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Introduction

The development of new stereoselective reactions is an ex-
tremely active area of research. Surprisingly, few mechanis-
tic methods have been designed to probe the mechanistic
features that are unique to stereoselective reactions. Of par-
ticular interest are the physical interactions that serve to
break symmetry in proceeding from the reactant to the tran-
sition state on the reaction coordinate. A simple view from
which to approach this problem is that stereoselection is
mediated by a compromise between favorable orbital over-
lap and steric repulsion in the transition state. With that
view in mind, we require a tool that is capable of measuring
how the forces around atoms of interest change as a reac-
tant traverses the reaction coordinate. Kinetic isotope ef-
fects (KIEs) yield precisely this information.

KIEs are capable of elucidating reaction mechanisms at a
number of different levels of detail. At the simplest level,
KIEs can serve to identify the rate-limiting step in a mecha-
nism or eliminate or corroborate candidate mechanisms.[1]

At a more detailed level, KIEs can be used to understand
changes in bonding and environment that occur at the tran-
sition state, including discrete changes in bond order, hyper-
conjugation, and steric repulsion.[2] Computational transi-
tion-structure models that employ density functional theory
have been enormously successful in computing KIEs that
are in excellent accordance with experimentally determined
values.[3] These models serve as a tool by which the physical
origins of KIEs in stereoselective reactions can be further
explored.

To probe the symmetry-breaking process inherent to the
enantioselective reactions described below, an essential
design feature is required. Enantiotopic groups are em-
ployed within the reactant. At the transition state, these
groups become diastereotopic, and, as a consequence, expe-
rience distinct environments (Scheme 1). Enantiotopic

groups that reside close to the nascent stereogenic center
can be used to understand how transition structure trans-
lates into stereocontrol. Because KIEs are typically very
sensitive to transition structure, these measurements can be
used to understand electronic, steric, and other effects. Re-
sults from these experiments have led us to try to better un-
derstand the physical signatures of nonbonding interactions.
This Concept summarizes our efforts over the past three
years to develop methods for mechanistic inquiry into asym-
metric reaction mechanisms and to understand the physical
determinants of stereoselection.

How KIEs Inform Mechanism

KIEs measure the extent to which changes in isotopic iden-
tity at a given position in a reactant molecule affect the
rate.[4] Not surprisingly, the effects of isotopic substitution at
positions where bonds are broken or formed can be sizable.
In fact one of the most frequent applications of KIEs has
been as a tool for the corroboration or rejection of mecha-
nistic schemes. Isotope effects that occur where bonds are
broken or formed are known as primary KIEs. In addition
to aiding in the identification of rate-determining steps and
helping to create and refine mechanistic schemes, primary
KIEs have been indispensible tools in understanding tunnel-
ing[5,6] and dynamical phenomena.[3f,g,7]

Primary (18) KIEs occur at sites where bonding changes
(i.e., bond breakage or formation) occur. A simple model
for the origin of 18 KIEs is shown in Figure 1. In this simple
model, an example utilizing the stoichiometric DIP-Cl re-
duction is provided. The isotope effect arises because of the
difference in zero-point energies in the reactant C�H(D)
stretches for the positions denoted in bold text. As the reac-
tant proceeds along the reaction coordinate, a point is
reached at which the transferred hydride(deuteride) has no
restoring force, thus making the frequency corresponding to
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Scheme 1. Groups that are enantiotopic in the reactant become diaste-
reotopic in the transition state, such as in this DIP-Cl (B-chlorodiisopino-
campheylborane) reduction example. IPc = isopinocampheyl.
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its motion imaginary. This defines the unstable vibrational
mode at the transition state. Because this mode has no zero-
point energy, the difference in the free energies of reaction
arise from the differences in zero-point energy within the
C�H(D) bonds in the reactant, DIP-Cl. This difference
causes protiated DIP-Cl reductant to react at a greater rate
than [D2]DIP-Cl reacts. This model is only a first-order ap-
proximation, but it explains why primary KIEs are normal
(i.e., klight/kheavy>1). A model that refines this view by taking
into account transverse vibrations that compensate zero-
point energy in the transition state has been developed by
Westheimer.[8] The effect of compensatory zero-point energy
contributions in the transition state is an overall attenuation
in the observed primary KIE. An additional effect, tunnel-
ing, has been shown to significantly amplify primary KIEs
over what would be expected from simple zero-point energy
effects. Primary KIEs are also frequently observed at heavy
atom (C, N, O, Cl) positions and are helpful in identifying
the rate-limiting step in a reaction.[9]

