilam (1) in plants. 5,21-Dihydrorhazinilam (5) and (R)-(—)-rhazinilam (1) were co-isolated
from the Apocynaceae Leuconotis eugenifolia,13 Leuconotis griﬁithii,15 Kopsia singapurensis14’28 and K.
Arborea."*" This is further circumstantial evidence for this hypothesis. (+)-1,2-Didehydroaspido-spermidine
(3) has never been detected in vivo together with 5,21-dihydrorhazinilam (5) or (R)-(—)-rhazinilam (1). If

(+)-1,2-didehydroaspidospermidine (3) is the precursor of (R)-(—)-rhazinilam (1) remains an open question.

2.4. Isolation of analogues of rhazinilam

Other alkaloids with the same tetracyclic system as (R)-(—)-rhazinilam (1) have been isolated from
different members of the family Apocynaceae: rhazinicine (6) [Kopsia dasyrachis (1998),29 intergeneric
somatic hybrid cell of Rauvolfia serpantina and Rhazia stricta (2000),*° Kopsia arborea (2006),”' Kopsia
singapurensis (2007)*4, 3-oxo0-14,15-dehydrorhazinilam (7) [Aspidosperma quebracho-blanco (1991)*,
(—)-leuconolam (8) [Leuconotis griffithii  (1984),°**  Leuconotis eugenifolia (1986),"**>  Kopsia
singapurensis (2007)32], (+)-epi-leuconolam (9) [Leuconotis eugenifolia (1986),13’15 Leuconotis griffithii
(1989)"°], N-methylleuconolam (10) [Rhazia stricta (1995)*°], (R)-(—)-rhazinal (11) [Kopsia teoi (1998),”
Kopsia singapurensis (2007)**], Kopsiyunnanines C1 (12), C2 (13), C3 (14) [Kopsia arborea (2009)™]
(Figure 5). Such alkaloids are also believed to be derived from 5,21-dihydrorhazinilam (5) via oxidative

pathways.

11 12 13 14

Figure 5. Naturally occurring analogues of (R)-rhazinilam (1).
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3. Overview of the published total syntheses of rac-rhazinilam and of (R)-(—)-rhazinilam
3.1. Published total syntheses of rhazinilam

Seven total syntheses of rhazinilam have been reported, four of racemic (+)-rhazinilam and three of the
naturally occurring (—)-enantiomer. The main objective of these studies were to overcome the synthetic
challenges of these unusual structures: the A-C biaryl axis of chirality, the fused pyrrole-piperidine C-D

rings, the nine-membered lactam B ring and the quaternary-carbon at C-20.

3.1.1. First total synthesis of rhazinilam by Smith

The first total synthesis of the racemic (£)-rhazinilam (1) was reported by Smith and co-workers in
1973% together with the semisynthesis of (R)-(—)-rhazinilam from (+)-1,2-dehydroaspidospermidine. The
two intermediates 21 and 26 had to be prepared first. The reaction of ethyl magnesium bromide with diethyl
4-ketopimelate 15 was the first step for the synthesis of the lactone 16 (Scheme 2). The resulting y-lactone of
4-ethyl-4-hydroxyheptane-1,7-dioic acid ethyl ester 16 was hydrolyzed to give the corresponding acid 17
(40% yield over two steps). The acid 17 was converted into the corresponding acid chloride 18 which on
Rosenmund reduction® gave the aldehyde 19. Reduction of the aldehyde 19 by NaBH, led to the alcohol 20
(70% yield from 17). This compound was treated with tosyl chloride in pyridine to provide the desired tosyl

derivative of y-lactone 21 in 78% yield (22% over six steps from commercially available 15).

CO,EL COH cocl

o) o)
EtMgBr Hydrolysis
—7 UL L LN _
EO OEt o o (40% over 2 steps) O o o o
o]
15 16 17 18
OTs
CHO CH,0H
H,, Pd/ BaSO, NaBH, TosCl, pyridine
= % - - .
o o (70% over 3 steps) O o (78%) o o
19 20 21

6 steps starting from diester 15: 22% overall yield

Scheme 2. Synthesis of intermediate 21.

The second intermediate, pyrrole 26, was prepared via Knorr-type condensation (Scheme 3). The
reaction of 3-nitro-ai-oxo-benzenepropanoic acid 22 with 2,2-dimethoxyethylamine gave the pyrrole 23 in
20% yield. Subsequent Vilsmeier formylation of compound 23 produced formyl pyrrole 24 which was
oxidized using silver oxide in aqueous methanol to give the corresponding carboxylic acid 25. Subsequent
esterification with diazomethane generated the pyrrole 26 in 56% yield from compound 23 (11% yield over
five steps from commercially available 22).

Combining the two advanced intermediates was a crucial step in this total synthesis. The N-alkylation
of the sodium salt of pyrrole 26 with the tosyl derivative of the lactone 21 provided the pyrrole 27 in 90%
yield. The intramolecular Friedel-Crafts cyclization induced by aluminium trichloride in nitromethane gave
the tetrahydroindolizine derivative 28 in 50% yield. The intermediate 28 contained all the carbons present in
the target molecule. The additional methyl ester group at the pyrrolic C-5 position was needed to make the
pyrrole ring sufficiently resistant to the following transformations. Catalytic reduction of the nitro group
using Adams’ catalyst gave compound 29 in 86% yield. Lactamization of compound 29 was carried out with
DCC in THF at room temperature to afford compound 30 in 95% yield. The synthesis was completed in two
steps. Saponification of the ester group with methanolic sodium hydroxide gave, after acidic work-up, the
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corresponding acid 31. Decarboxylation of the acid 31 occurred at 240 °C and at 0.05 mmHg to produce
rac-rhazinilam (1) in 88% yield over the last two steps. The synthesis proceeds through ten steps starting

from commercially available acid 22 in 3.6% overall yield.

NO,
NO, NO, NO,
+ _ACOH/ACONa (CHyNCHO AZO CH,N,
- . —_— .
~roc, MeOH/H,0 (56% over 3 steps)
( 0'7)
o / \ /
o CHO N COOH

H

N _aiey
/ \ cuNo2
COMe  (90%) COMe  (50%)

DCC 0,

240 °C, 0.05 mmHg
R ——

THF

(95%) COOH (8% over 2 sieps)

30 31 rac-1

10 steps starting from acid 22: 3.6% overall yield

Scheme 3. Smith’s total synthesis of rac-rhazinilam.

3.1.2. The two total syntheses of rhazinilam of Sames: rac-rhazinilam and (R)-rhazinilam

In 2000 and 2002, two very elegant total syntheses of rhazinilam were reported by Sames and
co-workers. The initial work was directed towards the preparation of rac-(+)-rhazinilam (mc—l).3 ° Two years
later, Sames reported the first synthesis of the natural (—)-enantiomer.*’ Both syntheses proceeded through
the achiral intermediate 41 containing the A-C-D ring system of rhazinilam. This compound was synthesized
in the efficient sequence depicted in Scheme 4. Iminium salt 37 was obtained in 90% yield via the reaction
of o-nitrocinnamyl bromide 36"' and imine 34. The imine 34 had been generated by cyclization of the nitrile
33.* The allyl iminium salt 37 in the presence of silver carbonate underwent a Grigg-type 1,5-electro-
cyclization reaction® to produce the achiral intermediate 38 in 70% yield. The sensitive pyrrole ring was
then protected with a methyl carboxylate group to give the ester 40 via intermediate 39. Selective reduction
of 40 provided the aniline 41 in 88% yield over three steps (25% over seven steps from commercially
available nitrile aldehyde 32).

3.1.2.1. The first total synthesis of racemic rhazinilam of Sames

The completion of the synthesis of racemic rhazinilam (rac-1) involved the formation of the Schiff
base by condensation of aniline 41 with the commercially available achiral ketone 42 to give the
intermediate 43 in 83% yield. Treatment of this compound with the dimethyl platinum reagent
[MegPt(,u—SMez)]{‘4 provided the pivotal platinum complex 44 in 88% yield. Intermediate 44 was then
treated with triflic acid, resulting in liberation of methane and formation of complex 45. The thermolysis of
45 could be induced in trifluroethanol at 70 °C and afforded the alkene-hydride 46. Decomplexation of the

platinum with potassium cyanide followed by hydrolysis of the resulting Schiff base 47, in the presence of
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hydroxylamine, provided the racemic alkene 48 in 60% yield over four steps. The total synthesis was then
completed via a formal one-carbon extension of the vinyl group and the subsequent closure of the medium
sized lactam ring. N-tert-Butyloxycarbonylation of the anilino group gave the Boc-protected derivative 49 in
76% yield. This intermediate was subjected to a Lemieux-Johnson oxidation with osmium tetroxide and
sodium periodate to provide aldehyde 50 which underwent Horner-Emmons olefination followed by
selective reduction of alkene 51 to afford the racemic intermediate 52 in 70% over three steps.

Boc-deprotection of this compound with trifluoroacetic acid gave the indolizine intermediate 53 in 75%

NO, NO,
CBr,, PPh, NO, NO,
L NN
- CH,Cl, 0 °C S
90%)
35 OH 36 Br -

yield.

DMF, 100 °C Ag,CO; / \
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o o g o Toluene, reflux N
N (90%) B (70%)
u 1. HCI N
CH,OH o
(CH,OH), 2. LiAlH4
=N 2N @sn) 3 38
k) 3 34
o
N
NO, NO, NH, X Ph
=
cRecoct NaOMe H, (1 atm), PtO, p-TsOH
gecod NaOMe _ (1 am), PO,
CH,Cl, .t / \ MeOH, r.t. / \ EiOAc, rt. / \ toluene, 110 °C
o0 y 88% over 3 steps y 83%
N €OCCl, N COMe (8% over 3 steps) N CO,Me (83%)
39 40 41
Z [Me,Pi(-SMe,)], TIOH CF,CH,0H
e tiove)) DR SO0
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PyBOP, HOBT then HCI, r.t.
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i I
(75%)
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Scheme 4. Sames’ total synthesis of rac-rhazinilam.
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Lactamization of compound 53 was carried out in the presence of coupling reagents such as
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate and hydroxybenzotriazole to provide
the previously reported ester 30.”> Removal of the methyl ester protection group of the pyrrole under
conditions previously described by Smith afforded rac-1 in 80% yield over two steps. The synthesis
proceeds through twenty steps starting from nitrile aldehyde 32 in 3.5% overall yield.

3.1.2.2. Sames’ second enantioselective total synthesis of (R)-(—)-rhazinilam

The enantioselective synthesis diverged from the synthesis of the racemate on the step forming the
Schiff base. The enantiopure ketone phenyl-(SR)-cyclohexyl-2-oxazolinone 58 was used as chiral auxiliary
for the Schiff base formation. This chiral ligand was prepared in three steps from commercially available
mandelonitrile 54. Treating 54 with methanol/acetyl chloride followed by treatment of formed intermediate
55 with the amino alcohol 56 and finally Dess-Martin oxidation of the resulting alcohol 57 gave the chiral
auxiliary 58 in 32% overall yield (Scheme 5). Thus, the desymmetrization of the two enantiotopic ethyl
groups in compound 41 was achieved by metal-induced C(sp”)-H activation via the five steps sequence.
Schiff base condensation of 41 with the chiral ligand 58 afforded compound 59 in 65% yield (Scheme 6).

Ph
Ph
\\\
MeOH, CH;COCI
OH  CHCl3, 0°C /O o E N,CH,Cl CH 5ClL
,0°Ctor.t. t r.t. r.t.
/ 3 3 20 A

N @ NH, Cle (~40% over 2 steps) (~80%)

54 55

‘< lin,,

3 steps starting from comercially available 54: 32% overall yield

Scheme 5. Synthesis of chiral oxazolyl ligand S8.
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15 steps starting from nitrile aldehyde 32:1.6% overall yield

Scheme 6. Sames’ total synthesis of (R)-rhazinilam.
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Complexation of the imine 59 with the dimethyl platinum reagent [Me,Pt(z-SMe,)], provided the
chiral platinum complex 60 in 45% yield. Subsequent addition of triflic acid resulted in liberation of
methane and formation of complex 61. The thermolysis of 61 produced the alkene-hydride complex 62.
Decomplexation of the platinum with potassium cyanide afforded a mixture of the diastereomers of the
Schiff base 63 (63—77% de) in 42% overall yield. After separation of the diastereomers on preparative
HPLC, the ligand was removed to give quantitatively the alkene 48 (96% ee). The palladium-catalyzed
carbonylation of the alkene 48 gave, in 58% yield, the required nine-membered ring lactam 30 which had

been reported**

previously in its racemic form. The enantiomerically pure (R)-(—)-rhazinilam (1) was
finally obtained in 90% yield and 96% ee following the procedure described by Smith.”* The synthesis

proceeds through fifteen steps starting from nitrile aldehyde 32 in 1.6% overall yield.

3.1.3. Total synthesis of rac-rhazinilam of Magnus

In 2001, a straightforward and elegant synthesis of rac-(+)-rhazinilam (rac-1) was reported by Magnus
and co-workers (Scheme 7).*' The starting material was commercially available 2-piperidone 64. Treatment
of 64 with 2 equivalents of n-BuLi followed by 1.5 equivalents of ethyl iodide provided o-mono-alkylated
2-piperidone 65 in 90% yield. For the second alkylation, the piperidone 65 was treated with n-BuLi and
trimethylsilyl chloride first followed by lithium diisopropylamide and a large excess of allyl bromide. Under
these conditions, the racemic gem-dialkyl piperidone 66 was obtained in 61% yield.
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9 steps starting from lactam 64:7.6% overall yield

Scheme 7. Magnus’ total synthesis of rac-rhazinilam.

The key step of the synthesis was the transformation of 66 into the annulated pyrrole derivative 68.
The thioimino ether intermediate 67 was obtained in 81% yield by treatment of the lactam 66 in sequence

with phosphorous pentachloride followed by thiophenol and triethylamine. Subsequent N-alkylation of this
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thiophenyl imino ether with 2-nitrocinnamyl bromide 36 gave the corresponding iminium intermediate. This
intermediate underwent a Grigg-type 1,5-electrocyclization/thiophenol elimination reaction” to provide
compound 68 in 71% yield. The compound 68 contains all the carbons required for the synthesis of the final
target. Hydroboration of 68 followed by oxidative work-up gave the alcohol 69 in 78% yield. Oxidation of
69 to the aldehyde 70 was accomplished by a Swern-type oxidation with pyridine/sulphur trioxide/dimethyl-
sulfoxide® in 66% yield. The aldehyde 70 was converted into the corresponding carboxylic acid 71 (94%
yield) using silver nitrate under alkaline conditions. Raney nickel reduction of nitro-group and subsequent
lactamization of compound 72 afforded rac-1 in 50% yield over two steps. Thus, the synthesis proceeds

through nine steps in 7.6% overall yield.

3.1.4. Total synthesis of rac-rhazinilam of Trauner
In 2005, Trauner and co-workers published a concise synthesis of rac-(+)-rhazinilam (rac-1) using an

intramolecular Heck-type reaction as the key step (Scheme 8).%°
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“a, COMe CO,Me DMA. 145°C Y, COMe
N 2 (85%) (47%) (60%)
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2. HCI

MeOH, 50 °C
COMe  (85%)
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7 steps starting fron
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Scheme 8. Trauner’s total synthesis of rac-rhazinilam.

The synthesis started with the N-alkylation of sodium salt of 2-carbomethoxy pyrrole 73 with the tosyl
derivative of y-lactone 21 prepared according to the procedure described by Smith.** The N-alkylated pyrrole
74 was obtained in 94% yield. Treatment of 74 with aluminium trichloride induced the intramolecular
Friedel-Crafts cyclization and produced the racemic intermediate 75 in 55% yield. Coupling of 75 with the
commercially available 2-iodoaniline 76 provided the amide 77 in 75% yield. Protection of the amide
nitrogen with methoxymethyl (MOM) protecting group afforded the key intermediate 78 in 85% yield.
Heating of compound 78 with 10 mol% of Buchwald’s “DavePhos” ligand 79*" and Pd(OAc), in the
presence of potassium carbonate as base gave the strained, nine-membered lactam 80 in 47% yield. The
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MOM protecting group was subsequently removed with a large excess of boron trichloride at =78 °C to
afford the previously reported22’39’4o ester 30 in 60% yield. The total synthesis was completed by
saponification of the ester in compound 30 followed by acid-catalysed decarboxylation to produce rac-1 in
85% yield. Thus, the synthesis proceeds through seven steps starting from commercially available pyrrole 73
in 7.9% overall yield or through thirteen steps starting from commercially available diester 15 in 1.7%

overall yield.

3.1.5. Total synthesis of (R)-(-)-rhazinilam of Nelson

In 2006, an elegant and original enantioselective total synthesis of (R)-(—)-rhazinilam (1) was reported
by Nelson and co-workers (Scheme 9).** The key step of this synthesis was an intramolecular asymmetric
Au(I)-catalyzed pyrrole addition to the enantioenriched allene 85. This key transformation installed the

quaternary carbon stereocentre with good control of the absolute configuration.
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Scheme 9. Nelson’s total synthesis of (R)-rhazinilam.

The synthesis started with the Mg-catalyzed acyl halide-aldehyde cyclocondensation® !

of 2-pentynal
81 and propionyl chloride to give (R,R)-B-lactone 82 in 72% yield’* using TMSQn (o-trimethylsilylquinine)

263



as a chiral catalyst. The [B-lactone ring opening via an SN2’-type reaction with (3-(1H-pyrrole-1-
yl)propyl)magnesium bromide 83 afforded the allene derivative 84 in 89% yield as a single diastereoisomer.
Methylation of compound 84 with trimethylsilyldiazomethane produced the methyl ester 85 in 94% yield.
Intermediate 85 was then treated with silver triflate and Phs;P- AuCl (in situ formation of Ph;P-AuOTY),
resulting in the key annulation step producing the pivotal tetrahydroindolizine 86 in 92% yield with nearly
complete translation of the allene chirality (94% de). Subsequent protection of the pyrrole C-5 position with
a methyl ester group gave 87 in 99% yield. An Upjohn-type dihydroxylation gave the syn-diol 88 in 92%
yield from the alkene 87 using OsO4 as a catalyst and N-methylmorpholine-N-oxide as an oxidant.
Subsequent treatment of compound 88 with sodium periodate led to the formation of the aldehyde 89 in 76%
yield. Horner-Wittig homologation of this compound afforded the alkene 90 in 95% yield. The Pd-catalyzed
hydrogenation of 90 gave quantitatively the indolizine 91. The completion of the synthesis of the
enantiopure (R)-1 involved the installation of the aniline moiety and subsequent lactamization. The
intermediate 91 was subjected to electrophilic iodination™ to provide iodo-pyrrole 92 in 89% yield. Suzuki-
Miyaura cross—coupling5 * of compound 92 with the commercially available 2-(N-Boc-amino)phenylboronic
acid pinacol ester 93 using Buchwald’s SPhos ligand™ afforded the 3-aryl pyrrole 94 in 86% yield.
Subsequent chemoselective ester saponification and TFA-mediated aniline N-deprotection resulted in the
formation of the previously reported” amino acid 29. Lactamization of this compound was carried out with
the HATU coupling reagent to produce the previously described?****4¢ ester 30 in 74% yield over three
steps. Removal of the methyl ester group in pyrrole 30, as previously reported by Smith,” furnished
(R)-(—)-rhazinilam (1) in 96% yield and 94% ee. Thus, the synthesis proceeds through fifteen steps starting

from commercially available acyl aldehyde 81 in 19.8% overall yield.

3.1.6. Total synthesis of (R)-(—)-rhazinilam of Banwell

In the same year, another elegant enantioselective total synthesis of (R)-(—)-rhazinilam (rac-1) was
reported by Banwell and co-workers.”® The key step of this synthesis is an intramolecular enantioselective
Michael addition reaction promoted by MacMillan’s chiral organocatalyst.”’” The synthetic route to the
pivotal intermediate 114 followed chemistry developed earlier by Smith and Banwell’s own group in the
context of the synthesis of rac-(+)-rhazinal (rac-11)*> (Scheme 10). Thus, the N-alkylated pyrrole carboxylic
acid 98 was obtained, after acidic work-up, in 60-90% yield by the reaction of potassium salt of pyrrole 96
generated in situ with y-butyrolactone 97 under conditions defined by Li and Snyder.”® The acid 98 was
converted in 87% yield, into the corresponding Weinreb amide 99 using modified Mukaiyama conditions.”
Subsequent treatment of amide 99 with ethyl magnesium bromide furnished the ketone 100 in 95% yield.
Wadsworth-Horner-Emmons olefination of compound 100 with commercially available methyl
diethylphosphonoacetate provided the [,B-disubstituted methyl acrylate 101 in 77% yield as a ca. 1:1
mixture of E- and Z-isomers. The initial synthesis of the racemic (£)-rhazinal (rac-11) involved, as a key
step, the Lewis-acid mediated intramolecular Michael addition of the C2 of pyrrole to an N-tethered acrylate.
The compound 101 was treated with aluminium trichloride in diethyl ether to produce the
tetrahydroindolizine derivative 102 in 83% yield. The reduction of 102 to the corresponding alcohol 103
could be achieved in 75% yield. For the racemic synthesis, the final product was rac-(£)-thazinal. The
completion of the synthesis of rac-11 involved the one-carbon homologation and the installation of the

aniline moiety. Thus, alcohol 103 was converted into the corresponding mesylate 104 in 95% yield.
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Treatment of this compound with sodium cyanide provided the nitrile 105 in 91% yield. Hydrolysis of the
nitrile 105 and protection of the resulting acid 106 produced the methyl ester 107 in 63% yield over two
steps. Compound 107 was subjected to Vilsmeier-Haack formylation to give the aldehyde 108 in 78% yield.
Subsequent regioselective electrophilic iodination of the formylated pyrrole 108 using iodine in the presence
of silver(I) trifluoroacetate afforded iodo-pyrrole 109 in quantitative yield. Biaryl intermediate 111 was
obtained in 64% yield by Suzuki-Miyaura cross—coupling54 of 109 with the commercially available
pinacolate ester of o-aminophenylboronic acid 110. Saponification of the ester group and lactamization of
the ensuing carboxylic acid 112 using EDCI and DMAP delivered rac-(+)-rhazinal (11) in 68% over 2 steps.
This synthesis is at the same time a formal synthesis of racemic rhazinilam as the decarboxylation step has

been developed by the Banwell group.56

MeNHOMe.HCI, -
/ \ 1. KH, xylene, =0 °C / \ (2-pyridine-N-oxide)disulfide / \ ELO. 1t / \
l y LR ene, DT l ) / ) L0, 1t / )
N 2. xylene, 160 °C EGN, BugP, r.t. 2. KHSO,, 40 °C,

N N

b 3. NaHCO3, 40 °C o r.t.
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o} o} o}
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(Et0,)POCH,COMe O, S E4,0, rt. hexane, ~78 °C to .t.
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KOH, MeOH-H,0

EtN, MsCl NaCN then HC, r.t.
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MeOH, CH,Ch, r.t. E,0,0°Ctort. CHO CHCl,, rt.
(63% over 2 steps) (78%) (100%)
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\O KOH, EtOH
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e
Pd(PPhs),, N3,COs, Y
toluene, MeOH, 80 °C CHO CHO u,,, CHO
(64%) (68% over 2 steps) (
it 12 rac-1

15 steps starting from pyrrole 96: 6.6% overall yield

Scheme 10. Banwell’s total synthesis of rac-rhazinal.

