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Abstract

Molecular understanding of chemical reactivity has become progressively better
with the advent of powerful computational methods. In the domain of computational
catalysis, one strives to establish the identity of various intermediates and transition
states involved along the catalytic pathways. Kinetic and thermodynamic details of
such catalytic transformations are important to physical organic chemistry. Herein,
we present a set of contemporary examples of asymmetric catalysis to demonstrate
the power of modern computational tools toward establishing the origin of stereo-
selectivity. We demonstrate how enantio- and diastereo-selectivities in a range of
important asymmetric reactions could be better understood by having knowledge
of the stereocontrolling transition states. In particular, the critical role played by weak
noncovalent interactions is the central theme of this article. A good number of exam-
ples provided here helped us convey how differential weak interactions between the
stereocontrolling transition state render additional stabilization to the most preferred
stereochemical mode of addition. Furthermore, we emphasize that such weak interac-
tions could be exploited as an effective handle toward gaining better control aver the
stereochemical outcome of asymmetric reactions.

Advances in Physical Organic Chemistry, Volume 53 © 2019 Elsevier Led 1
ISSN 0065-3160 All rights reserved.
heeps://doi.org/10.101 6/bs.apoc.2019.07.002
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1. Introduction

Asymmetric catalysis has been witnessing a steady growth over the
past few decades. Development of new protocols in asymmetric catalysis
traditionally involves a lot of trial and error experimentation, predominantly
centered around minor alterations on the catalyst. In such an approach, the
reaction conditions are typically optimized with a set of other parameters
such as temperature, additives, solvents, and so on, with the same or similar
set of well performing substrates. One of the key goals in asymmetric catal-
ysis 1s to gain predictable control over the stereochemical outcome of
the reaction. In particular, accomplishing high enantioselectivity is of
paramount importance. A chiral catalyst, bearing one or more elements
of chirality, is employed in asymmetric transformations. The chiral catalyst,
which provides the critical chiral environment for the reaction to take place,
could engage directly by forming bonds with the reactant(s) and/or develop
weak interactions with the reactant(s) without engaging in formal bond
formation. Among these, the first mode of action of a catalyst is generally
termed as a covalent mode of activation whereas a noncovalent activation
pertains to the latter mode.

The covalent mode of asymmetric catalysis can be better understood
by considering the following example, wherein an enamine (I1) derived
from one of the reactants serves as the nucleophile and the unactivated
electrophilic partner will then react with the enamine (Scheme 1A). In this
example, the stereogenic center of the catalyst bearing a carboxylic acid
group is proximal to the enamine that participates in the C—C bond forma-
tion with the incoming electrophile. The facial preference of the enamine,
i.e., whether the si or re prochiral face is energetically more preferred for
the C—C bond formation would directly impact which enantiomer of
the product would be generated. It is important to take note at this point
that the origin of enantioselectivity could be rationalized by using a working
hypothesis or a more quantitative model based on the structure and energies
of a computed transition state. While a working hypothesis generally places
an undue weight on steric protection to justify why one prochiral face
is likely to participate in the bond formation over the other, it fails to
provide insights on critical interactions (vide infra) in the stereocontrolling

transition states.
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Scheme 1 (A) Proline catalyzed asymmetric self aldol reaction between propanal and
(B) qualitative transition state model.

Qualitative transition state models relying on steric interactions to
rationalize the observed facial preference between the prochiral faces in the
stereocontrolling step are the most widely found in current literature. The
use of hydrogen bonding interactions between the catalyst and substrate(s)
are also invoked in accounting for the observed enantioselectivity in asymmet-
ric reactions such as proline catalyzed organocatalytic transformations
(Scheme 1B). While such models based on certain obvious features of the chi-
ral catalyst offer a simple working hypothesis, we note their inadequacies in
capturing vital electronic interactions in the stereocontrolling transition states.
Hence, we aim at emphasizing the importance of factors beyond the steric
interaction models and provide molecular insights on enantio-controlling
transition states in some of the most recent asymmetric transformations.
The examples presented in the following sections encompass reactions cata-
lyzed either by one chiral catalyst, such as a chiral organocatalyst, or by a dual
catalytic combination involving one organo- and one transition metal catalysts.

