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ABSTRACT: The enantioselective propargylation of aromatic
aldehydes with allenyltrichlorosilanes catalyzed by bipyridine N-
oxides was explored using density functional theory. Low-lying
transition states for a highly enantioselective helical bipyridine N-
oxide catalyst [Org. Lett. 2011, 13, 1654] were characterized at the
B97-D/TZV(2d,2p) level of theory. Predicted free energy barrier
height differences are in agreement with experimental ee’s for the
propargylation of benzaldehyde and substituted analogues. The
origin of enantioselectivity was pinpointed through distortion−
interaction analyses. The stereoselectivity arises in part from through-space electrostatic interactions of the carbonyl carbon with
the Cl ligands bound to Si, rather than noncovalent aryl−aryl interactions between the aromatic aldehyde and the helix as
previously proposed. Moreover, aryl−aryl interactions between the aldehyde and helix are predicted to favor transition states
leading to the R enantiomer, and ultimately reduce the enantioselectivity of this reaction. (S)-2,2′-bipyridine N-oxide was studied
as a model catalyst in order to quantify the inherent enantioselectivity arising from different chiral arrangements of ligands
around the hexacoordinate silicon in the stereocontrolling transition state for these reactions. The predicted selectivities arising
from different chiral octahedral silicon complexes provide guidelines for the development of transition state models for N-oxide-
based alkylation catalysts.

1. INTRODUCTION
Over the preceding decade, asymmetric organocatalysis has
become one of the most rapidly developing areas in synthetic
organic chemistry.1 Of particular recent interest2 has been the
development of catalysts that exploit favorable noncovalent
interactions (H-bonding, π-stacking interactions, etc.) to
promote a given reaction pathway rather than relying on
unfavorable steric interactions to hinder undesired pathways. In
this way, small molecule catalyst can be designed that more
closely mimic natural enzymes and can benefit from the long-
range nature of these noncovalent interactions.2 However,
determining whether putative noncovalent interactions actually
underlie observed selectivities for such catalysts is often
nontrivial due to the subtle nature of many of these effects,
particularly π-stacking interactions.3 Unraveling the role of
these interactions, and their impact on enantioselectivity in
organocatalysis, can be aided by careful computational analyses
of predicted transition state (TS) structures.4

Optically active homopropargylic alcohols provide an
enticing synthetic target because of their utility in the synthesis
of complex chiral molecules.6 However, the development of
enantioselective, metal-free catalysts for the propargylation of
aldehydes remains a challenge. In particular, although there
have been numerous N-oxide catalysts developed for the
asymmetric allylation of aldehydes using allyltrichlorosilane,7 as
pioneered by Denmark and co-workers in the 1990s,8 the
development of analogous propargylation catalysts has lagged

behind. Indeed, prior to 2011, there was only one published
asymmetric propargylation catalyst utilizing allenyltrichlorosi-
lane. This catalyst was reported by Nakajima and co-workers in
2002,9 and provides relatively low yields and enantioselectivities
in propargylations,9 despite providing very high ee’s for
allylation reactions.10 Furthermore, the source of stereo-
induction in both allylations and propargylations catalyzed by
N-oxides has eluded precise characterization. Computational
analyses of the stereocontrolling transition states can be used to
refine and inform proposed transition state models for these
reactions. Ultimately, such information can facilitate the
rational design of improved catalysts.11

Takenaka and co-workers5 recently developed a catalytic
transformation in which the enantioselective propargylation of
aromatic aldehydes with allenyltrichlorosilane was achieved
using the helical 2,2′-bipyridine N-oxide12 1 (see Scheme 1).
This was the first highly enantioselective propargylation catalyst
utilizing allenyltrichlorosilanes, and yields (S)-homopropargylic
alcohols in 74−96% ee for a range of aromatic aldehydes. When
run in dichloromethane, it is generally assumed that N-oxide-
catalyzed alkylations follow the dissociative route depicted in
Scheme 2.13 The stereocontrolling step involves a chairlike
transition state featuring a hexacoordinate silicon, in which both
alkyl−aldehyde and aldehyde−silicon bonds are formed.13d
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In propargylations catalyzed by 1, Takenaka and co-workers5

attributed the preference for Si-face attack in part to favorable
π-stacking interactions between the aromatic aldehyde and the
helix. Re-face addition was said to be hindered by steric
interactions between the aldehyde and the terminal benzo unit
of the helix (see Scheme 3). In this TS model,5 the two

chlorines are in a trans arrangement, which is consistent with
venerable stereoelectronic arguments regarding the preferred
ligand arrangement of hexacoordinate silicon complexes.14