Secondary (28) KIEs are typically more subtle than pri-
mary KIEs; however, they can be more useful in developing
cogent models of transition structure. This is largely because
they can typically originate in a number of positions and can
reflect changes in vibrational force constants arising from a
number of physical phenomena. Although it is something of
an oversimplification, the origin of secondary KIEs will be
explained as if the vibrational modes being affected by iso-
tope substitution are orthogonal to the reaction coordinate.
Figure 2 illustrates the concept of a 28-2H KIE arising from
steric repulsion developing in the DIP-Cl reduction transi-
tion state. The force constants describing C�H stretching
modes become tighter in the indicated pro-S position. This
results in a greater increase in zero-point energy for isotopo-
logues possessing the CH3 (versus CD3) group in proceeding
from reactants to the transition state. This effectively makes
the free energy of activation higher for the protiated isoto-
pologue, resulting in an inverse (i.e. , klight/kheavy<1) 2H KIE.
A metaphor for this situation is the sumo match illustrated
in the frontispiece. In fact, 2H KIEs resulting from steric in-

teractions are inverse, as would be expected from this
simple model.[10] Of course, secondary KIEs can also be
normal (i.e., klight/kheavy>1). A metaphor for normal KIEs is
the foot race illustrated in the frontispiece. Normal secon-
dary 2H KIEs typically arise from situations in which C�
H(D) bonds donate hyperconjugatively into unfilled orbi-
tals,[11] or there is a decrease of p character at an atom bear-
ing the isotopically substitution (i.e. , sp3!sp2 or sp2!sp),[12]

or in conversions of olefinic positions to radical-bearing cen-
ters.[13] In the first case listed above, it is the C�H(D)
stretching frequencies that are most affected. In the cases of
hybridization change or the development of a radical center,
it is out-of-plane vibrations and torsional motions, respec-
tively, that have reduced force constants in the transition
state.

The research described herein seeks to utilize both experi-
ment and theory in concert to elucidate the origins of ster-
eoselection. KIE measurements are nothing more than rela-
tive rate measurements. As such, KIEs are determined en-
tirely by differences in the free energies of activation for the
isotopologues or isotopomers being compared. The transi-
tion state is really an ensemble frequently composed of con-
formationally similar structures. Calculations of KIEs often
make the assumption that the transition state can be reason-
ably well represented by the appropriate first order saddle
point upon the potential energy surface. By and large, this
approximation works well in most cases and has been dem-
onstrated to be widely applicable. Situations can arise, how-
ever, when this approximation is a poor one. In some cases
variational effects due to zero-point energy differences
among isotopologues can alter the effective dividing surface
that separates reactants and products such that the first-
order saddle point is somewhat distant from the dividing
surface.[14,15] Furthermore, the dividing surface can strongly
depend upon isotopic substitution. Another difficult class of
cases is those for which no first-order saddle point exists in

Figure 1. Simple model for primary 2H KIEs resulting from differences in
zero-point energy in the reactants.

Figure 2. Simple model for secondary 2H KIEs resulting from differences
in zero-point energy in a vibrational coordinate that is orthogonal to the
reaction coordinate.
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the trajectory from reactant(s) to product(s). In these “bar-
rierless” reactions, the free energy of activation is complete-
ly entropic.[16] Another potential complication is solvent fric-
tion, which can give rise to isotope-dependent transition-
state recrossing.[17,18] This effect is likely to be especially
problematic in systems in which proton or hydride transfer
occurs. Finally, dynamic corner cutting has been identified in
a few gas-phase systems. This phenomenon results from con-
formational sampling due to excess (or even zero point) vi-
brational energy residing in the reactant that allows the tra-
versal of the dividing surface between reactants and prod-
ucts at a point distant from the first-order saddle point.[19,20]

In spite of the potential complications arising from the use
of transition structures or first-order saddle points to de-
scribe the transition state, it appears to be a robust approxi-
mation in most cases.

Steric Repulsion and Stereoselection

One of the most evident guiding principles in predictive
models of stereoselection is that the major stereochemical
pathway proceeds through a transition state in which steric
repulsion is minimized. This design feature is illustrated
very clearly for aldol reactions that utilize Z-boron enolates
as nucleophiles[21] (Scheme 2 A) and Claisen rearrange-

ments[22] (Scheme 2 B). In these models, the avoidance of re-
pulsive 1,3-diaxial interactions in a chairlike transition state
and eclipse strain resulting from boatlike transition states,
respectively, determines the major stereochemical pathway.
In addition to the two particularly clear examples men-
tioned above, there are numerous specific and general
models that employ the avoidance of steric repulsion as a
guiding principle.[23–30] While it is widely accepted that the
avoidance of unfavorable steric interactions is a key deter-
minant of stereoselection, it is not clear how closely bal-

anced steric repulsion and various orbital overlap interac-
tions are. Such considerations are essential to understanding
the degree to which electronically favorable arrangements
of atoms can be perturbed by steric interactions without sac-
rificing stereocontrol.