The enantioselectivity in the asymmetric version of the synthesis was provided by a chiral
MacMillan’s organocatalyst (Scheme 11).>" The synthetic route to the substrate 101 was identical to the
synthesis of this compound described above. Thus, reduction of the mixture of acrylates with excess
DIBAL-H gave the corresponding alcohol 113 in 91% yield. The alcohol 113 was oxidized with barium
manganate60 to the aldehyde 114 obtained in 76% as a roughly 1:1 mixture of E- and Z- isomers. The pivotal
intramolecular Michael addition reaction involved exposure of this mixture of aldehydes to (55)-2,2,3-tri-

methyl-5-phenylmethyl-4-imidazolidinone monotrifluoroacetate 115 (MacMillan’s first generation
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organocatalyst) resulting in formation of the unstable indolizine aldehyde 116 in 81% yield. Subsequent
reduction of compound 116 using sodium borohydride afforded the stable alcohol 103 in 84% yield and in
74% ee. The completion of the synthesis of (R)-(—)-thazinilam (1) was analogous to the synthesis of
rac-(+)-rhazinal (11) and involved the one-carbon homologation. Finally, saponification of the ester group
and lactamization of the ensuing carboxylic acid 112 using EDCI and DMAP delivered synthetic
(R)-(—)-rhazinal (11) in 68% yield and 74% ee. Conversion of [(R)-11] into (R)-(—)-rhazinilam (1) was
achieved by heating of [(R)-11] with stoichiometric quantities of Wilkinsons “catalyst” in refluxing
1,4-dioxane. Under these conditions, (R)-(—)-rhazinilam (1) was obtained in 89% yield and 74% ee. Thus,
the synthesis proceeds through eighteen steps starting from pyrrole 96 in 4.4% overall yield. Treatment of
(R)-(—)-rhazinilam (1) with an excess of pyridinium chlorochromate (PCC) in the presence of 4 A molecular
sieve resulted in the conversion of this substrate into a chromatographically separable mixture of
(—)-leuconolam (8) (28%) and (+)-epi-leuconolam (9) (46%).

DIBAL H BaMnO ///,,,,,
—, .
101 THF ~78°Ctor.t. HO. CHZCIZ AN THF-H,0, -20 °C
91%) (757) (81%)
4

116

chlorotri
(triphenylphos ph © o
NaBH, (R)-103 —_— (R)-11 rhodium
EtOH-THF, r.t.  74% ee ——> T74%ece 14-dio , 100 °C
(84%) (19% over 9 steps) 89 70

(46%)

18 steps starting from pyrrole 96: 4.4% overall yield
Scheme 11. Banwell’s total synthesis of (R)-rhazinal, (R)-rhazinilam, (R,S) (-)-leuconolam

and (R,R) (+)-epi-leuconolam.

3.2. Overview of the published total syntheses of analogues of rhazinilam
3.2.1. Rhazinal
3.2.1.1. Total syntheses of rac- and (R)-(—)-rhazinal of Banwell

In 2003 and 2006, Banwell and co-workers reported the first total synthesis of racemic rac-()-rhazinal
(rac-11)> achieved in fifteen steps with 6.6% overall yield and then of the natural (R)-(—)-rhazinal
[(R)-11]°® achieved in seventeen steps with 5.0% overall yield. Both syntheses involved as a key step an

intramolecular Michael addition reaction. They were described in previous chapter (Schemes 10 and 11).

3.2.1.2. Total synthesis of rac-rhazinal of Trauner
In 2009, Trauner and co-workers reported61 a concise synthesis of rac-(x)-rhazinal (11) using a Heck-
type Pd-catalyzed oxidative direct cyclization (involving 127) and a direct coupling (involving 124 and 132)
(Scheme 12). The synthesis proceeded through the E-trisubstituted ester 122 which was constructed from
known® aldehyde 117. The o-methylenation of the aldehyde 117 provided the acrolein 118 in 98% yield.
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Treatment of 118 with methyllithium afforded the allylic alcohol 119 in 50% yield, which underwent a
Claisen rearrangement to produce the ester 120 in 94% yield. Deprotection of the ester 120 with
tetra-n-butylammonium fluoride gave the alcohol 121 in 80% yield. Subsequent tosylation of 121 afforded
the desired intermediate 122 in 75% yield. The tosyloxy group of 122 was then substituted with the
potassium salt of pyrrole 126 to give the N-alkylated pyrrole 127 in 67% yield. The key oxidative direct
cyclization of compound 127 using Pd(OAc), in the presence of +-BuOOH resulted in the formation of
tetrahydroindolizine 128 in 69% yield. Subsequent Vilsmeier-Haack formylation of compound 128 afforded
the aldehyde 125 in 88% yield (41% over three steps from compound 122).
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A. o
OEt
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(55%)
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Method A. 13 steps starting from aldehyde 117: 1.3% overall yield
Method B. 14 steps starting from aldehyde 117: 0.8% overall yield

Scheme 12. Trauner’s total synthesis of rac-rhazinal.
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In parallel, the intermediate 125 was prepared by a direct Heck coupling reaction involving the
iodopyrrole 123. The compound 123 was obtained in 65% yield by iodination of azafulvene 134 and
subsequent hydrolysis of resulting iodo azafulvene 135 (Scheme 13). Nucleophilic substitution of the
tosylate 122 by potassium salt of pyrrole 123 gave the N-alkylated pyrrole 124 in 97% yield. The
intramolecular Heck-type direct coupling of compound 124 under modified Jeffery conditions provided the
tetrahydroindolizine 125 in 75% yield (71% over two steps from compound 122).

The selective reduction of compound 125 using Crabtree’s catalyst afforded the saturated ester 129 in
86% yield. Hydrolysis of the ester 129 yielded the corresponding acid 130 in 99% yield. Following previous
procedure,*® coupling of the acid 130 with 2-iodoaniline 76 under Mukaiyama’s conditions provided the
amide 131 in 55% yield. Protection of the amide as a methoxymethyl (MOM) derivative gave the key
intermediate 132 in 75% yield. A Heck macrocyclization of this compound was carried out with 10 mol% of
Buchwald’s “DavePhos” ligand 79*" and Pd(OAc), in the presence of potassium carbonate to produce the
N-MOM rhazinal 133 in 43% yield. The total synthesis was completed by removal of the MOM protecting
group with a large excess of boron trichloride to afford the racemic rac-(x)-rhazinal (11) in 45% yield. The
synthesis proceeds through thirteen steps in 1.3% overall yield (Method A) or through fourteen steps in 0.8%
overall yield (Method B). We have calculated the yield starting from aldehyde, which is not commercially

available. In the original paper, no reference is given for the preparation of this aldehyde.

/ \ NMe, | / \ NMe,

N 1. -BuLi, THF, N / \
—15°Ctor.t. AcONa
N 2.1,,-75°Ctor.t. N H,0, reflux ! N CHO
MesN \ MeoN I (65% over 2 steps) H

\ / 123

134 135

Scheme 13. Synthesis of the intermediate 123.

N

3.2.2. Rhazinicine

The first total synthesis of the racemic rac-(+)-rhazinicine (6) was reported by Gaunt and co-workers
in 2008. The key steps of this convergent synthesis were the one-pot Ir'-catalyzed C-H bond borylation,64’65
the subsequent Suzuki coupling reaction® as well as the oxidative Pd"-catalyzed pyrrole C-H bond
cyclization. The synthesis started with the preparation of the two intermediates 138 and 144 (Scheme 14).
For the synthesis of the biaryl compound 138, a temporary blocking group at the C5 position of
N-Boc-pyrrole had to be installed to avoid potential side reactions and to control the selectivity of the next
reaction step. Deprotonation of N-Boc-pyrrole 135 with LDA followed by quench with TMS-chloride
provided TMS-protected pyrrole 136 in 91% yield. Compound 136 was used in a one-pot Ir'-catalyzed
borylation and Suzuki coupling to form 3-arylated pyrrole 137 in 78% yield. Removal of Boc-protecting
group under heating afforded the pyrrole 138 in 91% yield.

The alkene monoester intermediate 144 was prepared from the commercially available diethyl-4-oxo-
pimelate 139. The Wittig ethenylation of compound 139 used triphenylphosphonium ethyl bromide to give
the diester 140 in 80% yield. The hydrolysis of the diester 140 produced quantitatively the diacid 141.
Heating of the diacid 141 in acetic anhydride and subsequent treatment of formed anhydride 142 with
trimethylsilyl-ethanol 143 produced the intermediate 144 in 55% yield over two steps. The N-acylated
pyrrole 145 was then obtained in 76% yield by reaction of lithium pyrrolate anion of 138 with acid chloride
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of 144 (Scheme 15). Intermediate 145, containing all the carbons present in the target molecule, was treated
with Pd(TFA), catalyst and #-butylperoxybenzoate, resulting in the cyclization step and so producing the
pivotal tetrahydroindolizine 146 in 53% yield. Simultaneous reduction of the nitro and alkene group of
compound 146 afforded quantitatively the corresponding aniline 147. AlClz-mediated removal of the
2-trimethylsilylethyl and trimethylsilyl protecting groups delivered the carboxylic acid 148 in 90% yield.
Lactamization of this compound under Mukaiyama conditions produced the rac-(+)-rhazinicine (6) in 82%
yield. The synthesis proceeds through eight steps starting from pyrrole 135 in 1.9% overall yield (through
nine steps starting from diester 139 in 1.3% overall yield).
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Scheme 15. Total synthesis of rac-rhazinicine of Gaunt.

3.2.3. Leuconolam and epi-leuconolam
In 2006, Banwell and co-workers reported the first total syntheses of (—)-leuconolam (8) achieved in
nineteen steps with 1.2% overall yield and (+)-epi-leuconolam (9)56 achieved in nineteen steps with 2.0%
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overall yield. Both syntheses involved as a key step an intramolecular Michael addition reaction. They were

described in previous chapters (Scheme 11).

4. Summary and conclusions

The synthesis of rhazinilam has been studied for more than 35 years. Seven different syntheses have
been reported so far. The development of synthetic methodologies since 1973 has been spectacular and it
seems almost unfair to compare the first synthesis published in 1973 with the recent syntheses. In order to
have a fair view on the different syntheses reported, we have tried to go back to commercial starting
materials in all cases. If one tries to compare the overall yields and the number of synthetic steps for all
seven syntheses reported, one has to take into account the following remarks. In some cases we had to go
back to literature reports cited by the authors to identify the commercial starting materials. In these cases we
assumed that the authors have used the procedure reported in the cited literature and we have taken the
yields of these cited procedure for our calculation, at least if the authors of the total synthesis have not
reported a modified procedure or an optimized transformation with better yields.

Four publications report on the synthesis of rac-rhazinilam and three publications describe the
synthesis of R-(—)-rhazinilam. The number of steps from commercial starting material varies from 9 to 20
steps. The lowest overall yield is 1.6% and the best 19.8%. The average yield per step is more than 70% and
for the highest yielding synthesis the average yield is 90%. Looking at these syntheses from the standpoint
of overall yield, the early syntheses are surprisingly efficient. In comparing the four synthesis of
rac-rhazinilam, the shortest synthesis with only 9 steps has been reported by Magnus. The three
enantioselective syntheses are all considerably longer, 15 to 18 steps. In one case a chiral auxiliary was used,
which had to be synthesized and to be resolved. In the enantioselective synthesis by Nelson and by Banwell,
an enantioselective catalytic process is applied. Despite the use of the catalytic approach, the overall length
of these two synthesis is 15 respectively 18 steps. Based on the overall yield, the synthesis reported by the
Nelson group stands out with an overall yield, which is three times higher than the Magnus synthesis and at
least a factor of five better than most of the other synthesis. Another observation concerns the use of a
“protecting” or stabilizing substituent on the pyrrole ring. With one exception, all syntheses have to
introduce or to carry on an electron attracting substituent on the pyrrole ring. These substituents have to be
removed towards the end of the synthesis. Even if it is not formally stated in most of the publications, the
function of these electron attracting substituents is clearly to make the intermediates stable enough that they
can be manipulated. The only synthesis, where no electron attracting subtituent has been introduced, is the
Magnus synthesis. Despite the fact that the Magnus’ group uses an intermediate, which is identical with the
one reported in the first synthesis of Sames, the Magnus group was able to avoid the use of an electron
attracting group directly linked to the pyrrole ring.

Another important feature distinguishing the different reported syntheses is the use of a commercial
precursor containing the intact pyrrole ring. The groups of Sames and of Magnus have applied a
retrosynthesis where the pyrrole ring is constructed during the preparation of rhazinilam. All the other
groups use an intact pyrrole ring as one of the key starting materials. In summary, the synthesis of
rhazinilam has stayed a challenging synthetic problem over the whole period of 35 years which passed since

the first synthesis has been reported in the literature. The syntheses reported are attractive and incorporate
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different interesting key steps. Despite the spectacular developments of organic synthesis, even the very first

reported synthesis is still a valid approach to this fascinating natural product.
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Abstract. The metal-catalyzed electrophilic cyclization reactions have become an efficient way of
constructing heterocyclic systems. These processes allow the synthesis of a wide variety of heterocyclic
derivatives from usually simple precursors. In this review, we present the most significant developments in
the field focusing our attention to reactions directed to the synthesis of oxygen- and nitrogen-containing
heterocycles. Primarily guided by the nucleophile counterpart (oxygen or nitrogen), the reactions have been
categorized by the nature of functional group of the nucleophile and by the kind of unsaturation (alkyne,
alkene or allene). Additionally, some recent syntheses of heterocycles by metal-catalyzed cascade reactions

are discussed.
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1. Introduction

Electrophilic cyclizations are those reactions in which an external electrophilic reagent activates the
double (or triple) bond of an alkene (or alkyne) favouring a subsequent intramolecular addition of an internal
nucleophile (Scheme 1). These processes result in the formation of cyclic products (carbocycles from
carbon-centred nucleophiles and heterocycles from heteroatom-centred nucleophiles). The electrophilic

cyclization reactions initially provide compounds with a functionality derived from the original electrophilic
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Scheme 1

reagent which may be further transformed.
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The work developed by Bougault at the turn of the 20" century on the iodocyclization of unsaturated
acids may be considered the birth of the electrophilic cyclization reactions.’ Since then, the interest in this
type of reactions has undergone incredible growth especially over the last decades. This growth is
exemplified by the number of reviews on this subject that have appeared.2

Numerous electrophiles have been used to accomplish electrophilic cyclizations. Probably, the most
common are the halonium ions (I", Br" and C1") generated from their molecular form or from more complex
reagents. Selenium-derived reagents have also widely used as electrophiles in this kind of cyclizations. In a
lesser extension sulphur-derived reagents or a simple proton have also been used to activate the double or
triple bond. The notorious ability of several metallic complexes to activate carbon-carbon double and triple
bonds has resulted in the development of an impressive array of electrophilic cyclization reactions. In this
context, those reactions where the metallic complex is used in catalytic amounts are of significant interest. In
particular, much attention has been paid to the synthesis of heterocyclic compounds by means of metal-
catalyzed electrophilic cyclizations.” The goal of this chapter is precisely to show selective, representative,
illustrative and recent examples of this kind of reactions rather than a complete or comprehensive view. The
reactions discussed have been categorized according to the nature of the nucleophile (mainly oxygen or

nitrogen) and the unsaturated counterpart (alkenes, alkynes or allenes).

2. Mechanism and general aspects of the metal-catalyzed electrophilic cyclization
Scheme 2 shows the generally accepted mechanism for the metal-catalyzed electrophilic cyclization
reaction. It starts with the coordination of the metal complex [M] to the unsaturated double or triple bond.
This coordination induces the attack of the nucleophile to deliver an alky- or alkenyl-metallic complex. The
integration of the metal-induced cyclizations into a productive catalytic cycle requires the eventual cleavage
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of the newly generated carbon-metal bond. The most usual processes for this cleavage involve a simple
reaction with an electrophile E (a protodemetallation reaction is a typical process). However, other reactions
such as B-hydride eliminations or rearrangement processes may be occur in order to close the catalytic cycle
and to regenerate the metallic complex. The metallic complexes most widely used for this type of reactions
are those defined as m-acids (the term 7-acid has been recently defined by Fiirstner and Davies).” In general,
these complexes are derived from metals located in Groups 9—12 of the Periodic Table in an oxidation state
that allows a d® or d'° electronic configuration. Normally, cationic complexes are more appropriate than
neutral ones because in the cationic complexes the electrostatic interaction between the metal and the ligand
(alkene or alkyne) is maximized and the back-donation from the metal to the ligand is minimized. Also as a
general trend and due to polarizability effects, those catalysts derived from metals placed in lower part of a
particular Group of the Periodic Table are more carbophilic and so, better catalysts to perform electrophilic
cyclization reactions. Particularly appropriate are those catalysts derived from metals from the 6™ Period of

the Periodic Table as in this Period the relativistic effects become very important.’

?\<
{
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Scheme 2

The cyclization generally occurs following Baldwin ring closure rules. Thus, for 3- to 7-membered
ring closures exo-trig processes (or exo-dig processes when triple bonds are implied) are usually favoured.
On the contrary, 3- to 5-endo ring closures are not favoured and 6- and 7-endo are possible processes.
However, the substitution of the double bond (or triple bond), the nature of the catalyst as well as other

structural issues can influence this regiochemistry by electronic and/or steric effects.

3. Oxygen-centred nucleophiles
3.1. Cyclization of alcohols
3.1.1. Intramolecular addition to alkynes
The 5-endo cyclization reaction of o-alkynylphenols represents a very convenient method for the

synthesis of benzofurans (Scheme 3).

1 mol% PtClz
\\ toluene, 80 °C
Ph

98%

3 mol% A )
/ Pr
CH.Cl,, RT

Pr g79

Scheme 3
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As shown, the use of PtCl, as catalyst requires the heating of the toluene solution to 80 °C in order to
get an almost quantitative yield of the benzofuran derivative.® However, when an iridium-derived catalyst is
used, the reaction proceeds at room temperature.’

A rhodium-catalyzed formal 5-endo cyclization reaction has also been developed by B. M. Trost and
co-workers for the synthesis of dihydrofuran derivatives.® The same group has also reported the synthesis of
dihydropyran derivatives through a ruthenium-catalyzed formal 6-endo hydroalkoxylation reaction.”
However, these reactions do not proceed through a typical electrophilic cyclization mechanism and the
authors propose the initial formation of a metal-vinylidene intermediate. This kind of cyclization reactions
are beyond the scope of this chapter.

Furan derivatives can also be easily obtained by cyclization of (Z)-pent-2-en- ynols (Scheme 4).
Several catalysts derived from gold(I) and (1), palladium(H),11 silver(I),"* thodium(1)," iridium(I)"*® and
ruthenium(I)'* have been reported to promote this transformation. The reaction proceeds through a
5-exo hydroalkoxylation process followed by an isomerization of the initially formed exocyclic enol ether to

the corresponding endocyclic isomer. Representative examples of these reactions are shown in Scheme 4.

| | 1 mol% AuClj Os_Me
_ \ /
MeCN, RT
1 mol% PdlpKI N
OH | | DMA, 100 °C \ /
= Me Me
Scheme 4

The exo-hydroalkoxylation reaction is a powerful method for the synthesis of otherwise difficult to
construct exocyclic enol ethers. However, as shown in the examples of Scheme 4, the thermodynamically
favoured exo—endo isomerization process normally avoids the isolation of such exocyclic enol ethers.
However, in some cases, the appropriate substitution of the starting m-alkynol derivative avoids the
exo—endo isomerization (Scheme 5)."” In the first example of the Scheme 5, the gold(IIl) catalyzed
cycloisomerization reaction of a (Z)-pent-2-en-ynol derivative in which the hydroxyl-containing carbon atom
is quaternary leads to the corresponding exocyclic enol ether in high yield. By contrast to the examples
discussed in Scheme 4, in this case the isomerization of the exocyclic double bond is not possible. In a
similar way, in the second and third examples of the Scheme 5, the propargylic carbon of the starting
materials are quaternary and so the corresponding cycloisomerization reaction furnishes exocyclic enol
ethers where the isomerization of the double bond is not viable.

Exocyclic enol ethers could also be isolated in the tungsten-catalyzed reaction of m-alkynols (Scheme

6)."° In this reaction, the catalytic species are generated in sifu under photochemical conditions from
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tungsten hexacarbonyl in the presence of an excess of triethylamine. Although in this case the structure of

the starting material allows the exo—endo isomerization, the basic reaction media avoids such a process.

Ph
o I 1mol%AuCl; ~ Me. O __

Me CH,Cl,, RT Ph )—
= Ph 22

PH ° Ph Ph
Ph 91%

O

OH | | 10 mol% Ag,CO4 <W/V/

.IIMe CBHB’ 80 OC '//Me

e O
98%

f OH 3 mol% HgO O~
=—Ph BF;, Et,O, RT
98%
Scheme 5

Ph

5 mol% W(CO)g S
200 mol% EtzN o)

THF, hv, 50 °C
74 Ph 94% PH

Scheme 6

o |

K. Kato and co-workers have also developed an interesting method for the synthesis of exocyclic enol
ethers consisting in a palladium-catalyzed cascade reaction initiated by an alkoxycyclization reaction
followed by a methoxycarbonylation process (Scheme N7 A vinylpalladium intermediate is proposed in

this reaction. In this case, the exo—endo isomerization is disfavoured because the exocyclic double bond is
conjugated with the carbonyl group.

I 5 mol% PACly(MeCN), /—COxMe
OH p-benzoquinone H O
CO, MeOH, 0 C
COgMe 95% COzMe
Co
PdL
i
H O
COgMe
Scheme 7

The rich reactivity of enol ethers has allowed the development of several cascade reactions based on an

initial hydroalkoxylation reaction. The formed enol ether can be activated by the metallic catalyst favouring
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inter- or intramolecular reaction with a second nucleophile. For example, if this second nucleophile is
another alcohol, the global reaction gives rise to functionalized acetals. Some examples of this strategy for
the synthesis of acetals from w-alkynols are shown in Scheme 8. In the first one, an iridium complex is used
as catalyst and an initial 5-exo hydroalkoxylation reaction is proposed.18 In the second example, a gold-
derived catalyst promotes the initial 5-endo hydroalkoxylation reaction and the subsequent reaction of the

119

enol ether formed with ethanol.” As shown in the third example of Scheme 8, not only five-membered but

also six-membered cyclic acetals may be synthesized by applying this methodology.*

OH 1 mol% [IrCI(COD)], AO 0 1o
Ao N MeOH, RT Phw OMe
P

99%

h
AcO
Ph™ ™
OH Ph
7

2 mol% AuCI(PPhs)

2 mol% AgBF, O  ph
10 mol% p-TsOH OEt
EtOH, RT
HO, 63% OH
' N =
3 2 mol% AuCl
OH “COoMe =M MMM
MeOH, RT PMBO. o CO-Me
OPMB 88% H ~ OMe
Scheme 8

The intramolecular version of the above commented process supposes the reaction of an alkyndiol
derivative to give bicyclic acetals.”’ Several metallic complexes derived from gold(I),22 platinum(IV),23

palladium(IT)** and iridium(I)* were shown to be appropriate to accomplish this reaction (Scheme 9).