These traditional arguments, which depend on the placement

of the two electronegative chlorines in a trans configuration to
facilitate the formation of a three-center, four-electron bond,
have been used to rationalize myriad transition state models for
N-oxide-catalyzed alkylations.15 Similar arguments have moti-
vated the placement of the alkyl nucleophile trans to the N-
oxide in order to maximize nucleophile activation.15 On the
other hand, there have also been published transition state
models for N-oxide catalysts that feature a cis arrangement of
the two chlorines.7g,x,13a Thus, it remains an open question
whether the chlorines adopt a cis or trans arrangement in the
stereocontrolling transition states for these reactions. To our
knowledge the only systematic computational investigation of
the possible ligand arrangements of hexacoordinate silicon in
the context of N-oxide-catalyzed reactions was published by
Denmark and co-workers in 2005.16 However, this study did
not rule out the possibility of a cis arrangement of the chlorines.
Also, these computations16 were carried out at the semi-
empirical PM3 level, which is known to often yield qualitatively
incorrect predictions of enantioselectivities for organocatalyzed
reactions.17

Below, (S)-2,2′-bipyridine N-oxide was studied as a model of
N-oxide catalysts for the propargylation of benzaldehyde. This
simplified system provides a way to examine the preferred
coordination about the hexacoordinate silicon and the impact
of this chiral environment on the enantioselectivity of
propargylations. This is followed by more specific analyses of
the propargylation of aromatic aldehydes catalyzed by the
helical catalysts 1 and 2, providing a simple explanation of the
observed enantioselectivity.

2. THEORETICAL METHODS
All computations were performed at the B97-D/TZV(2d,2p) level of
theory,18 utilizing density fitting techniques. This dispersion-corrected
DFT functional,19 when paired with a triple-ζ basis set and density
fitting, provides an effective yet computationally economical approach
for organic reactions featuring noncovalent interactions.20 In
particular, B97-D is capable of capturing the dispersion effects that
dominate the noncovalent interactions present while also accurately
describing the transition states. For example, a recent study by Clark
and co-workers demonstrated17 excellent performance for the related
ωB97xD approach in predicting enantioselectivities for organo-
catalyzed reactions. B97-D/TZV(2d,2p) is expected to perform
similarly in this context.

Solvent effects (dichloromethane) were approximately accounted
for using the PCM model.21 Computations were carried out using
Gaussian09,22 and transitions states were characterized by the
existence of a single imaginary vibrational frequency. All geometries
and frequencies were computed using PCM, and gas phase energies
were evaluated at solution-phase geometries. Ee’s were evaluated on
the basis of the solution-phase free energy barriers via
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⧧ (Si), for example, is the free energy difference (relative to

the lowest-lying TS) for the ith TS leading to the S product, R is the
ideal gas constant, and T = 187 K. All transition states within 2 kcal
mol−1 of the lowest-lying TS were included in the sums.

The energy differences between transition states were analyzed
using the distortion−interaction approach of Houk and co-workers23

(or, equivalently, the activation-strain model of Bickelhaupt et al.24). In
such analyses of bimolecular reactions, barrier heights are decomposed
into the energy required to distort each reactant to the TS geometry
(Edist) and the “interaction energy” between the distorted reactants in
the TS (Eint = E⧧ − Edist).

Scheme 1. Enantioselective Propargylation of Aromatic
Aldehydes5 with Allenyltrichlorosilane Catalyzed by 1 and 2a

aAlso included is (S)-2,2′-bipyridine N-oxide, which was used as a
model of N-oxide catalysts.