Steric Repulsion and KIEs

Each of the models for predicting stereochemistry men-
tioned above incorporates the avoidance of significant steric
repulsion as a fundamental design feature.[23–30] Deuterium
KIEs offer a direct method for probing steric repulsion.
Steric 2H KIEs originate from quantum mechanical differen-
ces in the vibrational wavefunctions of C�H and C�D
bonds. Considering the quantum nature of C�H(D) bonds,
C�D bonds are effectively shorter than C�H bonds for two
reasons (Figure 3): The first cause of disparity in C�H and

C�D bond lengths arises because of the anharmonic nature
of the vibrational wells that describe C�H stretching modes.
Because the zero-point energy for the C�H bond is signifi-
cantly higher than that for the C�D bond, the average dis-
tance of the hydrogen from the carbon center is greater
than that for deuterium.[31] The other origin of disparities in
C�H and C�D bond lengths arises from the relative widths
of the ground state C�H and C�D stretching wavefunc-
tions.[32] The smaller reduced mass associated with C�H
stretching vibrations translates into a more disperse wave-
function. Conceptually, this can be thought of in terms of
the lighter particle having more wavelike character than the
heavier particle. These two factors, shown in Figure 3, con-
tribute to the C�D bond being shorter than the C�H bond
when all other factors are equivalent. This, in turn, trans-
lates into the CD3 group having a smaller effective volume
than the CH3 group.

Early work on steric isotope effects utilized intramolecu-
lar conformational changes (Scheme 3) that possess, by

Scheme 2. Model transition structures for major and minor stereochemi-
cal pathways in A) aldol reactions using Z-boron enolates as nucleophiles
and B) a Claisen rearrangement. TS= transition state.

Figure 3. Anharmonicity in C�H(D) bonds results in the C�H bond
having a greater steric presence through differences in average bond
length (< r> ) and differences in wavefunction dispersion, s(r). Offset of
< rD> from the peak of the probability distribution for the C�D bond is
the result of asymmetry due to increased sampling of the more anhar-
monic part of the potential.
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design, extremely frustrated transition structures.[33–36] All of
these systems yield significant inverse 2H KIEs. Later meas-
urements of steric kinetic isotope effects[37,38] and steric equi-
librium isotope effects (EIEs)[39] have also reported inverse
values. Also of note is a simple but clever set of recent ex-
periments reported by Dunitz and Ibbertson.[40] Using
powder X-ray diffraction measurements, they computed the
volume of the unit cells of crystalline C6H6 and C6D6 at vari-
ous temperatures and found that C6H6 is effectively “larger”
than C6D6 below 165 K with the trend reversing above
165 K. As the above example suggests, nonbonding interac-
tions other than steric repulsion can contribute to KIEs. At-
tractive dispersion forces, for example, contribute a normal
contribution to observed KIEs and EIEs.[41]

Enantioselective Reductions

To begin our work in looking specifically at mechanistic
questions relevant to asymmetric reactions, we approached
the stoichiometric DIP-Cl reduction of prochiral ketones in
which the mechanism and paradigm for stereoselection were
easily apprehendable and well established (Scheme 4).[42–44]

In this system, a nominally boatlike, six-membered cyclic
transition structure mandates that the small group (RS) on
the prochiral ketone is proximal to the axial methyl group
in the participating isopinocampheyl group. To begin this
work, we utilized a probe molecule (1) that is reduced by

DIP-Cl with very high stereose-
lectivity (>99 % enantiomeric
excess (ee)). The isopropyl sub-
stituent, serving as RS, possesses
two prochiral methyl groups.
The isopropyl group is an excel-
lent probe substituent, since the
prochiral methyl groups are not
situated in a way that allows
them to donate into an unfilled
orbital in the reactant or transi-
tion state, thus removing the
possible contribution of hyper-
conjugation to the measured 2H
KIE.

The method we employed to
measure 2H KIEs at the enan-
tiotopic methyl groups in 1 is

shown in Scheme 5.[45] This method utilizes two separate
competition experiments to arrive at the desired 2H KIEs at
each enantiotopic group. The first competition experiment

utilizes a racemic mixture of (R)-[D3]1 and (S)-[D3]1
(Scheme 5 A). The rate constant ratios are obtained by per-
forming a high-conversion (�80–90 %) reduction on the
racemic mixture. Reisolated starting material is then en-
riched in the isotopomer that reacts more slowly. Of course,
because the isotopic label resides at an enantiotopic posi-
tion, it is impossible to distinguish the two isotopomers by
NMR spectroscopy. To distinguish between the two iso-
topomers, we perform a desymmetrization using the same
highly stereoselective conversion being studied or another
conversion that proceeds with high enantioselectivity. In the

Scheme 3. Steric 2H KIEs measured in classic systems are significant and inverse.

