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ABSTRACT
Enantioselectivities for the allylation and propargylation of benzaldehyde catalyzed by
bipyridine N,N’-dioxides were predicted using popular DFT methods. The results reveal
deficiencies of several DFT methods while also providing a new explanation for the
stereoselectivity of these reactions. In particular, even though many DFT methods
provide accurate predictions of experimental ee’s for these reactions, these predictions
sometimes stem from qualitatively incorrect transition states. Overall, B97-
D/TZV(2d,2p) provides the best compromise between accurate predictions of low-lying
transition states and stereoselectivities for these reactions. The origin of stereoselectivity
in these reactions was also examined, and arises from electrostatic interactions within the
chiral electrostatic environment of a hexacoordinate silicon intermediate; the previously
published transition state model for these reactions is flawed. Ultimately, these results
suggest two strategies for the design of highly stereoselective catalysts for the
propargylation of aromatic aldehydes, and pave the way for the computational design of

novel catalysts for these reactions.
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l. Introduction

Density functional theory (DFT) has emerged as a powerful tool for understanding the
origin of stereoselectivity in organocatalytic reactions, and, ultimately, for the rational design of
new organocatalysts.”” However, this requires DFT methods that can faithfully predict the
stereocontrolling transition state (TS) structures for such reactions. In order to assess the
performance of popular DFT methods, we studied the bipyridine N,N’-dioxide of Nakajima and

coworkers, 810

since it is one of the few known organocatalysts to work for both asymmetric
allylation and propargylation reactions. Catalyst (S)-1 reacts under similar conditions with either
allyl or allenyl tricholorosilanes to afford enantioenriched alcohols (see Figure 1). However, the
stereoselectivity for propargylation reactions (52% ee) is noticeably less than that observed for
allylations (88% ee), despite the outward similarity of these two reactions. Our goal in this work
is two-fold: First, to assess the performance of DFT methods applied to these reactions in order
to identify approaches that provide reliable predictions of relative barrier heights as well as
stereoselectivities of these reactions, and second, to explain the origin of stereoselectivity of
allylations catalyzed by (S)-1 as well as the reduced stereoselectivity in the case of

propargylation reactions. This builds on our previous work'**?

on bipyridine N-oxide catalysts
for asymmetric alkylation reactions, and will also lay the groundwork for the computational

design of bipyridine N,N’-dioxide catalysts for asymmetric propargylations.
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Figure 1. Allylation and propargylation of benzaldehyde catalyzed by (S)-1

Asymmetric allylations and propargylations of aromatic aldehydes are key C-C bond
forming transformations, providing access to chiral homoallylic and homopropargyllic alcohols,

respectively. It is well-established that, for these reactions, asymmetric induction can be
2
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achieved by means of chiral organocatalysts.”*** Historically, both Lewis acids and bases have

been used, but only the latter provide high degrees of setereoselectivity. Mechanistic studies of

15-16

Kotora and coworkers suggest that these reactions can proceed via two different

mechanisms, depending on the solvent used. Under Nakajima’s conditions,®°

using
dichloromethane as solvent, it is generally accepted that the reaction follows the dissociative
route shown in Figure 2. In this case, the stereocontrolling step involves a chair-like transition
state featuring a hexacoordinate silicon, in which both alkyl-aldehyde and aldehyde-silicon

bonds are formed, as originally proposed by Denmark and coworkers.'*%
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Figure 2. Catalytic cycle for the alkylation of aryl aldehydes catalyzed by a bipyridine N,N'-
dioxide.

