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Theoretical chemistry has been successfully used as a powerful tool to obtain valuable insight into
the mechanism and the origin of enantioselectivity in several asymmetric reactions of high
interest. In this Perspective article, the application of QM, MM and QM/MM methods to the
rationalization of electronic and steric effects upon enantioselectivity is briefly reviewed,
considering some representative contributions of the last three decades.
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1. Introduction

The progress of computational chemistry in recent years is
undeniable, and can be easily measured by the number of
scientific publications and their impact on experimental re-
search. The most immediate cause of this recent development
has been the ever increasing capability of computer hardware,
with the accompanying implementation of new theoretical
software. However, the key to computational chemistry is
not the power of the computer, but the skill of the computa-
tional chemist. It is, in this sense, instructive to see how several
decades ago, when computers were much more rudimentary,
useful insight into practical problems could already be gained
from theoretical studies. These early works laid the ground, on
which modern applied computational chemistry is based. One
of these pioneering articles was published in the first volume of
Nouveau Journal de Chimie by Nguyen Trong Anh and
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Eisenstein,'! dealing with the difficult topic of asymmetric
synthesis. The success of the work can be measured by the
more than 500 citations it has already collected. This Perspec-
tive will give some examples of how computational research on
the topic has progressed in the last three decades.

The synthesis of chiral compounds is a prominent field of
research in modern chemistry. Chiral compounds have a
broad range of applications as drugs,”> polymers,®” probes
of biological function'®!?* and new materials.'*!” In fact, a
whole new industry focused on chirality exists nowadays.'® In
general, the optimal properties of chiral compounds are only
achieved when they are prepared in a pure single enantiomer
form. Moreover, in exceptional cases, one of the enantiomers
can be toxic.!” The growing public awareness of health issues
is prompting the application of new laws concerning the
optical purity of drugs around the world.?>?! These laws force
the pharmaceutical industry to prepare and commercialize
their products as single enantiomers.
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Fig. 1 Number of publications containing the keywords “optically
active”, “‘chiral” or ‘“‘asymmetric synthesis” in their title vs. year of
publication. Data extracted from the ISI Web of Knowledge.™

Optically active compounds are prepared, in most cases, by
means of asymmetric synthesis. This approach consists of
transforming non-chiral substrates by generating new stereo-
genic centers of particular configuration. The importance of
optically active chiral compounds and asymmetric synthesis
can be easily understood by inspecting Fig. 1. In this Figure,
the number of publications containing the keywords “optically
active”, “chiral” or “asymmetric synthesis” in their title is
plotted against the year in which they were published. The
number of publications grew exponentially from 1975 to 2000
and remained almost constant from 2000 to 2005, with more
than 2700 publications each year.

The good performance of asymmetric synthesis is not a
trivial issue if we keep in mind that enantiomers have the same
energy. In all asymmetric transformations, chirality is gener-
ated at some point, and then the reaction diverges into two
pathways, one leading to the R product and the other to the
S product. If these pathways are strictly enantiomeric then
they are isoenergetic, and the product of the reaction is a
racemate (see Fig. 2). This problem is solved by using the same
property that is desired in the reaction product: chirality.
Chiral compounds with a well defined and stable configuration
are used to obtain non-degenerate diastereomeric pathways,
leading to the target product in an enantioselective fashion.
Hence, chiral compounds are also crucial as a tool to obtain
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Fig. 2 Enantiomeric (left) and diastereomeric (right) reaction path-
ways in asymmetric synthesis.

other optically active products. Formally, the most simple
enantioselective process will have a chiral compound as a
substrate. To achieve chirality from non-chiral substrates,
chiral compounds are used in asymmetric synthesis in three
different manners: (1) as chiral auxiliaries, like menthol,>?
(2) as chiral reagents, like optically active oxaziridines** and
peroxides,” and (3) as chiral catalysts (asymmetric cataly-
sis”®). The latter approach is the most convenient, since it does
not require stoichiometric amounts of chiral compounds,
which are usually expensive or not easily accessible. In 2001
Nobel Prize for chemistry was given to Knowles,?” Sharpless®®
and Noyori?® “for their work on chirally catalyzed hydroge-
nation and oxidation reactions”.

The basic concept for the computational calculation of
enantioselectivity is quite simple. In asymmetric synthesis,
enantioselectivity has been traditionally quantified by evaluat-
ing the enantiomeric excess (% ee, eqn. (1)). We will briefly
discuss here how it can be obtained from computational data.
Similar reasonings could also be applied to obtain other
parameters, like the enantiomeric ratio.*® Since enantioselec-
tive reactions are, in most cases, under kinetic control, ee can
be computed by assuming that the final S/R ratio is given, at a
certain temperature, by the Boltzmann distribution of the
transition states leading to each enantiomer (eqn. (2)). Com-
bining eqn. (1) and eqn. (2), we can easily compute ee (eqn. (3))
from the free energy difference between the pro-R and
pro-S transition states (AG%{/S in Fig. 2). The tools provided
by modern computational chemistry®' can be used to estimate
AG%'(/S, and this can be useful, not only to predict enantio-
selectivity, but also to rationalize it, predict tendencies and
tackle the optimization of a given method of asymmetric
synthesis in a rational fashion.