To begin with, we present an overview of different types of weak inter-
actions, by using a set of prototypical binary complexes as shown in Fig. 1.
Abundant literature on intermolecular interactions, both experimental and
quantum chemical investigations, offer valuable insights on the nature of
such weak interactions and their quantitative estimates.' While readers
can refer to original literature to learn more about the nature of below-
mentioned interactions, herein we list only those noncovalent interactions,
which are more pertinent to the examples presented in the latter half of
this manuscript. As can be gleaned from the summary of noncovalent inter-
actions shown in Fig. 1, many of these interactions generally involve the



4 Sukriti Singh and Raghavan B. Sunoj

F—
S y
anion---m C-H---X H
g oo
© !
' : Noncovalent omm— H
. cation- : ? =Hem
i W= - Interactions B X-H-n :
N /\’__'"/
s
() ;
1 c-n ] b o
lone pair--nt '
e X Y
X 1
W X=0.N,S, ECl

Fig. 1 General representation of different types of noncovalent interactions and
the corresponding color codes used in this manuscript to depict such interactions in

the stereocontrolling transition states.

participation of aryl or other unsaturated groups such as alkene/alkyne.
The most common noncovalent interactions, including that found in the
stereocontrolling transition states, are 1t -+, X—H -+ %, H-bond and ion ---
interactions.” Each interaction is represented using a color code, which in
turn, is used in the rest of the manuscript to help convey the presence of such
interactions in a simpler way even in complicated transition state geometries.

Pioneering work by Dougherty shed light on cation -t interactions as an
important interaction in both biological and chemical system. ? The stabiliza-
tion rendered through various kinds of cation --- & interaction is known to be
important in determining protein structure and enzyme cata]ysm Enhance-
ment of binding energies by 2-5kcal/mol due to cation--- 7 interactions has
been reported.” Even stronger interactions are possible, such as when K inter-
acts with benzene, where the binding energy is as high as —19kcal/mol in the

gas phase.® In simple terms, the cation -+ 7 interaction is attributed to a strong

electrostatic interaction between the cation and electron cloud of the receptor,
such as an aromatic ring or a double bond. Different studies indicate that the

main stabilizing factor in cation - complexes is an electrostatic interaction

with significant contribution arising from dispersion as well as polarization.
Anion -+ T interactions are another type of noncovalent force between an

electron deficient aromatic system and anions. 8 Earlier studies have provided

structural evidence for anion -++ T interactions. ? The interaction energies due

to the anion--+ & interactions could be in the range of 5- ]Okcal/mol
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The electrostatic and induction energies are the major contributors in this
type of interaction wherein charge transfer from an anion to a T system is
facilitated by inductive interaction between the HOMO of an anion and
the LUMO of a ® system. It also has a substantially greater contribution from
the dispersion energies than thatin cation--- 1t interactions.'' The role of dis-
persion is usually higher in case of organic anions, where the magnitude of
dispersion can be even comparable to electrostatic and induction energies.'”

A widely found interaction in biological systems are m-++ 7 interactions
that are known to influence the structure of macromolecules.'® Similar
interactions are noticed in crystal structures of several organic and inorganic
compounds. Theoretical studies on 7+ T interaction were generally carried
out using benzene dimer as the prototypical example.'® Different geometry
of interaction such as face-to-face, displaced face-to-face and edge-to-face
structures was compared. Typical interaction energies in the T-shaped
and parallel-displaced configurations are about —2.7kcal/ mol."! The inter-
action energy in m---% complexes is dominated by dispersion interaction
with a much smaller contribution from polarization."

The X~H ---m interactions (where X=C, O, N, halogen) are usually
weaker than the ion «++ T interactions but a combination of several X-H -7
interactions can make substantive contributions.'® The X—H - is a type of
hydrogen bonding interaction with a greater electrostatic component. Inter-
estingly, dispersion energy becomes crucial in the case of C—H -+ interac-
tion involving sp” or sp> C—H donors. Perhaps the very nature of C-H -7t
interaction, with both electrostatic and dispersion terms, makes it a ubiqui-
tous weak interaction in chemical and biological systems. With an aromatic
or aliphatic C—H group as the H-donor and an aromatic ring as the acceptor,
the calculated energy is in the range of 1.5-2.5kcal/ mol.'**!" The interac-
tions involving aromatic C—H are stronger than that of an unactivated
aliphatic C—H donor. For acidic CH groups (e.g., acetylene or chloroform)
the interaction energy can increase to about 3-5kcal/mol, closer to that for
conventional hydrogen bonds.'® An important variant of C-H--m
between an aromatic C—H and an aromatic T system is of particular signif-
icance to the examples of asymmetric catalysis presented in this article.