The well-organized coordination sphere around the silicon keeps the nucleophilic alkyl
group, electrophile, and organocatalyst in close proximity, providing a chiral environment
through a rigid, chair-like transition state that is not achievable when using a chiral Lewis acid as

catalyst.? In the case of allylations catalyzed by (S)-1, Nakajima and co-workers* explained the
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observed stereoselectivity based on the transition state model depicted in Figure 3a. This TS
model was based in part on the observation that the stereoselectivity was independent of
substitution at positions R; and Ry, but the ee was reduced to 49% in the presence of a methyl
group at position Rs.*® This latter observation was rationalized by steric interactions between

this methyl group and the aromatic wall of the catalyst.
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Figure 3. (a) Transition state model of Nakajima and co-workers® to explain the (R)-
stereoselectivity of (S)-1 in the allylation of aromatic aldehydes. Key TS structures for the (b)
allylation and (c) propargylation of benzaldehyde. Stabilizing 1,3-diaxial interactions present in
BP2(R) are indicated with dashed arrows.

Predicting the stereoselectivity of these reactions requires precise predictions of the
relative free energy barriers for this stereocontrolling transition state. In particular, it is vital that
the lowest-lying TS structures leading to the (R) and (S)-alcohols be predicted accurately.
However, comparison of computationally predicted stereoselectivities with experimental ee’s
alone is insufficient to gauge the accuracy of a given computational method (vide infra). Below,
we assess the performance of popular DFT methods for allylation and propargylation reactions
catalyzed by (S)-1 while also explaining the origin of stereoselectivity in these reactions. The
resulting TS model is qualitatively different from that proposed by Nakajima and co-workers,*
but is consistent with our recent work on bipyridine N-oxide catalyzed alkylation reactions.**™*2
Together, these data provide key insights into the nature of bipyridine N,N’-dioxide catalyzed
alkylation reactions, and pave the way for the rational design of more effective catalysts for both

reactions.

Il. Computational Methods

Transition state geometries were optimized at six levels of theory, using different DFT
functionals combined with commonly employed basis sets: B3LYP/6-31G(d),**
B3LYP/TZV(2d,2p),?® M06-2X/6-31+G(d,p),?’ B97-D/6-31G(d),**3° B97-D/TZV(2d,2p) and o-
B97X-D/TZV(2d,2p).** These geometry optimizations used the PCM model***® to account for
solvent effects (dichloromethane). Frequency calculations were performed at the same level of
theory as the optimizations, and transition states were characterized by the existence of a single
imaginary vibrational frequency. ee’s were predicted based on relative solution-phase free
energies for all ten possible TS structures (vide infra), as done previously for bipyridine N-oxide
catalyzed alkylations. ™ Free energies (T = 195K) were evaluated based on partition functions
derived from the rigid-rotor and harmonic oscillator approximations.

Because DFT methods cannot be systematically improved, it is often necessary to
benchmark results from DFT against more reliable, ab initio data. Often, this is done using

CCSD(T) or related methods. However, such rigorous methods cannot be applied to systems of
5
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the size considered here. Instead, for benchmarking purposes, gas-phase single point energies
were evaluated at the B97-D/TZV(2d,2p) optimized TS geometries at the df-MP2/cc-pVTZ and
LPNO-CEPA/1/def2-TZVP levels of theory.>**® The former method employs density fitting
techniques to provide second-order Moller-Plesset perturbation theory (MP2) energies at greatly
reduced computational costs, but with minimal loss in accuracy. The latter method, LPNO-
CEPA/L, is an extension of the coupled-electron pair approximation (CEPA) based on local pair
natural orbitals, and provides energies that are intermediate in quality between CCSD and
CCSD(T).*%* However, unlike CCSD(T), LPNO-CEPA can be applied to relatively large
molecules. Both of these ab initio methods were paired with large, triple-( quality basis sets.
Gas-phase single point energies with the ©B97X-D,** M06-2X,%” B2PLYP,***° B2PLYP-D,¥**
MO05-2X,* and B3LYP?**> DFT functionals paired with commonly employed basis sets [6-
31G(d), 6-31+G(d,p), and TZV(2d,2p)] were also computed at the B97-D/TZV(2d,2p) optimized
geometries. All DFT computations were done using Gaussian09,*> while Molpro* was used to

compute df-MP2 energies and Orca 2.9.1* was used for the LPNO-CEPA computations.