R - [S
% ee :% x 100 (1)
% _ e—AGE/S/RT 2)
1
~AGE (/RT
Gee—1— " 100 (3)
1+e As/RT

The methods based on quantum mechanics*® (QM methods)
provide the most accurate description, and can be used to
model bond formation and cleavage, and thus reactivity. QM
methods like density functional theory®® (DFT) have been
used as powerful tools in the elucidation of reaction mechan-
isms.*** These methods have been successfully used to clarify
the mechanism of several metal-catalyzed reactions used in
organic synthesis, like 6-bond activation,*® the hydrogenation
of carbon dioxide,*” terscSaka79 olefin polymerization,®® the
isomerization of double and triple carbon—carbon bonds,*
oxygen transfer reactions,*® benzannulation*' and coupling
reactions (Heck,* Suzuki*® and Stille** reactions). QM meth-
ods can be also used to predict and rationalize enantioselec-
tivity when electronic effects play a key role. One of the first
and most appealing applications of QM methods to the
rationalization of stereochemistry was the theoretical study
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on 1,2-asymmetric induction published by Nguyen Trong Anh
and Eisenstein in Nouveau Journal de Chimie 30 years ago.'

The main drawback of QM methods is that they are very
time-consuming, especially when the system under study is big.
This problem is overcome using the methods based on mole-
cular mechanics (MM methods). These methods are fast and
able to provide a good description of the steric effects that, in
most cases, control the enantioselectivity of asymmetric cata-
lysis.*>*¢ Nevertheless, their application to the study of re-
activity, although possible,*”*® is seriously complicated by the
intrinsic difficulty MM methods have in describing processes
that involve the forming or breaking of chemical bonds.

When the system is large and we need to introduce both
electronic effects, to model reactivity, and steric effects, to
rationalize enantioselectivity, the best deal is often offered by
hybrid QM/MM methods, which offer a good description of
the system in a reasonable time.*> These methods are applied
by dividing the system into two parts, one computed at the
QM level (QM part) and the other at the MM level (MM part).
QM/MM methods have been widely used in the study of
asymmetric catalysis. In these studies, the QM part typically
includes the metal and its close surroundings, where the
reaction takes place, while most of the bulky chiral ligand is
embedded within the MM part. Furthermore, the reaction
mechanism is usually disclosed in a preliminary QM study on
the model system, and the origin of the enantioselectivity is
subsequently determined at a QM/MM level.*® This strategy
has been successfully applied to the study of several catalytic
systems used in asymmetric hydrogenation,’'** hydroformy-
lation,>>>* hydrosilylation,55 sulfoxidation®®>” and olefin
dihydroxylation.*®* Tacticity control in olefin polymerization
is also a stereochemical issue that has been intensely studied
from a computational point of view.5 3

In this Perspective article, a brief review of computational
research in the area of asymmetric synthesis is made, based on
a summary of work that has been published over the years.
This is not a systematic review, but an attempt to show,
through selected examples, how different tools have been
applied to deal with different practical issues, with an emphasis
on recent QM/MM applications. Among worthy contribu-
tions that are not discussed here, one can mention calculations
using semi-empirical methods,®* and applications of recently
developed methods with problem-tailored force fields®® and
quantitative structure selectivity relationships.®®

2. QM studies. Electronic effects

2.1 (1,2)-Asymmetric induction in the nucleophilic addition to
chiral carbonyl compounds

1,2-Asymmetric induction in nucleophilic addition to chiral
carbonyl compounds®”®® is a paradigm of organic stereochem-
istry. The two possible diastereofacial approaches of nucleo-
phile Nu~ to the carbonyl plane lead to different
diastereomeric products (see Fig. 3). The stereochemical out-
come of this reaction had been traditionally rationalized by
means of the Cram,® Cornforth,”® Karabatsos’' and Felk-
in”>73 models. In all of these models, the small, medium and

large substituents of the chiral carbon (C*) attached to the
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Fig. 3 Traditional models to rationalize 1,2-asymmetric induction in
nucleophilic addition to chiral carbonyl compounds.

carbonyl carbon (Cco) are labelled as S, M and L, respec-
tively. Furthermore, a perpendicular approach of the nucleo-
phile to the carbonyl plane is assumed. In the Cram, Cornforth
and Karabatsos models, the reactant approaches the face of
the carbonyl plane occupied by the smaller substituent. In the
Felkin model, the nucleophilic reagent bisects the C*-S and
C*-M bonds. These simple models are used by organic
chemists in order to predict the absolute configuration of the
major reaction product.