=
OH 2 mol% AuCl /\/@/
o MeOH, RT = O
\ 91%
o)

H
o0
OH 2 mol% PtCl,
H // /O'j‘
THF, RT N
N 92%, 99% ee Ts
1 mol% PdCl,
OH
CH3CN, reflux OO
HO 85%
Scheme 9
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Particularly interesting is the application of this reaction for the synthesis of spiroacetal derivatives.*'
The intramolecular double hydroalkoxylation reaction of an alkyne has been used in the key step of the total
synthesis of several natural products.*

In the previous examples, two hydroxyl groups attack the triple bond to form acetal derivatives.
However, the nature of the second nucleophile attacking the enol ether intermediate may be changed and for
example an electron-rich aromatic ring may be incorporated (Scheme 10).”” The global sequence may be
seen as a cascade hydroalkoxylation/hydroarylation reaction of a carbon-carbon triple bond. Both gold- and
platinum-derived catalysts have been shown to be the most active for this kind of cyclization processes. As
shown in Scheme 10, the final hydroarylation reaction can be performed in an inter- or intramolecular
fashion to give cyclic or bicyclic core structures, respectively. Interestingly, the intramolecular version of

this process has been used in the key step of the total synthesis of bruguierol A.*®

Me
@ 5 mol% PtCl, W
K THF, RT \ N
\

93%

5 mol% (PhsP)AuCl
5 mol% AgOTf

oHl||
Ph CICH,CH,CI, RT
J 5236%2 Ph :8:

’
’,
ww

(@)
Scheme 10
Z OMe
2 mol% PtCl, _)\_
oH| =\ 0.
= MeOH, 65 °C Me
96%
X
Intramolecular Prins-type
Hydroalkoxylation Cyclization
3 mol%
\/A\/ — PhsPAuCI / AgOTf
+ 1—
Ph OH MeOH, DCM, 35 C
87%, 1.8:1
Ph
Intermolecular Prins-type
Hydroalkoxylation O Cyclization
Scheme 11

279



A highly efficient method for the diastereoselective synthesis of 9-oxabicyclo[3.3.1]nonane derivatives
from easily available alkynol derivatives has been recently reported (Scheme 11; equation 1).%? The reaction
is based on a cascade process that involves an intramolecular hydroalkoxylation of a triple bond followed by
a Prins-type cyclization. Although several metallic complexes have been found to catalyze this
transformation, those derived from gold and platinum have been found to be the most efficient ones. A
similar process involving an intermolecular hydroalkoxylation reaction of an alkyne followed by a Prins-

type cyclization to give furan derivatives has been developed (Scheme 11; equation 2).*

3.1.2. Intramolecular addition to alkenes

The palladium(Il)-catalyzed oxidative transformations of alkenol derivatives have evolved into a
useful methodology in organic synthesis. The intramolecular version of the Wacker reaction provides cyclic
ethers (Scheme 12).>' This reaction proceeds through an initial nucleophilic attack of the hydroxyl group to
the activated carbon-carbon double bond to afford an alkyl-palladium(Il) intermediate that further evolves by
a B-elimination process. Asymmetric versions of this reaction by the use of chiral non racemic palladium
complexes as catalysts have been published.3 It should be noted that recent studies reveal that these
reactions do not proceed through a Wacker-type mechanism and a syn-oxypalladation reaction of the carbon-

carbon double bond seems more likely.33
5 mol % Pd(TFA),
20 mol % pyridine O
Na,CO3, O,, toluene \ / \:
93%
[Pd]

HO

10 mol % Pd(TFA),

1 equiv (-)-sparteine m\
Ca(OH),, O, toluene, 80 °C O Me

87%, 81% ee

OH
Scheme 12
10 mol % P2PtC|2
MeOH 22 mol % AgBF4
@J@ 2.1 equiv PhsCOMe
EtNO,, RT
73%, 75% ee

A

Py=

Ar= 3,5'M9206H3
Scheme 13
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The elegant asymmetric oxidative cation/olefin cyclization reaction of polyenes catalyzed by chiral
platinum complexes developed by M. R. Gagné and co-workers should be remarked (Scheme 13).%
Interestingly, in this oxidative cyclization, the catalyst turnover is achieved by using a trityl cation to abstract
a hydride from a platinum hydride complex intermediate.

A diastereoselective synthesis of tetrahydrofurans via the palladium-catalyzed reaction of aryl
bromides with y-hydroxy alkenes has been reported (Scheme 14).% This carboetherification reaction is a
powerful tool for the construction of these heterocycles as it is convergent and may allow access to a variety
of analogous from a single alkenol starting material. By contrast to the well established palladium(Il)-
catalyzed carbonylative cyclization of alkenol derivatives, this reaction do not proceed through a Wacker-

type mechanism and an intramolecular insertion of the olefin into a Pd(Ar)(OR) intermediate is invoked.*

Br 2.5 mol % Pdy(dba)s
HO

10 mol %P(o-tol)3 HO
+ H
NaO'Bu, toluene MeO@--m H
MeO 69%
Ly
Ar—Pd—0O -‘

J

Scheme 14

The simple intramolecular hydroalkoxylation reaction of alkenes to give the corresponding saturated

cyclic ethers has been achieved by using metallic complexes derived from melrcury,37 ruthenium,® tin,*

platinum,40 gold,41 silver*” and rhodium.* Representative examples are shown in Scheme 15.
1. ligand, Hg(tfa),, Hg(OAc)»
/—\_\10) MeOH, DCM (\@ Q><O
Ph — -
2. LiBH,, EtgB, THF Ph 0~ =
74% (73% ee) Ch Ny
5 mol % (Cp*RuCly)» .
©j\/ 6 mol % AgOTf m ligand
OH benzene 95% o Q Q

P _~_OH 5 mol % Sn(OTf), /O
MeCN 77% Ph 0]

2.5 mol % [PtC'z(H2C=CH2)]2

Ph Ph 5 mol % P(4'CF3C6H4)3 Ph
MOH DCE 829,

Ph  Ph 5 mol % PhsPAuOTf Ph . -
s KO toluene 89% 5

Scheme 15
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In this context, the enantioselective catalytic mercuriocyclization reaction of y-hydroxy-cis-alkenes
employing Hg(OAc), in the presence of chiral bisoxazoline-mercury complexes should be remarked (see the
first reaction in Scheme 15).””* It should be noted that J. F. Hartwig and co-workers have demonstrated that
simple Brgnsted acids catalyze the addition of alcohols to olefins and so one must consider carefully whether
a hydroalkoxylation of a carbon-carbon double bond is a true metal-catalyzed process or if the metallic

compound simply generates a protic acid.*

3.1.3. Intramolecular addition to allenes

The cyclization of hydroxyallenes is a particularly useful reaction for the stereoselective synthesis of
cyclic ethers since it normally occurs with efficient axis-to-centre chirality transfer. Besides palladium
complexes,” more recently, other metallic compounds derived from silver,*® gold*’ and platinum® have
been found to efficiently catalyze this type of cyclization. Especially interesting is the recent development of
new asymmetric intramolecular hydroalkoxylation reactions of non-chiral allenes by the use of chiral

non-racemic catalysts (Scheme 16).49

0 X t
OH 2.5 mol % Au,(P-P)Cl, O Bu
7&/\ 5 mol % AgOTs MeO /pAr
Ph A toluene Ph MeO/, PAr, ) OMe
Ph Cx-H Ph
N 67%, 93% ee 8y
H

Ar

OH 2.5 mol % dppm AuCI
K/\\C 5 mol % Ag(R
\]\ij benzene O ~o
90%, 97% ee R = 2,4,6-PrCgH,

Scheme 16

3.2. Cyclization of carboxylic acids
3.2.1. Intramolecular addition to alkynes

Five- and six-membered lactones are readily available by the corresponding endo- or exo-cyclization
of the corresponding alkynoic acids in the presence of metallic complexes derived from mercury,”

52 ruthenium,53 SilVCI’,54

palladium,51 rhodium, gold55 and catalytic systems of palladium—coppelr56 or
molybdenum-nickel.”” For representative examples, see Scheme 17.

An interesting dichotomy between gold(I) and gold(III) catalyst in the cyclization of alkynoic acids has
been recently discovered.” So, the gold(I)-catalyzed cyclization of y- and S-acetylenic acids provided the
expected y- and d-alkylidene lactones. Interestingly, whatever the substitution at the terminal acetylenic end,
only the exo-dig product was formed in the presence of gold(I) chloride and potassium carbonate (Scheme
18). In sharp contrast, the treatment of y- and J-acetylenic acids with gold(IIl) chloride and potassium
carbonate offered a direct access to dimeric methylene lactones as a single regio- and stereoisomer (Scheme

18). The mechanism of this interesting dimerization process is unclear.
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3.2.2. Intramolecular addition to alkenes
Palladium complexes have been used to catalyze intramolecular addition reaction of carboxylic acids
to olefins.”® These reactions seem to proceed through an initial anfi-oxypalladiation followed by the

subsequent B-hydride elimination reaction.

5 mol % Pd(TFA),

OH 20 mol % pyridine
0]
Na,CO3, O,, toluene
90% =

O

o) (0]
5 mol % AgOTf
OH DCM P
=
88%
Scheme 19
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So, lactones containing a carbon-carbon double bond in their structure are usually obtained (Scheme
19; first equation). However, the typical hydroalkoxylation reaction of the alkene to give the corresponding
saturated lactone may be achieved by using other catalysts such as silver(I) triflate (Scheme 19; second
equation).42 In this example, the possibility of a Brgnsted-acid catalyzed process instead of a metallic-

catalyzed one should not be ruled out.**

3.2.3. Intramolecular addition to allenes

Gold(IIl) chloride catalyzes the cyclization of allene-substituted esters to give unsaturated lactone
derivatives (Scheme 20; first equation).®” When rert-butyl esters are used, the reaction is proposed to proceed
through an initial cleavage of the rert-butyl group followed by gold-catalyzed cyclization of the in situ
generated allenoic acid. The asymmetric intramolecular hydrocarboxylation reaction of allenoic acids
promoted by a gold(I)-derived catalyst has been recently achieved (Scheme 20; second equation).49b As
shown in the Scheme, the first example formally supposes the 5-endo cyclization of the starting material in
such a way that the carboxylic group attacks the “terminal” carbon of the allene moiety. However, in the
second example, a 5-exo cyclization occurs and the carboxylic group attacks the “internal” carbon of the

allene.

CO,Bu o)
Xc 5 mol % AuCl,

- )
\L DCM ]
88% Ph O

Ph

O _OH 2.5 mol % (S)-L(AuCl), R
\l\;/\ 5 mol % Ag(R)-L' 0.0 H o
™ /
CYMe benzene m/Me L' 8: P
o o, Me 0
Mo 90%, 97% ee OO
R

R = 2,4,6-PrCgH,

Scheme 20

3.3. Cyclization of amides, carbonates and carbamates

Amides, carbonates and carbamates containing in their structure an alkyne at appropriate disposition
react through electrophilic cyclization processes by nucleophilic addition of the oxygen atom of the carbonyl
group to the carbon-carbon triple bond. Thus, for example it has been found that N-propargylamides react in
the presence of 5 mol% of AuCl; and 5 mol% of AgSbFg to give the corresponding 5-alkylidene-1,3-

oxazolidine (Scheme 21).%!

5 mol % AUC|3

PhYO p Smol%AGSHFs o /D
N Z DCM \ﬁf
95%

Scheme 21
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As shown, the intramolecular 5-exo addition of the oxygen atom to the alkyne is stereoselective.
Globally, this transformation may be considered as an intramolecular hydroalkoxylation reaction. However,
it should be noted that, if possible, amides may also react through hydroamination processes (see Section
4.2.).

Gold® and mercury® complexes have been shown to be powerful catalysts for the cyclization of
alkynyl tert-butylcarbonates under mild conditions. By this strategy, both 1,3-dioxan-2-ones and
1,3-dioxolan-2-ones are easily synthesized. In a similar way, N-Boc-protected alkynylamines are converted
into the corresponding cyclic carbamate derivatives by reaction with catalytic amounts of gold complexes.64
Both, 5-exo and 5-endo cyclization processes have been reported. It should be noted that, in all the above
commented reactions, a molecule of isobutylene is released. Representative examples of all these processes
are shown in Scheme 22.

OBu
5 mol % (C6F5)3PAUC| / AngFG

0
°_ DCE OJ\O
Ph)\// 89% PhM
0
o)J\o

b
O O 1 mol % AuNTf,(PPhs)
“ DCM ﬁ
I N 95% =
OBu O
5 mol % Ph;PAuCI / AgSbF
Bn\N/&O 3 9bFe Bln\N)J\O
\ DCM
\\ 95%
o (@]
tBuO—/< 5 mol % AuNTf,(PPhj) BOC\NJ\O
N—==—TBDMs CDCl, =
Boc 93% TBDMS
Scheme 22

3.4. Cyclization of aldehydes and ketones
3.4.1. Intramolecular addition to alkynes

The gold-catalyzed reaction of o-alkynylbezaldehydes and trifluoroacetic acid supposes a very
appropriate strategy to access to isochromenylium salts (Scheme 23).% The reaction proceeds by addition of
oxygen of the aldehyde to the carbon-carbon triple activated bond by means of the gold catalyst to give a
gold-benzopyrilium intermediate. Finally, a protodemetallation reaction gives rise to the isochromenylium
salt.

When the above commented reaction is performed in the presence of an olefin or alkyne instead of
triflic acid, the metal-isochromenylium intermediate evolves through a cycloaddition reaction to finally give
different carbocyclic compounds.66 These reactions are far beyond the scope of this review as
non-heterocyclic compounds are the final products of these processes. However, if the reaction is carried out
in the presence of nucleophiles such as alcohols or terminal alkynes, the metal-isochromenylium
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intermediate may be intercepted and enol acetals or isochromene derivatives are obtained, respectively.
Thus, it has been reported that the silver-catalyzed reaction of o-alkynylbezaldehydes in methanol leads to
five- or six-membered enol acetals (exo- or endo-addition) depending on the nature of the catalyst used

(Scheme 24).°” Similar results were obtained by using copper(I)68 and palladium(II)69 catalysts.

OH

M OH CF3CO;”
e X0 5 mol % Au(OAc); Me < 6
TFA, CICH,CH.CI, 70 °C
HO N g 220 _
N Bu 99% HO Bu
OH
Ay | Me Vo) CF3CO,H
HO Z By

[Au]
Scheme 23

OMe

5 mol % AgSbFg
B8
\N | MeOH
\ —_—
S RT OMe
OMe 5 mol % Ag,O | A
@)
99% I~
N \ OMe

Scheme 24

As previously stated, this reaction may also be carried out in the presence of a terminal alkyne. This

alkyne acts as a nucleophile trapping the metal-isochromenylium intermediate. As shown in the example of
Scheme 25, the gold(I)-catalyzed reaction of an o-alkynylbenzaldehyde and phenylacetylene leads to the

formation of a 1-alkynylisochromene derivative in high yield.70

=0

©
A Bu Ph

Ph
5 mol % AuCl(PMe),
20 mol % DIPEA | |
toluene, H,O, 70 C o
86% _— B
u

( :—Ph_

N6

/Bu

[Au]

Scheme 25
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Interesting versions of the above commented reactions have been developed with o,f-unsaturated
ketones instead of aldehydes (Scheme 26).”" These reactions proceed through a cascade sequence involving
an initial cycloisomerization reaction to form the corresponding metal-isochromenylium intermediate
followed by a Michael-type addition of an alcohol. As shown in Scheme 26, this reaction has been used for

the synthesis of functionalized isochromene and furan derivatives.
Pr
| | 5 mol % AgSbFg \”/

O BnOH, DCM, 35 °C [:::[iiﬁi
T 73% Non

Ph Pr

[ BnOH

)
Zpp

Ph
= 1 mol % AuClj O\ N\

MeOH, DCM, RT
88% OMe

Ph

HOMe

"

Scheme 26

A mild and efficient method for the synthesis of multiply substituted furans from 1-(1-alkynyl)-
cyclopropyl ketones has been developed.72 This gold-catalyzed process involves an initial
cycloisomerization reaction to form the corresponding gold-isochromenylium intermediate that further reacts
with an alcohol or an indole to finally form the furan derivative through a cyclopropane ring opening process
(Scheme 27). Particularly remarkable is the structural complexity of the heterocyclic compounds obtained
from the reactions performed with indoles.

The reaction of 2-hydroxy-2-alkynylcarbonyl compounds with catalytic amounts of platinum or gold
complexes affords 3(2H)-furanone derivatives through a tandem reaction involving an initial cyclization
reaction followed by a 1,2-alkyl shift (first equation in Scheme 28).” Moreover, acetylenic dicarbonyl
compounds have been cyclized by metallic catalysts.74 In the example shown in the second equation of
Scheme 28, 4-propargyl-1,3-cyclohexanedione is treated with 5 mol% of palladium diacetate to give a
7-oxabicyclo[4.3.0]nonane derivative in high yield. Other metallic complexes derived from platinum,
tungsten and ruthenium have been shown to efficiently catalyze the process. However, the regiochemistry of

the addition depends on the catalyst used and also on the structure of the starting diketone derivative.”*
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9
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OH ~Z 5 mol % AuCls |
DCM

83%

CoH
@) o) 5 mol % Pd(OAc), @) o)
w THF m

85%

[Pd]

Scheme 28

3.4.2. Intramolecular addition to allenes
Transition-metal catalyzed cycloisomerization of allenyl ketones is an efficient approach for the

assembly of the furan ring.75 These reactions have been shown to proceed with catalysts derived from silver,
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gold, palladium and copper. The process can be seen as a cascade sequence involving a formal
cycloisomerization reaction followed by a [1,2]-shift of a hydrogen atom, an alkyl group, a sulphur-group or
a halogen. An interesting example of this kind of reactions is shown in Scheme 29. By using a gold(I)
catalyst, the reaction delivers a 2-bromofuran derivative. However, by using the same starting material but a
gold(III) catalyst a 3-bromofuran derivative is obtained.”” DFT computational and experimental studies
reveal that both gold(I) and gold(IIl) catalysts activate the distal double bond of the allene to produce cyclic
zwitterionic intermediates which undergo a kinetically favoured 1,2-Br migration. However, in the case of
(PEt3)AuCl catalyst, the counterion-assisted H-shift is the major process indicating that the regioselectivity
of the gold-catalyzed 1,2-H vs 1,2-Br migration is ligand dependent.”™

2 mol % (PEtg)AuCl /@\
Br CgH1 7

86% O

Br.
\=C:>7 toluene
C8H1 7 RT
0]

Br.

2 mol % AuCls Z_>\
0 / \
86% Cethi7

Scheme 29

3.5. Cyclization of ethers and acetals. Intramolecular addition to alkynes

The oxygen atom of an ether or acetal can also intramolecularly interact with an electrophilically
activated alkyne. In general, these processes lead to the initial formation of an enoloxonium intermediate that
evolves by [1,3]-shift of an appropriate migrating group. This shift is favoured when the migrating group can
stabilize a positive charge. Thus, allyl cations (first equation of Scheme 30) and oxonium cations (second
equation in Scheme 30) easily migrate in this kind of reactions. Platinum-derived catalysts have been usually

employed for these cyclizations.76

Ov\ o OMe
5 mol % PtCl, O p O

OMe CO, toluene, 80 °C
98% \

+//\ OMe
@]
L)

[Pt]
OB Pro
5 mol % PtCl, O Q O
O CO, toluene, 80 <C %
94%
’PI’O OBn
Scheme 30
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4. Nitrogen-centred nucleophiles
4.1. Cyclization of amines

The catalytic addition of an organic amine N-H bond to alkenes and alkynes (hydroamination) to give
nitrogen-containing molecules is of great interest to both academia and industrial researchers. Group 4’” and
especially lanthanide’® metal complexes are highly efficient catalysts for the hydroamination of various
carbon-carbon bonds. However, in general, the mechanism proposed for these processes can not strictly be
considered as electrophilic cyclizations. For this reason, in the following sections we will focus on those
processes where the metal complex activates the unsaturated carbon-carbon bond favouring the subsequent

nucleophilic attack of the nitrogen atom.

4.1.1. Intramolecular addition to alkynes

Simple alkynylamines react in the presence of catalytic amounts of several metallic complexes to
afford the corresponding cyclic imine derivatives. Thus, palladium,79 copper,80 silver,! gold,82 zine,®
rhenium,* rhodium® and iridium®® complexes have been used in this context. Two representative examples
are shown in Scheme 31. The first palladium-catalyzed reaction implies an initial 5-endo hydroamination
reaction followed by an isomerization of the enamine formed to the corresponding imine. The second
example is a gold-catalyzed process initiated by a 6-exo hydroamination reaction and then an enamine to

imine isomerization occurs.

Ph
=" 5mol % PdCly(MeCN), )
Vs
H,0 / MeCN N~ Ph
Hz Et 63%

Z 5 mol % NaAuCl, (jv
MeCN NT B

NH; 64%
Scheme 31

Z

Indoles are easily synthesized from 2-(1-alkynyl)anilines by reaction with catalytic amounts of
palladium,”” copper,® gold,* platinum,” rhodium,” iridium,”* molybdenum™ and indium complexes.”* A
few examples of this kind of hydroamination reactions are shown in Scheme 32.

All reactions above commented may be considered as intramolecular hydroamination reactions. All the
starting materials (amines or amides) contain an N-H function. However, tertiary amines or amides can also
participate in electrophilic cyclization processes. For example, tertiary amides derived from 2-alkynyl-
anilines provide an easy access to functionalized indoles.” In particular, the platinum-catalyzed reaction
with acetamides furnishes 3-acylindole derivatives through a cyclization/[1,3]-acyl shift sequence (first

equation in Scheme 33).”