Another weak interaction that is of immediate importance in asymmetric
catalysis is hydrogen bonding. Hydrogen bonds also play significant roles in
protein folding, protein-nucleic acid recognition, and other biological pro-
cesses.' There have been many experimental and theoretical studies aimed
at studying H-bonded interactions in gaseous, liquid, and solid states.'” On
the basis of criteria such as H-bond strength, geometrical and spectral
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characteristics, H-bond interactions are classified as strong, moderate and
weak.” The strength of these noncovalent interactions can vary all the
way from 1 to 40kcal/mol, with the classical H-bond strength falling in
the window of 4-15kcal/mol. The H-bonds are mainly governed by electro-
statics albeit in some complexes charge transfer as well as partial covalent
character is likely.*' In certain systems, dispersion with a moderate contribu-
tion from a polarization component is also reported as an important contrib-
utor.' The electrostatic character of H-bond is mainly dominant in
N-H---O, O-H---O, O-H:--N bonds. The weaker H-bonds are defined as
interactions where one or both the atoms are of low electronegativity.*
Some of the examples are C—H:+O, C—H:«N, C—~H-:-0, C—H-+F,
C—H--Cl], etc.? -

The key questions are whether or not the above-mentioned weak inter-
actions manifest themselves in a stereocontrolling transition state and how
such forces could influence the relative energies of transition states. An accom-
panying complication with asymmetric catalysis is that the catalysts are larger
than typical model systems shown in Scheme 1, making it increasingly harder
to afford very high level of computations. Furthermore, several such interac-
tions that coexist in the stereocontrolling transition states are intramolecular
interactions, thus eluding direct quantification. In a stereocontrolling transi-
tion state, substrates that form the bond are covalently or noncovalently bound
to the catalyst, thus any standard method of quantification of weak interactions
using a super-system approach is a non-trivial exercise.”” The interaction
energy in an A--B super-system can be evaluated by comparing the energy
of A--B (Eap) with the sum of energies of the individual partners (Ex and Ep).
Additional refinements to intermolecular interaction energies could be carried
out by ameliorating potential impact of basis set superposition error arising due
to the use of truncated basis sets as well as different number of basis functions
that describes each interacting partner.'>* Extension of such refinements
would demand careful partitioning of the transition state structure into
smaller fragments. Under such circumstances, alternative ways of analyzing
intramolecular interactions in the transition states are required.

There have been several reports attempting to correlate interatomic con-
tact distances, particularly between those atoms/groups which are lesser than
the sum of van der Waals radii, as a measure of efliciency of weak interac-
tion.2® In recent years, different topological analysis of electron density took
the center stage, wherein intramolecular interactions are analyzed by using
Bader’s atoms in molecules (AIM)*’ formalism or other reduced density
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Scheme 2 (A) Enantioselective lactonization of hydroxy esters catalyzed by chiral
phosphoric acid and (B) the corresponding the stereocontrolling transition state involv-
ing an intramolecular addition of the hydroxy group to the ester.

method such as the noncovalent interaction plots (NCI) formulated by
Wang.?® These protocols provide a relatively convenient way of identi-
fying and conveying the presence of an otherwise complicated set of
intramolecular interactions. For instance, the stereocontrolling transition
states for an asymmetric lactonization reaction identified as the intramo-
lecular addition ofthe hydro*qzl group to the ester end of the molecule 1s
shown in Scheme 2.*” The examination of the green leaf-like patches in
the NCI plot (Fig. 2A) conveys the presence of a region of attractive

interactions.
The difference in noncovalent interactions between TS-R and TS-S is

not conspicuous from the NCI plots. The bond paths that capture inter-
atomic interactions can be used as a complementary tool to analyze the type
of noncovalent interactions besides helping to delve further into the strength
of such interactions. Although quantitative evaluation of the strength of
individual interactions is not readily possible, one can develop an approxi-
mate idea of the relative strengths between a given type of interaction in the
complex. For instance, there are two C—H---m interactions in TS-S and two
in TS-R (Fig. 2B). The question is whether two such interactions are more
effective than another two such interactions that they help render improved
stabilization to TS-S. Since the electron density at the bond critical point
(Pbep) can be considered as a measure of how effective a given interaction
is, sum of electron densities might as well be an approximate way of quan-
tifying the total interaction. This analysis suggests that overall TS-S exhibits
better noncovalent interactions than TS-R.
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A= 286 (0.67)

€ = 2.86 (0.56)

d - 2.64 (0.71)

e=2.35(135) a= 285 (0.66)
f-2.60 (0.81) b = 2.87 (0.69)
g = 265 (0.70) h =364 (0.24)
h - 3.53 (0.33) 1=242(1.22)

Fig.2 (A) NCI plot and (B) bond critical points obtained through AIM analysis for stereo-
controlling transition states (C) fragments of TS taken for activation strain analysis.