The validity of these qualitative models was theoretically
assessed by Nguyen Trong Anh and Eisenstein.! This work
was one of the first examples of how QM methods can be
successfully used to understand the stereochemical outcomes
of organic reactions.”* The nucleophilic addition of H™ to
(Me)(C)CH-CHO and (Me)(Et)CH-CHO was studied
through an ab initio STO-3G study. Twenty four conforma-
tions of the transition state, corresponding to the twelve
rotamers of the molecule and the two diastereofacial
approaches of the nucleophile, were considered. The theore-
tical study on the addition of H™ to (Me)(Cl)CH-CHO
revealed that the most stable transition states corresponded
to the Felkin model. The authors demonstrated that the
coulombic repulsions between the hydride anion and the
chlorine atom did not play a relevant role, since the same
conclusion was reached in the case of (Me)(Et)CH-CHO.

The effect of the counter-cation and the influence of the
solvent (water) were explored by introducing CO---Li* and
H™---HOH interactions into the system. The results showed
that the Felkin model was essentially not affected by these
factors, since no major structural modification of the preferred
transition states was found. The stereoelectronic influence
upon the direction of the nucleophile approach, related to
the O—-Cco—H ™ angle of attack («), was also analyzed, and the
results showed that the orientation was not completely per-
pendicular (98° < a < 109°). This result suggested that the
discrimination between the two Felkin transition states was
not only given by the steric interactions between O and M, but
also by those between the nucleophile and M.
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Fig. 4 Molecular orbital interactions in anti and syn nucleophilic
additions.

Nguyen Trong Anh and Eisenstein proved that the suit-
ability of the Felkin model was due to the antiperiplanar
orientation of the nascent H"—Cco bond with respect to the
C*-L bond. The antiperiplanar effect was found to be more
relevant than the orbital distortion influence on the direction
of reagent approach. The preference for the antiperiplanar
arrangement was rationalized in terms of frontier molecular
orbital interactions between the HOMO of H™ and the
LUMO of the electrophilic carbonyl compound, composed
of antibonding o¢s 1 and o orbitals (see Fig. 4). Whereas
the anti approach of H™ is characterized by bonding interac-
tions with oc=r, the syn approach involves antibonding
interactions. This MO scheme allows determination of the
effective size of substituents attached to C* (R = S, M and L)
by inspecting the energies of the antibonding c¢« g orbitals.

2.2 Proline-catalyzed asymmetric aldol and related reactions

Asymmetric organocatalysis is an emerging powerful tool for
the synthesis of chiral compounds.”””’® This synthetic ap-
proach avoids one of the main concerns in industry: the
elimination of metal-related impurities in the final product.”
The proline-catalyzed intramolecular aldol cyclization of tri-
ketones was one of the first examples of asymmetric organo-
catalysis (see Fig. 5). This reaction was independently
developed by the groups of Hajos®® and Wiechert,®' and
successfully applied to obtain useful structural building blocks
for the total synthesis of natural products.3* %

Two different reaction mechanisms were proposed by Hajos
and Parrish:*® (1) a nucleophilic substitution mechanism in-
volving a carbinolamine intermediate, in which proline is
initially added to a carbonyl of the cyclic ketone, and (2) an
enaminium-catalyzed mechanism involving an enamine inter-
mediate, which implies the initial condensation of proline with
the side chain ketone. The latter reaction pathway (mechanism
I in Fig. 6) was supported by experimental studies,*® 38 show-
ing the participation of enamine intermediates.

Proline-catalyzed asymmetric aldol and related reactions
have been theoretically studied by the group of Houk.®

Me P
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o
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Fig. 5 Proline-catalyzed aldol reaction.
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Fig. 6 Proposed mechanisms for the proline-catalyzed aldol reaction.

A DFT(B3LYP)**®! 6-31g(d) study on the reaction repre-
sented in Fig. 5 revealed that the lowest energy reaction
pathway implied the participation of an enamine intermedi-
ate.®>® This study also supported the hypothesis that the
formation of the C—C bond is coupled with a hydrogen
transfer to the developing alkoxide. In the enamine mechanism
originally proposed by Hajos and Parrish,®® such hydrogen
transfer involved the NH group of proline (mechanism I in
Fig. 6). In contrast to this, Houk demonstrated that the group
participating in hydrogen transfer is the COOH (mechanism II
in Fig. 6). Furthermore, the participation of an additional
molecule of proline, assisting the hydrogen transfer, was
discarded in a combined experimental/theoretical study by
Houk er al.>*