However, a different reaction is observed when lactams derived from 2-alkynyl-
anilines are used as starting material (second equation in Scheme 33).°® In this case, the reaction proceeds
through an initial aminometallation reaction to furnish a metal-containing ammonium ylide that evolves by
successive 1,2-acyl and 1,2-methyl migrations to finally give the corresponding pyrido[1,2-alindol-6-one
derivative. Both PtCl, and PtCl4 have shown to be active catalysts in this process. The authors also observed
that the reaction could be improved in terms of yield and reaction time by performing the process under an

atmosphere of oxygen.
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An interesting strategy for the synthesis of N-fused pyrroloheterocycles from propargyl N-containing
heterocycles has been developed.”® The reaction involves a cyclization/1,2-migration sequence catalyzed by

gold, copper or platinum complexes. A representative example where a platinum catalyst is used is shown in

The intramolecular hydroamination reaction of carbon-carbon triple bonds catalyzed by metallic
complexes have also been applied for the synthesis of other nitrogen-containing heterocycles such as
*7 benzimidazoles [167],”® 2,5-dihydroisoxazoles [168],” 1,2-dihydroisoquinolines [169].'%
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4.1.2. Intramolecular addition to alkenes

The catalytic hydroamination of inactivated alkenes remains a challenge in organic synthesis.
However, some recent advances in this field should be highlighted. In the context of palladium chemistry,
the major drawback of the reaction is the formation of oxidative amination products rather than the desired
hydroamination compounds. This problem has been wisely solved by the use of tridentate ligands on

palladium that effectively inhibit the B-hydride elimination (Scheme 35).1!

F|)PI,;| +CI-

5 mol % \ /N-Pd-CI

/Cbz
NH PPh,
><:\ 10 mol % AgBF,4, 10 mol % Cu(OTf),
N\ DCM
97%
Scheme 35
Bn 2.5 mol % [PtCly(Hp=CHy)1,
NH 5 mol % PPhs
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Ph N
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/Ts
NH 10 mol % FeClg
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Me
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Scheme 36
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Platinum'” and gold'® complexes have also shown to be appropriate catalysts to perform the hydro-
amination of unactivated alkenes (first and second equations of Scheme 36). These reactions are particularly
interesting for the synthesis of pyrrolidine and piperidine derivatives through 5-exo and 6-exo hydro-
amination reactions, respectively. The discovery of an important catalytic activity by the use of simple iron
salts should be remarked (third equation of Scheme 36).'"™ Particularly unusual is the rhodium-catalyzed
intramolecular, anti-Markovnikov hydroamination of vinylarenes shown in the last equation of Scheme 36.

This process occurs through a formal 6-endo hydroamination proccess.'”

4.1.3. Intramolecular addition to allenes

A series of nitrogen-containing heterocycles can be constructed using palladium,106 gold107 and
silver'® catalysts by annulation of allenes with pendant amines. Remarkable are the recent advances in the
asymmetric hydroamination reaction of allenes achieved by using a chiral ligand on the gold complex (first

example in Scheme 37)'” or a chiral counterion (second example in Scheme 37).*°

2.5 mol % Au,(P-P)ClI Qbﬂ B

.5 mol % -

NHCbz ua(P-P)Cl N ' ’
5 mol % AgCIO, N\ MeO “PAr,

Ph ~

c m-xylene Ph MeO,, PAr; k OMe
Ph X Ph '
97%, 81% ee 'Bu
P-P Ar
SO Mes R
NHSO,Mes 5 mol % Ph( CH3 2PAuCl g
K/‘%C 5 mol % Ag(R O. P//O
benzene 0" o
97%, 96% ee R = 2,4,6-PrCgH,
R
Scheme 37

4.2. Cyclization of amides, carbamates and trichloroacetimidates

Amide and carbamate functional groups contain two nucleophilic positions: the oxygen and the
nitrogen atoms. So, when an electrophilic cyclization of products containing such functional groups is
performed, two possible compounds may be obtained depending on which atom acts as nucleophile. In
Section 3.3., we have shown several examples of reactions where amides and carbamates react through
electrophilic cyclization processes where the oxygen atom was the nucleophilic counterpart. In the next
sections, we will focus on reactions where the nitrogen atom of amides, carbamates and trichloro-

acetimidates acts as nucleophile.

4.2.1. Intramolecular addition to alkynes
Isoindolinone and isoquinolinone derivatives are easily available by palladium catalyzed cyclization of
2-(1-alkynyl)arenecarboxamides.''” In a similar way, bicyclic lactams have been prepared.''’ On treatment
with catalytic amounts of gold(I) chloride and a base, O-propargyl carbamates smoothly undergo cyclization
to afford 4-methylene-2-oxazolidinone derivatives.''” The intramolecular hydroamination reaction of
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trichloroacetimidates derived from propargyl and homopropargyl alcohols under gold catalyst conditions has

also been described.'"” Representative examples of all these reactions are shown in Scheme 38.

Me
Z N Me
3 mol % PdPhCH,CI(Ph3P),
NBu
NHBu EtsN, THF

75% @)

o}
)(J)\ 5 mol % AuCl O
o TS 5 mol % EtN OJ(N— -
H
< DCM m
N 99%
CCly CCly
PN 5 mol % Au(PPhg)BF,
o ™ DCE g N
Z2
Ph)\/ 91 o/o Ph)\/§
Scheme 38

4.2.2. Intramolecular addition to allenes
Allene containing lactams and oxazolidinone derivatives have been reacted in the presence of

* or gold'” catalysts to give the corresponding bicyclic systems (Scheme 39). In the first

palladium'’
example of Scheme 39 an in sifu reduction of Pd(Il) to Pd(0) is proposed. Further reaction of these species
with allyl bromide leading to the formation of a m-allylpalladium complex is proposed. This palladium(II)
m-complex activates the allene moiety favouring the intramolecular attack of the nitrogen atom to form a
vinyl(allyl)palladium(Il) intermediate. A final reductive elimination delivers the final product and
regenerates Pd(0). The second example of the Scheme 39 can be considered a typical hydroamination

reaction.

Me

TBDMSO ~ Me TBDMSQ
; /" 1 mol % PdCl,(MeCN), '

2 eqUiV K2003

T

Br
¢! MeCN  43%
TBSO Ph
H oo 5 mol % AuCl
Cx )
NH DCM  85%
o

Scheme 39

4.3. Cyclization of imines

Imines derived from 2-(1-alkynyl)anilines react with alcohols and catalytic amounts of copper(I)
chloride to give indole derivatives.''® The same imines have been used to obtain pyrrolo[1,2-a]indole
derivatives by reaction with enol ethers and catalytic amounts of gold trichloride (Scheme 40).M
A wide variety of isoquinoline derivatives have been prepared from ters-butyl imines derived from

2-(1-alkynyl)benzaldehydes under copper and silver catalyzed conditions.'"® 3,4-Disubstituted isoquinoline
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derivatives have been obtained by palladium catalyzed cyclization/cross-coupling reactions.'"”

Representative examples of these reactions are shown in Scheme 41.

Pr

P
=
5 mol % CuCl S—pr
+ MeOH N
N toluene
| 69% MeO Ph
Ph
Pr Pr
=
. OBu 10 mol %AuCl; A\ OBu
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l 82%
kPh Ph
Scheme 40

Bu
SN 10 mol % Cul SN
% DMF  91% Zph
Cl N
5 mol % Pd(dba),
+ Zpn
} 10 mol % PPhg
X

K,COg, DMF

69%
Scheme 41

5. Cascade reactions initiated by a metal-catalyzed electrophilic cyclization

The development of catalytic cascade electrophilic cyclization reactions for the synthesis of policyclic
compounds is highly attractive as molecules with complex architectures are easily formed from simple
starting materials. In these reactions, the metallic catalyst should promote two or more consecutive
cyclizations. For example, a one-pot multicatalytic and multicomponent cascade reaction that allows the
synthesis of spirofuranquinoline derivatives from alkynol derivatives, aldehydes and aromatic amines by the
cooperative effect of two catalysts— a platinum complex and a Brgnsted acid— has been developed (Scheme
42).120

OH 5 mol%
(0] COD)PtMe 0
4 + )J\ + ( ) 2 NH
Ph H HBF, (1 equiv)
NH; MeCN
-30 °C to RT
85%
O 0
Scheme 42
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This reaction may be considered a Povarov reaction between two reagents, an exocyclic enol ether and
an imine, catalytically formed in situ. Moreover, this reaction can be formally considered as the first Povarov
reaction performed with exocyclic enol ethers. A related platinum-catalyzed one-pot three-component
coupling reaction of alkynol derivatives and imines for the diastereoselective synthesis of functionalized
furo[3,2-c]quinoline derivatives has been reported.'*!

A related version of the above commented reaction has been applied for the diastereoselective
synthesis of chroman spiroacetals (Scheme 43).'* The reaction supposes a palladium(II)-catalyzed one pot
three-component coupling reaction between an alkynol derivative, a salicylaldehyde and an amine or an
orthoester. As shown, depending on the nature of the third component of the reaction (an amine or an

orthoester) nitrogen- or oxygen-substituted spiroacetals can be synthesized.

1) 5 mol%
OH O [(MeCN)4Pd](BF ),

OH MeCN, RT
=+ H + OM “,
2 € 2) 5 equiv Mg(CIOy), NH

NH> 1.6 equiv HCIO,
DCM/MeCN (10: 1) OMe
RT 80 %

\O
o

N\

5 mol% 0] O Br
gz MeCN)4Pd](BF 4
Z H . HC(OMe)s [ )4Pd](BF4)2

MeCN, RT

Ph Br Ph 72 %
Scheme 43

OMe

An interesting synthesis of pyrazine derivatives by means of a cascade reaction based on an initial
intramolecular addition of a carboxylic acid to an alkyne has been recently developed by D. J. Dixon and
co-workers (Scheme 44).'* Thus, for instance, 5-hexynoic acid reacts with 1-(aminoethyl)pyrrole in the
presence of catalytic amounts of an in situ formed cationic gold(I) complex to give 11a-methyl-9,10,11,11a-
tetrahydro-5H-pyrido[1,2-a]pyrrolo[2,1-c]pyrazin-8(6H)-one. The cascade sequence involves the 6-exo
cyclization of the carboxylic acid to form a methylenelactone derivative which reacts with the amine to give

an acyliminium intermediate. Further Friedel-Crafts cyclization leads to the final heterocycle.

I NH, 1 mol% (PPhs)AuC| O
Oy _OH H 1 mol% AgOTf N/\
+

U N toluene, 120 °C N

\ J 93% Me |l

0

? d
ve L)
Scheme 44
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An interesting protocol for the synthesis of pyrrolo[1,2-a]quinolines has been recently reported
(Scheme 45).'** This reaction is performed with N-aryl-4-alkynamines and alkynes in water and in the
presence of a gold catalyst and features the formation of two new carbon-carbon bonds and one carbon-
nitrogen bond to make two rings in a one-pot process. The reaction pathway may be understood as a cascade
process initiated by an intramolecular hydroamination reaction of the 4-alkynamine followed by addition of
the alkyne and a final hydroarylation step. The method has been applied in gram-scale synthesis of
substituted pyrrolo[1,2-a]quinolines and some of these compounds have exhibited a significant cytotoxicity
against the cervical epithelioid carcinoma cell line suggesting a potential application of this class of

compounds as anticancer drugs.

H 5 mol % [Au]

N + MeO PhO
o oo UL
PhO | | 90 % N

[Aul= Au[P(Bu)(o-biphenyl)ICl / AgSbFg

05 Qi

Scheme 45

S C
MeO

An efficient platinum(ll)-catalyzed cascade reaction for the synthesis of indoline and quinoline
derivatives from simple secondary alkynylamines and 1,3-diketones has been recently developed (Scheme
46).'" The reaction is believed to proceed through the condensation of an enamine derivative, in situ formed

by hydroamination of the alkynylamine and the 1,3-diketone.
1 mol %K,PtCl, Bn\
N o 0 4AMS. N Bt
H +
s Et)J\/U\Et MeOH, 40-65 °C
98 % Et
Scheme 46

6. Conclusions

As shown along this review, recent years have witnessed remarkable growth in the number of reactions
directed to the synthesis of heterocyclic systems based on metal-catalyzed electrophilic cyclizations. In this
review, we have focused on the most recent representative reactions reported in the literature for the
synthesis of oxygen-and nitrogen-containing heterocycles. We hope that this compilation has provided an
appropriate background for the present topic and exciting developments in the field are expected in the

future.
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STEREOSELECTIVE SYNTHESIS OF OPTICALLY ACTIVE PYRIDYL
ALCOHOLS. PART I: PYRIDYL SEC-ALCOHOLS
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Abstract. This account deals with the stereoselective synthesis of optically active pyridyl sec-alcohols,
through the description of a variety of methods allowing to generate a sec-carbinol chiral centre bound to a

pyridine ring.
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1. Introduction

Chiral pyridyl alcohols have seen a number of applications as privileged catalysts and ligands for
enantioselective synthesis and catalysis." Examples amenable to catalysis with pyridyl alcohols include the
epoxidation of allylic alcohols," the conjugate addition of dialkylzinc reagents to o,B-unsaturated

"4 the nucleophilic addition of dialkylzinc reagents to aldehydes,'®™ Strecher-type reaction," ring-
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"M and etc. Moreover, phosphorus ligands derived from pyridyl alcohols have been

opening reaction
recently applied with success to iridium-catalyzed asymmetric hydrogenation.ln_q Many enantiomerically

pure pyridyl alcohols are also biologically relevant compounds and key intermediates for commercial drugs

2a—e 2f,g 2k

such as ceramide, (S)-carbinoxamine, allo—heteroyohimbine,2h (S)—napr0)<e:n,2i’j (R,S)-mefloquine,” etc.

Moreover, this skeleton is present in a number of compounds that have been described in recent patents
reporting their herbicide and fungicide properties.zl’m

We discuss the subject of the synthesis optically active pyridyl alcohols in three accounts; the first two
deal with chemical syntheses, whereas the third one talks about enzymatic methods. The first part, namely
this account, is dedicated only to pyridyl sec-alcohols, whereas the second one is devoted to the residual
topic (pyridyl tert-alcohols, pyridyl B-carbinols, pyridines bound to a phenolic ring, etc.). In particular, this
report considers the synthesis of a range of optically active pyridyl alcohols through the description of a
variety of approaches allowing to obtain this kind of compounds with a stereogenic carbon bound to both a
hydroxy group and a pyridine ring, although the synthesis of some examples of pyridyl sec-alcohols without

this topological element are explained too.

2. Pyridyl sec-alcohols
2.1. Addition of 2-pyridyllithium derivatives to chiral aldehydes

The easiest entry to secondary pyridyl alcohols involves the trapping of 2-pyridyllithium derivatives
with optically active aldehydes. Chiral pyridyl and bipyridyl alcohols have been prepared using as a starting
point (R)-2,3-O-isopropylideneglyceraldehyde 2 obtained from D-mannitol (Scheme 1).?

A 0 a Q‘P ~ | O‘P
| ~ + : (o) S O + NS ' (0]
N~ “Li OHC™ N\ N é
1
3b (11%)
| +
~
Br N Li
4

Sb (10%)

OSi-t-BuMe,

7: R = Si-+-BuMe, (54%)) d 6 (95%)
8: R = H (100%)

a: Et,0, -78 °C to r.t.; b: TBDMSCI, imidazole, DMF, r.t.; c: PPhs, NiCl,, Zn, DMF, 70 °C; d: TBAF, THF, r.t.
Scheme 1

Thus, reaction of 2-pyridyllithium 1, obtained by lithiation of 2-bromopyridine with n-BuLi at =78 °C,
with 2 gave the epimeric alcohols 3a and 3b that were separated by chromatography (45 and 11% yields,
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respectively). When (6-bromopyridin-2-yD)lithium 4, prepared from 2,6-dibromopyridine with n-BuLi, was
treated with 2, the epimeric alcohols Sa and Sb were obtained in 52% combined yield and in a ratio of about
4:1, respectively. These alcohols were separated and the major isomer 5a was converted to the silyl ether 6
using tert-butyldimethylsilyl chloride (54% yield). Finally, compound 6 was subjected to nickel-catalyzed
homocoupling to produce the bipyridine 14 (60% yield) that was then quantitatively desylilated to dialcohol
8.

Bittman et al. reported an efficient and stereoselective method for the preparation of the heteroaryl
ceramide analogue 13 (Scheme 2).* Lithiation of bromopyridine derivative 9, followed by reaction with
Garner aldehyde 14, gave a 5:1 mixture of erythro-10 and threo-11, which however could not be separated
by column chromatography. Hydrolysis of 10 and 11 (IM HCI, THF, 70 °C, 5 hours) resulted in the
formation of diastereomeric sphingoid alcohols 12. Since chromatographic separation of these diastereomers
at this stage was still difficult, the mixture of sphingosine analogue 12 was N-acylated with p-nitrophenyl
butyrate. Fortunately, the ceramide diastereomers were now separable by column chromatography and thus,

the desired D-erythro stereoisomer 13 was obtained in 70% yield.

N HN*P HN‘F
DN g
n-CioHys n-CioHys N

n-C12H25 N Br

9 10 (46%) o 11 (9%)
b = T c = | N G
_— N OH — S
n-CipHys™ N n-CioHps™ "N 7Y
OH OH OH
12 13 HN—k
o

a: 1. BuLi, THF, -78 °C; 2. 14; b: IN HCI, THF, 70 °C; OHC/k/

c: p-0,NC¢H,CO,C3H;-n, THF, r.t., 70%. 14

Scheme 2

Chung et. al. prepared pyridyl alcohol 16 (Scheme 3).> The reaction of 2-pyridyllithium with the chiral
(n°-arene)chromium complex 15 at =78 °C afforded a diastereomeric mixture (de 31%) in 64% yield. This

mixture was separated by chromatography to give the major diastereomer 16 in 42% yield.

Cr(CO) y
3 HO Cr(CO);

a: Et,0, -78 °C to r.t., 64%; b: chromatographic separation.
Scheme 3

Three examples of pyridine phosphine ligands with planar chirality have been reported. Chung ez al.®’
described the synthesis of the planar chiral N,P-ligands 20—24, bearing arylchromium tricarbonyl, phosphine
and pyridine moieties (Scheme 4). The synthesis of these ligands is based on the addition of 2-pyridyllithium
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to the optically active benzaldehyde derivative 19 that was accessible starting from the planar chiral known
compound 17. The diastereomeric ratio of 20 and 21 was slightly dependent upon the substituent in the aryl
phosphine moiety. The relative amount of 20 raises as the number of electron-withdrawing substituents at
phosphorus increases. The complexes 22 and 23 were obtained by deprotonation of 20 and 21 with NaH in
THF, followed by the addition of Mel.® The O-benzyl and O-4-methoxybenzyl derivatives (25 and 26,
respectively) of the complex 1a were prepared by deprotonation of this complex, followed by treatment with
benzyl bromide or 4-methoxybenzylchloride.” In order to understand the role of the Cr(CO); moiety in the
planar chiral ligand, Chung et al. carried out the demetallation of 22¢c. However, treatment of 22¢ with an
oxidizing reagent (I, THF) led to the isolation of the phosphine oxide 24 (Scheme 4).°

Cr(CO), Cr(CO),

P o NP

- Q- _— — O ~1OMe -
PAr,
17 Meo 18a-c MeO OMe
Cr(CO); HO o
d (0OC)5Cr, (OC)5Cr - —
7'\ cho — + l\\ )
— N
PAr, Z PAr, Z PAr,
19a-c e j 20a-c e J 21a-c¢
" T (0C);C ] (00);C Meq
3 T 3 I - —
f N
AL PAr, ZPar,
o]
24 (Ar= 3,5-diCF;C4H;) 22a-c 23a-c

a: Ar =Ph; b: Ar = p-CF;C¢Hy; c: Ar = 3,5-diCF;C¢H,

a: BuLi, Et,0O; b: Ar,PCl; c: 50% H,SO,, THF or toluene, reflux; d: 2-pyridyllithium,
Et,0, - 78 °C; e: NaH, Mel, THF; f:1,, THF.

HO RO
(OC)3CI\ " - g (OC)3Cr\ - -
X \ —_— X \
| P N % | P N %
PPh, PPh,
21a

25: R =Bn; 26: R = 4-MeOC¢H,CH,

g: NaH, BnBr or 4-MeOCH,CH,Cl, THF.
Scheme 4

2.2. Addition of chiral 2-pyridyllithium derivatives to aldehydes
Fort et al. described the one-pot chemo-, regio- and enantioselective functionalization of pyridine

compounds mediated by the couple butyllithium and chiral aminoalkoxides.® Initially, 2-chloropyridine was
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metallated by the superbases generated by butyllithium and several chiral aminoalcohols and then treated
with benzaldehyde. As expected, the superbase promoted the clean C-6 functionalization of 2-chloro-
pyridine,” but the reaction course was critically dependent on the aminoalcohol structure, except with
(8)-(1-methylpyrrolidin-2-yl)methanol 28, which led to (6-chloropyridin-2-yl)(phenyl)methanol in 59%
yield and 58% ee. (Scheme 5). After optimization of the reaction conditions, the versatility and synthetic
value of the reaction for the preparation of chiral polyfunctional pyridines was inspected. The reaction of
various substituted pyridines with aldehydes in the presence of the couple BuLi/28 afforded the related
pyridyl alcohols in moderate to good yields (47-74%), but low enantioselectivities (30—-45% ees) (Scheme
5).

I\
X a R—
R I L J R
> N
N
27 OH

a: 1. BuLi/28, hexane, -78 °C; 2. RICHO, THF, -78 °C.

27 R R! yield(%) ee(%)
a 6Cl tBu 62 35
b 6Cl  4MeOCH, 61 45
¢ 6Cl  4-CIC(H, 56 23 N
d 5Me Ph 47 39 Me OH
e 6F Ph 74 30 28
f 6Cl Ph 59 58
Scheme 5

2.3. Stereoselective addition of organometallic reagents to pyridyl carboxaldehydes
2.3.1. Enantioselective addition

The addition of dialkylzinc reagents to pyridinecarboxaldehydes catalyzed by chiral ligands consents
an easy entry to optically active pyridyl alcohols.'” However, this reaction can be problematic since the
pyridylalkanol formed in sifu acts as a catalyst eroding the enantioselectivity (vide infra). Notwithstanding
that, Hoshino et al. reported highly enantioselective and rapid addition (30 seconds) of dialkylzinc reagents
to pyridinecarboxaldehydes using catalytic amount (10 mol%) of the ligand 31 at room temperature (Scheme
6).'® Reaction of pyridine 3- and 4-carboxaldehydes with diethylzinc afforded, in the presence of 31, the
pyridyl alcohols 30b and 30c in 88 and 83% ees, respectively. On the other hand, the isomer 30a was
obtained in quasi-racemic form because of the facile intramolecular chelation of diethylzinc between the
nitrogen atom and the carbonyl group in 29a that accelerates non-catalyzed reactions. The validity of this
assumption was demonstrated submitting 2-bromo-6-carboxypyridine 29d to the addition reaction. The
bulky as well as electron-withdrawing bromine atom (29d) allowed to obtain the corresponding pyridyl
alcohol 30d in 81% yield and 70% ee. Radical mediated reduction of 30d afforded 30a in 86% yield without
loss of optical purity.