Scheme 2. Catalytic Cycle for the Bipyridine N-Oxide-
Catalyzed Propargylation of Aromatic Aldehydes Following
a Dissociative Route

Scheme 3. Depiction of the TS Model of Takenaka and Co-
workers (Nu = allene)5
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3. RESULTS AND DISCUSSION

3.1. Model (S)-Bipyridine N-Oxide Catalyst (BP). In
order to quantify and clarify the impact of the hexacoordinate
silicon intermediate on the enantioselectivity of N-oxide-
catalyzed propargylation reactions, we have studied (S)-2,2′-
bipyridine N-oxide as a model catalyst (see Scheme 2). These
results can be used to guide the development of transition state
models for these and related reactions, since this model system
captures the dominant stereocontrolling center in these
reactions.
For (S)-2,2′-bipyridine N-oxide bound to an octahedral

silicon, there are 10 unique arrangements of the remaining
ligands (allenyl group, aldehyde, and two chlorines) that are
compatible with the addition of the allenyl group to the
aldehyde. From each of these configurations, the allenyl group
can add to the Si or Re face of the aldehyde, leading to
formation of the S or R homopropargylic alcohol, respectively.
B97-D predicted free energies for the 20 possible transition
state structures [10 generating R enantiomers (shown in Figure
1) and 10 yielding S enantiomers] are presented in Figure 1.
Free energies are reported relative to BP1(R).
Several salient features of these catalysts are revealed by this

model system. First, the chiral arrangement of ligands about the
octahedral silicon has a dramatic impact on predicted free
energies and enantioselectivities. Second, the lowest-lying R
and S transition states [BP1(R) and BP1(S)] correspond to a
trans arrangement of the chlorines, in accord with traditional
descriptions of octahedral silicon complexes.14 However,
BP1(S) and BP1(R) are nearly isoergonic, and this ligand
arrangement is not expected to lead to stereoselectivity in the
absence of other chiral elements. Third, in contrast to popular
models,5,15 in BP1 the N-oxide is trans to the aldehyde, not the
nucleophile (allenyl group). The transition states in which the
chlorines adopt a trans arrangement and the nucleophile is trans
to the N-oxide (BP2) lie 2.5 kcal mol−1 (for R) and 3.8 kcal
mol−1 (for S) higher in free energy than BP1(R). Finally, for all
but two of the TSs with a cis arrangement of the chlorines
(BP3−BP10) one or both of the R and S TSs are predicted to
be lower in free energy than BP2; many are nearly equal in free
energy to BP1.
Because of the multitude of low-lying transition states for this

model system, these results indicate that no particular ligand
configuration is preferred for general N-oxide catalysts. In other
words, for realistic catalysts other subtle factors can easily tip
the balance in favor of any one of these arrangements.
Although results for this model system indicate no preference

for a particular ligand arrangement, the predicted free energy
gaps between the R and S transition states for a given ligand
arrangement provide a guideline for proposed transition state
models for these catalysts. This is because this stereocontrolling
center will play a dominant role in determining the overall
selectivity of these types of catalysts. For example, the ligand
arrangement in BP2 is predicted to lead to a 1.3 kcal mol−1

preference for the TS leading to the R-product. Hence, unless
there are other effects that can overcome this 1.3 kcal mol−1

bias toward R, this ligand configuration will lead to selective
formation of the R enantiomer. For many of the other ligand
arrangements this inherent stereoselectivity is even stronger,
and must be considered in the development of transition state
models for these reactions. As seen below for the helical N-
oxide catalyst of Takenaka and co-workers,5 the results depicted
in Figure 1 provide qualitatively correct predictions of the free

energy differences between the R and S transition states
corresponding to a given ligand arrangement.

3.2. Takenaka’s Helical N-Oxide Catalyst. Having
examined the possible ligand arrangements for a model
bipyridine N-oxide catalyst, we now turn to the helical catalyst
developed by Takenaka and co-workers.5 Free energy differ-
ences for the two lowest-lying S and R transition states for the
propargylation of benzaldehyde and several substituted
benzaldehydes catalyzed by 1 are included in Table 1; free

Figure 1. Transition states in dichloromethane for the model (S)-2,2′-
bipyridine N-oxide catalyst, along with the relative free energy (ΔG⧧