Scheme 4. Qualitative transition structure models for A) favored re
attack and B) unfavored si attack in the DIP-Cl reduction system.

Scheme 5. The method for measuring 2H KIEs at enantiotopic groups uti-
lizes two competition reactions to yield A) KIER and B) KIEP.
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study of the DIP-Cl reduction, we employed the CBS
(Corey–Bakshi–Shibata) reduction as a means of desymme-
trizing the reisolated starting material. This choice was
based on the fact that the CBS reduction is catalytic and the
alcohol product is more easily isolated. After desymmetriza-
tion, the previously enantiotopic groups become diastereo-
topic and can be differentiated by NMR spectroscopy. We
often employ 1H NMR spectroscopy to measure the absence
of 2H label rather than employing 2H NMR spectroscopy to
measure the amount of label in the diastereotopic positions.
These measurements provide the ratio of (R)-[D3]1 to (S)-
[D3]1. Using Equation (1), we can then compute the rate
ratio for the conversion of these two isotopomers from the
fractional conversion (F) and the ratio of (R)-[D3]1 to (S)-
[D3]1 in the reisolated starting material (R). The resulting
rate ratio (KIER) can then be expanded into the ratio of the
2H KIEs at each enantiotopic position [Eq. (2)].

kðSÞ-½D3 �1

kðRÞ-½D3 �1
¼ ln 2 1� Fð Þ= 1þ 1=Rð Þ½ �

ln 2 1� Fð Þ= 1þ Rð Þ½ � ð1Þ

kðSÞ-½D3 �1

kðRÞ-½D3 �1
¼ k1

kðRÞ-½D3 �1
=

k1

kðSÞ-½D3 �1
¼ KIER ð2Þ

To algebraically abstract the 2H KIEs upon both enantio-
topic groups, we need the product of the 2H KIEs at both
positions. This can be obtained by using a competition reac-
tion that employs a mixture of 1 and [D6]1 (Scheme 5 B).
The rate ratio for the isotopologues can be obtained (as
before) by using a competition reaction. Starting material
consisting of a known ratio (R0) of 1 to [D6]1 is taken to
high conversion (�80–90 %). The reisolated starting materi-
al is then analyzed by using 1H NMR spectroscopy to deter-
mine the ratio of 1 to [D6]1. This ratio (R), the initial ratio
of 1 to [D6]1 (R0), and the fractional conversion (F) are then
used as inputs into Equation (3) to compute the product
KIE, KIEP. Under the assumption of the rule of the geomet-
ric mean, this value is simply the product of the 2H KIEs at
each enantiotopic position [Eq. (4)].[46] The final 2H KIEs
upon each enantiotopic position can be computed by using
the expressions given in Equations (5) and (6). It should be
noted that, in principle, it would be possible to obtain KIEP

and KIER by measuring fractionation (R) in the product of
a low conversion reaction. We chose the method above
largely because we anticipated that the measured KIEs
would be small, and one can achieve substantially greater
fractionation in the reisolated reactants in high-conversion
reactions than one can in isolated products in low-conver-
sion reactions.[4]

k1

k½D6 �1
¼ ln 1þ 1=R0ð Þ 1� Fð Þ= 1þ 1=Rð Þ½ �

ln 1þ R0ð Þ 1� Fð Þ= 1þ Rð Þ½ � ð3Þ

k1

k½D6 �1
¼ k1

kðRÞ-½D3 �1
� k1

kðSÞ-½D3 �1
¼ KIEP ð4Þ

k1

kðSÞ-½D3 �1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KIER �KIEP

p

ð5Þ

k1

kðRÞ-½D3 �1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KIEP=KIER

p

ð6Þ

The resulting 2H KIEs for the DIP-Cl reduction of 4’-
methylisobutyrophenone are shown in Figure 4 A above a
stereoview of the computed transition structure (Figure 4 B).