In contrast to the above findings, Braga and co-workers have recently found that the amino diselenide
(R,R)-32 (Scheme 6) catalyzes the enantioselective addition of diethylzinc to pyridine-2-carboxaldehyde 29a
to give the corresponding alcohol 30a with high enantiomeric excess (90%) and yield (85%)."!
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Soai and co-workers carried out an extensive study on the enantioselective autocatalysis of pyridyl and
quinolinyl alcohols.'” This group reported the first asymmetric autocatalysis using pyridyl alcohols as
asymmetric autocatalysts. Thus, when pyridine-3-carboxaldehyde was treated with diisopropylzinc using
(—)-2-methyl-1-(pyridin-3-yl)propan-1-ol (86% ee), as a chiral catalyst, the same alcohol was produced with

retention of configuration in 47% enantiomeric excess, indicating that it acts as a chiral self-catalyst

(Scheme 7)."*" In a similar manner, other chiral non-racemic 3-pyridylalkyl alcohols (42—56% ees) afforded
12b

themselves (6—14% ees) in the enantioselective addition of (alkyl),Zn (Scheme 7).

A R!
/(\—CHO —a- | \—/
2 7 o

R N R N

29a: 2-formyl, R=H (8)-30a: 1-(pyridin-2-yl)propanol: 47%, 10% ee

. 31: Ar = a-naphtyl
29b: 3-formyl, R=H (8)-30b: 1-(pyridin-3-yl)propanol: 77%, 88% ee

29C:' 4-formyl, R=_H ($)-30c: 1—(pyridin—4—yl?p.ropan01: 73%, 83% ee Ph/\ﬁ Se),
1 2- » R= -30d: 1-(6-bromopyridin-2-yl)propanol: 81%, 70% ee
29d: 2-formyl, R=Br  (5)-30d: 1-(6-b din-2-yl) 1: 81%, 70% .
(8)-30e: 1-(pyridin-2-yl)ethanol: 70%, 85% ee Boc”
a: EtyZn or Me,Zn, 31 (10 mol %), toluene-hexane (1:1), r.t., 30 sec (1 h for 30e). L (R,R)-32
Scheme 6
OH
N CHO
@/ 30b, 30f-h N R (5)-30b: R=Et (56% ee)  —= (5)-30b: 14% ee
7 — - | _ (S)-30f: R = Me (42% ce) — (S)-30f: 7% ce
2 RyZn N (5)-30g: R =n-Bu (47% ee) — (5)-30g: 6% ee
b 30b, 30f-h (5)-30h: R =i-Pr (86% ee) — (S)-30h: 47% ee
Scheme 7

The same group reported the enantioselective preparation of 5-carbamoylpyridin-3-yl alcohols
(5)-34a—d (88-94% ees) by addition of diisopropylzinc to the related 3-carboxaldehydes 33a—d in the
presence of a catalytic amount of (15,2R)-N,N-dipropylnorephedrine 35 (Scheme 8).'* Interestingly, a
catalytic amount of the zinc alkoxide of these new alcohols (S)-34a—c (88—94% ees) catalyzed the
enantioselective alkylation of the 3-carboxaldehydes 33a—c by diisopropylzinc to afford itself with the same
configuration as the catalyst and in enantiomeric excesses up to 86% depending on the structure on the

nitrogen atom of the amide.

O
35

Ry ~CHO L ipr,Zn Ph Me

| MePh

R N/ 0°C HO N(l’l-PI‘)z

35
33a-d (S)-34a-d

33a: R = OMe, R!=Me; 33b: R =R!=i-Pr 34a: 56%, 90% ee; 34b: 56%, 94% ee
33c: R=R!=j-Bu; 33d: R=R!=n-Bu 34c: 82, 88% ee; 34d: 70, 89% ee

Scheme 8

Soai and co-workers have recently described the enantioselective synthesis of 2-, 5-, 6-, 7- and

8-substituted 3-quinolyl alkanols and their behaviour as asymmetric autocatalysts in the addition of diiso-
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propylzinc to the corresponding quinoline-3-carboxaldehydes.'*® The newly formed products have the same
structure and absolute configuration as those of the initially used asymmetric autocatalyst. In addition, low
enantiomeric excess has been amplified up to 97% ee by consecutive asymmetric autocatalysis without the
intervention of any other chiral substance.

Pagenkopf and Carreira reported that a titanium(IV) catalyst prepared in situ from TiF; and
(R,R)-1,2-bis(diphenylmethanol)cyclohexane catalyzes the asymmetric addition of trimethylaluminium to
aldehydes. Under these conditions pyridine-3-carboxaldehyde 29b was methylated to give the 3-pyridyl-
ethanol (R)-30e in 83% yield and 85% ee (Scheme 9)."

OH Ph Ph
- CHO . -
| — A Me OH
N | > OH
N /<
29b (R)-30e (83, 85% ce) Phi Ph
36

a: Me;Al (1.4 equiv), TiF, (14 mol%), 36 (15 mol%), THF, -10 (12 h) to 0 °C.
Scheme 9

Pu and Huang studied the use of the 1,1-binaphthyl derivative (S)-38a,b as catalysts in the asymmetric
addition of diphenylzinc to pyridine-3-carboxaldehyde (Scheme 10)." Ligand ($)-38a afforded the
corresponding pyridyl phenyl carbinol (+)-37 with a better steroselectivity than (S)-38b (80 vs 70% ee), but
lower yield (80 vs 90%). When the nitrogen of the pyridine was protected with triethylborane, its reaction
with diphenylzinc in the presence of (S5)-38a gave 86% ee and 89% yield (Scheme 10).

OH
S CHO  pp7n “
~ a-c |
N N/
29b 37
a: (5)-38a, CHyCly, .t., 5h —= (8)-37, 86%, 80% ce F ssap T
b: (5)-38b, CH,Cl,, r.t., 5h —> (5)-37,90%, 70% ce - ’ -
¢: 29b-EL;B, (5)-38a, CH,CL,, r.t., 5h — = (5)-37, 89%, 86% ee a=R=Me: b: R=n-C¢H,;
Scheme 10
O
~N e O >
~
N7 >cHO a N . OH
OH Fe Ph Ph
<
a: 38¢ (1.5 mol%), toluene, 0 °C, 12 h, 98%, 3% ee. 38c
Scheme 11

Bolm and Muiiz reported that the asymmetric addition of diphenylzinc to aldehydes in the presence of
catalytic amounts of the planar chiral ferrocene based hydroxy oxazoline 38c afforded alcohols with
enantiomeric excesses of up to 96%." Unfortunately, the arylation of pyridine-2-carboxaldehyde proceeded
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with good yield (98%), but with very low stereoselectivity (3% ee) (Scheme 11). Chiral terpenyl-based
allylborane reagents, B-allyldiisopinocampheylborane (Ipc;Ball) and B-allyl-bis(4-isocaranyl)borane
(IcrpBall) undergo facile condensation with pyridylcarboxaldeides 29a—c at —100 °C to afford the
corresponding terpenylborinate 39a—c¢ (Scheme 12).'® These intermediates were not isolated, but directly
converted into the homoallylic alcohols 40a—c¢ by treatment with a methanolic solution of 8-hydroxy-
quinoline. Good overall yields (78—85%) and enantiomeric purities approaching 100% were achieved. The
reagent Ipc,Ball was next used with success to synthesize the optically pure (—)-(S,5)-o,o'-diallyl-2,6-
pyridinedimethanol 42 from the pyridine-2,6-dicarboxaldehyde 41 (Scheme 12)."

N/) OBTer, N OH
29a-c 39a-c 40a: 85%, >99% ee
40b: 84%, >96% ee
a: 2-pyridyl, b: 3-pyridyl, c: 4-pyridyl 40c: 78%, >99% ee

X a,b
| - -
= .
OHC N CHO z
OH OH
41

42 (94%, 92% ee)

W),BAIl
~),BAIl :
a: Ipc,BAll (for 29a,b and 41) or Icr,BAll (for 29¢), Et,O 2
(or THF for 41), -100 °C, 1 h; b: 8-hydroxyquinoline,

MeOH, 25 °C, 12 h.
Ipc,BAll Icr,BAIl
Scheme 12

For the synthesis of 2-pyridyl carbinols, the addition of organo-magnesium reagents to pyridine-2-
carboxaldehyde is a valuable alternative to the addition of 2-pyridyllithium to carbonyl compounds.
Cunningham ez al.'® prepared from (—)-menthol the (=)-menthyl chloride 43 (containing less of 10% of its
axial neomenthyl isomer) which was converted into the related Grignard reagent (Scheme 13).

Treatment of this magnesium derivative with pyridine-2-carboxaldehyde gave all four possible product
alcohols 44a—d (65% combined yield) and a significant amount of the epimeric ketones 45a and 45b
(Scheme 13). It was impossible to obtain reliable ratios for these alcohols using "H NMR spectroscopy, but
integration of the 13C—signals for their a-carbinyl carbon atoms suggested the relative proportions of
44a:44b:44c:44d to be 1.8:2.3:1:1. Pure samples of each of these four alcohols were obtained by careful
chromatography over silica gel.

The alcohol 44a was next obtained more conveniently by reduction of the ketone 45a, obtained in turn
by oxidation of a mixture of 44a—d (vide infra, Scheme 41). Moreover, it was possible to obtain the alcohol
44b via Mitsunobu inversion of 44a. Thus, this alcohol was first efficiently converted into the nitrobenzoate

46, which was then hydrolyzed to provide 44b in 69% overall yield from 44a.
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4 |
— + y ~ +
e - - - N
/:\ /:\R1 le /:\Rl Rz
43 44a:R'=H, R2=OH (19%)  44c: R!' = OH, R2=H (10%) 45a.b
44b: R'=0OH, RZ=H (25%) 44d:R!=H, R?=OH (10%)
44a / b
C
; ~ N : g
AUH 0OCOCZH,NO,-p /'-\Ho H
46 44b

a: 1. Mg, THF, I,; 2. pyridine-2-carboxaldehyde, reflux, 12 h; b: PPh;, HOCOC.H4NO,-p, diethyl
azidodicarboxylate, THF, r.t., 12 h, 75%; c: NaOH (10%), 95%.

Scheme 13

Knochel and Cheemala have prepared ferrocenyl N,P-ligands based on a pyridyl alcohol framework
(Scheme 14)."° The synthesis starts from the enantiopure sulfoxide 47 that, by submission to
sulfoxide/lithium exchange using phenyllithium (THF, —78 °C, 10 minutes) followed by the addition of
2-pyridinecarboxaldehyde, gave a 3:2 mixture of two diastereomeric ferrocenyl alcohols 48 in 72% yield.
This inseparable mixture of alcohols was alkylated with Mel or PhCH,Br, leading to readily separable
ferrocenyl ethers 49a (54% yield) and 49b (35% yield) or 50a (56% yield) and 50b (36% yield), respectively
(Scheme 14).

7

-0
&
-
7
-

48 (72%, 3:2 dr) 49a (R = Me, 54%) 49b (R = Me, 35%)
50a (R =Bn, 56%) 50b (R = Bn, 36%)

a: 1. PhLi, Et,0, -78 °C, 10 min; 2. 2-PyCHO, -78 °C, 1.5 h; b: 1. KH, THF, 0 °C, 1 h; 2. Mel or BnBr, 0 °C,
15 min.

Scheme 14

2.3.2. Diasteroselective addition

Ruzziconi et. al. prepared diastereomeric quinolinophanylcarbinols (R,,R)- and (R,,S$)-52—55 with both
central and planar chirality by addition of alkyl and aryl Grignard reagents to the quinolinophane-2-
carboxyaldehyde (R,)-51 (Scheme 15).20 Carbinols (R,,R)-55 and (R,,5)-55 had to be converted into the

corresponding benzoate esters before being separated by HPLC; (R,,R)-54 and (R,,S)-54 were directly
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separated by HPLC; while all the other diastereomeic mixture were easily resolved by simple
chromatography. The absolute configurations of the new stereogenic centres were assigned by NOESY

experiments.

2.4. Rearrangement of pyridine N-oxides

The Bockelheide rearrangement of pyridine N-oxides represents a valuable method for the introduction
of a hydroxy group on the a-position of 2-alkyl substituted pyridines.21

Exploiting this method, Von Zelewsky et al. prepared the two epimeric chiral 7-hydroxy-5,6,7,8-tetra-
hydroquinolines (85)-61 and (8R)-61 from (—)-pinocarvone 56 (Scheme 16).22 Krohnke type aza-
annulation® of the pyridinium salt 57 with 56 gave the quinoline 58 (60% yield) which was oxidized to the
corresponding N-oxide 59 with peracetic acid. Bockelheide rearrangement of 59 with isobutyrric anhydride
afforded a mixture of epimeric esters (85)-60 and (8R)-60 in a ratio of 65/35. This mixture was separated and

the single epimers were hydrolysed to give pure alcohols (85)-61 and (8R)-61.

(Rp,R)-52 (32%) (Rp,S)-52 (21%)

CHO
(Rp)-51

(Rp,R)-55 (23%) (Rp,S)-55 (20%)
Scheme 15
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N

OCOi-Pr OCOi-Pr OCOi-Pr

(85)-60 (65%) (8R)-60 (35%)
l e e
2 N
4 e
Ph N : Ph N
- .
(85)-61 (8R)-61

a: AcOH, AcONH,, 100 °C, 20 h, 60%; b: AcOH, H,0,, 70 °C, 24 h; c: isobutyric anhydride, 100 °C,
8h, 65%; d: crystallization and column chromatography; e: NaOH, MeOH-H,O, reflux, 1 h, 95%.
Scheme 16

A notable example of application of the Bockelheide reaction to natural products synthesis has been
described by Nicolau et al. who prepared a 7-hydroxy-5,6,7,8-tetrahydroquinoline as a key intermediate in
the total synthesis of the antibiotic thiostrepton (see Scheme 52).**

2.5. Reduction of pyridyl ketones
2.5.1. Stoichiometric enantioselective reduction

A variety of organoborane reagents have been developed for the asymmetric reduction of a variety of
pyridyl ketones. Midland and McLoughlin reported that (S)-1-(pyridin-3-yl)ethanol was obtained in 67%
yield and 92% eanatiomeric excess when the reduction of acetylpyridine was carried out using B-3-pinanyl-
9-borabicyclo[3.3.1]nonane (Alpine-Borane) in THF at 6000 atm, whereas the reaction at 1.0 atm gave
lower enantiomeric excess (90%) and conversion (Scheme 17).25 Brown et al. examined, among a series of
aryl alkyl ketones, the reduction of 3-acetylpyridine using (—)-B-chlorodiisopinocampheylborane

265 (Scheme

(—)—IpczBC126a and B-(iso-2-ethylapopinocampheyl-9-borabicyclo[3.3.1] nonane (Eapine-Borane)
17). 3-Acetylpyridine was reduced using 2.0 equivalents of Ipc,BCI in 92% ee and 67% yield, whereas no
reaction occurred when 1.0 equivalent of the reagent was employed.26a Higher yield (93%) and

enantioselectivity (96% ee) were obtained using 3.0 equivalents of Eapine-Borane, albeit at a slower rate (15
26b

days).
0 OH Et
B B W),BCl
~ ~
N N
Alpine-Borane ~ Eapine-Borane (Ipc),BCl
Scheme 17
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Chelucci and Soccolini described the reduction of pivaloylpyridine 62 with (-)-Ipc,BCI (Scheme 18)."
The reaction was carried out for 25 days at =25 °C in THF to give (R)-2,2-dimethyl-1-(2-pyridyl)propan-1-ol
in 70% yield and 91% ee. More recently, this protocol has been applied to the synthesis of the 4-dimethyl-
amino substituted analogue of 62 to give the related alcohol in 71% yield and 96% ee, which after

recrystallization afforded material with >99% ee (Scheme 18).7
NMe, NMe,

AN AN
~ B — ~ P — |
N N N/ N/
(@] OH
62 (o) OH

(70%, 91% ee)
a: (-)-Ipc,BCl, THF, -25 °C, 15 d.

(711%, 96% ee)

Scheme 18

Bolm et al. reported the synthesis of optically pyridine and bipyridine alcohols, whose synthesis has
the asymmetric reduction of prochiral pyridyl ketones as a key step.28 Table 1 summarized the results
obtained in the enantioselective reduction of ketones 63a—c and 65a—e (Scheme 19) with (+)- and
(—)-Ipc,BCI. The alcohols were obtained in 32—-88% yields and 82-92% ees. The optical purity of (R)-64a
and (R)-64b was easily raised by a single recrystallization of the corresponding camphanic acid esters
followed by hydrolysis to give the alcohols in ee >99%. Ketones 63a,b and 65a,b,d,e (Scheme 19) were
prepared by metal-halogen exchange of 3-bromopyridine or 2,6- and 2,5-dibromopyridine with n-BuLi in
ether, followed by treatment with pivalonitrile or N,N-dimethylacetamide. Ketones 63c and 65¢ (Scheme 19)
were in turn obtained by cross-coupling of the bromopyridines 63a and 65¢ with phenylboronic acid in the

presence of tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4].

| N | XN 0 OH
= R X Xy * R
dopre by e
~
63a-c 0 6da-c OH X N X N
65a-e 66a-e
a: X =Br, R=#Bu; b: X=Br, R =Me;
¢: X =Ph,R=tBu a: X =Br, R =#-Bu; b: X =Br, R = Meg;
¢: X=Ph,R=tBu;d: X=H, R =¢Bu;
e: X=H,R=Me

Scheme 19

In Schemes 20 and 21, many of these transformations are exemplified in the case of compounds
substituted with the terr-butyl group. A nickel(0)/triphenylphosphine mediated reaction of (R)-64a afforded
the C,-symmetric bipyridine 69 (55% yield), while the heterocoupling of (R)-64a with 2-pyridylzinc
chloride [2-pyZnCl] or 2-pyridyl-tri-n-butylstannane [2-pySnBus] in the presence of Pd(PPhjs)4 provided the
C,-symmetric bipyridine 68 in about 50% yield.

Moreover, (R)-64a was transformed into pyridyl acetylene 70 by Sonogashira coupling with
trimethylsilylacetylene, followed by desilylation with BuyNF. Alcohol (R)-64a was also hydrodehalogenated
through radical debromination using BusSnH/AIBN in toluene to give the alcohol (R)-71. Finally, following
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the same procedure used for 69, starting from (R)-64b, the C,-symmetric bipyridine 72 was prepared in 55%
yield (Scheme 21).

64c: Ar=Ph; 69a: Ar = 2-naphthyl
69b: Ar = 2-MeOCgHu

a: 1. BuLi, THF, -78 °C; 2. #-BuCN, -78 °C tor.t. 3.5 h, 80%; b: 1. (-)-Ipc;BCl, neat, r.t., 2 d;
2. iminodiethanol, Et,O, 3 h, 59%; c: NiCl,-6H,0, Zn, PPh;, DMF, 72 °C, 3.5 h, 55%; d: 2-PyZnCl
(53 %) or PySnBu; (50 %), Pd(PPhs),4; e: PhB(OH),, Pd(PPh;),, Na,COs.; f: 1. (-)-Ipc,BClL, neat, r.t.,
5 d; 2. iminodiethanol, Et,O, 3 h, 62%; g: ArB(OH),, Pd(PPh3),, Na,CO;.

Scheme 20

Table 1. Stereoselective reduction of pyridyl ketones (Scheme 19 by using Ipc,BCl).

ketone alcohol enantiomer of the borane yield ratio of (R)/(S)

63a 64a -) 61 95:5
63b 64b -) 85 4:96
63c 64c -) 75 93:7
65a 66a -) 32 91:9
65b 66b (+) 88 96:4
65¢ 66¢ =) 75 93:7
65d 66d (+) 34 7:93
65e 66¢ (-) 65 4:96
N X X
| c | a.b |
— -
N
OH
7 OH
N
| = Me
Br N
6ap M

a: trimethylsilylacetylene, Pd(PPhs),, Cul, NEt;; b: BuyNF; c: Bu,SnH, AIBN, toluene;
d: Ac,0, Py; e: NiCl,-6H,0, Zn, PPh;, DMF, 72 °C, 3.5 h; f: K,CO5, MeOH.
Scheme 21
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Reduction with Ipc,BCI has been also the key step in the synthesis of other C,-symmetric bipyridines
73a—c and terpyridine 74 (Figure 1).%

OH HO

73a: R = Me, R!=r-Bu

73b: R = H, R'= C(Me)Et,

73c: R = H, R!= CMe,CEt,
Figure 1

Hoshino et. al. examined the preparation of both enantiomer of the pyridyl diol 76 by asymmetric
reduction of 2,6-dipivaloylpyridine 75 with (+)- or (-)-Ipc,BCl (Scheme 22).' This asymmetric synthesis
was pursued since the previously reported method by a resolution procedure did not seem suitable for a large
scale plrepauration.“"30 Reduction of with (+)- or (—)-Ipc,BCl gave (R,R)- and (S,S5)-76, whose enantiomeric
excesses were determined to be both 100% by HPLC analysis using a chiral column. These findings are
different from those previously reported for 75, but in this case the very good result might be due to the
stereospecific reduction of keto alcohols, which would be formed by a first highly stereoselective reduction
of 75 with (+)- or (—)-Ipc,BCl.

X
W .
= E—
N
O (0]
75

a: 1. (+)-(Ipc),BCL, neat, r.t., 9 d; 2. iminodiethanol, Et,0, 43%.
Scheme 22

OH OH
(RR)-76 (>99% ee)

Two years later, Brown and co-workers reported a systematic study to obtain C,-symmetric diols by

reduction of diacylaromatic ketones with Ipc,BCL.>!

Among them, pyridyl ketones 77a—d were reduced to
the corresponding enantiopure alcohols (=99% ee) (Scheme 23). Unlike Hoshino, who used 5 equivalents of
Ipc,BCl for the reduction of 75, Brown employed only 2.5 equivalents of Ipc,BCl to obtain complete
conversion of the starting material. Only the 2,6-diacetylpyridine 77a could not be completely reduced
affording the hydroxyketone 78a (36-44% yields and >295% ee) with the chiral diol 79a (45-54% yields,
>99% ee) and the meso diol (ca 5%).

Zhang et al., in an independent work, obtained similar results for the reduction of pyridyl ketones 77a
and 75 with IpczBCl.3 ? Thus asymmetric reduction of 77a with (—)-Ipc,BCl (THF, —18 °C) afforded the diol
(8,5)-79a in 50% yield and >98% ee along with 5—-10% of the meso diol. This chiral diol was then obtained
enantiomerically pure by recrystallization of the corresponding di-p-bromobenzoate ester obtained from the
diol mixture. In an analogous manner, the diol 75 was reduced after 7 days at room temperature in 42% yield
and 100% ee.
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A
| (-)-(Ipc),BCl
R = R _—
N aorborc
o (0]
TTa-c (5)-78a-c
a: R=Me; b: R=CF;; ¢: R=C,F;
a: 77a, Et,0, -25 °C, 17 h — (5)-78a: 36%, 95% ee + (S,5)-79a: 54%, 99% ee
b: 77b, Et,0, 25 °C, 3d —= (S,5)-79b: 71%, 99% ee
c: 77¢c, THF, 25 °C,7d —> (§,5)-79¢: 72%, 99% ee

OH OH
(S,5)-79a-c

O (6]
X
M Mo O-tpey,Ba
e —_—
Me N Me a
77d ($)-79d
a: 77d, Et,0, -25 °C, 5h — (§,5)-79d: 94%, 99% ee
Scheme 23

Pfaltz et al. reported the optically active pyridyl phosphane 82 (Scheme 24)* in which the
enantioselective reduction of the ketone 80 with (—)-B-chlorodiisopinocampheyl borane was exploited to

obtain the alcohol 81 in 75% yield and 92% ee.

