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ABSTRACT

A simple electrostatic model explains the enhanced stereoselectivity of N-oxide catalyzed allylations compared to propargylations, which in turn
explicates the dearth of stereoselective N-oxide propargylation catalysts. These results suggest that N-oxide catalysts that are effective for both
allylations and propargylations can be designed by targeting inherently stereoselective ligand configurations and through the manipulation of
distortion effects in the operative transition states.

Stereoselective allylations and propargylations of alde-
hydes are key C�C bond forming transformations, pro-
viding access to optically active homoallylic and homo-
propargylic alcohols.1 Of particular interest are N-oxide
catalyzed alkylations using alkyltrichlorosilanes.2 Despite
the development of many effective N-oxide catalysts for
allylations,3 there has been only one highly stereoselective
N-oxide catalyst for the analogous propargylation reac-
tion, published by Takenaka et al.4 in 2011. Moreover,
N-oxide catalysts that are effective for allylations are generally
not highly stereoselectivewhen applied topropargylations.
For example,Nakajima’s bipyridineN,N0-dioxide3a provides
excellent stereoselectivities for allylations, but not for
propargylations.5

The dearth of N-oxides that stereoselectively catalyze
both allylations and propargylations can be contrasted
with Brønsted acid catalysts for allyl- and allenyl-
borations.6 For example, Antilla et al.6a,b and Reddy6c

showed that a single chiral phosphoric acid can stereo-
selectively catalyze both of these reactions. But then why
have N-oxides, which have been so successfully exploited
for allylation reactions,3 proved so much less effective in
the stereoselective catalysis of propargylations?
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Here, we contrast the performance of N-oxides for the
catalysis of allylations and propargylations based on com-
putational studies of the model catalyst 1 as well as
PINDOX, 2 (Figure 1). The data explain the disparate
behavior of N-oxide catalysts for these reactions and also
suggest strategies for the rational design of highly stereo-
selective N-oxide catalysts.
In polar solvents, the stereocontrolling TS for N-oxide

catalyzed alkylations is a chairlike, six-membered struc-
ture featuring a hexacoordinate silicon (see Supporting
Information (SI) Scheme S1).3a,7 These reactions are under
Curtin�Hammett control, so the stereoselectivity is
dominated by the relative free energies of competing
TSs. Associated TS models are often constructed with
the chlorines in a trans arrangement8 and the nucleo-
phile trans to the N-oxide,3c,d,9 based on simple stereo-
electronic arguments. However, Lu et al.10 recently
showed that, for N-oxide catalyzed propargylations,
many different ligand arrangements lead to thermody-
namically accessible reaction pathways. More impor-
tantly, the relative free energies of the associated TSs are
determined primarily by the ligand configurations.10

Thus, for a given catalyst, the number of possible ligand
arrangements can be narrowed significantly based on
their compatibility with the observed stereoselectivity.
Whether these findings will also apply to allylations is
examined below.

Computations were performed at the B97-D/TZV-
(2d,2p) level of theory11 using Gaussian0912 and density

fitting. B97-D provides accurate reaction barriers while
also reliably describing the noncovalent interactions
present in these transition states.13 For example, Lu
et al.10 reported excellent agreement between B97-D
predictions and experimental ee’s for propargylations
catalyzed by the helical N-oxide catalyst of Takenaka.4

Transition state structures were optimized accounting for
solvent effects using the PCM model,14 and characterized
by a single imaginary vibrational frequency. Reported
free energies are in the solution phase. Free energies were
computed at �86 �C for the model catalyst 1 >(to be
consistent with previous work10) and at �60 �C for PIN-
DOX-catalyzed reactions. Lastly, energy differences among
competing transition states were analyzed in terms of the
distortion�interaction approach of Houk and co-workers,
or, equivalently, the activation�strainmodel ofBickelhaupt
et al.15 These analyses are based on gas-phase energies
evaluated at the solution-phase geometries.
The model catalyst 1 was studied to quantify the

impact of ligand configuration on the stereoselectivity
of allylation reactions and to compare these results with
previous work on propargylations.10 For bipyridine N-
oxide catalyzed alkylations, there are 10 ligand arrange-
ments that are compatible with addition of the alkyl
group to the aldehyde (Figure 2). For each of these
configurations, there will be a diastereomeric pair of
transition states leading to either the R or S adduct.
Relative TS free energies for the allylation and propar-
gylation of benzaldehyde catalyzed by model catalyst 1
are listed in Table 1. As seen previously for propargyl-
ations,10 for allylation reactions there are many low-
lying transition states, corresponding to different ligand
arrangements. In other words, there is no strong pre-
ference for a trans chlorine arrangement, nor is it neces-
sarily favorable for the N-oxide to be trans to the
nucleophile. For a given catalyst, all TS configurations
must be considered viable, and often there will be multi-
ple accessible reaction pathways. This is in contrast to
stereoelectronic arguments3d,4,8,9 that suggest other-
wise. Moreover, for allylation reactions, all but one of
these ligand configurations leads to strong selectivity for
formation of either the (R)- or (S)-homoallylic alcohol,
reflecting the inherent stereoselectivity of many of these
ligand configurations.
Comparison of the data in Table 1 provides insight