Three observations are of note: First, the isopropyl group is
oriented toward the axial methyl in the participating isopi-
nocampheyl group. This orientational preference is likely to
be mandated by the favorable overlap between the nascent
sC�H and the methine s*C�H orbitals.[47] Or, conversely, stabi-
lization may arise by donation from the methine sC�H orbital
into the s*C�H orbital of the nascent C�H bond.[48] Second,
the array of the six actively participating atoms in the transi-
tion state is only boatlike in a nominal sense. A more accu-
rate description is that the active atoms undergoing bonding
changes in the transition state occupy a nearly planar ar-
rangement. Finally, it can be seen that the pro-S methyl on
the isopropyl group is in closer proximity to the axial
methyl on the participating isopinocampheyl group. This ob-
servation is consonant with the more inverse 2H KIE ob-
served at the pro-S methyl group. An inverse isotope effect
is observed for both enantiotopic methyl groups. This is
probably due, in part, to the proximity of the pro-R methyl
group to one of the 2’-positions on the substrate itself and to
the axial methyl group on the participating Ipc. These obser-
vations are conceptually self-consistent and emphasize the
synergy that can develop from the use of computational and
experimental techniques.

Having measured 2H KIEs that appear to result largely
from steric interactions, we were determined to extend this
approach to 13C KIEs. Steric 2H KIEs result almost exclu-
sively from perturbation of the zero-point energies. Of
course, the reduced masses associated with the vibrational
manifold of methyl groups include the mass of the carbon

Figure 4. A) 2H KIEs measured for the (�)-DIP-Cl reduction of 4’-meth-
ylisobutyrophenone. B) Stereoview of the computed transition structure
for the same reaction.
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atom. It follows that isotopic perturbation of the carbon
should result in an observed change in the free energies of
activation for different isotopologues. Steric 13C KIEs
should be observable. It is questionable, however, how sig-
nificant these KIEs might be. We designed a method that is
similar in intent to that shown in Scheme 5 for the measure-
ment of 13C KIEs at enantiotopic groups.[49] Because these
experiments are performed at natural abundance, the tech-
nique is less involved than that used to measure 2H KIEs.
Scheme 6 illustrates this method. This method is similar in
intent and execution to that originally developed and ap-
plied by the Singleton[50] research group with one key excep-
tion: The stock starting material and reisolated starting ma-
terial are both desymmetrized prior to quantitative
13C NMR spectroscopic analysis.

The weighted average results from four experiments are
shown in Scheme 7 A for the DIP-Cl reduction. Scheme 7 B
shows the 13C KIEs computed from frequencies computed
from the optimized transition structure (B3LYP/6-31G*).
Not surprisingly, the only substantial KIE resides upon the

carbonyl group. However, there is a statistically significant
normal 13C KIE upon the pro-R methyl position. The abso-
lute value of this result is at variance with expectations, but
the trend is in accordance with 2H KIE measurements. Just
as the 2H KIE at the pro-R position was less inverse (or
more normal), the same trend is observed in terms of rela-
tive magnitude in the 13C KIEs. There are a number of pos-
sible explanations for this behavior. It is possible that there
is a polarization effect operative here that is acting upon the
Cmethine�Cpro-S and Cmethine�Cpro-R bonds as a result of the de-
localization of electron density occurring near the carbonyl.
This polarization effect would result in a loosening of the
C�C bonds, thus contributing a normal component to the
13C KIE. It is also quite possible that the full extent of this
effect cannot be calculated by using methods that do not ac-
curately account for electron correlation. Another possibili-
ty is that dispersion forces are contributing normal compo-
nents to both the 2H and 13C KIEs. It is possible that this
effect is overwhelmed by the inverse steric isotope effect in
the case of the 2H KIEs, but is not overwhelmed in the case
of the 13C KIEs. It is difficult to determine the origins of this
behavior with confidence at this time, since these and meas-
urements upon the CBS reduction (see below) are the only
measurements of their kind in existence.

There are, however, some points of conceptual contact
with the 13C KIE measurements reported herein and studies
upon vibrational frequency shifts observed as a function of
pressure. Frequencies corresponding largely to C�C single-
bond stretches are almost exclusively blueshifted upon the
application of pressure.[51,52] However, heavy-atom bonds
with significant dipoles, such as the C�F bond in CFCl3, the
C=C bond in CH2CCl2, and the C�N bond in CH3CN are
redshifted over a significant portion of the pressure range
explored. Additionally, some multiply bonded C�C stretches
experience redshifts upon the application of pressure.[53, 54] It
is difficult to surmise at present whether these phenomena
are the result of polarization effects, but the discordant be-
havior of single-bonded C�C stretches in ground-state mole-
cules indicates that this is a plausible hypothesis. It is clearly
difficult to compare expectations regarding observed fre-
quency shifts under high applied pressure to KIEs reflecting
vibrational frequency shifts at the transition state; however,
these observations indicate that the potential for other non-
bonding interactions to influence observed KIEs exists.