lll. Results and Discussion

It is often assumed in the literature that, for bipyridine N-oxide and N,N’-dioxide
catalyzed alkylation reactions, there is a single preferred ligand arrangement in which the
chlorines adopt a trans arrangement and the alkyl nucleophile is located trans to an N-oxide

(configuration BP1 in Figure 4).**® However, Lu, Wheeler, and co-workers**?

showed that, in
the case of bipyridine N-oxides, there are ten feasible arrangements of ligands, giving rise to
twenty possible TS structures [ten leading to the (R)-alcohol, ten leading to the (S)-alcohol].
Moreover, depending on the catalyst, any of these ligand configurations can be low-lying.**™*2
Consequently, for bipyridine N-oxide catalyzed alkylation reactions, one must consider all of

these possible pathways in computations.
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Figure 4. The five unique ligand configurations that are compatible with the alkylations of
aromatic aldehydes catalyzed by C,-symmetric bipyridine N,N’-dioxides. For each of the ligand
configurations BPX (X = 1-5), there will be a pair of TS structures leading to the (R) and (S)
alcohol, denoted BPX(R) and BPX(S), respectively. “Nu” refers to the alkyl nucleophile, which
will be either an allyl group or allenyl group for allylations and propargylations, respectively.

The same will hold for bipyridine N,N’-dioxides catalyzed alkylations. In particular, for
C,-symmetric bipyridine N,N’-dioxide catalysts there are five possible arrangements of the alkyl
nucleophile, aldehyde, and two chlorines around the hexacoordinate silicon that are compatible
with the addition of the alkyl group to the aldehyde (BP1-BP5 in Figure 4). For each of these
configurations, the alkyl group can add to the Si or Re face of the aldehyde, leading to formation
of the (S)- or (R)-alcohol, respectively. Thus, for a given C,-symmetric catalyst, one must
consider ten possible TS structures—five leading to formation of the (R) alcohol [BP1(R) —
BP5(R)], and five leading to the (S) alcohol [BP1(S) — BP5(S)]. Nakajima’s TS model (Figure
2)* corresponds to BP4(R).

All ten TS structures were located for both the allylation and propargylation of
benzaldehyde catalyzed by (S)-1 at six different levels of DFT theory. Key TS structures are
shown in Figures 3b and 3c. The corresponding relative free energies are listed in Table 1, while
the ee’s predicted from these relative free energies are listed in Table 2. Surprisingly, despite the
structural similarities of the allylation and propargylation transition states, there was wide
variation in predicted ee’s between these two reactions. In particular, the spread in predicted
ee’s for the propargylation (0 to 99% ee) is significantly larger than that for the allylation (56 to

7
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97% ee). Apparently, the stereoselectivity of the propargylation reaction is much more sensitive
to theoretical method than the allylation.

A striking feature of the data presented in Table 1 is that, regardless of the level of
theory, Nakajima’s TS structure [BP4(R)] is significantly higher in free energy than the lowest-
lying structure, BP2(R). Indeed, BP4(R) is among the least favorable TS structures, and will play
no role in this reaction. This mirrors previous results for bipyridine N-oxide alkylations
catalysts,*”*® for which the originally-proposed TS models corresponded to relatively high-lying
TS structures.”™ Additionally, the ligand configuration corresponding Nakajima’s TS model
leads to the opposite stereoselectivity compared to the experimental observation. That is, at all
levels of theory considered, BP4(R) is higher in free energy than BP4(S), even though the TS
model of Nakajima'® was intended to explain the (R)-selectivity of (S)-1.

Table 1. Relative free energies (in kcal mol™) for the ten possible propargylation and
propargylation transition states catalyzed by (S)-1 using six levels of DFT theory, relative to the
lowest-lying TS.