rel,
kcal mol−1) for the TSs leading to the R (pictured) and S products. All
of the free energies are relative to the lowest-lying BP1(R) structure.
For each ligand arrangement, the corresponding S transition state is
formed by simply rotating the aldehyde by ∼180° about the CO
bond.
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energies for all other TSs are listed in SI Figure S1. Table 1 also
includes experimental and predicted ee’s. Overall, the
theoretical predictions are in accord with experimental ee’s.
In particular, the predicted difference in free energy between
the two lowest-lying S and R TSs for benzaldehyde, 0.9 kcal
mol−1, is in excellent agreement with the experimentally
observed ee of 86%. Accounting for all thermodynamically
accessible pathways, the predicted ee is decreased to 77%,
which is still in reasonable agreement with experiment. The
only qualitative discrepancy between the predicted and
measured ee’s occurs for p-methoxybenzaldehyde. In this
case, B97-D predicts an enhanced enantioselectivity relative
to benzaldehyde, but experimentally there is a 12% reduction in
the ee. However, the difference in the predicted ee (83%) and
the measured ee (74%) for 4-MeO-substituted benzaldehyde
corresponds to an error in ΔΔG⧧ of only 0.15 kcal mol−1.
Key low-lying S and R transition states for the propargylation

of benzaldehyde catalyzed by 1 are depicted in Figure 2.
Relative free energies and gas phase energies for these TSs are
provided in Table 2 (free energies for other possible TSs are
shown in SI Figure S1). The lowest-lying S and R TSs feature
the aldehyde and allene cis to the N-oxide, and the two
chlorines also in a cis arrangement. This ligand arrangement
corresponds to model transition states BP7 (see Figure 1). It is
noteworthy that the gap between BP7(S) and BP7(R), 0.8 kcal
mol−1, is in excellent agreement with the predicted 0.9 kcal

mol−1 free energy difference between TS(S)/1 and TS(R)/2.
Although for the other predicted TSs the agreement is not this
good, there is qualitative agreement between the predictions
from the model N-oxide catalyst and this helical catalyst
(compare SI Figure S1 and Figure 1). In particular, for all but
one of the ligand arrangements, the model N-oxide results
indicate the correct selectivity for the R or S enantiomer for this
helical catalyst. The only exception is the ligand arrangement in
BP8, for which the model system predicts the R and S
transition states to be roughly equal in free energy, while for the
helical N-oxide catalyst B97-D predicts a 1.7 kcal mol−1

preference for S.
Also included in Figure 2 are transition states corresponding

to the TS model of Takenaka et al. (Scheme 3).5 Takenaka
TS(R) is 2.3 kcal mol−1 lower in free energy than Takenaka
TS(S), and hence, with this arrangement of ligands the
predicted enantioselectivity is opposite to that observed
experimentally. This is unsurprising in light of the results for
the model catalyst examined above. This is because the ligand

Table 1. Free Energies of the Lowest-Lying R TS, Relative to
the Lowest-Lying S TS (ΔG⧧

rel, kcal mol−1), and Theoretical
and Experimental ee’s for the Propargylation of Selected
Aromatic Aldehydes Catalyzed by 1 and 2a

cat. Ar ΔG⧧
rel ee (theor) ee (exp)

1 H-Ph 0.9 77 86
1 4-F-Ph 1.0 87 88
1 4-MeO-Ph 0.9 83 74
1 2-F-Ph 1.4 93 92
1 2-MeO-Ph 2.7 97 94
2 H-Ph 0.6 69 36

aSee Table 2 and SI Figure S1 for free energies of other computed
TSs. ee (theo) was calculated as described in Theoretical Methods and
includes contributions from all TSs within 2 kcal mol−1 of the lowest
lying TS.

Figure 2. Key low-lying transition states for the propargylation of benzaldehyde catalyzed by 1. Free energy barriers (ΔG⧧
rel, kcal mol

−1) are given
relative to TS(S)/1. See SI for other low-lying transition states.

Table 2. Relative Free Energy (ΔG⧧
rel) and Energy (ΔE⧧

rel)
Barriers, and Relative Distortion and Interaction Energies
(ΔErel

dist and ΔErel
int) for Key Transition States (see Figures 2

and 5)a

ΔG⧧
rel ΔE⧧

rel ΔEreldist ΔErel
int

TS(S)/1 0.0 0.0 0.0 0.0
TS(R)/1 0.9 2.1 −1.6 3.7
TS(S′)/1 1.9 2.0 11.4 −9.4
TS(R′)/1 1.1 2.3 0.4 1.9
TS(S″)/1 3.6 4.1 7.3 −3.2
TS(R″)/1 3.2 2.7 1.3 1.4
Takenaka TS(R)/1 5.4 4.1 7.6 −3.5
Takenaka TS(S)/1 3.1 2.3 8.3 −6.0
TS(S)/2 0.0 0.0 0.0 0.0
TS(R)/2 1.6 2.3 −1.2 3.6
TS(S′)/2 −0.1 −0.5 4.8 −5.4
TS(R′)/2 0.6 0.7 −2.4 3.1
TS(S″)/2 2.5 2.2 2.7 −0.5
TS(R″)/2 0.7 0.0 −1.4 1.4
Takenaka TS(R)/2 3.6 2.2 5.4 −3.2
Takenaka TS(S)/2 1.7 −0.1 6.2 −6.2