Stereoselection in the CBS reduction system (Scheme 8)
is less well understood than in the DIP-Cl case described
above.[55,56] Originally conceived by Itsuno et al. as a stoi-
chiometric reductant, the prototype for the CBS catalyst

Scheme 6. Method for measuring 13C KIEs at enantiotopic groups.

Scheme 7. A) 13C KIEs measured for the (�)-DIP-Cl reduction of 4’-
methylisobutyrophenone. B) 13C KIEs computed by using a transition
structure optimized using the B3LYP functional and the 6-31G* basis set.

Scheme 8. The CBS reduction with the variant of the catalyst used here
(inset).
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family did not possess a boroalkyl substituent.[57, 58] Subse-
quent addition of a B-methyl group by Corey and co-work-
ers resulted primarily in an increase in catalyst stability.[59]

Further modifications of the boroalkyl substituent did little
to affect stereoselection in the reduction of a common test
substrate for this reduction, acetophenone.[60,61] Replace-
ment of the prolinol substituents, however, did have sub-
stantial effects upon stereoselection in the reduction of ace-
tophenone[56,61] A final way in which stereoselection can be
controlled is by the variation of the stoichiometric reduc-
tant. This modification presumably works through limiting
the nonselective background reduction.

We measured 2H[62] and 13C[63] KIEs in the CBS reduction
system to better understand the way in which stereoselec-
tion is accomplished. Once again, we employed a probe
molecule (3) in which the small substituent was an isopropyl
group. The aromatic group was chosen such that stereoselec-
tivity was very high (>99 % ee) so that isotopic fractionation
results almost exclusively from a single transition state. A
weighted average of three determinations of 2H KIEs are
shown in Figure 5 A. A stereoview of the favored Si-attack

transition structure (B3LYP/6-31 +GACHTUNGTRENNUNG(d,p)) possessing a
boatlike arrangement of atoms undergoing bonding changes
is shown in Figure 5 B. Arrangements of groups near the
pro-S and pro-R methyl groups are shown in Figure 6 A and
B.

Several conclusions may be drawn from the computed
transition structure and the measured KIEs. First, unlike the
DIP-Cl reduction system, the nascent C�H bond is not anti-
periplanar to the methine C�H bond in the isopropyl group
in the computed transition structure. It appears that this
electronically favorable arrangement is at variance with re-
pulsive steric interactions that would be imposed by the B-
methyl group under such an arrangement. Furthermore, it
appears that the pro-S methyl group, which experiences a
substantial inverse 2H KIE, is proximal to the B-methyl
group. These observations are at some variance with the ob-
servation that changes in the boroalkyl substituent do not
affect enantioselectivity in the reduction of acetophenone.

However, it is clear that 2’,5’-dimethylisobutyrophenone
makes different demands upon the organization of the tran-
sition state. From the transition structure, it can be seen that
prolinol groups and the boroalkyl group may have a role in
stereoselection. Perhaps one of the most surprising observa-
tions is that prohibition of the antiperiplanar arrangement
of the nascent C�H bond and the methine C�H bond forces
the pro-R methyl group to interact with the aryl substituent
in the ketone. In fact, the interactions of the pro-R methyl
group with the 6’-position and the incoming BH3 are be-
lieved to give rise to the dominant inverse 2H KIE observed
in the pro-R position. Finally, the fact that this stabilizing or-
bital interaction is observed in the DIP-Cl transition state,
but not the CBS transition state means speaks to the deli-
cate balance that exists between electronic and steric effects
in stereoselective reactions.

Measurements of 13C KIEs for the (S)-Me-CBS-catalyzed
reduction of 3 are shown in Scheme 9 as weighted averages
of four measurements. As was observed in the DIP-Cl
system, the KIEs at the enantiotopic groups are not inverse
and, in fact, do not differ significantly from unity. This
seems surprising in light of the fact that the inverse 2H KIE
at the pro-R position was substantial. Observation of the
same trends in measured 13C KIEs that are normal or non-
existent in positions where substantial inverse 2H KIEs were
observed serves to highlight the need for a more intensive
look at the origins of these subtle effects. As instrumenta-
tion and methods improve, subtle contributions to KIEs
may serve to better understand the physical processes that
accompany stereoselection.

The experiments described above have begun to shed new
light on exactly how steric interactions enforce stereochem-
istry and how these interactions manifest themselves as ex-
perimental observables. However, these studies have pre-
sented us with a host of unanswered questions that span

Figure 5. A) 2H KIEs measured for the (S)-Me-CBS-catalyzed reduction
of 2’,5’-dimethylisobutyrophenone. B) Stereoview of the computed transi-
tion structure for the same reaction, including the BH3 reductant coordi-
nated to the (S)-Me-CBS catalyst.