(R) Transition States (S) Transition States
Method BP1 BP2 BP3 BP4 BP5 BP1 BP2 BP3 BP4 BP5
Allylation
B97-D/TZV(2d,2p) 40 00 82 70 55 31 11 21 49 a
B97-D/6-31G(d) 48 00 83 78 53 43 05 20 53 a
®B97X-D/TZV(2d,2p) 40 00 87 50 53 31 11 20 43 a
B3LYP/6-31G(d) 25 00 84 67 47 20 18 26 35 a
B3LYP/TZV(2d,2p) 1.2 00 78 64 39 09 16 21 32 a
M06-2X/6-31+G(d,p) 57 00 95 96 6.1 31 16 28 56 a
Propargylation
B97-D/TZV(2d,2p) 32 00 62 61 36 33 08 12 49 75
B97-D/6-31G(d) 38 00 59 60 29 41 00 11 55 76
oB97X-D/TZV(2d,2p) 41 00 7.7 81 46 49 20 27 65 95
B3LYP/6-31G(d) 08 00 56 52 28 1.7 03 11 34 71

B3LYP/TZV(2d,2p) 04 00 56 55 27 14 06 25 35 72
M06-2X/6-31+G(dp) 2.9 00 72 7.7 38 38 10 07 59 092

®For the allylation, we were unable to locate TS structures corresponding to BP5(S) in which the (S)-1 maintained
both bonds to the silicon. The resulting pentacoordinate structures were 9 to 19 kcal mol™ higher in free energy
than BP2(R).

A number of interesting observations can be made from the data in Table 2 regarding the
performance of these DFT methods for these two reactions. First, we tested B97-D and B3LYP

with two different basis sets, resulting in surprisingly different predicted ee’s. In particular,

8
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although B97-D/TZV(2d,2p) provides stereoselectivities in general agreement with experiment
for both the propargylation and allylation of benzaldehyde, when paired with the smaller 6-
31G(d) basis set this functional predicts that BP2(S) is isoergonic with BP2(R). That is, B97-
D/6-31G(d) predicts no stereoselectivity for the propargylation of benzaldehyde catalyzed by
(S)-1. Although the B3LYP functional is somewhat less sensitive to basis set, the predicted ee for
the propargylation reaction still changes by 40% going from the 6-31G(d) to the larger
TZV(2d,2p) basis set. Satisfyingly, all of the methods but one, ®B97X-D/TZV(2d,2p), correctly
predict that the propargylation reaction will be less stereoselective than the allylation; ®B97X-
D/TZV(2d,2p) drastically overestimates the ee of the propargylation reaction. Moreover, other
than B97-D/6-31G(d), all of the methods provide at least qualitatively corrected ee’s for both
reactions, compared to experiment.

Unfortunately, despite the overall good performance of these methods in the prediction of
experimental ee’s for these reactions (Table 2), the underlying relative free energies for the ten
possible transition states are drastically different (see Table 1). In particular, there is no general
agreement among these methods as to the identity of the lowest-lying TS leading to the (S)-
alcohol. For example, for the allylation reaction, B3LYP/TZV(2d,2p) predicts that BP1(S) will
be the lowest-lying TS structure leading to the (S)-alcohol, while the other levels of theory
predict that BP2(S) will be lowest-lying. Similarly, while most of the other methods predict that
BP1(R) will be at least 2.5 kcal mol™ higher in free energy than BP2(R), B3LYP/TZV(2d,2p)
predicts BP1(R) to be only 1.2 kcal mol™ above BP2(R). These differences are important in
understanding the stereoselectivity of these reactions, which will depend on the identity of the

lowest-lying (R) and (S) transition states.

Table 2. Predicted ee’s for the allylation and propargylation of benzaldehyde catalyzed by (S)-1
at six levels of theory, along with the experimental values.