aAll data relative to either TS(S)/1 or TS(S)/2.
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arrangement in Takenaka’s TS model (BP2) leads to a 1.3 kcal
mol−1 bias toward the R transition state. Apparently, inclusion
of the helix in this catalyst shifts this balance more in favor of
the R transition state. Moreover, Takenaka TS(S)/1 and
Takenaka TS(R)/1 are predicted to be 5.4 and 3.1 kcal mol−1

higher in free energy than TS(S)/1, respectively, so are unlikely
to play any role in this reaction.
In Table 2, it can be seen that relative gas phase energy

barriers for catalyst 1 follow the same trends as the solution
phase free energy barriers, indicating that solvent and entropy
effects do not have a substantial net impact on the relative free
energies of these transition states. As such, we focus below on
relative gas phase energies, neglecting the impact of solvent and
entropy. In this way, the selectivity for the S enantiomer, which
arises primarily from the 0.9 kcal mol−1 free energy difference
between TS(S)/1 and TS(R)/1, can be explained in terms of
the distortion of the reactants and inter- and intramolecular
interactions.
In terms of gas-phase energies, TS(R)/1 lies 2.1 kcal mol−1

higher than TS(S)/1. As seen in Table 2, distortion energies
favor TS(R)/1 over TS(S)/1 by 1.6 kcal mol−1. It is the
difference in interaction energies, ΔErel

int, that results in TS(R)/1
lying 2.1 kcal mol−1 higher in energy than TS(S)/1. In these
transition states, Eint includes contributions from noncovalent
interactions between the aldehyde and helix in addition to the
usual covalent effects from the partially formed and broken
bonds. The model systems depicted in Figure 3 were used to

differentiate between these contributions to Eint. Here, the
“aldehyde−catalyst” contribution was defined as the difference
in energy between the complex of the aldehyde with the
allenyltrichlorinesilane bound to the “core” of the catalyst (i.e.,
the black structure in Figure 3), and the separated aldehyde and
trichlorosilane−catalyst adduct. Similarly, the “aldehyde−helix”
contribution to Eint was determined from the relative energy of
the aldehyde−helix complex and separated aldehyde and helix
(red in Figure 3). In both cases, the positions of all conserved
atoms were fixed, and only the added hydrogen atoms were
optimized. These contributions to the energy gap between
TS(R)/1 and TS(S)/1 are depicted in Figure 3. Remarkably,
the aldehyde−catalyst interaction (+4.3 kcal mol−1) strongly
favors TS(S)/1 over TS(R)/1, and the aldehyde−helix

interactions actually reduce the energy difference between
TS(R)/1 and TS(S)/1 by 1 kcal mol−1. In other words, the
energetic preference for Si-face attack over Re-face attack arises
from favorable interactions between the aldehyde and the
trichlorosilane−catalyst adduct without the helix. This effect is
tempered by noncovalent interactions between the aldehyde
and helix as well as the greater energy required to distort the
reactants into the geometry of TS(S)/1 compared to TS(R)/1.
The 4.3 kcal mol−1 difference in the aldehyde-catalyst

interaction for TS(S)/1 and TS(R)/1 can be rationalized in
part by considering the atomic charges and interatomic
distances in these transition states. As seen in Figure 4, the

carbonyl carbon, which bears a charge of ∼0.25e, is 0.77 Å
closer to the negatively charged Cl trans to the N-oxide in
TS(S)/1 than it is in TS(R)/1, and is equidistant from the
other Cl. This leads to a net electrostatic stabilization of TS(S)/
1 over TS(R)/1. Such effects will be general for N-oxide
catalysts based on alkyltrichlorosilanes adopting the BP7
arrangement of ligands.
In Takenaka’s TS model, it was proposed that Re-face attack