Figure 6. Nearest neighbor interactions of the A) pro-S and B) pro-R
methyl groups at the CBS reduction transition state. Distances denote
closest H�H contacts. Full transition structures corresponding to the ar-
rangements in A and B are shown in C and D, respectively.
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from the natures and relative strengths of various nonbond-
ing interactions to questions regarding effective paradigms
for successful asymmetric reagent and catalyst design.

Organocatalysis

Organocatalysis has been one of the most rapidly growing
areas of recent synthetic methodology development.[64] Per-
haps one of the most intriguing examples is that of the ar-
chetypical proline-catalyzed intramolecular aldol reaction
(Scheme 10).[65, 66] Numerous mechanistic proposals have

been forwarded since the first report of this reaction. Like-
wise, investigations of stereoselection in this reaction has
spawned interesting arguments regarding the possible in-
volvement of two (or more) proline molecules in the prod-
uct-determining step.[67, 68] Excellent work by the Houk,[69,70]

List,[71] and Blackmond[72] groups have resolved the question
and find no cogent argument for the participation of more
than one proline. Of course, in asymmetric catalysis, reactiv-
ity provides an important counterpoint to selectivity. In
most aldol and related reactions, C�C bond formation is
presumed to be rate limiting. We began our investigations
into the intramolecular proline-catalyzed aldol reaction with
the hypothesis that C�C bond formation was at least partial-
ly rate determining. This hypothesis was based on the calcu-

lations of Houk and co-workers, who computed the entire
reaction pathway for this reaction and found that, without
the inclusion of a solvent model, enamine formation and C�
C bond formation were likely to be partially rate limiting.[70]

It is reasonable to assume that, if C�C bond formation was
partially or fully rate limiting, the 13C KIEs at each enantio-
topic carbonyl on 5 would be substantially different. This
appeared to be the perfect system in which to use our
method for measuring 13C KIEs at enantiotopic positions.

We measured 13C KIEs upon 5 using the conventional Sin-
gleton method and our method in which the reisolated start-
ing material is desymmetrized prior to quantitative
13C NMR spectroscopic analysis.[73] Surprisingly, we found
no appreciable 13C KIE at either prochiral carbonyl. In fact,
the only position with a substantial 13C KIE was the acyclic
carbonyl (Scheme 11). The implications of this finding are

that the environments of the pro-R and pro-S carbonyls are
not appreciably different until after the rate-determining
step. The absence of a 13C KIE at the methyl group adjacent
to the acyclic carbonyl implies further that enamine forma-
tion is not rate limiting. This limits candidates for the rate-
determining step to carbinolamine formation (Scheme 12 A)
or iminium formation (Scheme 12 B). The key C�C bond-
formation step (Scheme 12 C) is clearly excluded by the ex-
perimental KIEs.

Calculations of 13C KIEs computed from (B3LYP/6-31+

GACHTUNGTRENNUNG(d,p)) optimized transition structures for carbinolamine
formation, iminium formation, and C�C bond formation re-
sulted in the KIEs shown in Scheme 13 A–C, respectively.
These calculations utilized an IEFPCM model for solvent.[74]

The calculations agree closely with the measured values.
However, unfortunately, they do not lead to a clear prefer-
ence for the rate-limiting step. We are currently performing
kinetic measurements to discern between the two tenable
candidates for rate-limiting step.

The surprising findings described above have naturally led
to questions of whether C�C bond formation is rate limiting
in intermolecular proline-catalyzed aldol reactions. Black-

Scheme 9. A) 13C KIEs measured for the (S)-Me-CBS-catalyzed reduc-
tion of 2’,5’-dimethylisobutyrophenone. B) 13C KIEs computed by using a
transition structure optimized using the B3LYP functional and the 6-31+

G ACHTUNGTRENNUNG(d,p) basis set.

Scheme 10. Archetypical intramolecular proline-catalyzed aldol reaction.

Scheme 11. Experimentally determined 13C KIEs measured using A) the
Singleton method and B) the method presented herein that distinguishes
between enantiotopic groups.
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mond and co-workers recently reported a study that sug-
gests that C�C bond formation is, in fact, rate limiting in the
intermolecular proline-catalyzed aldol.[75] These findings are
not entirely surprising, considering that the effective concen-
tration of the nucleophilic enamine in the intramolecular re-
action should substantially lower the free energy of activa-
tion for C�C bond formation. As future organocatalytic
strategies evolve for the transfer of chirality, simultaneous
control of reactivity and selectivity will continue to be im-
portant design features. Our work on the intramolecular
proline-catalyzed reaction represents a link in a continuous
chain of valuable mechanistic work in this area. As organo-
catalysis continues to develop, it is important that a dialogue
is established between the fields of synthetic methodology
and mechanistic organic chemistry.