Method Propargylation Allylation
Experimental®™° 52 88
B97-D/TZV(2d,2p) 73 88
B97-D/6-31G(d) 0 56
®B97X-D/TZV(2d,2p) 99 87
B3LYP/6-31G(d) 33 97
B3LYP/TZV(2d,2p) 73 81
MO06-2X/6-31+G(d,p) 61 96
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Differences among predicted free energies for the low-lying TS structures are even more
drastic for the propargylation reaction. For example, both B3LYP/6-31G(d) and
B3LYP/TZV(2d,2p) predict that BP1(R) is relatively low-lying, compared to BP2(R), whereas
the other methods predict BP1(R) to be at least 2.9 kcal mol™ higher in free energy than BP2(R).
Similarly, M06-2X/6-31+G(d,p) predicts that BP3(S) is the favored TS leading to the (S)-
alcohol. Again, these differences will qualitatively impact our understanding of the origin of
stereoselectivity for this reaction. Unfortunately, there is no way to gauge the ability of these
functionals to identify the low-lying TS structures for these reactions solely based on the overall

ee’s.

A. Computational Benchmark

To shed some light on the true energetic ordering of these possible TS structures, we
compared gas-phase electronic energies computed using a range of DFT functionals with reliable
ab initio benchmarks. This will allow us to identify DFT methods that correctly identify the
lowest-lying (R) and (S) transition state structures and therefore provide physically-correct
insight into the origin of stereoselectivity of these reactions. Gas-phase single-point energies
were computed using ®B97X-D, M06-2X, M05-2X, B2PLYP-D, B2PLYP, B97-D, and B3LYP
paired with three basis sets: 6-31G(d), 6-31+G(d,p) and TZV(2d,2p). All of these single point
energies were evaluated at the B97-D/TZV(2d,2p) optimized geometries. The consideration of
gas-phase energies allows us to compare against high-level LPNO-CEPA/1 results and assess the
variation in underlying electronic energies predicted by these DFT methods in the absence of
entropy and free energy corrections.

LPNO-CEPA/1 energies for the allylation transition states, relative to BP2(R), are listed
in ESI Table S1, along with the errors in the relative energies from MP2 and seven different
DFT functionals paired with three different basis sets. Analogous data for the propargylation
reaction are shown in Table S2. The DFT predicted relative energies show a troubling degree of
variation, with many predictions in error by nearly 5 kcal mol™* compared to the LPNO-CEPA/1
benchmark. Interestingly, these DFT functionals underestimate the energy of nearly all of the
other TS structures relative to BP2(R). Moreover, the mean errors for all of these functionals

increase with increasing basis set size. More importantly, B3LYP and B2PLYP predict BP1(R)

10
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to lie lower in energy than BP2(R) for both reactions! However, LPNO-CPEA/1 predicts that
BP1(R) lies 2.9 and 2.8 kcal mol™ higher in energy than BP2(R) for the allylation and
propargylation reactions, respectively. Thus, from this data it appears that B3LYP is providing
the correct ee for the propargylation reaction despite qualitatively incorrect underlying TS
energies. On average, ®B97X-D and MO06-2X provide TS electronic energies in closest
agreement with the LPNO-CEPA/1 benchmark values.

In light of the good performance ®B97X-D/TZV(2d,2p) in predicting relative gas phase
energies for the ten TS structures for the propargylation of benzaldehyde, it is rather surprising
that ®B97X-D/TZV(2d,2p) overestimates the ee for the propargylation reaction (see Table 2).
Apparently, for this reaction, the inclusion of entropic contributions and solvation free energies
spoils the accuracy of ®B97X-D for the underlying electronic energies. B97-D/TZV(2d,2p), on
the other hand, does a mediocre job predicting relative energies of these TS structures, with
mean errors of -2.3 and -2.4 kcal mol™ for the allylation and propargylation reactions,
respectively. However, this level of theory does provides reasonably good relative energies of
the lowest-lying TS structures, which contributes to its ability to provide reliable predictions of
the ee’s. Finally, even though B3LYP also provides sound predictions for BP2(S) relative to
BP2(R), the overstabilization of BP1(R) by this functional prevents it from identifying the
correct low-lying TS structures for these reactions. Overall, for our purposes, B97-D/TZV(2d,2p)
appears to offer the best compromise between accuracy for key transition states and sound
predictions of overall stereoselectivities, and will be used in future work to predict

stereoselectivities of bipyridine N,N’-dioxide catalyzed alkylation reactions.