Another valuable tool for analyzing the origin of energy difference
between the most preferred and less preferred stereochemical modes of reac-
tion between the nucleophilic and electrophilic partners is activation strain/
distortion interaction analysis.”” The stereocontrolling transition state is
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suitably partitioned into subunits, typically without impacting the region of
the major bond formation (along the reaction coordinate shown in yellow
highlight in Fig. 2C) and the interaction energy between such subunits are
calculated. The distortions in each such subunit as noted in the transition
state geometry is computed with respect to an undistorted ground state
or the preceding intermediate. In the analysis of stereocontrolling transition
states, the central question is on the relative interaction and distortion
energies of TS-R with respect to that in TS-S.

In the example shown in Scheme 2, in the lower energy TS-S the desta-
bilization caused by distortion is lower compared to the corresponding
values in TS-R. On the other hand, the stabilization due to interaction
energy is more in the higher energy TS. The overall balance between the
interaction and distortion energies was found to be in favor of the lower
energy TS-S. This sort of analysis is simpler to carry out and the information
that it provides could be exploited toward making informed alterations to
the catalyst and/or the reactants for fine-tuning the enantioselectivity.

Thus far, we have presented a set of representative examples involving one
catalyst that catalyzes the bond formation between two reactants. The follow-
ing sections feature more interesting examples that employ more than two
catalysts in one-pot reaction conditions. Itis our intent to focus on the factors
governing the stereoselectivity rather than a labyrinth of associated mechanis-
tic details. Readers are encouraged to refer to the original literature for an
in-depth discussion of various mechanistic steps in the catalytic cycle.

2. Asymmetric dearomative amination of f-naphthols

Asymmetric catalysis using chiral phosphoric acid (CPA) has emerged as
a powerful tool in the recent years.m One of the quintessential examples of this
family of Bronsted acid catalysts are the chiral diols derived phosphoric acids,
such as BINOL-phosphoric acid. These catalysts offer an effective Bronsted
acidic and a moderately basic site capable of simultaneous activation of
electrophilic and the nucleophilic reacting partners.”” The axial chirality along
the binaphthyl rings is the source of chirality in CPA. The substituents at the
3,3 positions of the catalyst backbone are known to play a crucial role in
determining the stereoselectivity of reactions.”> The various noncovalent
interactions between the substrate and 3,3" substituents can be harnessed
for enhanced enantiocontrol.”* The reversal of enantioselectivity for the same
reaction could also be accomplished by varying the nature of substituents at
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Scheme 3 Chiral BINOL-phosphoric acid catalyzed asymmetric dearomative amination
of B-naphthols.

the 3,3’ positions. In an interesting asymmetric dearomative amination of
naphthols, as shown in Scheme 3, an inversion of enantioselectivity was
demonstrated by changing the 3,3' substituent from 3,5-(CF;),-CsHj to
9-anthryl group.”® In our recent study, we examined the mechanism and
the enantiocontrolling transition states of this dearomatic amination reac-
tion.>® The stereocontrolling C-N bond formation transition states were
located to gain insights into the origin of enantioselectivity.

The optimized geometries of the enantiocontrolling C~N bond forma-
tion TSs for CPA-1 and CPA-2 is shown in Fig. 3. With CPA-1 as the cat-
alyst, the lower energy transition state was found to involve the addition of
the re face of the a-methyl-B-naphthol to the anti-anti conformer of diethyl
azodicarboxylate (DEAD) leading to the R enantiomer of the product. The
most preferred transition state for the C-N bond formation through the re
prochiral face was 1.7 kcal/mol lower in energy than the corresponding dia-
stereomeric transition state for the si face addition. The lower energy TS
enjoys a number of noncovalent interactions such as C—H---F, €—H--O,
C — H---x, lone pair--n (Fig. 3). With CPA-2 as the catalyst, the preferred
mode of addition is found to be the si face of the f-naphthol leading to the S
enantiomer. The energy difference between these diastereomeric TSs was
found to be 1.2kcal/mol, which corresponds to a %ee of 76, in concert with
the experimental value of 81. In the lower energy TS, more effective
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Fig. 3 Optimized geometries of the stereocontrolling C—-N bond formation transition
states for CPA-1 and CPA-2 as catalysts. Only selected hydrogen atoms are shown
for improved clarity. Stacked colored blocks are provided for an easier comparison of
the number of types of NCls.