0 OH OR

a _
| X e | X —_— . | X
H;B—PPh, N___ H;B—PPh, N__— PPh, N__—
80 81 (92% ee) 82

a: (-)»-Ipc,BCI (2.5 equiv), THF, 0 °C, 19 h, 75%.
Scheme 24

Efficient stereoselective total syntheses of furo[2,3-c]pyridine thiopyrimidine HIV-1 reverse
transcriptase inhibitors PNU-142721 and PNU-109886 (Scheme 25) has been developed.* In both syntheses
the key step is the preparation of the optically active furo[2,3-c]pyridyl alcohol 83.

R
= R Cl
NS & T S—<}\I )
| A Me 0 \_ p N=
N N YcH,  NH,
OH

R = H: PNU-142721
R = CH;: PNU-109886

Scheme 25

83a:R=H
83b: R = CH3

To obtain PNU-109886, the stereselective reduction of 1-(7-chloro-3-methylfuro[2,3-c]pyridin-5-yl)-
ethanone 84 by using (—)-Ipc,BCl was pursued (Scheme 26). Reduction was carried out in THF at room
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temperature overnight to give (5)-85 in 94% yield and 92% ee, which was increased to 99% by
recrystallization. The subsequent hydrodechlorination of (5)-85 under transfer hydrogenolysis conditions
afforded (5)-83b in >99% ee. The related reduction of the 3-methyldihydrofuropyridine derivative 86
afforded 87 as a mixture of diastereomers (99% yield) that was converted (hydrodechlorination, acetylation
and dehydrogenation) into (5)-83b in 79% yield and 89% ee.

Me Me
0 a o)
A N A
cl | NENMe LA M
Cl N ; C e
0 OH 8% =
84 (5)-85 (92% ee)~ 0O N
(5)-85 (99% ee) |
Me Me e f N/ Me
0 a o % OH
| AN » | X (5)-83b
_ 99%
Cl N Cl N/ ; Me
0 OH
86 87

a: (-)-Ipc,BCl, THF, -18 ;C to r.t., overnight, 94%; b: recrystallization (ether/hexane),
78%; c: Pd(OH),/C, 1,4-cyclohexadiene, EtOH, reflux; d: H,, 20% Pd(OH),/C; e: Ac,0;
f: 1. chloranil; 2. NaOH.

Scheme 26

The asymmetric reduction of pyridyl ketones was carried out using chiral 1,4-dihydronicotinamide

35-38 .
The reactions

(NADH) derivatives carrying polar groups in the chiral 3-carbamoyl moiety (Figure 2).
were performed employing 1—1.5 equivalents of the NADH model in the presence of 1-1.5 equivalents of
magnesium perchlorate or bromide in dry acetonitrile or acetonitrile/chloroform (3/1) or THF.

Ohno et al. described the reduction of alkyl and fluorinated alkyl 2-pyridyl ketones in low to moderate
enantiomeric excesses with the NADH model 88a, observing that the optical yield decreases in the order of
the substituent: Me> Et > #-Bu> i-Pr and CH3;> CH,F> CHF,> CF; (Table 2).35 These results were
interpreted in terms of conformation of the substrates for the alkyl 2-pyridyl ketones and of electronic
competition effect between two substituents for fluorinated alkyl 2-pyridyl ketones.

Inouye et al. reported the reduction of 2-acetyl- and 2-benzoylpyridine by bis(NADH) model
compounds 88b and 88c in which two chiral 1,4-dihydronicotinamide units, carrying L-prolinamide as the
asymmetric centre, were spanned with a p-xylylene and a hexamethylene bridge, re:spective:ly.36’37 With
these reagents, very high stereoselectivities were achieved (Table 2). The origin of the enantiospecificity was
tentatively ascribed to the specific blockage of diastereotopic faces of the dihydronicotinamide nuclei due to
the probable C,-conformation that the model adopts in association with the magnesium catalyst.

Levacher et al. examined the reduction of benzoylpyridine by quinolines and pyrido[2,3-b]indoles
based NADH mimics. In these reducing agents, the 5,6-double bond was included in an electron rich homo

or hetero aromatic ring that should favour the hydride equivalent departure through the electron donating
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effect of the aromatic ring and so open the possibility of using different metal ions. Benzoylpyridine was
reduced quantitatively with 88d (Figure 2) in the presence either of magnesium perchlorate in refluxing
acetonitrile or magnesium bromide in refluxing THF, but the stereoselectivity was higher with the former

system (78 and 47% ee, respectively) (Table 2).3 8

Me, H Q Me H
R /C\
ek @ @4
H
Y
Pr 88a

CHZONH HZNOC

H H O H H O

N N NH
. ) “1CH,0H
N H N H

CONH, CONH,
‘ ' \ Ph

(CH,)

A 2’6 88¢c 88d

Figure 2

Table 2. Asymmetric reduction of 2-pyridyl ketones by chiral NADH model compounds.

X X
|/ R — |/s.<R

N N
(6] OH

R  NADH yield (%) conversion. (%) ee (%) configuration reference

Me  88a® 61 100 63 (R) 35
Et 88a 85 76 52 (R) 35
i-Pr  88a 75 92 0 - 35
Bu  88a 32 47 43 (R) 35
CH,F 88a 88 98 53 (S) 35
CHF, 88a 75 100 30 (S) 35
CF; 88a 34 100 16 (S) 35
Me  88b° 67 100 90 (R) 36
Ph 88b 72 100 100 (R) 36
Me  88¢c” 84 100 67 (R) 37
Ph 88c 67 100 93 (R) 37
Ph  88d° - 100 47 - 38
Ph  88d‘ - 100 68 - 38

*Procedure: 88a (1.0 equiv), Mg(ClOy), (1.0 equiv), MeCN, 25 °C.

°Procedure: 88b (1.0 equiv), Mg(ClOy), (1.0 equiv), MeCN/CHCI; (3/1), 25 °C, 1-17 h.
“Procedure: 88c¢ (1.5 equiv), MgBr; (1.5 equiv), THF, reflux, 24 h.

dProcedure: 88d (1.5 equiv), Mg(COy), (1.5 equiv), MeCN, reflux, 24 h.

Optically active pyridyl ethanols were obtained in moderate to good enantiomeric excesses from the
enantioselective reduction of acetylpyridines using lithium borohydride modified with (R,R)-N,N'-dibenzoyl-
cystine 89 and ethanol (Scheme 27).%

319



Me Me O  CO,H CO,H O
X a X =2 2
(3= - CK, [Ph)LN/\/s—vaNJLPh
H (RR)-80 1
1-(pyridin-2-yl)ethanol: 58%, 56% ee
1-(pyridin-3-yl)ethanol: 73%, 87% ee
1-(pyridin-4-yl)ethanol: 72%, 79% ee

a: (R,R)-89 (1.1 equiv), LiBH, (3.6 equiv), EtOH (1.6 equiv), THF, -78 °C, 5 h.
Scheme 27

The reduction of 2-, 3- and 4-acylpyridines with (—)-bornan-2-exo-yloxyaluminium dichloride and
LiAlHy in diethyl ether afforded the corresponding (R)-pyridyl alkanols with fairly good yields (60-75%),
but low stereoselectivities (11-37% ees) (Scheme 28).40

Xy Me a Xy Me 1-(pyridin-2-yl)ethanol: 75%, 11% ee
| ﬂ  —— | 7< 1-(pyridin-3-yl)ethanol: 60%, 37% ee
N (0] N OH 1-(pyridin-4-yl)ethanol: 70%, 15% ee
a: OH (10 mmol), AICl; (8.6 mmol), LiAlH, (2.5 mmol), Et,O, 0 °C tor.t.
H
Scheme 28

The three isomeric acetylpyridines were reduced with sodium borohydride in the presence of
amphiphilic dendrimer bearing sugar moieties at their ends [G(3)G] in THF at 0 °C. Yields (25-88%) and
enantioselectivities (43—90% ees) were depending on the position of the carbonyl group relatively to the
nitrogen atom. The best result was obtained with 2-acetylpyridine (88% yield, 90% ee), owing to possible
hydrogen bonding with a hydroxylic group of the dendrimer."'

Complexes formed by reaction of chiral diols with LiAlH, were used to reduce prochiral ketones to
optically active alcohols. Among them, 2-acetylpyridine was reduced to (S)-1-(pyridin-2-yl)ethanol in
37-47% yields and 13-21% ees using the complexes 90a and 90b (Scheme 29).*

H
A S :
| 90a,b fj\/ H,, ‘Al/'of
= Me e ~ Me v Lo
N NT Y H %A\ O
0 OH Lit H
' (37-47%, 13-21% ee) 90a: R = NMe,

90b: R = 1-pyrrolidinyl
Scheme 29

Optically active pyridyl ethanols were produced from the reduction of acetylpyridines at a mercury
electrode providing that a catalytic concentration of certain alkaloids were plresent.43 A variety of chiral
alkaloids were screened and among them, strychnine gave the highest optical yields. (+)-1-(Pyridin-2-
yl)ethanol and (+)-1-(pyridin-4-yl)ethanol were obtained in 48 and 40% optical purity, respectively, whereas
the reduction of 3-acetylpyridine gave optically inactive alcohol under all conditions employed. The 2,3-di-
(pyridyl)butane-2,3-diols formed competitively in the reductions of these three ketones were optically

inactive in all cases.
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2.5.2. Catalytic enantioselective reduction
2.5.2.1. Borane reduction

Asymmetric reduction of prochiral ketones with chiral oxazaborolidines is an useful syntheyic

methods to synthesize optically active secondary alcohols.**

Quallich and Woodall first reported the catalytic enantioselective reduction of pyridyl ketones with
chiral oxazaborolidines in the presence of borane excess, notwithstanding, substrates with borane
coordinating groups were not anticipated to afford high ees due to the possibile formation of borane
complexes that not only decrease the borane source but also compete with the enantioselective carbonyl
reduction.” Thus, 2-acetylpyridine was reduced with oxazaborolidine (R)-92 and 1.7 equivalents of borane
to yield the alcohol in 45% ees, whereas 3- and 4-acetylpyridine were reduced with higher
enantioesectivities (62 and 65% ee, respectively) (Scheme 30). Azatetralone 90 gave the related alcohol with

lower ee (40%). Using 1.0 equivalents of (R)-92, 3-acetylpyridine was reduced with enantioselectivity rise

up to 80% ee.

O OH
Me Me b
E\ <\ a | X / Cli RS NG
N/) O N/) OH | — l —
N N

1-(pyridin-2-yl)ethanol: 89%, 45% ee
1-(pyridin-3-yl)ethanol: 92%, 62% ee
1-(pyridin-4-yl)ethanol: 93%, 65% ee

90

91 (85%, 40% ee)

Ph
0

H
N.
B

Ph
s

\
Me
(R)-92

a: (R)-92 (0.2 equiv), BH;Me,S (1.7 equiv), THF, r.t.; b: (5)-92 (5 mol%), BHy;Me,S (1.7 equiv), THF, r.t.

Scheme 30

Next, a more efficient method for the asymmetric borane reduction with reagent prepared in situ

from amino alcohols and trimethylborate was reported.*® Among the examined amino alcohols, 93 and 94

were used in the reduction of pyridyl ketones (Scheme 31).

Ny R a Xy R
U

R =Me or Ph

a: 93 or 94, B(OMe); (1.2 equiv against the amino alcohol), BH;-Me,S (7-20 equiv against the ketone), THF.

ketone amino alcohol (equiv) temp (°C) yield (%) % ee (conf.)

93

OH

NH, O‘J(Ph

g Ph

9

2-acetyl 94 (0.2) 0-5
2-acetyl 94 (0.5) 0-5
2-acetyl 94 (1.0) 0-5
3-acetyl 94 (0.1) 0-5
4-acetyl 94 (0.1) 0-5
4-benzoyl 93 (0.1) 25-30
4-benzoyl 94 (0.1) 25-30
Scheme 31
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Thus, 3- and 4-acetylpyridine were reduced in highly stereoselective manner (99% ee) by addition of
borane-dimethyl sulfide complex, in the presence of catalytic amount of 94 and trimethylborate. The
reduction of 2-acetylpyridine with 0.1 equivalents of 94, provided 1-(pyridin-2-yl)ethanol low
enantioselectivity, which rose up to 98% ee by increasing the amount of the amino alcohol. The reduction of
4-benzoylpyridine with amino alcohol 94 gave more satisfactory results relative to amino alcohol 93.

A notable example of the application of asymmetric borane reduction using the system amino alcohols
94 and trimethylborate was described by Nicolau et al. in the construction of the antibiotic thiostrepton. In
this circumstance, a 4-acetyl-5,6,7,8-tetrahydroquinoline was reduced to the corresponding alcohol in 95%
yield and 90% ee (see Scheme 52).24

The oxazaborolidine (5)-92 has been recently employed to catalyze the enantioselective reduction of
cyclic pyridyl ketones 95 and 97 (Scheme 32).*” Under optimal conditions, the catalytic enantioselective
reduction of 95 with borane (5)-92 generated (R)-alcohol 96 in quantitative yield with 93% ee, which was
subjected to recrystallization to give enantiomerically pure chloroalcohol 96 with 50% yield. Using a similar
procedure, its six-membered analogue, (R)-98, was also successfully prepared enantiomerically pure and in

good yield from the ketone 97.

AN a AN N a X
Cl N Cl N Ph N Ph N
O OH
95 96 (93% ec) 97 O 98 (72% ee) M
Ph
1 e
e: (5)-92 (0.1 equiv), BHyTHF, r.t, 1 h., 100%. O/i
No. ./
B
(5)-92 Me
Scheme 32

Corey et al., in order to prepare the (S)-carbinoxamine 102, a medically useful histamine antagonist,

developed a highly enantioselective catalytic reduction of aroylpylridines.48

0 = o TfO H ,OR
N a /\N"' b, c N
BN — _— ~
| B |
= Cl 2 cl = Cl
99 100 101: R = H, 98% ee )
102: R = CH,CH,NMe,, 98% ee
0
H, ,OH Ph
d, e H Ph
N —_— N i
{ { o
.
= OMe = OMe B
103 104 105 |
n-Bu

a: Tf,0, allyl alcohol, (i-Pr),EtN, 70%; b: 105 (0.15 equiv), catecholborane (2 equiv), CH,Cl,, -40 °C,
36 h; c: n-BuNH;* HCO,™ (0.15 equiv), Pd(PPhs), (0.05 equiv), 3 h, 78% (last two steps); d: BF;Et,0,
CH,Cl,; e: 105 (0.15 equiv), catecholborane (1.5 equiv), CH,Cl,, -78 °C, 17 h.
Scheme 33
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Initial experiments on the oxazaborolidine(105)-catalyzed reduction of 2-benzoylpyridine with or
without the addition of Lewis acid to coordinate the pyridine nitrogen, gave unsatisfactory results. Next,
high enantiomeric induction was obtained using a readily removable N-allyl group both to protect the
nitrogen and to provide spatial bias for the enantioselective reduction. Thus, treatment of 100 with the chiral
oxazaborolidine 105 (0.15 equivalents) and catecholborane (2 equivalents) at —40 °C afforded a N-allyl
alcohol intermediate that was not isolated, but it was treated with Pd(PPh3)s and n-butyl ammonium
formate® to give the pyridyl alcohol 101 in 78% yield and 98% enantiomeric excess (Scheme 33). Using a
similar procedure, the reduction of the 4-(methoxybenzoyl)pyridine(103)-BF; adduct could be accomplished
to afford the pyridyl alcohol 104 with an enantioselectivity of about 30:1 (Scheme 33).

Garcia et al. carried out the enantioselective reduction of a variety of ketones with borane and a
catalytic amount of (R)-B-methyl-4,5,5-triphenyl-1,3,2-oxaborolidine 106 (Scheme 34).%° Among the

examined ketones, 3-acetylpyridine was reduced with excellent enantioselectivity to give (S)-1-(pyridin-3-

O OH
Ph
a Ph, Ph
| N Me — | A Me //i
_ _ HN.
N N

\

yl)ethanol in 96% ee.

Me
(96% ee)
106
a: 106 (0.1 equiv), BHyMe,S (1.2 equiv), THF, 0 °C, 1.5 h.
Scheme 34

Ortiz-Marciales and co-workers investigated the effectiveness of several spiroborate ester catalysts in
the asymmetric borane reduction of pyridyl ketones under different reaction conditions.” Highly
enantiomerically enriched pyridyl ethanols and phenyl(pyridin-3-yl)methanol were obtained using 1-10%
catalytic loads of the spiroborate 107 derived from diphenylprolinol and ethylene glycol (Figure 3).

OH OH
AN Me E
E:_< | A Me X
N OH _ | _
. MeO N N
1-(pyridin-2-yl)ethanol: 82%, 93% ee
1-(pyridin-3-yl)ethanol: 93%, 99% ee (77%, 98% ee) (83%, 83% ee)

1-(pyridin-4-yl)ethanol: 95%, 99% ee

Reaction conditions: 107 (1-10 mol%), BH;Me,S (1.6-2.0 equiv), THF, 25 °C, 1 h.
Figure 3

2.5.2.2. Hydrogenation transfer reactions

Owing to its operational simplicity and utilization of a cheap and safe hydrogen source, catalytic
asymmetric hydrogen transfer reduction of ketones using a variety of ruthenium complexes with different
hydrogen sources have been extensively investigated to access optically active alcohols.” Figure 4 shows a
series of ruthenium based catalysts used in the asymmetric transfer hydrogenation of pyridyl ketones.

Ikariya and co-workers™ have demonstrated that RuClI[(S,S)-N-(p-toluensulfonyl)-1,2-diphenyl-

ethylenediamine](p-cymene) (15,25)-108 (Figure 4), serves as an efficient catalyst for the asymmetric
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transfer hydrogenation of a series of pyridyl ketones (Figure 5) with a substrate/catalyst molar ratio of 1000
to 200 and with HCOOH as a hydrogen source. Yields and enantioselectivities are generally high (>85% ee),
except in the case of the 2-benzoylpyridine 113f that afforded the corresponding carbinol in only 9% ee
(Table 3). The reduction of 1-(7-chlorofuro[2,3-c]pyridin-5-yl)ethanone 115b gave the pyridyl ethanol 116b
(an intermediate of PNU-142721, a potent synthetic anti-HIV medicine) in almost quantitative yield and
86% ee. By contrast, the analogue acetylpyridine 115a without the electron-withdrawing group, was reduced
with the same enantioselectivity, but with a more less yield (36%). The 2,6-diacetylpyridine 77a gave the
diol 79a in 91% yield and 99.6% ee besides the meso-diol (9%).

Q.

«,  Phy /
y P/,,,'. | “\\N
u
§:p/ | N
Ph, NH,
(S.5)-108 (5.5)-109
N\
HO HN-CH,-Ar H
a: Ar=Ph >
b: Ar = 4-PhC6H4 (1S,2R)-1113,b = (R R)-112
Figure 4
X
R R
A A |
(< < (¢ v |
N (@) N OH z
(0] 0 OH OH
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The system (15,25)-108 with the couple HCOOH/NEt; as a hydrogen source was found to be very
efficient (93—99% yields) for the reduction of a number of 6-bromopyridin-2-yl ketones 63a,b and 117a—c
(Scheme 35).>* However, a good stereoselectivity was obtained only in the case of methyl and fert-butyl
ketones (about 90% ee). Optically pure alcohols were obtained by either recrystallization or column
chromatography of the corresponding camphanates. Homo-coupling of bromo alcohols carried out in the
presence of PACl,(PhCN), and tetrakis(dimethylamino)ethylene (TDAE) afforded the corresponding 2,2'-bi-
pyridines in moderate to good yields (58-93%), except in the case of the bromopyridine 119¢ bearing a
methoxy group (36% yield), which probably reduces the catalytic activity of palladium by decreasing the

electron-donating ability nitrogen.
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In contrast to (15,25)-108, the Ru catalyst ($,5)-109 (Figure 4), obtained from (S§,S)-Skewphos and
2-(aminomethyl)pyridine, allowed the rapid (TOF 1.5 10° h™) reduction of benzoylpyridine 113f in
2-propanol/NaOH with high enantioselectivity (90% ee) (Table 3).>

The Ru catalyst [Ru(p-cymene)(110)] (Figure 4) effects highly enantioselective transfer
hydrogenation of aromatic ketones at low catalyst loading and high rate.”® Thus, the reduction of the three
isomeric acetylpyridines 113a—c was accomplished in less than 15 minutes with a substrate/catalyst ratio of

200 with about 90% enantiomeric excess (Table 3).

R! R!
X a X b
— R - A% _R T
Br N Br N
O OH
63a,b, 117a-c 64a.b, 118a-c 69,79, 119a-c

alcohol R Rl yield (%) ee (%) conf. a: (15,25)-108 (0.01 equiv), HCOOH (4.3 equiv),
NEt; (2.5 equiv), r.t.; b: PACL,(PhCN), (0.05

64a Bu H 1
oah ;/[e“ i g; 37 g equiv), TDAE (2 equiv), DMF, 50 °C, (5.5)-69:
Hsa ipe H o3 s R 93%, (S,5)-79: 79%, (R,R)-119a: 84%,
s mn H o A (R.R)-119b: 58%, (S,5)-119¢: 36%
118¢ (Bu OMe 94 90 s
Scheme 35

Table 3. Enantioselective transfer hydrogenation of pyridyl ketones (Figure 5).

ketone catalyst S/C  temp. (°C) time (h) alcohol yield (%) ee (%) conf. reference

113a (S,9)-108 1000 27 24 114a 91 93 S 53
113b (85,9)-108 200 27 24 114b 99 89 S 53
113c (S,9)-108 200 27 24 114c 99 92 S 53
113e (8.,9)-108 200 27 24 114d 100 89 S 53
113f (S,9)-108 200 27 24 114b 84 9 S 53
77a (8,5)-108 200 27 24 79a 91 9.6 S8 53
115a (S,9)-108 200 10 24 116a 36 85 S 53
11b (8.,9)-108 200 10 24 116b 95 86 S 53
113f (5,9)-9 2000 82 0.08 114b 84 90 S 55
113a  110/p-cymene 200 25 0.25 114a 90 91 - 56
113b  110/p-cymene 200 25 0.07 114b 98 89 - 56
113¢  110/p-cymene 200 25 0.05 114c 97 91 - 56
113a  110/p-cymene 100 20 16 114a 100 89 R 57
113a  110/p-cymene 200 20 6 114a 100 88 R 57
113c (R,R)-112 200 28 1.5 114c 100 95 R 57

Significant catalytic activity and enantioselectivity (up to 89% ee) for the asymmetric transfer

hydrogenation of 2-acetylpyridine was achieved by a combination of [RuClz(n(’—p—cymene)]z (0.5 mol%) and
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N-substituted derivatives of (1S,2R)-norephedrine 111a and 111b (2.0 mol%) in 2-propanol containing
i-PrOK (6.0 mol%) (Figure 4 and Table 3)."” The complex Rh/tetramethylcyclopentadienyl complex
containing tethered diamine (R,R)-112 proved to be an excellent catalyst for the asymmetric reduction of a
wide range of ketones in HCOOH/Et:N media.”® Reduction of 4-acetylpyridine was complete within 1.5
hours (for S/C=200) to give the corresponding alcohol in 95% ee (Table 3).