B. Origin of Stereoselectivity in Alkylations Catalyzed by (S)-1

Having established that B97-D/TZV(2d,2p) correctly predicts both the overall
stereoselectivity of bipyridine N,N’-dioxide catalyzed alkylation reactions (compared to
experiment) and the relative energies of the key low-lying transition states (compared to
computational benchmarks), we use this level of theory to unravel the origin of stereoselectivity
in allylations and propargylations catalyzed by (S)-1. Nakajima et al.'® explained the
stereoselectivity of (S)-1 based on the TS model depicted in Figure 3a. However, as noted above,

the ligand configuration corresponding to this TS model is not only much higher in free energy

11
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than other ligand configurations, but predicts the wrong stereoselectivity. Instead, the
stereoselectivity of (S)-1 for the allylation of benzaldehyde arises from the 1.1 kcal mol™
difference in free energy between BP2(R) and BP2(S) (see Figure 3b). This free energy
difference can be explained by favorable 1,3-diaxial interactions between two C—H bonds and
one of the chlorines in BP2(R), which are absent in BP2(S). Indeed, for all five (R, S) pairs of TS
structures, the lower lying structure is the one in which these two C—H bonds are aligned with
one of the Si—Cl bonds. This was observed previously for bipyridine N-oxide catalyzed
allylations,”> and appears to be a general, but largely unrecognized, source of
enantiodifferentiation in this family of reactions. Qualitatively, these stabilizing interactions can
be understood in terms of favorable alignment of the local dipoles of the C—-H and Si—CI bonds,
and this model is similar in spirit to previous explanations of the E/Z selectivity in the addition of
allylboronates to aldehydes from Hoffmann and Landmann.*®

The reduced stereoselectivity in the case of the propargylation catalyzed by (S)-1,
compared to the allylation, stems from the smaller free energy difference between BP2(R) and
BP2(S) for this reaction. That this free energy difference is smaller than the corresponding
difference for the allylation reaction simply reflects the lack of a central C—H bond in the allenyl
group. That is, in the allylation reaction there are two C—H bonds that can engage in favorable
1,3-diaxial interactions with the CI, whereas there is only one in the propargylation reaction (see
Figures 3b and 3c).

Finally, we note that Nakajima’s TS model (Figure 3a)'® was based in part on the
observation that methyl substitution at position Rz lead to reduced ee’s. This was attributed to
steric interactions between this methyl group and the catalyst. Instead, the reduced selectivity in
this case stems from the removal of the central C—H bond in the allyl group. Indeed, the
selectivity for the allylation reaction in which Rs = Me (49% ee)? is commensurate with the 52%
ee reported for the propargylation by (S)-1. In both cases, the reduced stereoselectivity arises

from a lack of a C—H bond at this central position on the alkyl group.

C. Inherent Stereoselectivities of Bipyridine N,N-Dioxides

11-12

Following previous work by Lu, Wheeler, and co-workers, we next turn to (S)-

bipyridine N,N’-dioxide, (S)-2, as a model catalyst in order to gain more general insight into the

12
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stereoselectivity of bipyridine N,N’-dioxides in asymmetric alkylations (see Figure 4). This
simple model catalyst enables the study of the inherent stereoselectivity of the five possible
ligand arrangements in the absence of other catalyst components. Table 5 shows the predicted
relative free energies barriers for the ten possible TS structures for the allylation and
propargylation of benzaldehyde catalyzed by (S)-2, along with the difference between the (R, S)
pairs of TS structures for a given ligand configuration (BPX)