C—H:-O and C—H:---m interactions were noted as shown in Fig. 3. The
inversion of enantioselectivity upon changing the 3,3’ substituent from
3,5-(CF3)»,-C¢H3 (CPA-1) to 9-anthryl (CPA-2) was also investigated. In
CPA-1, the dominant interaction is C — H---F between —CF; of the catalyst
and the C— H bonds of the f-naphthols and the ethyl group of DEAD. On
the other hand, the noncovalent interactions in CPA-2 were dominated by
the C — H---winteraction with the anthryl arms of the catalyst, which leads to
the change in preferred prochiral face for the C — N bond formation. These
molecular insights clearly underscore how changes in the pattern of weak
interaction could even result in inversion of enantioselectivity.

3. Pd-Catalyzed C—H Arylation

There have been good number of the interesting examples in the recent
years on transition metal catalyzed C(sp”)—H bond activation reactions.”’
The use of chiral BINOL phosphoric acid derivatives in Pd-catalyzed
enantioselective C—H bond reactions is of particular interest to the theme
of this article.”” As an illustration of this rapidly emerging form of asymmetric
catalysis, here we wish to highlight a Pd-catalyzed benzylic C —H arylation
using picolinamide as the directing group and (R)-BINOL phosphoric acid
as a co-catalyst (Scheme 4).>” Houk and co-workers have employed DFT
(B3LYP/6-31G*, LANL2DZ +f(Pd)) computations to examine how chiral
phosphate ligand controls the stereoselectivity of this arylation reaction.*
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Scheme 4 Pd-catalyzed C-H arylation directed by picolinamide in the presence of
BINOL-phosphoric acid catalyst.

Fig. 4 Optimized geometries of two lower diastereomeric transition states.

Detailed mechanistic investigation revealed that the C —H activation is
the rate as well as stereoselectivity determining step wherein the chiral phos-
phate is considered as bound to the Pd center. The energy difference
between the stereocontrolling TSs was found to be 3.2kcal/mol, in favor
of the (S) enantiomer of the product. A T-shaped geometry between the
phenyl ring of the substrate and the naphthyl of (R)-BINOL phosphate leads
to an edge-to-face aryl-aryl and C — H---x interaction, which was found to
be responsible for the observed enantioselectivity (Fig. 4). In the higher
energy TS geometry, the phosphate ligand was perpendicular to the square
planar region of the Pd(IT) complex. As a consequence, the aforementioned
C — H---m was absent. In contrast, the ligand was found to remain coplanar
with the square planar Pd(II) complex in the lower energy TS that facilitates
the C—H--x interaction between the ligand and the substrate (Fig. 4). In
addition, the lower energy TS has an edge-to-face aryl-aryl interaction,
which is missing in the corresponding higher energy TS. Additional com-
putations, without the phenyl ring on the substrate, diminished the energy
difference between the two TSs to halfa kcal/mol. On the basis of this, it was
proposed that the interaction between the chiral phosphate and the substrate
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amounts to 2.7kcal/mol. These observations suggest that the weak
noncovalent interaction between substrate and the catalyst plays a direct role
in rendering enantioselectivity in this benzylic C —H arylation reaction.

4. Desymmetrization of three-substituted oxetanes

In the examples presented thus far, the role of certain vital noncovalent
interactions in the stereocontrolling TSs has been highlighted. Often, the
presence of a large number of such weak interactions in a TS make it rather
difficult to attribute the origin of observed stereoselectivity to only one pri-
mary factor. Following is an example of an oxetane desymmetrization by
using SPINOL derived phosphoric acid.*' The ring opening of three-
substituted phenyloxetanes by mercaptobenzothiazole as the nucleophile
can furnish products bearing a quaternary stereocenter (Scheme 5).*2 Com-
putational investigations by the Wheeler group provided valuable insights
on the origin of stereoselectivity for four different substrate variations with
ees ranging from 77 to >99.*