The computational studies reported by Houk not only
clarified the reaction mechanism but also provided a powerful
steric model capable of rationalizing and predicting the origin
of the enantioselectivity.”> The two diasterecomers of the
transition state are distinguished by the conformation of the
C-N bond. While, in the pro-(S,S) saddle point, the carboxylic
group is anti to the enamine double bond, in the pro-(R,R), it
is syn (see Fig. 7). The calculations predicted that the anti-
(S,S) transition state is more stable than the syn-(R,R) by 3.4
kcal mol™!, in total agreement with the experiments.®*®*' The
higher stability of the anti-(S,S) saddle point was due to three
different factors: (1) an optimal hydrogen transfer arrange-
ment, (2) the iminium double bond planarity and (3) attractive
CHO interactions. This steric model was successfully applied
to test, in silico, the performance of proline as an organo-
catalyst in the aldol reactions of cyclohexanone with benzal-
dehyde and isobutyraldehyde.”®

The group of Houk extended their DFT studies to other
relevant asymmetric organocatalytic processes including: (1)
proline-catalyzed Mannich®” and a-aminoxylation®® reactions,

anti-(S,S)

syn-(R,R)

Fig. 7 Transition states for the proline-catalyzed aldol reaction.
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(2) aldol reactions catalyzed by other amino acids, such as
phenylalanine,”® and (3) C-C bond-forming reactions using
imidazolidinones as organocatalysts.99’100

3. MM and QM/MM studies. Steric effects

3.1 Stereocartography in the Diels—Alder cycloaddition

All asymmetric catalysts able to afford high enantioselectiv-
ities should have a region of chirality, or maximum stereo-
discrimination, close to the site of chemistry, where the new
stereogenic center of the reaction product is created (see Fig.
8). This intuitive but loosely defined hypothesis is often used
by experimental chemists to tackle the design and improve-
ment of chiral catalysts. This hypothesis was recently demon-
strated and refined by Lipkowitz through the introduction of a
new concept: stereocartography.46

Stereocartography is the mapping of the regions of max-
imum stereodiscrimination around a chiral catalyst. The chiral
catalyst is embedded within a three-dimensional grid, in which
the substrate is introduced as a probe. The intermolecular
interactions between the catalyst and the probe are computed,
placing the substrate at each and every grid point. Such
interactions are evaluated at a MM level with the AMBER
force field.'®" The possible conformations of the substrate and
the catalyst are sampled, together with the different orienta-
tions of the probe, with respect to the catalyst. These calcula-
tions are performed for both the R and S probes, and the
difference between the interaction energies at each grid point
for both probes is then computed. The regions of maximum
stereodiscrimination correspond to the isodensity contour
plots encapsulating the grid points with the largest energy
differences. The distance between the centroids of such plots
and the site of chemistry is then computed to assess the spatial
congruence between those regions.

Lipkowitz applied the concept of stereocartography to the
asymmetric Lewis acid-catalyzed Diels—Alder reaction.*® This
reaction is a powerful synthetic tool'®71%° due to its ability to
afford up to four stereogenic centers in a single step. The
Diels—Alder cycloadditions of cyclopentadiene with three dif-
ferent dienophiles, including 3-((E)-butenoyl)-1,3-oxazolidin-
2-one, acrolein and methylacrylate (see Fig. 9), were analyzed.
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Fig. 8 Spatial congruence between the region of chirality and the site
of chemistry in asymmetric catalysis.
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Fig. 9 Lewis acid-catalyzed asymmetric Diels—Alder reactions.

Eighteen different catalysts were considered (11 for reaction A,
5 for reaction B and 2 for reaction C), each one having a
different chiral ligand and including a wide variety of
metals (Mg, B, Al Ti, Ni, Pt, Cu, Zn, Fe and Ru). Stereo-
cartography was also later applied to the study of other
catalytic systems. %107

For each reaction in Fig. 9, both efficient and inefficient
catalysts were considered. For 17 of the 18 systems, sterco-
cartography calculations showed that the catalysts inducing
the highest enantioselectivities were those that had the region
of chemistry located close to the region of chirality, proving
the reliability of the intuitive hypothesis mentioned above.
One of the most interesting examples explored by Lipkowitz
was the different performances of similar catalysts (1) and (2)
in reaction A (see Fig. 9). Narasaka et al. found that enantios-
electivity was strongly dependent on the nature of the sub-
stituents of the acetal ring.'®® This effect is quite puzzling if we
consider the far-away location of these substituents with
respect with the metal (site of chemistry). Whereas catalyst
(1) gave 92% ee, with catalyst (2), only 55% ee was achieved.
These results were rationalized by stereocartography calcula-
tions. The results revealed that the distance between the site of
chemistry and the region of maximum stereoinduction in-
creases from 1.57 A in (1) to 5.33 A in (2). The greater
separation between these two regions of the catalyst gives rise
to the ee decrease experimentally observed.