was hindered by steric interactions between the aldehyde and
the terminal benzo ring of the helix (see Scheme 3). This
proposal was bolstered by the significant reduction in
enantioselectivity observed for catalyst 2 compared to 1.
However, from the optimized structure of Takenaka TS(R)/1,
the closest contact between the aldehyde and the terminal
benzo ring of the helix is 4.6 Å, precluding any steric
interactions. Hence, there must be an alternative explanation
for the marked difference in selectivity between catalysts 1 and
2.
Transition states for the propargylation of benzaldehyde

catalyzed by 2 were optimized in order to explain the reduced
stereoselectivity. Key low-lying TSs are depicted in Figure 5. As
with catalyst 1, for 2 it was found that TS(S)/2 is low-lying.
However, in the case of catalyst 2, there is an additional
predicted transition state, TS(S′)/2, which is essentially
isoergonic with TS(S)/2. More importantly, there are two
low-lying R TSs. These transition states, TS(R′)/2 and TS(R″)/
2, are only 0.6 and 0.7 kcal mol−1 higher in free energy than
TS(S)/2, and are responsible for the reduced enantioselectivity
of catalyst 2. For catalyst 1, TS(R′)/1 and TS(R″)/1 are much
higher-lying. The reason TS(R′)/2 and TS(R″)/2 are so low-
lying is that less energy is required to distort the reactants into
the TS geometries than for TS(S)/2. This effect cancels the
effect of Eint, which favors TS(S)/2. This is the opposite effect
as was observed for catalyst 1, for which both Eint and Edist favor
TS(S)/1. For example, for catalyst 2 the contribution of
distortion (−1.4 kcal mol−1) and interaction (+1.4 kcal mol−1)
to the energy difference between TS(R″)/2 and TS(S)/2
exactly cancel, leading to equal gas-phase energies for these two
transition states. For catalyst 1, the distortion (+1.3 kcal mol−1)

Figure 3. Model complexes used to approximately decompose the
interaction energy (Eint, kcal mol−1) into contributions from
interactions of the aldehyde (blue) with the core of the catalyst
(black) and the noncovalent interactions between the aldehyde (blue)
and the helix (red), as applied to TS(S)/1. The contribution of Edist

and the aldehyde−catalyst and aldehyde−helix components of Eint to
the dif ference in gas phase energies between TS(R)/1 and TS(S)/1 is
depicted in the top right. There is a small degree of overcounting,
which arises in part from the duplicated ethylene unit.

Figure 4. Selected atomic charges (NPA)25 and distances between the
carbonyl carbon and Cl ligands in TS(S)/1 (left) and TS(R)/1
(right).
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and interaction (+1.4 kcal mol−1) add to yield the 2.7 kcal
mol−1 energy difference between TS(R″)/1 and TS(S)/1.

4. SUMMARY AND CONCLUSIONS

The enantioselective propargylation of aromatic aldehydes with
allenyltrichlorosilane catalyzed by 2,2′-bipyridine N-oxides has
been investigated using DFT. (S)-2,2′-bipyridine N-oxide was
studied as a model catalyst in order to examine the dependence
of predicted relative free energy barriers on the arrangement of
ligands around the hexacoordinate silicon. This model study
yielded two primary conclusions. First, there is no strong
preference for a given arrangement of ligands about the
stereocontrolling hexacoordinate silicon transition state, and for
a given N-oxide catalyst the preferred ligand arrangement will
depend on other factors (steric and other noncovalent
interactions, etc.). Second, because the different ligand
arrangements around the hexacoordinate silicon lead to
drastically different stereochemical outcomes for these
reactions, the present results provide guidelines for proposed
TS models. In particular, many ligand arrangements result in a
strong bias toward formation of either the R or S
homopropargylic alcohol, even in the absence of other chiral
elements. This inherent selectivity will be a major determinant
of the overall enantioselectivity of N-oxide propargylation
catalysts. It was shown that for a given ligand arrangement,
these model computations provide qualitatively correct
predictions of selectivities for the helical N-oxide catalyst of
Takenaka and co-workers.5