The reaction is proposed to proceed through an Sn2-type mechanism
wherein the addition of the nucleophile and the ring opening of oxetane
were found to occur simultaneously. In the case of un/mono-substituted
phenyloxetane, the energy difference between the two stereocontrolling
TSs was found to be 1.6kcal/mol which corresponds to 87%ee, and is in
excellent agreement with the experimental value of 88%. The interaction
energy (as obtained using the distortion-interaction analysis) between the
substrate and the catalyst was found to be primarily responsible for the
stereoselectivity. More efficient C —H---7 interaction led to enhanced sta-
bilization of the lower energy TS (Fig. 5). A reduction in the extent of
stereoselectivity (Yoee=77) was noted upon inclusion of a methyl substituent

R! 1
Phe 5. PA (2.5 mol% " Ph
. i zemm g
O % N CHClI, (0.1 M), rt N o
4 3 OH
.O R1 R'=H R2=H
/P\

R2 R'=Me R?=H
R3 R'=0H R?=H

Q R4 R'= OH R2?=5-OMe
Ar

(R)-PA Ar = 8-anthryl
Scheme 5 Desymmetrization of three-substituted oxetanes catalyzed by
phosphoric acid.
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at the 3rd position of the phenyl oxetane (R2). Whereas the C—H---mwinter-
action played a critical role in determining the enantioselectivity of the
unsubstituted phenyl oxetanes R1, the C—H-O interaction between
methyl substituent and phosphoric acid was found to be more important
in the case of 3-methyl phenyl oxetane R2 (Fig. 5).

Improved enantioselectivity of 97% was noticed when a—OH group (R3)
is introduced at the 3-position of phenyl oxetane. The O —H---O hydrogen
bonding interaction between the ~OH group of the phenyl oxetane and the
phosphate oxygen was found to provide additional stabilization to the lower
energy TS by 4.3kcal/mol (computed %ee =>99). A further improvement
in enantioselectivity was reported upon substituting the 5-position of
mercaptobenzothiazole with an —OMe group (R4) (experimental and com-
puted %ee = > 99). Relatively larger distortion of the catalyst was noted in the
TS with substrate R4. Among the noncovalent interactions, the more favor-
able O —H---O interaction between the —OH group of phenyl oxetane and
the catalyst as well as the m-stacking between the nucleophile and catalyst was
found to be more prominent in the lower energy TS (Fig. 5).

From the above examples it is clear that the mode of stereoinduction
changes even with a small variation in the structure of the catalyst, making
it difficult to give a generalizable stereochemical model.

5. Enantioselective heck matsuda arylation

The asymmetric synthesis of complex targets has been successfully
achieved using transition metal catalyzed cross-coupling reactions.”* As a
typical variant of coupling reactions, we present an interesting Heck —
Matsuda reaction as shown in Scheme 6. In this dual catalytic reaction,
Pd,(dba)s is used as a transition metal catalyst in conjunction and a BINAM
derived phosphoric 1cid as an organocatalyst, for the arylation of olefins by
aryl diazonium salts.*> This example assumes additional significance owmg
to the scarcity of asymmetric variants of Heck —Matsuda coupling. ™
Recently, an enantioselective Heck — Matsuda coupling was reported under
chiral anion phase transfer conditions usmg aryl diazonium salts with BDPA
catalyst bearing Ar=4-adamantyl-Cg H,.*” Another fascinating example of
the enantioselective Heck —Matsuda arylation of spirocyclic cyclopentene
with 4-fluorophenyldiazonium tetrafluoroborate using a catalytic dyad con-
sisting of Pd,(dba); and BINAM derived phosphoric acid is shown in
Scheme 6. We investigated the mechanism and the origin of stereoselectivity
with a goal of predicting the emntloselectlv:ty with catalysts/substrate

variations that were not reported earlier.*®
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Scheme 6 A dual-catalytic enantioselective Heck-Matsuda arylation of spirocyclic pen-
tene with Pd;(dba); and BDPA catalyst.
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Fig. 6 Noncovalent interactions observed in the two lower energy diastereomeric
migratory insertion TSs. Stacked colored blocks are provided for an easier comparison

of the number of types of NCls.