into the disparate stereoselectivies ofN-oxide catalyzed
propargylations and allylations. First, for all but one
ligand configuration, BP6, the free energy gap between

the R and S transition states is greater for allylations

than for propargylations. More precisely, for N-oxide

Figure 1. A model bipyridine N-oxide and (þ)-PINDOX.3c
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catalyzed allylations there are only two ligand arrange-

ments with free energy gaps between the R and S

configurations less than 1.4 kcal mol�1. This contrasts

with propargylations, for which 7 of 10 ligand arrange-

ments lead to free energy gaps smaller than 1.4 kcal

mol�1. This indicates that N-oxide catalyzed propar-

gylations are inherently less stereoselective than allyla-

tions, which in part explains the scarcity of stereoselec-

tive N-oxide propargylation catalysts. These model

results also provide guidelines for the development

and evaluation of TS models for N-oxide catalyzed

alkylation reactions, as well as the design of stereo-

selective catalysts (vide infra).
One possible source of stereodifferentiation in the allyla-

tion transition states stems from electrostatic interactions
within the chiral environment surrounding the silicon. In
particular, the favored TS for a given ligand arrangement
always features the internal vinyl C�H of the allyl group
and the carbonyl C�H of benzaldehyde aligned with one
of the Si�Cl bonds. This alignment should result in
stabilizing electrostatic interactions (see Figure 3). In the
corresponding disfavored transition states, these C�H
bonds are directed away from the chlorines due to the
chairlike geometry of the TS. This simple electrostatic
picture also explains why propargylations are less stereo-
selective than allylations; the allenyl group does not have a
central C�Hbond, so propargylations do not benefit from
the additional differentiation arising from the orientation
of this bond.
To demonstrate the relevance of the above model

results to real N-oxide catalysts, we have also studied
the PINDOX catalyzed allylation3c and propargylation

of benzaldehyde (data for p-nitro- and p-chlorobenzalde-
hyde are available in the SI). R and S transition states
corresponding to each of the 10 possible ligand arrange-
ments were optimized to identify the lowest-lying transi-
tion states.KeyTS structures for the allylation reaction are
depicted in Figure 4; others can be found in the SI. The
S-selectivity of (þ)-PINDOX catalyzed allylations3c arises
from the >2 kcal mol�1 free energy gap between the
lowest-lying S transition state, (S)-TS1A, and the lowest-
lying R-transition states, (R)-TS1A and (R)-TS2A. Ac-
counting for all possible transition states,16 we predict an
ee of 97%, in agreement with the experimental data (ee=
90%).3c (S)-TS1A and (R)-TS1A correspond to the ligand
configuration in BP5. For the model catalyst 1, this ligand
configuration was predicted to favor formation of the S
product by 1.5 kcal mol�1 over the R product; this is
qualitatively predictive of the 2.1 kcal mol�1 gap for the
PINDOX catalyzed reaction (Figure 4).

Figure 2. Ligand configurations compatible with addition of
the nucleophile (Nu = allyl or allenyl) to the aldehyde for
bipyridine N-oxide catalyzed alkylations.

Table 1. Free Energy Barriers in DCM (kcal mol�1), Relative
to the Respective Lowest-Lying BP1(R) for the Allylation
and Propargylation of Benzaldehyde Catalyzed by the
Model Catalyst 1, and the Difference between the R and S
Barriersa

allylation propargylation

S R diff. S R diff.

BP1 0.1 0.0 0.1 0.1 0.0 0.1

BP2 4.0 2.6 1.4 2.6 3.9 �1.3

BP3 0.3 2.0 �1.7 0.7 1.9 �1.2

BP4 3.2 0.1 3.1 3.4 0.6 2.8

BP5 0.7 2.2 �1.5 0.3 0.8 �0.5

BP6 6.5 1.8 4.6 5.8 0.5 5.4

BP7 3.2 2.1 1.0 2.9 2.0 0.8

BP8 5.1 6.8 �1.7 4.2 4.3 �0.1

BP9 8.0 3.1 5.0 5.2 4.3 0.8

BP10 0.8 6.6 �5.8 0.3 5.2 �5.0

aPropargylation data from ref 10. Note that these data are for
(R)-2,20-bipyridineN-oxide, while the data in ref 10 are for the (S) form.