This study showed that the new computational tool devel-
oped by Lipkowitz could be used to test chiral catalysts
in silico. Furthermore, the maps given by this technique can
be used to locate and measure the regions of maximum
stereodiscrimination, and this information can be applied to
the rational design of new and more efficient chiral catalysts.

3.2 Asymmetric dihydroxylation of olefins

The asymmetric dihydroxylation of olefins is a powerful
synthetic tool, yielding optically active 1,2-diols that can be
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Fig. 10 Osmium-catalyzed asymmetric dihydroxylation of olefins.

subsequently used to obtain natural products.'® The most
relevant example of this synthetic approach is the osmium-
catalyzed asymmetric dihydroxylation developed by the group
of Sharpless,''%!"! which was awarded the Nobel Prize in
chemistry in 2001.%

The computational study undertaken of the dihydroxylation
process is a good example of how initial QM calculations on a
model system can be complemented afterwards by QM/MM
calculations on the real system. The mechanism of the reaction
was originally a subject of controversy. Two different mechan-
isms were proposed: (1) the [2 + 2] stepwise mechanism, with
an osmaoxetane intermediate,''*''* and (2) the [3 + 2]
concerted mechanism,''>''® which nowadays, in a good part
thanks to computational studies on model systems,’® is gen-
erally accepted as the one that operates.'!”

The osmium-catalyzed asymmetric dihydroxylation of ole-
fins was explored by some of our group in a series of QM/MM
studies®''® using the IMOMM method (IMOMM stands for
“Integrated Molecular Orbital Molecular Mechanics™).!"® The
origin of the enantioselectivity was explored in the dihydro-
xylation of aromatic and n-aliphatic olefins catalyzed by
0s04- (DHQD),PYDZ (see Fig. 10). In the QM part, the
catalyst was modelled at the DFT(B3LYP) Ilevel as
OsOy4 - NHj3. The alkenes were modelled as either CH,—CH,
(aromatic olefins>®) or CH,—CH-CH3 (n-aliphatic olefins''®).
The rest of the catalyst and the olefin were described with the
MM3 force field. A preliminary study on the OsO4- NH; +
CH,—CH, model system®® at the DFT(B3LYP) level”®!
revealed that this catalytic system follows the [3 + 2] con-
certed mechanism.

The stereochemical outcome of the reaction is controlled by
the orientation in which the olefin approaches the

0s04- (DHQD),PYDZ. This species has a distorted trigonal
geometry,

bipyramidal with a chiral nitrogen of the

Fig. 11 Different regions (left) and orientations (right) in the olefin
attack at OsO4- (DHQD),PYDZ.

(DHQD),PYDZ ligand and one oxygen in the axial positions.
The olefin undergoes the dihydroxylation transformation,
binding with the axial oxygen and one of the equatorial
oxygens. These stereoelectronic requirements of the reaction
imply that there are three possible regions (A, B and C) in
which the olefin can attack the catalyst (see Fig. 11). More-
over, depending on the position of the alkene substituent, each
region has four possible orientations (I, I, III and IV). Hence,
a total number of twelve reaction pathways are possible.

The transition states corresponding to the twelve dihydro-
xylation pathways were computed in the particular case of
styrene.>® The preferred region of attack is B since the lowest
energy pro-R and pro-S transition states were B-I and B-1V,
respectively. The energy difference of 2.6 kcal mol™" between
these saddle points indicated that the R-enantiomer should be
formed as the major reaction product, with an ee of 99.9%, in
good agreement with the experimental results''®'?° (96% ee of
the R-product). The partition and analysis of the QM/MM
energy showed that the origin of enantioselectivity is mostly
due to attractive m—m face-to-face interactions between the
phenyl ring of styrene and the quinoline A moiety of the
(DHQD),PYDZ ligand (see Fig. 10).

The QM/MM study was subsequently broadened to explore
the dihydroxylation of n-alkenes.''® The most relevant, but
also puzzling, feature of this reaction is the dependence of
enantioselectivity on the value of n.'?! A series of experiments
showed that enantioselectivity increases sharply from 1-pro-
pene to 1-hexene, and then remains constant from 1-hexene to
1-decene (see Fig. 12). The origin of this effect was unknown
and could not be rationalized in terms of m—m interactions
found in the case of styrene.*

The dihydroxylation of n-alkenes is characterized by a high
degree of conformational complexity, given by the flexible
aliphatic chain of the olefin. This problem was solved by
applying a systematic search approach, in which all the
possible conformations were optimized at the MM3 level,
keeping the QM part frozen.''"® The most stable geometries
found at the MM level were selected and re-optimized at the
more time-consuming and accurate IMOMM level. Studying
the full set of n-alkenes, from 1-propene to 1-decene, prompted
consideration of almost 40000 conformations. A total of
around 1700 transition states were selected and re-optimized
at the QM/MM level. Remarkably, the results reproduced