First, for this model system, BP2(R) is low-lying for both the allylation and
propargylation reaction, as was observed for (S)-1. Furthermore, BP2(S) is 1.1 and 0.4 kcal mol™
! higher in free energy than BP2(R) for the allylation and propargylation, respectively, which is
also consistent with the data for (S)-1. Interestingly, the present data predict that the model
catalyst (S)-2 will provide stereoselectivities equal to that for Nakajima’s catalyst (S)-1 for the
allylation of benzaldehyde! This provides further evidence that the stereoselectivity of (S)-1 for
allylation reactions stems primarily from the electrostatic interactions with the chiral electrostatic
environment of the hexacoordinate silicon, and not other interactions between the catalyst and
substrate. Overall, the general agreement between the relative free energies for catalyst (S)-1 and
model catalyst (S)-2 suggests that the latter can serve as a proxy for more complex bipyridine
N,N’-dioxide catalysts. The extent to which the computed data for (S)-2 can be generalized to a

broader range of bipyridine N,N'-dioxide based catalysts will be addressed in future work.>

Table 5. B97-D/TZV(2d,2p) predicted relative free energy barriers for the formation of the R
and S alcohol for (S)-2 catalyst, along with the difference in the free energies for the (R) and (S)
pathway for each ligand configuration (BPX), all in kcal mol ™.

Allylation Propargylation
R S Diff. R S Diff.
BP1 2.1 2.0 0.1 1.2 1.2 0.0
BP2 0.0 11 -11 0.0 0.4 -0.4
BP3 6.6 2.2 4.4 5.8 1.7 4.1
BP4 5.6 4.1 15 4.5 4.1 0.4
BP5 5.0 8.4 -3.4 2.8 3.5 -0.7

For the allylation reaction catalyzed by (S)-2, BP2(S) is the only transition state within 2
kcal mol™ of BP2(R). This suggests that, unlike for bipyridine N-oxide catalyzed alkylations,?*®
it might be safe to consider only this ligand configuration when predicting stereoselectivities for
bipyridine N,N’-dioxide catalyzed allylations.® However, for the analogous propargylation

13
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reaction, the possible TS structures are slightly more closely packed energetically, with four
transition states falling within 2 kcal mol™ of BP2(R). As such, it will be necessary to consider
at least several of the possible ligand configurations when predicting stereoselectivities of
bipyridine N,N’-dioxide catalyzed propargylations.

More to the point, we see that for allylations catalyzed by bipyridine N,N’-dioxides, all
but one of the ligand configurations (BP1) leads to significant differences in free energy between
the (R) and (S) transition states, even in the absence of other chiral components of the catalyst.
That is, many of these ligand configurations lead to significant differentiation between the (R)
and (S) barrier heights merely through the impact of the chiral environment of the
hexacoordinate silicon. This was observed previously for bipyridine N-oxide catalyzed
alkylations by Lu, Wheeler, and co-workers."* Consistent with the results for (S)-1, we once
again find that the lower-lying TS structure for a given ligand arrangement always features a
geometry with the aldehyde and allyl C—H bonds aligned with one of the Si-Cl bonds, whereas
the TS structures with these C—H bonds directed away from the Si—Cl bond are always higher in
free energy. The lack of a significant free energy difference between BP1(R) and BP1(S) can be
explained by the trans arrangement of the chlorines, because, in this case, the C—H bonds are
aligned with Si—ClI bonds in both BP1(R) and BP1(S).