Summary and Outlook

We have illustrated some of the considerations that one
must bear in mind when tailoring the development of mech-
anistic tools to questions involving stereochemistry. Like-
wise, we have illustrated two KIE methodologies that are, in
conjunction with computational work and other kinetic
treatments, capable of probing the process of stereoselec-
tion. While these methods have only recently come into
being and have been applied to only a few systems, trends
are emerging. We have begun to understand the magnitudes
of observable 2H KIEs that appear to result from steric in-
teractions. We have gained some insight into difficulties sur-
rounding the calculation of steric 2H KIEs from harmonic
force constant calculations. And, we have started to cali-
brate the fine energetic balance between steric and electron-
ic directing forces. As the methods described within are ap-
plied to a broader range of systems, our understanding of
the physical process of stereoselection will become deeper,
which allows more facile design of new stereoselective reac-
tions.

The synergy between computational chemistry and KIE
studies cannot be overstated. Comparisons between comput-
ed and experimental 13C KIEs offer unique opportunities to
validate transition-structure models. In the asymmetric re-
ductions studied herein, we have started to understand how
experimentally validated transition structures differ from

Scheme 12. Reaction steps and transition-structure models corresponding to A) carbinolamine formation, B) iminium formation, and C) C�C bond for-
mation.

Scheme 13. Computed 13C KIEs for rate-determining A) carbinolamine
formation, B) iminium formation, and C) C�C bond formation. These
values were computed from transition structure and reactant models opti-
mized at B3LYP/6-31 +G ACHTUNGTRENNUNG(d,p) using an IEFPCM model for solvent.
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canonical chair- and boatlike transition structures. We have
also begun to comprehend the distance scale at which steric
interactions occur in these reactions. We have also uncov-
ered surprising aspects of reactivity in the intramolecular
proline-catalyzed aldol reaction. The effective concentration
of the enamine nucleophile about the electrophilic carbonyl
appears to lower the free energy of activation to a level that
removes this step from participation in rate determination.

As the mechanistic investigation of asymmetric reactions
progresses, ways of expanding the scope of traditional mech-
anistic methods, such as linear free energy relationships to
elucidate mechanistic features of asymmetric reactions can
also be expected to play a key role. The Sigman research
group[76–79] (among others[80]) has been active in using linear
free energy relationships to probe asymmetric reactions.
New enabling technologies also promise to facilitate future
mechanistic work. Given the prominent role of nonbonding
interactions in determining the stereochemical course of a
reaction, new density functionals that contain corrections
for nonbonding interactions will aid in meaningful compari-
sons of experimental and computational work.[81–83] Like-
wise, the development of cryoprobes can be expected to aid
NMR spectroscopy based studies of reaction mechanism.
Bennet and co-workers have applied cryoprobes to great
effect to achieve in situ monitoring of reaction progress as a
function of isotopic label in enzymes.[84] The creative expan-
sion of classical methods and the development of enabling
technologies promises to facilitate mechanistic study span-
ning the gamut from asymmetric small molecule reactions to
enzyme-catalyzed reactions.

The opportunities are nearly endless for the application of
the methods reviewed herein. As new forays are made into
challenging stereoselective reactions, the need to understand
the physical processes at work grows. Our future efforts will
be shaped by two guiding principles: 1) the intent to under-
stand KIEs in terms of the physical forces that are operative
at the transition state and 2) the intent to aid the develop-
ment of new stereoselective reactions. First, we seek to un-
derstand the physical origins of isotope effects that originate
from nonbonding forces. These efforts will rely upon further
experimentation and the development of new methods for
the reliable calculation of steric 2H KIEs. We intend to look
at systems in which extreme steric demands develop at the
transition state. These studies seek to determine the condi-
tions necessary to measure 13C KIEs that unequivocally orig-
inate from steric repulsion. We also plan to develop correc-
tions for vibrations that are impacted by steric repulsion
based on calculations designed to probe the effects of anhar-
monicity upon vibrational energy levels. Fulfillment of our
second broad goal will involve the development of general
techniques that are capable of measuring KIEs that result
from both major and minor reaction pathways. This feature
will make the new technique applicable to reactions in
which only moderate stereoselectivity is observed. Experi-
mentally validated computational models can then be used
to aid future reaction design efforts. The development of
new stereoselective reactions has always depended upon

mechanistic insight. We hope that the mechanistic methods
described herein and those currently being developed will
foster an even more productive partnership between mecha-
nism and synthetic methodology.
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