% ee R
cz¥8s883888

3 4 5 6 7 8 9 10
Olefin length

= &= theor. %ee —®—exp. %ee‘

Fig. 12 Influence of the olefin chain length on enantioselectivity
in the osmium-catalyzed asymmetric dihydroxylation of terminal
aliphatic n-alkenes.
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faithfully the experimental trend (see Fig. 12). As the length of
the aliphatic chain increased from n = 3 to n = 6, enantio-
selectivity increased, and then remained almost constant with-
in the n = 6 to n = 10 range. Analysis of the lowest-energy
transition states showed that the origin of the enantioselec-
tivity was given by attractive CH-n and hydrophobic interac-
tions between the aliphatic chain of the olefin and the
quinoline A and B rings of (DHQD),PYDZ. As the chain
grows from n = 3 to n = 6, these interactions increase in
number and enantioselectivity thus rises. Fromn = 6 ton =
10, the chain steps out of the catalyst pocket and enantio-
selectivity remains constant, since no more attractive interac-
tions are established between the alkene and the ligand.

3.3 Catalytic asymmetric hydrogenation of alkenes

The first efficient and well-characterized metal catalyst for the
hydrogenation of alkenes was the Wilkinson catalyst.'?? This
system was subsequently modified by Biithe,'** Burk,'*
Kagan,'”® Knowles'?® and Noyori'?’ through the introduction
of chiral phosphines, which make the reaction enantioselec-
tive. The most important examples of this synthetic methodol-
ogy were the asymmetric hydrogenation of dehydroamino
acids by Knowles,?” later applied to the industrial production
of L-DOPA,'?® and the enantioselective hydrogenation pro-
cesses developed by Noyori,?® both of whom were awarded the
Nobel Prize in chemistry in 2001.

Two different reaction mechanisms have been proposed for
the catalytic asymmetric hydrogenation of alkenes, namely the
hydride mechanism and the alkene mechanism. In the former,
the first step is the oxidative addition of hydrogen to the
catalyst, giving rise to a dihydride complex, which is followed
by the coordination of the alkene to the metal. In the alkene
pathway, the order in which these steps take place is reversed,
i.e. the alkene coordination is followed by the formation of the
dihydride. In both mechanisms, once the dihydride is formed
and the alkene is bound to the metal, the reaction product is
formed through a migratory insertion and a final reductive
elimination.

The asymmetric hydrogenation of a-formamidoacrylonitrile
catalyzed by [Rh((R,R)-Me-DuPHOS)]" (see Fig. 13) was
theoretically investigated by the group of Landis. The reaction
mechanism was initially explored by means of a QM study on
a model system,! in which DuPHOS was modelled as (PH3),,
using the DFT(B3LYP) method.”®! The origin of the enan-
tioselectivity was subsequently determined through a QM/
MM study on the real system®> using the ONIOM method
(ONIOM stands for “Our own N-layered Integrated molecu-
lar Orbital and molecular Mechanics™).'?

The preliminary mechanistic study®' revealed that the reac-
tion follows the alkene pathway. Four different cis-dihydride
isomers can be formed in the oxidative addition, depending on
the relative orientation of H, with respect to the alkene
complex (see Fig. 14). The results showed that the A approach
corresponds to the lowest energy pathway. The mechanism,
characterized by Landis ef al., begins with the coordination of
o-formamidoacrylonitrile to [Rh((R,R)-Me-DuPHOS)] ", fol-
lowed by the formation of a van der Waals complex with
hydrogen. The subsequent oxidative addition of H, leads to an

N CN Nen £ 40N
} \ﬁ( H,, catalyst _ ( \‘c|;a“
CH, CHs o] Me
H R (>99% ee)
e R
\Rh/
CH, CH,

catalyst ([Rh((R,R)-Me-DuPHOS)]")

Fig. 13 Asymmetric hydrogenation of o-formamidoacrylonitrile
catalyzed by [Rh((R,R)-Me-DuPHOS)] .

octahedral rhodium complex, which undergoes two consecu-
tive migratory insertions. In the last step, which is rate-
determining, the final reaction product is obtained through
reductive elimination. This mechanism disagrees with the
commonly accepted one, in which the rate-determining step
is the oxidative addition of hydrogen. Furthermore, this
theoretical study revealed that the migratory insertion was
irreversible and enantiodetermining, which was later sup-
ported by experimental studies.'*°

The ONIOM study> showed that the real system also
follows the A pathway. The main difference, with respect to
the model system, was found in the insertion barriers, which
are significantly lower compared to those of the oxidative
addition. The calculations indicated that the stereochemical
outcome of the reaction was controlled by the anti-lock-and-
key mechanism, as previously suggested by Burk e al."*' In
this mechanistic scheme, originally proposed by Halpern'*?
and Brown,'*? there are two diastereomers of the alkene
complex in equilibrium, and, whereas the major reaction
product comes from the less stable intermediate, the minor
reaction product is connected to the most abundant