For this helical N-oxide catalyst of Takenaka and co-workers,
the present theoretical predictions are in accord with
experimental observations,5 and provide a simple explanation
for the observed enantioselectivities. The present results
support the TS model depicted in Scheme 4, which is also
consistent with available experimental data5 as well as results
from the model N-oxide catalyst. However, this TS model is
different from that previously published by Takenaka and co-
workers (see Scheme 3).5 Most notably, in the TS model in
Scheme 4 the chlorines adopt a cis arrangement, and the allenyl
group is cis to the N-oxide; in Takenaka’s TS model both of
these arrangements are trans. The present results point to
simple electrostatic interactions between the carbonyl group of
the aldehyde and the silyl chlorines as the dominant
determinant of selectivity. These electrostatic effects outweigh

the impact of stabilizing noncovalent aryl−aryl interactions
between the aldehyde and the helix. Aryl−aryl interactions
stabilize the R transition state, and actually reduce the
selectivity of these reactions.
Although the helical catalyst of Takenaka5 is a covalent

catalyst, the high degree of enantioselectivity is a result of
stabilizing noncovalent interactions. This is in line with the
enzyme-inspired catalyst design principles recently outlined by
Knowles and Jacobsen.2 In this case it is simple electrostatic
interactions that stabilize the preferred pathway, not π-stacking
interactions or hydrogen bonds. As discussed above, however,
the aryl−aryl interactions of the aldehyde with the helix reduce
the free energy difference between the lowest-lying S and R
transition states, and therefore, this catalyst does not achieve
maximal selectivity. Ongoing efforts are aimed at refining this
catalyst to stabilize the preferred pathway through electrostatic
and π-stacking interactions acting in concert to achieve
enhanced enantioselectivity.

■ ASSOCIATED CONTENT

*S Supporting Information
Complete citation for ref 22; absolute energies and computed
free energies; Cartesian coordinates and figures for computed
transition states.This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
wheeler@chem.tamu.edu

Figure 5. Key low-lying transition states for the propargylation of benzaldehyde catalyzed by 2. Free energy barriers (ΔG⧧
rel, kcal mol

−1) are given
relative to TS(S)/2.

Scheme 4. Proposed Transition Model Based on the Present
Computational Data (Nu = allene)

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja209241n | J. Am. Chem. Soc. 2012, 134, 3095−31023100

http://pubs.acs.org
mailto:wheeler@chem.tamu.edu


■ ACKNOWLEDGMENTS
This work was supported in part through The Welch
Foundation, Grant A-1775. We thank the Texas A&M
Supercomputing Facility for providing computational resources
and Dr. Elango Munusamy for helpful comments. Molecular
figures were generated using CYLView.26

■ REFERENCES
(1) (a) List, B.; Yang, J. W. Science 2006, 313, 1584−1586. (b) Dalko,
P. I.; Moisan, L. Angew. Chem., Int. Ed. 2004, 43, 5138−5175.
(c) Carpenter, J.; Northrup, A. B.; Chung, D.; Miener, J. J. M.; Kim, S.-
G.; MacMillan, D. W. C. Angew. Chem., Int. Ed. 2008, 47, 3568−3572.
(d) Dondoni, A.; Massi, A. Angew. Chem., Int. Ed. 2008, 47, 4638−
4660.
(2) Knowles, R. R.; Jacobsen, E. N. Proc. Natl. Acad. Sci. U.S.A. 2010,
107, 20678−20685.
(3) (a) Wheeler, S. E.; Houk, K. N. J. Am. Chem. Soc. 2008, 130,
10854−10855. (b) Wheeler, S. E.; Houk, K. N. Mol. Phys. 2009, 107,
749−760. (c) Wheeler, S. E.; Houk, K. N. J. Chem. Theory Comput.
2009, 5, 2301−2312. (d) Wheeler, S. E.; McNeil, A. J.; Müller, P.;
Swager, T. M.; Houk, K. N. J. Am. Chem. Soc. 2010, 132, 3304−3311.
(e) Bloom, J. W. G.; Wheeler, S. E. Angew. Chem., Int. Ed. 2011, 50,
7847−7849. (f) Raju, R. K.; Bloom, J. W. G.; An, Y.; Wheeler, S. E.
ChemPhysChem 2011, 21, 3116−3130. (g) Wheeler, S. E. J. Am. Chem.
Soc. 2011, 133, 10262−10274.
(4) Cheong, P. H.-Y.; Legault, C. Y.; Um, J. M.; Çelebi-Olcü̧m, N.;
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