An effective method was developed to catalyze the asymmetric reduction of heteroaromatic ketones
based on a highly activated form of a CuH ligated to the nonracemic biphosphine DTBM-SEGPHOS.”
Thus, the catalyst 124 (Scheme 36) (generated in situ from DTBM-SEGPHOS, CuCl, ~-BuONa and
polymethylhydrosiloxane (PMHS) used as an inexpensive source of hydride) effected the reduction of acetyl
pyridines 113a—c with a substrate-to-ligand ratio on the order of 2000:1, in high yields (92-97%) and
enantiomeric excesses (75-90%). Next, this protocol was extended to aryl pyridyl ketones (Scheme 36).%
The hydrosilylation of 2-benzopyridines 120a and 120b gave the alcohols in modest ees (56 and 67%,
respectively), whereas the parent ketone 113f led to racemic material. On the other hand, 3-pyridyl ketone
122 gave the alcohol 123 in much higher ee (86%).

The same authors applied this type of reduction to the preparation of a number of known
physiologically active compounds.61 Among them, the ketone 115a (Scheme 36) was reduced in 88% yield
and 97% ee to the alcohol (R)-83a which is a precursor of the HIV-1 non-nucleoside transcriptase inhibitor
PNU-142721 (see Scheme 25).

G o Q0T

OH R
113a: 2—pyr1dyl 114a: 97%, 90% ee 113f: R = Rl 114f: 95%. 0% ece
113b: 3-pyridyl 114b: 92%, 75% ee 120 R IR/ = H 121a: 89%, 56% cc
113c: 4-pyridyl 114¢: 97%, 84% ee 120b: R = CF;, R'=F 121b: 65%. 67% ee

o\ O\

XX a XX

» — |

OH (I N N
0 OH

123 (87%, 86% ee)

0O 115a 83a (88%, 97% ee)
¢ O o

6] P\
/CuH ~Bu a: 1. cat. CuCl, Na-O-#-Bu, (R)-124 (0.05 mol %),
O I"\A PMHS, THF/toluene, -30/-78 °C; 2. hydrolytic workup.
<o AT AR OMe
(R)-124 t-Bu
Scheme 36

2.5.2.3. Hydrogenation
Ruthenium complexes combined with --BuOH in 2-propanol act as very effective catalytic systems for
the hydrogenation of a diverse range of ketones.” A variety of ruthenium complexes used in the

enantioselective reduction of pyrydyl ketones are shown in Figure 6.
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Table 4. Enantioselective hydrogenation of pyridyl ketones (Figure 5).

ketone catalyst S/C  H; (atm) time (h) alcohol ee (%) reference

113a  (R,R)-125a 2000 8 3 114a 96 63
113b  (R,R)-125a 5000 8 12 114b 99.6 63
113¢  (R,R)-125a 5000 8 12 114c 99.8 63
113d  (R,R)-125a 2000 8 3 114d 94 63
77a (R,R)-125a 10000 8 17 79a 100 63
113b  (R,R,R)-128 4000 23.8 10 114b 97 69
113¢  (R,RR)-128 4000 23.8 24 114c 97.9 69
113b  (S,5,S5,5)-126 2000 49.4 20 114b 70 68
113¢  (5,S,5,9)-126 2000 54.3 8 114c 93 68
113a ($)-129 1500  5.5-8 18 114a 78 65
113b ($)-129 1500  5.5-8 18 114b 99 65
113c ($)-129 1000 5.5-8 0.5-2.5 114c 96 65
113b  (5,5,9)-127 1000 20 12 114b 55.4 66

Noyori et al. reported that the complex trans-RuCl,[(R)-xylbinap][(R)-daipen] (R,R)-125a (Figure 6)

acts as an efficient catalyst for the asymmetric hydrogenation of hetero-aromatic ketones such as pyrydin-
-2-yl ketones.”” Hydrogenation of the 2-acetylpyridine in 2-propanol containing (R,R)-125a
(substrate/catalyst of 2000), ~-BuOK and B[OCH(CHs;),]; at 8 atm [ketone:(R,R)-125a:borate=2000:1:20]
afforded (5)-1-(2-pyridyl)ethanol in 96% ee and 100% yield. The higher analogue 2-methyl-1-(pyridin-2-
yl)propan-1-one was hydrogenated smoothly without addition of the borate. The 3- and 4-acetylpyridine
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were hydrogenated equally with an S/C of 5000 to give the related (§)-alcohols with >99.5% ee and in high
yield. Double hydrogenation of 2,6-diacetylpyridine 77a (S/C=10000) gave only (S,S)-1,1'-(pyridine-2,6-di-
yl)diethanol 79a among the three possible stereoisomers.

The catalyst (R,R)-125a (1.0 mol%) was applied to the asymmetric hydrogenation of aryl heteroaryl
pyridyl ketones to afford the related secondary alcohol in almost quantitative yields (Scheme 37).** Decent
enantioselectivity despite the isosteric nature of the aromatic group and pyridyl ring were obtained. Thus,
4-benzoylpyridine and 3-benzoylpyridine afforded the corresponding (R)-alcohols 130 and 37 in 57 and 73%
ee, respectively (Scheme 37). Interestingly, the sense for the asymmetric induction of 2-benzoylpyridines
was opposite to that of 3- and 4-benzoylpyridines, as the (S)-alcohols were obtained, suggesting that the
asymmetric induction may be controlled by the coordination of the pyridine nitrogen to the catalyst. In the
reductions of 2-benzoylpyridines the enantioselectivity for the hydrogenation was greatly influenced by the
para-substitution on the phenyl ring. Thus, the alcohol 101 (R'=Cl) was obtained in lower ee [60.6 vs 74.8%
for 113f (R'=H)], whereas 104 (R'=OMe) was obtained in higher ee (89.5 vs 74.8% for 113f). On the other
hand, the introduction of the methyl group ortho to the carbonyl moiety improved the enantioselectivity
dramatically, as reduction of (pyridin-2-yl)(o-tolyl)methanone gave alcohol 131 in 98.7% ee. A similar
result was obtained for isoquinolin-1-yl(phenyl)methanone, which gave alcohol 132 in 91.4% ee. The
methyl group and the benzo fused ring in the parent ketones of alcohols 131 and 132 apparently generates
sufficient stereobias between the aromatic groups to effect good enantiodifferentiation for the reduction.
This procedure was also effective for obtaining the pyridyl thiazolyl alcohol (R)-133 quantitatively and in
94.4% ee. This procedure was also applied to the synthesis of the chiral alcohol 135, which serves as the

penultimate intermediate to Roche’s antimalarian drug (R,S)-mefloquine (Scheme 37).

N l\
|/ N~
OH OH

130 (57% ee) 37 (73% ee)

OH R

113f: R=H,R! = H, 75% ee 132 (91% ee)
101: R=H,R!'=Cl, 61% ee

MeO N N
m S—Tss 104: R =H,R! = OMe, 90% ee
N _~ s 131: R=Me, R =H, 9% ce

OH 133 (94% ce)

N '’
HO . |
a b
—_— X —_—
~
N~ CF,
CF,
135 (92%, 88% ee) 136: (R,S)-Mefloquine

a: (5,5)-125¢ (1.0 mol%), K,CO5 (25 mol%), i-Pr,NH/THF (4:1), 25 °C, H, (1.7 atm); b: Pt, H,, HCL.

Scheme 37
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Asymmetric hydrogenation of ketone 134 under the usual conditions proceeded uneventfully to give
(R)-135 in 88% ee and 92% isolated yield. PhanePhos-ruthenium-diamine complex (S)-129 (Figure 6)
catalyzes the asymmetric hydrogenation (i-PrOH, substrate/catalyst =1500—1000/1, +-BuOK (base/Ru=50/1),
18-20 °C, 5.5-8.0 atm initial H, pressure, for 0.5-2.5 hours) of a wide range of aromatic, heteroaromatic

and o,B-unsaturated ketones with high activity and excellent enantioselectivity.”> Among heteroaromatic

ketones, the three isomeric acetylpyridines were examined. Pyridyl ethanols were obtained in good to very
high enantiomeric excesses (78—99%) (Table 4).

113f: R=H

137a: R = 0-Me
137b: R =p-Me
137¢: R=m-Cl

N™ X N™ ™
a
|/ A |/
0 OH

141

30 °C, H, (19.7 atm).

130
142a: R=H
a: (R,R)-125a, (R,R)-125b and (R,R)-125c, 142b: R = o-Me
ketone/KOH/[Ru = 1/41000/5/1, i-PrOH, 142¢: R = p-Me
catalysts

ketone alcohol 125a 125b 125¢

ee (%) ee (%) ee (%)
113f 114f 70 (S) 33 (S) 14 (S)
137a 138a 99 (S) 34 (S) 20 (S)
137b 138b 60 (S) 40 (S) 8 (S)
137¢ 138¢ 50 (S) 9(S) 15 (S)
139a 131 69 (S) 50 (S) 41 (S)
139b 140b 68 (R) 79 (S) 93 (S)
139c¢ 140c¢ 78 (S) 50 (S) 42 (S)
139d 140d 55 (S) 24 (S) 19 (S)
141 130 54 (S) 32 (S) 17 (S)
142a 143a 90 (S) 3(S) 31 (S)
142b 143b 13 (R) 25 (S) 20 (S)
142c¢ 143c¢ 80 (R) 25 (R) 12 (S)

Scheme 38

114f: R=H

138a: R =0-Me
138b: R =p-Me
138c: R =m-Cl

139a: R=H

139b: R =0-Me
139¢: R =p-Me
139d: R =m-Cl

131: R=H

140b: R =o0-Me
140c: R =p-Me
140d: R =m-Cl

143a: R=H
143b: R = 0-Me
143c: R =p-Me

A soluble polymer (MeO-PEG) supported biphenylbisphosphine (BIPHEP)-Ru/chiral diamine (1,2-di-
phenylethylenediamine) complex (S,S,S5)-127 (Figure 6), in which the polymer is attached to the two phenyl

rings of BIPHEP ligand, has been prepared and shown to be highly active with good enantioselectivity for
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the catalyzed asymmetric hydrogenation of aryl ketones.®® In this contest, the reduction of 3-acetylpyridine
[2-propanol, ketone:ligand:Ru:diamine:#~-BuOK = 1000:1.1:1:1:20 (mol ratio), H, (20 atm), 25 °C, 12 hours]
was found to proceed with a high conversion (>99%), but providing the optically active (R)-1-(pyridin-2-yl)-
ethanol with moderate enantioselectivity (55% ee).

Mortreux and co-workers have recently reported on the enantioselective hydrogenation of a series of
pyridyl aryl ketones performed in the presence of Noyori type catalysts (R,R)-125a, (R,R)-125b and
(R,R)-125c¢ (Figure 6), which differ from the substituents on the phenyl residues on the phosphorous atoms.®’

The hydrogenation proceeds under mild conditions providing chiral pyridyl aryl methanol derivatives
with consistently high yields (80-95%) and moderate to excellent enantioselectivities (up to 99% ee)
according to the structure of the chiral diphosphine. The results are summarized in Scheme 38. From this
study emerged that the BINAP based catalyst (R,R)-125¢ affords commonly lower selectivities (8—42% ees)
than those bearing XylBINAP (R ,R)-125a or p-TolBINAP (R,R)-125b. Still, one substrate, 139b, was
hydrogenated with 93% ee in the presence of BINAP. In addition, it was roughly estimate that aryl ketones
bearing 3-pyridyl moieties 139a—d were hydrogenated with higher selectivities than their homologues with
2-pyridyl 113f, 137a—c and 4-pyridyl 141 or chloroquinolinyl 142a—c residues.

A series of BINOL-derived ligands have been prepared and incorporated into ruthenium(Il) complexes
containing the diamine ligand (S,S)-1,2-diphenylethane-1,2-diamine (DPEN).®® Among them, the complex
(8,S,S,9)-BrXuPHOS-Ru-DACH (S,S,S,5)-126 (Figure 6) proved to be an excellent catalyst for the
asymmetric hydrogenation of ketones, giving reduction products with enantiomeric excesses up to 99%. In
this contest, 3-and 4-acetylpyridines were reduced [2-propanol, ~BuOK (0.5 mol%), S/C=2000, H, (50-55
bar), 0 °C, 8—20 hours] to give the expected alcohols in 70 and 93% ees, respectively (Table 4).

The dipyridylphosphane/diamine-Ru complex trans-RuCl,[(R)-Xyl-P-Phos][(R,R)-Dpen] (R,R,R)-128
(Figure 6) combined with #-BuOK in 2-propanol acts as a very effective catalytic system for the
enantioselective hydrogenation of a diverse range of simple ketones including heteroaromatic ketones such
as 3-and 4-acetylpyridines.”” The rate of the hydrogenation of 3-acetylpyridine was faster than that of
4-acetylpyridine, thus the former was hydrogenated with an S/C of 4000 under 350 psi H, to provide the
(8)-1-(pyridin-3-yl)ethanol in 99.2% conversion and with 97.0% ee after 10 hours, while the latter required
24 hours for total conversion into (S)-1-(pyridin-4-yl)ethanol with similar enantioselectivity (97.9% ee)
(Table 4).

2.5.3. Stoichiometric diastereoselective reduction

Chiral pyridyl alcohols and the related phosphinites and phosphites (Schemes 39 and 40) have been
prepared from Moberg group and used as catalysts for the addition of diethylzinc to benzaldehyde and in the
palladium-catalysed allylic substitutions.>”® Diastereoisomeric alcohols 145a and 145b were obtained by
reaction of neomenthyl-1-nitrile 150a with 2-pyridyllithium, followed by reduction of the ketone 144a and
chromatographic separation of the products (Scheme 39). The derivatives 146a and 146b were prepared by
reaction of (6-bromopyridin-2-yl)lithium 4 with 150a to give the ketone 144b, followed by reduction with
NaBH, to give a mixture of the (S) and (R) isomers in a ratio of 4:1. When 4 was treated with a 1:1 mixture
of epimeric nitriles 150a and 150b, only the isomer 148 with (R) configuration at the carbinol atom was
obtained in 24% yield. 6-Aryl substituted pyridyl alcohols 147a—c were obtained in high yields (64-93%) by
Suzuki cross-coupling of the bromo derivative 146a with arylboronic acids. Pyridyl alcohols 152 and
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154a—c were obtained analogously using methyl mandelate 161 as the chiral precursor (Scheme 40). Nickel-
mediated dimerization of the TBDMS-protected 155 and the analogous lactic acid derivative afforded, after
deprotection, bipyridine compounds 156 and 157, respectively. Phosphinites 158, 159 and 160 were obtained
in the usual way from 152 or 154a, respectively. Moreover, other phosphinites were prepared from 152.

R!=H
R?=OH
—_—
(S
146a: R = H, R? = OH, 54% R:Br 147a: R = H, 64%
146b: R! = OH, RZ—H 14% d 147b: R = OMe, 82%
147¢:R=CF;, 93%  _
| = aorb =
= /
R N Li =
1:R=H
4:R =Br 144a: R =H. 41% 145a: 1{1 H l{2 _OH 74%

144b: R = B;’, 58% 145b: R! = OH R?=H, 16%

\f,d
? ,/g,h,i

N
»
Br N 1
HO H
148 149a-BH;: R! = H, R? = OPPh,- BH3, 43%
149b-BH;: R! = OPPh,-BH;, R? = H, 62%
a: R = H, 150a, Et,0, -78 °C to r.t.; :
b: R = Br, 150a, THF: hexane: Et,0 = 1:1:3, -78 °C to r.t.; RZ,'.
c: NaBH, MeOH, r.t.; d: NaBH,, MeOH, 0 °C; R!

e: arylboronic acid, Pd(PPh3), Na,CO; toluene, MeOH, H,0,

reflux; f: 150a/150b (1:1), THF: hexane: Et,0 = 1:1:2, -78 °C to r.t.;

g: n-BuLi, THF, -78 °C; h: Ph,PCl, THF, 0 °C; 150a: R! =CN,R>=H

i: BH;-SMe, THF, 0 °C. 150b: R' =H,R*=CN
Scheme 39

Oxidation of the mixture of 44a—d (for their synthesis see Scheme 12) with sodium dichromate
afforded a mixture of the equatorial ketone 45a and the axial ketone 45b in 76% yield (Scheme 41)." Base
equilibration of these ketones with ~-BuOK in DMSO led to almost complete formation (>20:1) of the
termodinamically more stable isomer 45a. Reduction of 45a in THF with NaBH,4 or LiAlH4 proceeded with
low diastereoselectivity, but the more hindered reagent lithium tri-fert-butoxyalluminium hydride gave a
14:1 mixture of 44a and 44b in 93% yield.

2.5.4. Catalytic diasteroselective reduction
A very practical synthesis of ephedrine analogues in high yields and enantiopurities was realized by a
highly diastereoselective Meerwein-Ponndorf-Verley reduction of protected a-amino aromatic ketones using

catalytic aluminum isopropoxide.”' Among the examined substrates, an example of pyridyl ketone was
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reported. Thus, pyridine 162 was reduced to the alcohol 163 in good yield (82%) and with a distereomeric

ratio > 99:1.
Ph,P Ph,P”
: \ BH hil 158 (43%)
159 (77%) o3 \\‘ T ,
h, 1
X a | ~ OMe b | N OMe
| P —_— _ —_— _
R N Li R N Ph N ; Ph
LRt 0 OH
R Br
OTBDMS 153 (23 )
(%
155 (80%) £ 154a: R = H, 85%; 154b: R = 0-Me, 82%

154c: R = p-OMe, 70%; 154d: R = p-CF, 87%

R:th,i,l

PhyPL B,
160 (62%)
a: 161, Et,0, -78 °C; b: NaBH,, MeOH, -78 °C ; c: NaBH, MeOH, 0 °C;
d: arylboronic acid, Pd(PPh;), Na,CO;, toluene, MeOH, H,0, reflux; OMe
e: TBDMSCI, imidazole, DMF, r.t.; MeO
f: PPhs, NiCl,, Zn, DMF, 70 °C; g: TBAF, THF; 161 = Ph
h: n-BuLi, THF, -78 °C; i: Ph,PCl, THF, 0 °C; 0

1: BH;-SMe, THF, 0 °C.
Scheme 40

Rl "’Rz

44a: R' =H, R? = OH (87%)
44b: R' = OH, R2=H (6%)

44a-d

a: Et,0, Na,Cr,04, H,0, H,SOy, r.t., 12 h, 76%; b: -BuOK, DMSO, r.t., 12 h, 93%;
c: THF, Li(+-BuO);AlH, r.t., 16 h, 93%.
Scheme 41
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a: Al(O-i-Pr); (0.6 equiv), i-PrOH (11 equiv), MePh, 50 °C, 48 h, 82%, >98% de.
Scheme 42

2.6. Cyclotrimerization of chiral 2-hydroxynitriles

2-Pyridyl alkanols have been prepared by the Chelucci group72 starting from natural occurring chiral
compounds and exploiting the cobalt(I)-catalyzed cyclotrimerization of chiral O-protected a-hydroxynitriles
722 starts from the aldehyde 165,

which was prepared in 82% overall yield from the commercial (S)-2-hydroxypropanoic acid methyl ester

with acetylene in the key step.73 ™ The synthesis of the pyridyl alcohol 113a

164 by reaction with fert-butylchlorodimethylsilane in THF containing NEt; and 4-(dimethylamino)pyridine,
followed by reduction at —78 °C of the protected alcohol using diisobutylaluminum hydride (Scheme 43).
Compound 165 was converted into the nitrile 167 via the formation of the oxime followed by dehydration
with N,N'-carbonyldiimidazole. In the next step, the nitrile 167 was cyclized with acetylene by using
(m-cyclopentadienyl)cobalt 1,5-cyclooctadiene [CpCo(COD)] as the catalytic precursor and toluene as the
solvent to give the crude pyridine 168. The latter was treated with 10% hydrochloric acid to give the
enantiomerically pure hydroxy pyridine 113a in 60% overall yield based on 165.

OH a OTBDMS b OTBDMS . OTBDMS
~COOCH, ~"CHO - CH=NOH ~cN
164 165 166 167
OTBDMS OH
d : e :
N~ N__~
168 113a

a: (i) TBDMSCI, NEt;, DMAP, THF, r.t., 12 h, 92%, (ii) DIBAL, hexane, -78 °C, 92%; b:
NH,OHHCI, 10% K,CO;, MeOH; c: N,N'-carbonyldiimidazole, CH,Cl,, 2 h, r.t., 92%; d:
CpCo(COD), acetylene, toluene, 14 atm, 140 EC, 82%; e: 10% HCI, 82%.

Scheme 43

Starting from the aldehyde 2 and following the same procedure used for 113a (Scheme 43), the
pyridine 171 was obtained in 85% yield (Scheme 44).”** Deprotection of the acetonide group afforded
2-(1,2-dihydroxyethyl)pyridine 172 in 81% overall yield based on 2 and 98% enantiomeric excess.

Another example of this protocol is represented by (/R,2R)-1,2-bis(pyridin-2-yl)-1,2-ethanediol 177,
whose synthesis is reported in Scheme 45770 Dimethyl 2,2-dimethyl[1,3]dioxolane-4,5-dicarboxylate 173
was converted into the corresponding dinitrile 175 by treatment with gaseous NHj in ethanol followed by
dehydration of diamide 174 with p-toluenesulphonylchloride in pyridine. Cyclotrimerization of 175 with
acetylene, followed by hydrolysis, completes the synthesis.
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a: NH,OH.HC], 10% K,CO3, MeOH; b: N,N'-carbonyldiimidazole, CH,Cl,, 2 h, r.t., 87%;
d: CpCo(COD), acetylene, toluene, 14 atm., 140 EC, 85%; e: 6% HCI, 95%.

Scheme 44
o><o a o~ 0 b o><o ¢
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H,COOC  COOCH, H,NOC  CONH, NC  CN
173 174 175

a: NHj, EtOH, r.t., 10 d, 98%; b: p-CH;CcH,SO,Cl, pyridine, 100
°C, 5 h, 81%; c: CpCo(COD), acetylene, 8 atm., 140 EC, 72%; d:
0.1 M H,SOy, reflux, 4 h, 85%.

Scheme 45

Recently, Heller et al. have developed a two-step catalytic approach for the synthesis of chiral pyridyl
alcohols,” in which the assembly of the pyridine moiety is carried out under mild conditions by a

racemization-free photochemical cyclotrimerization process (Scheme 46)."