H\
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Fig. 14 Possible reaction pathways in the oxidative addition of H, to
[Rh((R,R)-Me-DuPHOS)] "
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Fig. 15 Diastereomeric forms of the pro-R and pro-S alkene com-
plexes (left) and transition states (right) in the asymmetric hydrogena-
tion of o-formamidoacrylonitrile catalyzed by [Rh((R,R)-
Me-DuPHOS)]*.

intermediate. The QM/MM calculations predicted that the
major product was the R-enantiomer, in total agreement with
the experimental data. The results pointed out that the pro-S
alkene complex was more stable than the pro-R complex by
3.6 kcal mol~! (see Fig. 15). Nevertheless, the pro-R pathway
was clearly favored over the pro-S at a kinetic level by an
energy difference of 4.4 kcal mol~'. This energy gap corre-
sponds to a theoretical ee of 99.9%, within the range of
experimental enantioselectivities obtained with [Rh((R,R)-
Me-DuPHOS)] .

A study on the real system was extended by Landis and
Feldgus in order to rationalize the effect of the enamide
R,-substituent on the enantioselectivity.'*> The replacement
of nitrile in this position by a tert-butyl group implied a
reversal of enantioselectivity.'*® The calculations revealed that
this modification of the substrate implied a change in the
preferred reaction pathway, which became C instead of A (see
Fig. 14). Since the C-pathway is pro-S, in contrast with A,
which is pro-R, the authors predicted that with R, = tert-
butyl, the reaction was pro-S with AEg;s = 6.5 kcal mol ™!
(>99% ee), in total agreement with the experimental re-
sults.'*® Furthermore, the replacement of nitrile by a fert-butyl
group reduces the energy gap between the pro-R and pro-S
alkene complexes to almost zero (0.1 kcal mol '), and changes
the order in which the two consecutive migratory insertions
take place.

3.4 Vanadium-catalyzed synthesis of chiral sulfoxides

Certain chiral sulfoxides are of high interest due to their
biological activity, such as the anti-ulcer agent esomepra-
zole."*”'3® The interest in chiral sulfoxides is also due to their
two main properties: (1) high optical stabilities and (2)
strongly asymmetric environments. Due to these properties,
chiral sulfoxides have been widely applied in asymmetric
synthesis,'*® both as chiral auxiliaries and chiral ligands. This
interest in chiral sulfoxides has prompted the development of
efficient synthetic methods to afford these compounds.'*’ One
of these methods, vanadium-catalyzed sulfoxidation with hy-

Rz \/!\‘
N

OH
. oH
Ry
(t-Bu)S-S(t-Bu)

» R-(t-Bu)S-S*O(t-Bu)
precatalyst (VO(acac), + L*)
oxidant (H,05)

R1 R2 R3 Enantioselectivity
t-Bu t+-Bu t-Bu 82% ee
t-Bu H t-Bu 83% ee
t-Bu t-Bu i-Pr 60% ee
H H t-Bu 46% ee

Fig. 16 Vanadium-catalyzed asymmetric sulfoxidation of 1,2-bis
(tert-butyl) disulfide with hydrogen peroxide.

drogen peroxide'*'"'* has been theoretically studied by
ourselves.

In the sulfoxidation approach, optically active sulfoxides
are obtained through the oxidation of a prochiral sulfide using
vanadium complexes as catalysts and hydrogen peroxide as an
oxidant. One of the most interesting examples of this synthetic
method is the asymmetric oxidation of 1,2-bis(zert-butyl)
disulfide reported by Ellman et al.'** (see Fig. 16). The nature
of the catalyst and the reaction mechanism of this catalytic
system were essentially unknown. Mechanistic studies on
reaction mixtures'**"1*® pointed to a neutral oxo complex of
vanadium(v) as the catalyst, characterized by a metal : ligand :
peroxide ratio of 1 : 1 : 1. Nevertheless, such studies did not
clarify whether hydrogen peroxide was bound to the metal as a
hydroperoxo (HOO) or a peroxo (OO) ligand. Furthermore,
the reaction mechanism was unknown, although the same
mechanisms operating in the similar metal-catalyzed epoxida-
tion reaction, namely the insertion and the direct oxygen
transfer mechanisms,'* were proposed.