A detailed computational investigation was undertaken first to learn that
the migratory insertion of the Pd-bound aryl group to the alkenyl moiety in
the Pd-aryl intermediate (formed through the oxidative insertion of Pd(0)
on the diazonium salt) is the enantiocontrolling step. The aryl group migra-
tion to the si face of the spirocyclic alkene giving the R enantiomer of the
product was found to be marginally preferred over that to the re face. The
Gibbs free energy difference between the two diastereomeric TSs was found
to be 0.5kcal/mol, which corresponds to %ee of 39. The lower energy
TS is dominated by various noncovalent interactions such as O —H--m,
C—H.--O, C—H--x, lone pair---x, and C—F---x (Fig. 6).
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On the basis of the molecular insights gathered from one and only one
experimentally known example of a low ee of 34%, the authors set out to
perform a series of modifications and predicted how the %ee would vary.
These modifications were aimed at changes to the nature of the N-aryl
substituents as those interacted with the substrate and exhibited differential
interaction between the re and si face migration. Computations on three
newly modified catalysts (C2, C3, C4) keeping the substrate combination
same (Scheme 6) showed a modulation in the ee. By changing the 4-aryl
substituent of N-aryl group to diisopropoxy (C4), mesityl (C2) and
adamantyl (C3), a greater number of effective noncovalent interactions
were seen in the stereocontrolling TSs leading to an increase in the com-
puted %ee to 89. A number of experiments were subsequently performed
based on the computational predictions and good agreements were
observed.

The example described above is an interesting demonstration of how the
knowledge of noncovalent interactions in the stereocontrolling transition
states could be harnessed in asymmetric catalysis and help in the design of
new chiral catalysts or ligands.

6. Enantioselective synthesis of indoles

In nature the indole ring is seen as one of the most ubiquitous hetero-
cycle and therefore an important component in pharmaceuticals.d'9 The
Fischer indole synthesis is an important reaction to obtain indoles from
phenylhydrazine and an aldehyde or ketone under acidic conditions.>
The mechanism involves the formation of phenylhydrazone followed by
rearrangement to ene-hydrazine. After protonation of the phenyl nitro-
gen, a [3,3]-sigmatropic rearrangement gives an imine. The next step
includes the formation of a cyclic aminal, and eliminating NHj; leads to
the favorable aromatic indole. Scheme 7 shows SPINOL-phosphoric acid
catalyzed enantioselective synthesis of indoles.”’ Wheeler and co-workers
have studied the enantioselective step of the reaction to quantify the role of
noncovalent interactions.>

Authors found that the [3,3]-sigmatropic rearrangement was the
stereoselective step. The TS leading to the (R) enantiomer of the product
was found to be 2.7 kcal/mol higher in energy than that corresponds to the
(S) enantiomer. In the lower energy TS, two N —H---O hydrogen bonding
interactions between the protonated substrate and the catalyst were found as
compared to only one such interaction in the higher energy TS (Fig. 7). The

stacking interactions between the substrate and anthracenyl group were found
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Scheme 7 Enantioselective synthesis of indoles catalyzed by SPINOL derived
phosphoric acid.

Fig. 7 The stereocontrolling [3,3]-sigmatropic rearrangement transition states showing
the important noncovalent interactions. Stacked colored blocks are provided for an
easier comparison of the number of types of NCls.

to provide preferential stabilization to the higher energy TS. Furthermore, the
lower energy TS exhibited C—H--x interactions between (a) the cyclo-
hexenyl and the anthracenyl groups and (b) aromatic C —H bonds of the phe-
nyl of the phenylhydrazine and the anthracenyl group (Fig. 7). These
C — H---t interactions in the lower energy TS more than compensates for
the favorable 7 stacking interactions noted in the higher energy TS. The sub-
strate could not fit well into the binding pocket of the chiral catalyst due to
lack of these favorable C — H---1t interactions while maintaining the & stacking
interactions in the case of the higher energy TS. '
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7. Asymmetric a-allylation of aldehydes

The preceding examples in this article described how the noncovalent
interactions influence the stereoselectivity in a select set of transition metal
catalysis controlled by a chiral ligand™ or organocatalysts interacting with
the substrate by various noncovalent interactions.”® An obvious extension
of these two independent and well-developed forms of catalysis is to exam-
ine the implications when two chiral catalysts are engaged in the same reac-
tion under one-pot conditions. Here, the cooperative catalysis comes into
picture where the electrophile and the nucleophile are separately activated
by two catalysts.”® Many interesting examples of cooperative catalysis can
also be found in Nature.>® One such example of asymmetric dual catalysis
employing a combination of organo- and transition metal catalysis is shown
in Scheme 8A.%7 In our recent efforts, we investigated the mechanism and
the origin of stereodivergence in this dual catalytic reaction.”®