0SiMe; OH
0 a 0SiMe;, b - c :
L, — 20 =y o
R” H R™ CN N_ N_
178a-e 179a-e 180a-e

R = a: Ph, b: 4-MeOC¢H,, c: 3-MeOC¢H,, d: 4-CIC¢H,, e: -Bu

179 =a: 78%,91% ee; b: 71%, 91% ee
c: 92%, 93% ee; d: 91%, 88% ee
e: 94%, 81% ee.

a: 182, Me;SiCN, CH,Cl,, r.t., 24 h;
b: CpCo(COD), acetylene, irradiation
(A ~ 420 nm), r.t., 12 h;

c: MeOH, BuyNF (cat), r.t., 24 h

114f: R = Ph (85%, 91% ee)

181b: R = 4-MeOCH, (72%, 91% ee)
181c: R = 3-MeOC¢H, (84%, 92% ee)
101: R =4-CIC4H, (81%, 88% ee)

71: R =1Bu (91%, 82% ee)
— N=
V.
t—Bu—Cé:O/ &80 Bu-t
Bu-t t-Bu
182
Scheme 46
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In the first step, the synthesis of cyanohydrins by cyanation of aldehydes in the presence of chiral
transition-metal-salen complexes was investigated using either hydrogen cyanide or trimethylsilyl cyanide as
cyanide sources. In both cases, the acetyl- or trimethylsilyl-protected cyanohydrins were obtained in high
yields and good enantiomeric excesses. The behaviour of O-acetyl cyanohydrins in the light-promoted
cobalt(I)-catalyzed cyclotrimerization with acetylene has been next studied, but the results were
disappointing and yields did not exceed 25%. In contrast, under the same cyclotrimerization conditions,
O-trimethylsilylprotected cyanohydrins 179 gave the corresponding pyridines in excellent yields and with
the same enantiomeric excess of the starting material The in sifu deprotection of silylated pyridyl alcohols
180 afforded in high yields the corresonding pyridyl alcohols, which were isolated in enantiomerically pure
form by recrystallization.

Recently, the cyclotrimerization of nitriles with various silicon-tethered diynes was used by Schreiber
et al. to generate a library of potential inhibitors of neuregulin-induced neurite outgrowth.”” The reaction of
silyloxaheptadiynes or silyoxaoctadiynes with nitriles catalyzed by CpCo(CO), (25-30 mol%) at 140 °C in
THF provided good yields of the desire bicyclic silylpyridines (Scheme 47).

R2 Rl g2 R R!
R! R a b
— 1 AN
0 + RCN —» Nl ~ 0 N N| OH
/ /7
— )/"/R3 RS = h 'R} R? n R’
R4 — n R4 R4

a: CpCo(CO), (25-100 mol%), THF, 140 °C; b: TBAF, THF, 23 °C, 18 h.
Scheme 47

In some cases, better results were obtained by using a stoichiometric amount of the Co-complex. The
bicyclic silylpyridines and monocyclic pyridines, prepared by treating the former with TBAF, were tested
for the aforementioned biological activity (some representative examples are reported in Figure 6). Using
this assay, 1-[2-phenyl-6-(3,4,5-trimethoxybenzyl)pyridin-4-yl]propan-1-ol (Figure 7) was discovered to be
a potent inhibitor of the neuregulin/ErbB4 pathway, with an approximate ECsy of 0.30 M, while its bicyclic

precursor was inactive at 20 M.

Figure 7
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2.7. Asymmetric dihydroxylation

Wilson and Pfaltz exploited the asymmetric dihydroxylation’ of alkenylpyridine as a key step to
prepare bipyridine 185 (Scheme 48)" and quinolinyl phosphane 188 (Scheme 49).%

Asymmetric dihydroxylation of pyridine 183 with AD-mix-f3 in 12 hours afforded diol 184 in 57%
yield (after transformation into the corresponding ketal) and 90% ee (Scheme 48)." The yield and rate of the
AD reaction was improved later by performing the reaction with 1.0 mol% of potassium osmate dihydrate
and 5.0 mol% of the ligand (DHQD),PHAL. This procedure afforded the corresponding ketal in 81% yield
and 90% ee after 2 hours.

Z a =
| HO | -
~ - ,
SN al N “ )
o Ao oL
183 184 B b 185 B

a: AD—mix—B, -BuOH/H,0 (1:1), 0 °C, 12 h or 1.0 mol% K,0s0,2H,0, (DHQD),PHAL (5.0 mol%),
K3[Fo(CN)]s, K,COs, +-BuOH/H,O (1:1), 0 °C, 2 h.
Scheme 48

Using this, protocol Pfaltz et al. obtained the diol 187 by dihydoxylation of 2-vinylquinoline 188 in
46% yield and 94% ee (Scheme 49).*

OH OR
= AN : :
| a HO X X
N __~ - . | —_— |
N_ _~ PPh, N~
186 187 188

(3 equiv), +-BuOH/H,0 (1:1), 0 °C to r.t.

Scheme 49

Contrary to what observed with 2-vinylquinoline, the AD-mix P-catalyzed direct dihydroxylation of
2-, 3- and 4-vinylpyridine gave moderate enantiomeric excesses (63—79%). However, the very low yields of
the resulting diols precludes any further use of them (Scheme 50).*

(\// a |JOH
|N/) !

189a-c 190a-c

a: 2-pyridyl, b: 3-pyridyl 190a: 8%, 79% ee; 190b: nd, 72% ee
c¢: 4-pyridyl 190c: 10%, 63% ee

a: AD-mix-B (12 mg)/olefin, -BuOH/H,0 (1/1), 0 °C, 23 h.

Scheme 50
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Very recently, Chelucci and Sanfilippo have investigated the asymmetric synthesis of a rare example
of axially locked 2,2-bipyridine, using the Sharpless asymmetric dihydroxylation and Ullmann
atropodiastereospecific coupling as the key steps.81 Thus, (E)-1,2-di(2-bromopyridin-3-yl)ethene (£)-193,
obtained in 63% yield by Wittig reaction between 2-bromopyridine-3-carboxaldehyde 191 and phosphonate
192, was asymmetrically dihydroxylated according to the Sharpless procedure using AD-mix-o in a two-
phase system to give diol (S,5)-194 in 74% yield and >99% ee after recrystallization (Scheme 51). The
Ullmann intramolecular coupling82 of 194 (Cu powder, DMF, reflux, 1 hour) gave a clear reaction since the
disappearance from the reaction mixture of the starting material was observed, but it was not possible to
isolate the expected (55,65)-5,6-dihydroxy-5,6-dihydro-1,10-phenanthroline 195. However, when the
dioxocine 196, formed from the diol 194 by treatment with NaH and then with 1,2-bis(bromomethyl)-
benzene, was subjected to the usual Ullmann reaction, the conformationally fixed 2,2'-bipyridine 197 was

successful obtained in 38% yield (Scheme 51).

,0
CHO (E0),K
CH,

196 197
(a) NaH, 1,4-dioxane, 90 °C, 1 h, 63% yield; (b) AD-mix-a, t-BuOH/H,0, 48 h, r.t., 74%; (c) Cu, DMF,
reflux, 1 h; (d) 1. NaH, THF, r.t., 1 h; 2. 1,2-bis(bromomethyl)benzene, r.t., 72 h, 28% yield; (e) Cu,
DMF, reflux, 3 h, 38%.
Scheme 51

2.8. Chiral aziridine and epoxide ring opening

Savoia et al. have recently reported the synthesis of the 2-pyridyl-substituted aziridine 199 by addition
of chloromethyllithium to the pyridineimine 198 derived from (S)-valinol®® and the subsequent
stereoselective opening of the aziridine ring by attack of nitrogen, sulfur and oxygen nucleophiles.84b In
particular, heating a mixture of aziridine 199 and p-toluenesulfonic acid (20 mol%) in 9:1 acetonitrile/water
at the reflux temperature for 6 hours gave a 82:18 mixture of the regioisomeric ring-opening products 200
(77% yield) and 201 (14% yield), which were separated by column chromatography (Scheme 52).%*" Slightly
better results were obtained using cerium trichloride heptahydrate (30 mol%); with the other experimental
conditions remaining constant an improved regioselectivity (86:14) was in this way obtained.

Nicolau et al. reported the total synthesis of the antibiotic thiostrepton by the union of a number of

suitable fragments (Figure 8). Among them, the synthesis of a quinaldic acid macrocycle with a 5,6,7,8-tetra-
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hydroquinoline portion bearing two stereocentres with C-OH groups was described.” Scheme 52 expounds
part of the synthesis of this unit where the two C-OH stereocentres are generated by borane-promoted

asymmetric reduction and epoxide ring opening.

a borc
e g e
|/N OH |/N OH
198 199

HO_

OH CH,
: § :
| N \ﬁ\ + | N N
H
200 201

a: (i) CH,ICL, LiBr, THF, -78 °C, (ii) MeLi, -78 to 20 °C, (iii) NH,F, MeOH/H,0,
b: p-MeC¢H,SO,0H (20 mol%), MeCN/H,O (9:1), reflux, 6 h, 200 (77%), 201 (14%),
200/201= 82/18; c: CeCl; “7TH,0 (30 mol%), MeCN/H,O (9:1), reflux, 9 h, 326 (71%),
201 (8%), 200/201 = 86/14.

Scheme 52
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S

HO OH Thiostrepton
Figure 8

Nucleophilic addition of an acetyl radical species para to the protonated pyridine nitrogen atom of
methyl 5,6,7,8-tetrahydroquinoline-2-carboxylate 202 proceeded in nearly quantitative yield to generate the
prochiral acetyl derivative 203. A modified CBS procedure, requiring the in situ preparation of B-methoxy-
oxazaborolidine catalyst, was employed in the asymmetric reduction of the diacethylated pyridine 203
This methyl ketone was reduced by using chiral ligand 94 (4.0 mol%) and a stoichiometric amount of
BH;3-SMe, to provide alcohol 204 (95% yield, 90% ee), which was submitted to TBS protection (TBSOTT,
2,6-lutidine, 90%). The protected alcohol 205 was then oxygenated to afford 206 in 65% overall yield
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through a Boekelheide-type sequence involving a) MCPBA-mediated N-oxide formation; b) TFAA-induced
acylation of the generated N-oxide; c¢) NaHCOs;-facilitated rearrangement—hydrolysis of the resulting
trifluoroacetate.”’ Alcohol 206 was then dehydrated by treatment with Burgess reagent to afford olefin 207
in 68% yield (Scheme 53).

o) 0] o)
N N N B}
MeO z | 4 MeO z | b . MeO z | d f,
X N X
202
205: R =TBS
o) OH O (o) o
N N N .
MeO z ‘ g MeO - ‘ h MeO z l L]
™ A ™
206 207 208
Me OTBS Me OTBS Me OTBS

OH H
WN__.COAl
j\H —, Thiostrepton
. Me
Me '~

(6] o (@]
MeO)‘\E/Np K, 1 MeO)‘\‘/;/NEQ
NS N ’
209
Me” NOTBS M 210

€ e OTBS

H,N_ CO,All Ph
2 R ) H Ph
) = 5
. €
- " O
212 94

a) MeCHO, H,0, (2.0 equiv), FeSO, (0.1 equiv), CF;CO,H (1.0 equiv), 25 °C, 2 h, 99%; b) 94 (4 mol%),
B(OMe); (0.12 equiv), BH5-SMe, (1.0 equiv), THF, 25 C, 4 h, 95%, 90% ee; c) TBSOTT (2.0 equiv), 2,6-
lutidine (2.0 equiv), CH,Cl,, 0 °C, 4 h, 90%; d) MCPBA (1.0 equiv), CH,Cl,, 25 °C, 12 h; e) TFAA (3.0
equiv), CH,Cl,, 25 °C, 12 h; f) NaHCO; (2 M), CH,Cl,, 8 h, 65% (three steps); g) Burgess reagent (1.2
equiv), THF/benzene (1:1), reflux, 3.5 h, 68%; h) (R,R)-211 (0.01 equiv), 4-Ph-py-N-oxide (0.1 equiv),
NaOCl (0.79 M), phosphate buffer adjusted to pH 11.5 with NaOH (2.0 M), CH,Cl,, 25 °C, 1 h, 82%,
87:13 ratio of products; 1) NBS (1.1 equiv), AIBN (0.1 equiv), CCl,, 80 °C, 40 min, 40% (and 26 %
recovered starting material); j) DBU (1.1 equiv), THF, 25 °C, 2 h, 96%; h) 212 (3.0 equiv), LiClO, (5.0
equiv), MeCN, 60 °C, 22 h, 69%.

Scheme 53

The product 207 served well as the precursor to the desired compound 208 in a diastereoselective
epoxidation reaction brought about by NaOCI in the presence of the Katsuki manganese-salen catalyst
(R,R)-211 and 4-phenylpyridine N-oxide.* Under these conditions, epoxide 208 was obtained in 82% yield

as a 87:13 diastereomeric mixture with the desired diatereomer predominating. Chromatographic separation
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of 208 followed by radical bromination led to a mixture of diastereomeric bromides (40% yield plus 26%
recovered starting material) that were eliminated by exposure to DBU to afford epoxide moiety of 209. This
compound was then regio- and stereoselectively opened by the free amine of L-isoleucine allyl ester 212 in
the presence of lithium perchlorate to afford aminoalcohol 210 in 69% yield (Scheme 53). Presumably, the
observed regioselectivity in this reaction is due to coordination of the lithium ion with the quinaldic acid
nitrogen atom that simultaneously activates the epoxide moiety and deactivates the benzylic site through
destabilization of the incipient carbocation at that position. Compound 210 was further elaborated and

jointed to other fragments to afford thiostrepton as the final target compound.

3. Conclusion

This account is the first part of a series of reviews dedicated to chemical and bioorganic syntheses and
application in asymmetric catalysis of chiral non-racemic pyridyl alcohols. In this occasion, we have
outlined the stereoselective syntheses of a wide range of optically active pyridyl sec-alcohols through the
description of a variety of methods allowing to generate a sec-carbinol chiral centre bound to a pyridine ring.
The production of optically active pyridyl alcohols from racemic precursors by optical activation methods is
described in the second part.*> Notwithstanding many routes toward the asymmetric syntheses of these
compounds with comparably simple structures have been developed, new opportunities are yet to be
explored. It is hoped that this review will stimulate further research on this subject so that new chiral pyridyl

alcohols can be prepared and applied in many areas of the organic and organometallic chemistry.

4. Note added in proof

Soai and co-workers reported an efficient one-pot system of asymmetric catalysis in which the chiral
catalyst 214a with only 1% ee self-improves its enantiomeric excess by asymmetric autocatalysis and then
acts as a highly enantioselective chiral catalyst for the asymmetric addition of diisopropylzinc to 3-pyridyl
carboxaldehyde derivatives, to provide the corresponding sec-alcohols with very high enantiomeric excesses
(up to 99%) (Scheme 54).%°

Self-improvement by Asymmetric
asymmetric autocatalysis catalysis
R | X CHO + i-PryZn
NF | CHO NZ “roR! RITONT
Sy SN 29b, 33b, 215-217
Z .\ Z
t-Bu 213 t-Bu toluene
l—PI'ZZl'l 214a:R=H (1% ee) 0°C
214b: R = Zni-Pr
29b:R=R'=H — 30h: R=R'=H, 84%, 96% ee

33b:R = CO-NGi-Pr),,R'=H —= 34b: R = CO-N(i-Pr),, R' = H, 82%, 86% ce ~ ~ON 34b,218-220

215:R-R! =CH=CH-CH=CH —— 218: R - R! = CH=CH-CH=CH, 87%, 99% ee

216: R=Br,R'=H — 219: R=Br,R! =H, 71%, 90% ee
217: R=Me,R! =H —— 220: R=Me, R! = H, 73%, 94% ece
Scheme 54
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Ishihara et al. developed a highly efficient enantioselective dialkylzinc addition to aldehydes by using
a conjugate Lewis acid-Lewis base BINOL-Zn(Il) catalyst bearing phosphine oxides, phosphonates or
phosphoramides at the 3,3’—positions.87 Among the examined aldehydes, pyridine-3-carboxaldehyde 29b and
pyridine-4-carboxaldehyde 29¢ were ethylated in the presence of the ligand (R)-221 to give (R)-1-(pyridin-3-
yl)propan-1-ol 30b and (R)-1-(pyridin-4-yl)propan-1-ol 30c, respectively, in low yields (30-41%), but with

good enantioselectivities (79—81% ees) (Scheme 55).

OH
CHO B
w L So&
290 30b (30%, 81% ce) OH
OH
oy
CHO B
A Et,Zn Pr
| ., S Et Ph VPh
N ~ a N. L _
(R)-221
29¢ 30¢ (41%, 19% ce)

a: Et,Zn (3.0 equiv), (R)-7 (10 mol%), THF-toluene, r.t., 0.5 h
Scheme 55

Knochel and co-workers showed that borane protected pyridyl and (iso)quinolyl aldehydes underwent
the asymmetric addition of a number of organozinc reagents in the presence of Ti(Oi-Pr), and the chiral
catalyst (1R,2R)-bis(trifluoromethanesulfonamido)cyclohexane 226, to give the corresponding alcohols with
good to excellent enantioselectivities (Schemes 56 and 57).%

The use of borane protected pyridine derivatives allows the asymmetric addition of diorganozincs
without the interference of the basic nitrogen, whose strong coordinating ability to the titanium metal centre
causes deactivation of the chiral catalyst and favours non-asymmetric addition pathways. Thus, 3-pyridyl
alcohols 30b, 30g and 223a—d were obtained with 54-96% yields and 69-93% ees from pyridine-3-
carboxaldehyde-BEt; complex 222 (Scheme 56), whereas 4-pyridyl alcohols 30c and 225a—d were obtained
with lower yields (35-88%) and slightly reduced enantioselectivities (66—91% ees) (Scheme 56).
Interestingly, functionalized diorganozincs like [(CH,)4OPiv],Zn and [(CH,);OPiv],Zn  gave the
corresponding alcohols in useful yields and with excellent enantioselectivities (85-93% ees) with both
starting points. In the case of the pyridine-2-carboxaldehyde-BEt; complex, no addition reaction was
observed due to the steric hindrance resulting of the complexation with BEt;. The method was also extended
to quinoline- and isoquinoline-4-carboxaldehyde 227a and 229a, as well as to the corresponding borane
complexes 227b and 229b, respectively (Scheme 57). The unprotected quinoline 227a added Et,Zn and
Pent,Zn with good yields and 72-81% ees, whereas the use of the corresponding BEt; complex 227b led to
disappointing yields and enantioselectivities.

These results were explained by the lower stability of the BEt; adduct due to the steric repulsion
between BEt; and the hydrogen in position 8. This instability causes the formation of free BEt; that reacts
with the organozinc reagent to form mixed trialkylboranes and dialkylzincs. On the contrary, Et;Zn or
Pent,Zn reacted with isoquinoline 229a to produce the corresponding addition products with 44—71% yields

341



in racemic form, whereas the corresponding BEt; complex 229b gave satisfactory yields and

enantioselectivities (92-93% ees).

- tHO OH 30b: R = Et, 96%, 92% ee; 30g: R = Bu, 86%, 84% ce
- a NN 223a: R = Pent, 83%, 88% ce; 223b: R = Oct, 90%, 69% ee
N } _ 223c: R = (CH,),OPiv, 61%, 91% ee;
BEL, N 223d: R = (CH,)sOPiv, 53%, 93% ee
222 30b, 30g, 223a-d
OH
o oCHo 30c: R =Et, 61%, 91% ee; 225a: R = Pent, 88%, 76% ce
N — Y R 225b: R = Oct, 35%, 66% ee; 225¢: R = (CH,),OPiv,
Et;B” = N_ _—~ 46%, 85% ee; 225d: R = (CH,)sOPiv, 42%, 88% ee
224 30c, 225a-d NHT
a: R,Zn (R = Et, Bu, Pent, Oct, (CH,),OPiv, (CH,)sOPiv) (2-2.5 equiv), QNHTf
226 (8 mol%), Ti(Oi-Pr), (1.0 equiv), Et,O or toluene, -60 to -20 °C, 14 h 226
Scheme 56
CHO HO R
AN a 228a: 71%, 72% ee
I . N 2278 — 228h: 64%, 81% ee
~
N P
R! N 227h 228a: 33%, 66% ee
227a: R! = lone pair 228a: R = Et 228b: 23%, 25% ee
227b: R! = BEt; 228b: R = Pent
CHO HO__R 229 230a: 71%, 0% ee
a AT 230b: 44%, 0% ee
= — _ |
XN 230a: 50%, 93% ee
~Spl N N . )
R 229b 230b: 86%, 92% ce
229a: R! = lone pair 230a: R = Et
229b: R! = BEys 230b: R = Pent O,NHTf
a: R,Zn (R =Et, Pent) (2-2.5 equiv), 226 (8 mol%), Ti(Oi-Pr), “'NHTf
(1.0 equiv), Et,O or toluene, -60 to -20 °C, 14 h 226
Scheme 57

Schneider and co-workers described the asymmetric synthesis of the Cj-symmetric
1,10-phenanthroline 236 (Scheme 58).*” The synthesis starts from the TBS-protected 2-bromo pyridyl
alcohol 64a (99% ee), readily prepared through enantioselective Noyori hydrogenation of the corresponding
ketone in good yield and with excellent enantioselectivity (see Scheme 35)>* and subsequent silylation. The
introduction of the aldehyde moiety was achieved by regioselective metalation of the pyridine ring in 64a
with LDA in THF at —78 °C and subsequent treatment with DMF, to afford the 3-pyridyl carboxaldehyde
231 in 50% yield.90 Aldehyde 231 was then converted into sulfonyl hydrazone 232 by treatment with

p-toluenesulfonyl hydrazide. Sulfonyl hydrazone 232 was in turn converted under phase-transfer conditions
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into the corresponding diazoalkane, which was subsequently dimerized through the action of catalytic
amounts of Rhy(OAc), to afford a 4:1 mixture of Z- and E-alkenes 233 in 94% yield.g1 These isomers were
separated by chromatography after removal of the silyl ethers with TBAF in THF, to afford the pure
Z-stilbene 234 in 67% yield. Finally, intramolecular coupling of 234 was carried out in the presence of
PdCl,(PhCN), (20 mol%) and stoichiometric amounts of tetrakis(dimethylamino)ethylene, used

simultaneously as ligand and reductant, to afford the chiral phenanthroline 236 in about 70% yield.

60-70%

233: R =TBS 236

234:R=H

) d (67%)

a: 1. LDA, THF, -78 °C, 2 h; 2. DMF, -78 °C, 4 h; b: p-TsNHNH,, CH,Cl,, 2 d; c: 1. (C¢HsCH,)Et;N*CI"
NaOH (aq., 14%), toluene, 65 °C, 2 h; 2. Rh,OAc),, -20 to 0 °C, 16 h; d. TBAF-3H,0, THF, 6 h (pure Z);
e: PdCl,(PhCN), (20 mol%), TDAE (tetrakis(dimethylamino)ethylene), DMF, 75 °C, 48 h .

Scheme 58
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