These questions were tackled by our group in a QM study
on a model system>® using the DFT(B3LYP) method.’®*! The
results showed that: (1) the hydroperoxo complex was both the
most stable and most active isomer of the catalyst, and (2) the
reaction followed a direct oxygen transfer mechanism (see Fig.
17). Our calculations showed that the hydroperoxo form was

t
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Ced| Wi
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R \5/5\ i 0 product
Ry & S< -

hydmpemxo 0
H202 OH  catalyst
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e
OH

H:0 H,0;
oxidant

Fig. 17 Direct oxygen transfer mechanism with the hydroperoxo
catalyst.
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Fig. 18 A and B diastereomers of the vanadium catalyst for sulfox-
idation.

more stable than the peroxo isomer by 4.4 kcal mol~!. More-
over, the hydroperoxo complex catalyzed the sulfoxidation
process, reducing its barrier from 40.4 to 26.7 kcal mol .

Once the nature of the catalyst and the reaction mechanism
were established, the origin of the enantioselectivity was
explored by considering the real system in a QM/MM study’’
using the IMOMM method.'" One of the most interesting
features of the catalytic system represented in Fig. 16 is the
strong influence of both R1 and R3 substituents on the
enantioselectivity. This effect is quite puzzling, since these
substituents are far from each other in the chiral ligand.

The vanadium atom of the hydroperoxo catalyst character-
ized in the study of this model system is stereogenic and
because of its presence this species exists in two enantiomeric
forms. These enantiomers become diastereomers (A and B, see
Fig. 18) in the real system due to the presence of the chiral
Schiff base ligand, which has a fixed configuration. The
structures of A and B, and their associated sulfoxidation
transition states, were optimized. We found that isomer A
was more stable than B by 1.9 kcal mol™'. The main structural
difference between the species is given by the relative position
of substituent R3, which occupies the oxo face of the catalyst
in B and the opposite side in A. Interestingly, we found that
both A and B catalyzed the oxidation of bis(zert-butyl) dis-
ulfide, but induced opposite enantioselectivities; whereas A
was pro-R, B was pro-S. Our results pointed out that the
major reaction product was R, in total agreement with the
experimental results.'*> The most stable pro-R transition state
was connected to diastereomer A. In contrast, the most stable
pro-S saddle point was connected to B, and the participation
of this isomer was thus crucial.

On the basis of our QM/MM calculations, we constructed a
steric model, represented in Fig. 19, in order to rationalize the
origin of the enantioselectivity. This model was able to explain
the strong dependence of the enantioselectivity on the nature
of both R1 and R3. For each isolated isomer, enantioselec-
tivity was controlled by the energy gap between the pro-R and
pro-S transition states: AE, for A and AEg for B. Both AE4
and AER were modulated by substituent R1, which discrimi-
nated the pro-R and pro-S pathways by introducing repulsive
steric interactions with the tert-butyl group of the substrate.
The steric bulk reduction resulting from the replacement of
R1 = ¢-Bu with R1 = H implied a reduction of AE, from
2.4 kecal mol™! (90% ee) to 0.3 kcal mol™! (21% ee), in good
agreement with the experimental data'#? (see Fig. 16). Further-
more, enantioselectivity also depended on the energy gap
between the most stable pro-R transition state, connected to
A, and the most stable pro-S transition state, connected to B.
This energy gap, labelled AEsg, was influenced by R3, which
provided the main structural difference between the A and B
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Fig. 19 Steric model for vanadium-catalyzed asymmetric sulfoxi-
dation.

diastereomers of the catalyst. The steric bulk reduction offered
by the replacement of R3 = #-Bu with R3 = i-Pr implied a
reduction of AEg from 1.8 kcal mol™! (90% ee) to 1.1 kcal
mol™! (74% ee), in good agreement with the experimental
results.

142

Our steric model allows the optimization of this catalytic

system to be tackled by following a rational strategy. En-
antioselectivity would rise, increasing the steric hindrance
induced by the catalyst, firstly in the R3 position, in order to
reduce the participation of the pro-S B form, and then in the
R1 position, to amplify the pro-R character of the A dia-
stereomer.

4. Conclusions and perspectives

The theoretical studies reviewed in this Perspective article
demonstrate that computational chemistry can be used to
obtain valuable insight into asymmetric synthesis. These stu-
dies give mechanistic pictures on a variety of reaction systems,
and furthermore provided simple and useful steric models to
rationalize the origin of enantioselectivity. These models can
be used to test new chiral systems in silico and tackle their
design in a rational fashion. The computational tools have
changed over the years, but the more recent work has followed
the pioneering tracks of Nguyen Trong Anh and Eisenstein 30
years ago.!

The ongoing development of new and more complex meth-

ods of asymmetric synthesis nowadays prompts the
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community of theoretical chemists to improve the computa-
tional tools available. The time cost of QM calculations should
be reduced, and the accuracy and range of applications of MM
force fields should be extended. The treatment of reaction
systems characterized by a large conformational space also
needs to be improved. Furthermore, the development, appli-
cation and refinement of steric models should be further
stimulated through collaboration with experimental chemists.
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