2 mol% [|r£/con)(:|z] o H Ph o H Ph
0 8 mol% P1 B + %
/L%/Ph OH 10 mol% C1 H R) (R) F H ) Z
H + - %
i Ph/j\/ CClyCOOH, DCE Me Ph Mé Ph
25°C, 24h Major Minor
e
o, & B
N
H
Owp__ R
o B=—N | (R)
ke (L
N - NH,
P1 [ ] ©
.
o
B

Cinchona-enamine
Ir-n-allyl "nucleophile”
“electrophile”
Scheme 8 (A) Asymmetric a-allylation of an aldehyde employing phosphoramidite and
cinchona dual chiral catalysts, (B) Ir —z-allyl complex, and (C) cinchona-enamine complex.
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The reactants include an aldehyde and an allyl alcohol. The chiral cin-
chona catalyst activates the aldehyde by forming an enamine (Scheme 8C).
The allyl alcohol is activated by the trifluoroacetic acid in the presence of
a chiral iridium-phosphoramidite catalyst to give Ir-m-allyl complex
(Scheme 8B). Both the activated substrates can now participate in C—C
bond formation through their prochiral faces to give two chiral carbon cen-
ters. The C — C bond formation TS between the prochiral faces of nucleo-
phile and electrophile can lead to four product stereoisomers that differ in
their configurations. For instance, the combination of (R)-phosphoramidite
and (R,R)-cinchona leads to the (2R,3R) product. An inversion in config-
uration at the o stereocenter was observed by using (S,S)-cinchona. On the
other hand, the stereocenter at the P carbon could be inverted by using
(S)-phosphoramidite. To gain insights into the origin of stereodivergence
for different catalyst combinations, the stereocontrolling C—C bond
formation TSs were located.

The optimized geometries of C — C bond formation TSs for the catalyst
combination (R,R)-cinchona and (R)-phosphoramidite are given in Fig. 8.
The lower energy TS involves the addition of the re face of cinchona
enamine to the si face of Ir-w-allyl intermediate, leading to (2R,3R) product.
The TSs with si-si and si-re modes of addition was respectively found to be
3.3 and 7.6 kcal/mol higher than the re-si mode of addition. This indicates
high enantio- and diastereoselectivity, which was the case with the exper-
imental observation. As with the previous examples presented in this com-
pilation, a good number of weak noncovalent interactions such as C —H---m,
-7, lone pair---w, N---H, Cl---H were identified in the lower energy TS.
Among these the most critical ones are (a) 7 stacking interactions between
the quinoline arm of cinchona and the phenyl ring of allylic substrate,
(b C—=Him interactions between the azepine olefinic C —H and the phe-
nyl ring of the enamine. These interactions were found to be lesser in num-
ber and weaker in strength in the higher energy TS. In addition, in the
higher energy TSs the disposition of the quinoline arm of cinchona was
not suitable to afford a 7 stacking interaction.

From all the examples presented in this article, we can conclude that the
knowledge of noncovalent interactions in the stereocontrolling TSs can help
in improving the scope and efficiency of asymmetric transformations. The
cumulative impact of a series of noncovalent interactions can become a crit-
ical control element in asymmetric catalysis. Hence, the analysis of such weak
interactions in the stereocontrolling transition states as described earlier in the
carlier sections, gains additional significance. The way forward evidently

encourages one a rethink on qualitative steric-only transition state models.
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8. Summary and outlook

Steady improvements in computing technology, ably complemented
by the availability of more efficient versions of density functional methods,
have made computational studies increasingly more amenable on larger
molecular systems. In the domain of asymmetric catalysis, these benefits
are expressed in the form of our ability to derive valuable insights on the
energetics of catalytic transformations, access to geometric and electronic
details of various intermediates and transition states. Most important of all
such computations in asymmetric catalysis is about the stereocontrolling
transition states. One can decipher the presence of weak noncovalent inter-
actions and learn how they exert a vital influence in determining the relative
energies of transition states responsible for the formation of different enan-
tiomers. Molecular level understanding of such transition state could be
exploited as a rational framework toward modifying the existing catalyst
and also in the choice of suitable substrates in the development of asymmet-
ric catalysis. While the traditional use of computational tools for rationalizing
experimental observations continues to address complex reaction mecha-
nism problems, the current trends also indicate the power of such methods
in guiding development of new experiments. We believe that in the near
future we would witness more activities in this front where computational
predictions could go hand in hand with experimental discovery of asymmet-
ric catalysts, and perhaps even afford predictions for tangible experimental

verification.
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