Figure 3. Exemplary TS structures for bipyridine N-oxide cata-
lyzed allylation reactions, demonstrating that, for ligand
arrangements with cis chlorines, the transition states are differen-
tiated in part by the orientation of the allyl and carbonyl C�H
bonds. Propargylations do not benefit from this effect.
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The 2.1 kcal mol�1 free energy difference between (S)-
TS1A and (R)-TS1A is dominated by the 3.0 kcal mol�1

difference in gas-phase electronic energies. This 3.0 kcal
mol�1 can be decomposed into a 4.9 kcal mol�1 contribu-
tion from interaction energies, favoring (S)-TS1A, offset by
a 1.9 kcal mol�1 difference in distortion energies, favoring
(R)-TS1A (see SI).15 The 4.9 kcal mol�1 interaction energy
difference arises in part from the electrostatic effects
described above, in addition to the relative positions of
these TSs along the reaction coordinate. In particular, in
(S)-TS1A, the length of the forming C�C bond (2.03 Å) is
noticeably shorter than the corresponding bond length in
(R)-TS1A (2.08 Å). Thus, (S)-TS1A is favored over (R)-
TS1A in part because it lies farther along the reaction
coordinate.

The TS model of Malkov et al.,3c for PINDOX cata-
lyzed allylations, which is reflective of the majority of
literature on these reactions, is based on a trans chlorine
arrangement and the allyl group being trans to theN-oxide
(i.e., model system BP2). However, BP2 favors the R-
enantiomer by 1.4 kcal mol�1 over the S-enantiomer, which
is opposite of the observed selectivity for (þ)-PINDOX
catalyzed allylations.3c In addition, computed transition
states corresponding to this ligand arrangement lie consider-
ably higher in free energy than (S)-TS1A and are predicted
not to be operative in this reaction (see SI Table S1).
Moreover, consistent with the model results, these TSs
predict the opposite stereoselectivity to that observed ex-
perimentally and cast doubt on the utility of the underlying
stereoelectronic arguments3c,d,8,9 for understanding these
reactions.
To explore whether PINDOX is a viable propargyla-

tion catalyst, and to further probe the applicability of the
abovemodel results, structures were also optimized for the
10 (R,S) pairs of TSs for the PINDOX-catalyzed propar-
gylation of benzaldehyde. Key low-lying TSs can be found

in the SI. The two lowest-lying TSs have the same ligand
configuration as found for the PINDOX-catalyzed allyla-
tion. However, in this case there is only a 0.2 kcal mol�1

difference between the lowest-lying S and R TSs. Conse-
quently, the present results predict no stereoselectivity for
the PINDOX catalyzed propargylation reaction. This
prediction is again in linewith results from the correspond-
ing model, BP5, which is predicted to be highly stereo-
selective for allylation reactions yet not for propar-
gylations (Table 1). As noted above, this can be attributed
in part to the lack of a central C�H bond in the allenyl
group. Further analyses of this energy difference can be
found in the SI.
In conclusion, N-oxide catalyzed allylations are in-

herently more stereoselective than propargylations,
partly because of the presence of the internal vinyl
C�H bond in the allyl group (see Figure 3). Moreover,
in both of these reactions the stereoselectivity arises
primarily from the arrangement of ligands surrounding
the silicon. It was shown that, for propargylations, only
selected ligand configurations lead to strong stereose-
lectivity, while for allylations nearly all of the con-
figurations are stereoselective. Consequently, the op-
erative reaction pathways for propargylations are
less likely to pass through a stereoselective ligand con-
figuration than for allylations, explaining why the
development of N-oxide catalysts for asymmetric pro-
pargylations has proved so challenging. These trends
were demonstrated for PINDOX, which, although
highly stereoselective for allylation reactions,3c is pre-
dicted to be nonstereoselective for propargylations.
The above results provide guidelines for the develop-

ment of TS models for N-oxide catalyzed alkylations,
replacing the conventional stereoelectronic arguments that
pervade the literature.3c,d,9 They also highlight two poten-
tial strategies for the rational design of N-oxide catalysts.
First, there are three ligand configurations predicted to
provide ahighdegreeof stereoselectivity inboth allylations
and propargylations, BP4, BP6, and BP10. A catalyst
targeting any of these three configurations has the potential
to be highly stereoselective for both reactions.17 Second,
distortion�interaction analyses15 indicate that interaction
energies tend to enhance the stereoselectivity for a given
ligand configuration, particularly for allylation reactions,
while distortion effects reduce the selectivity. Therefore, the
manipulation of distortion energies should also serve as a
strategy for the design of N-oxide catalysts.
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Figure 4. Low-lyingTS structures and relative free energies (kcal
mol�1) for the PINDOX-catalyzed allylation of benzaldehyde.
Bond lengths are provided in angstroms.
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