For the propargylation reactions, this inherent stereoselectivity is much smaller than for
the allylation—for a given ligand arrangement, the free energy gap between the (R) and (S)
structures is less for the propargylation reaction than for the allylation reaction. That is,
propargylation reactions are inherently less stereoselective than allylations. Again, this mirrors
previous results for bipyridine N-oxides from Lu, Porterfield, and Wheeler,'? and reflects the
lack of a central C—H bond in the allenyl group. Indeed, for the propargylation reaction, only a
single ligand configuration (BP3) is inherently highly stereoselective. This suggest that highly
stereoselective catalysts for the propargylation of benzaldehyde can be built on a bipyridine
N,N’-dioxide scaffold by devising a catalyst that steers the reaction towards ligand arrangement
BP3, while blocking access to the other, less stereoselective ligand arrangements. Alternatively,
a stereoselective bipyridine N,N'-dioxide propargylation catalyst can be designed by introducing
elements that preferentially stabilize BP2(R) over BP2(S). Both strategies for propargylation

catalyst design are currently being pursued.
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IV. Summary and Conclusions

We assessed the performance of several popular DFT functionals for the prediction of
stereoselectivities for the allylation and propargylation of benzaldehyde catalyzed by Nakajima’s
bipyridine N,N’-dioxide, (S)-1.1° Satisfyingly, most of these functionals predict ee’s in
qualitative agreement with experiment. Unfortunately, this agreement with experiment appears
to be fortuitous in some cases, since some of these functionals predict the incorrect low-lying TS
structures. These data should serve as warnings that the reproduction of experimental ee’s alone
is insufficient to guarantee that a given theoretical method is predicting the correct
stereocontrolling transition state structures. Moreover, several methods tested performed
significantly better for allylations than propargylations, despite the outward similarity of these
two reactions. The reliable predictions of stereoselectivities by a given DFT approach for one
reaction does not guarantee its performance for even very similar transformations. Overall, of the
DFT methods tested here, B97-D/TZV(2d,2p) seems to provide the best compromise of accuracy
for individual TS structures and predictions of stereoselectivites.

We also provided a new explanation for stereoselectivity in allylations and
propargylations catalyzed by (S)-1. Ultimately, we showed that favorable 1,3-diaxial interactions
between C—H bonds on the aldehyde and allyl group and one of the chlorines underlie the
stereoselectivity in allylation reactions. The reduced stereoselectivity in the case of bipyridine
N,N’-dioxide catalyzed propargylations arises from the lack of a central C—H bond in the allenyl
group. Unfortunately, Nakajima’s transition state model (Figure 3a)™ is based on the incorrect
arrangement of ligands surrounding the hexacoordinate silicon and actually leads to preferential
formation of the (S)-alcohol, in contrast with the experimental observations. This is because the
ligand configuration in Nakajima’s TS model (BP4) is inherently selective for formation of the
(S)-alcohol (see Table 5).

Unlike bipyridine N-oxide catalyzed allylation reactions, for N,N’-dioxide catalyzed
allylations we found that a single transition state BP2(R) is favored over the others and is likely
operative in all bipyridine N,N'-dioxide catalyzed allylations. On the other hand, for bipyridine
N,N’-dioxide catalyzed propargylation reactions, several different ligand configurations could
come into play in these reactions, as was seen for bipyridine N-oxide catalyzed reactions.****?

Ultimately, the present results point towards two possible strategies for the rational design of
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bipyridine N,N’-dioxide catalysts for asymmetric propargylations. In particular, highly
stereoselective catalysts can be designed by devising catalysts that steer the reaction towards the
highly inherently stereoselective ligand arrangement BP3, or that preferentially stabilize BP2(R)
over BP2(S). These strategies are currently being pursued, and will be discussed in further detail

in a forthcoming publication.
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Graphical Abstract
Performance of DFT Methods and Origin of Stereoselectivity in Bipyridine

N,N’-Dioxide Catalyzed Allylation and Propargylation Reactions

Diana Sepulveda-Camarena, Tongxiang Lu, and Steven E. Wheeler*
Department of Chemistry, Texas A&M University, College Station, TX 77843

Favorable 1,3-diakial
interactions

It is shown that many DFT methods correctly predict the stereoselectivity of bipyridine N,N’-dioxide
catalyzed alkylation reactions despite predicting the incorrect low-lying transition state structures. A
novel explanation of the origin of stereoselectivity in these reactions is also provided.
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