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ABSTRACT: The origins of the high enantioselectivity of
chiral phosphoric acid-catalyzed oxetane desymmetriza-
tions were investigated by density functional theory
(DFT) calculations. Distortion of the catalyst structure,
caused by steric crowding in the catalyst pocket of one
enantiomeric transition state, is the main cause for
stereochemical preference. A general model was developed
to assist in the rational design of new catalysts for related
transformations.

Chiral phosphoric acid (PA) catalysis is a powerful tool in
asymmetric synthesis.1 Catalysts of this class operate in

most reactions through bifunctional activation, where the PA
moiety serves both as a general acid and a general base (through
the phosphoryl oxygen), simultaneously activating both the
electrophile and nucleophile.1,2 This versatile mode of action
allows a wide range of applications for PA catalysis, mostly
directed toward nucleophilic addition to sp2 electrophiles
(imines, carbonyls, etc.).1 Multiple experimental and computa-
tional studies of such systems have produced models of
selectivity that are based on the size and orientation of the
catalyst’s chiral pocket, favoring one enantiomeric transition state
(TS).3

Application of PA catalysis to substitution reactions of sp3

electrophiles is much less developed, although enantioselective
openings of meso-aziridines4 and epoxides,5 azetidines6 and
oxetanes7 are known. These reactions involve various
nucleophiles, including thiols, carboxylic acids, alcohols, amines,
and hydrogen chloride, and generate enantioenriched ring-
opened alcohol or amine products that have great synthetic value.
A model of selectivity for these reactions would help the rational
design of new catalysts and their application to additional
systems. Since TSs for nucleophilic substitutions at sp3 centers
have strikingly different geometries from TSs for additions to sp2

electrophiles, previous models (such those developed by
Goodman and others for imines)2,3d,e cannot be applied directly
to sp3 systems.
Recently, Seguin and Wheeler reported a theoretical study of

PA-catalyzed openings of meso-epoxides and identified electro-
static interactions that control the modest selectivity.8 We have
now computationally investigated the origins of high enantiose-
lectivity in oxetane openings and report a broadly applicable
model based on our results.
We studied Sun and co-workers’ most recent oxetane

desymmetrization that uses HCl as the in situ-generated
nucleophile (Scheme 1).7e SPINOL-derived catalysts 2 were

found to be more selective than commonly used BINOL-derived
PAs in this reaction. Using catalyst (S)-2a, the transformation is
fast, highly selective, and has a wide substrate scope, making it an
attractive entry-point to understand the whole class of oxetane
opening reactions.
To elucidate the origins of stereoselectivity, we performed

quantum chemical calculations9 at the B3LYP-D3(BJ)/6-
311+G(d,p)-CPCM(benzene)//B3LYP/6-31G(d) level of
theory10,11 using Gaussian 09.12 These methods have been
shown to give good results in related stereoselectivity
studies.3f−j,l,n,13,14 Structures were illustrated with CYLview.15

Other DFT methods were also evaluated and are fully consistent
with the trends and magnitudes of the relative activation free
energies (ΔΔG‡) presented in the main text.9

Assuming a bifunctional mode of activation, previously
identified as operative in SN2 reactions catalyzed by PAs,8 we
first investigated the reaction of oxetane 1a with HCl, using
phosphoric acid dimethyl ester 4 as a model catalyst. Three
positions of the TS around the PA structure were located; the
isoenergetic, lowest-energy A and B arrangements are shown as
their Goodman projections2 in Figure 1 (other projections are
defined in Figure 3f). Both of these have the oxetane phenyl
substituent anti to the PA catalyst. Arrangement C (not shown),
with the oxetane substituent syn to the PA, is disfavored by 3.3
kcal/mol.9 In all cases, the catalyst activates the nucleophilic Cl−

by deprotonating HCl and simultaneously activates the leaving
group by protonation of the oxetane oxygen. Moreover, the
expected linear nature of the SN2 TS is slightly distorted, as the
forming Cl−C bond makes a 159° angle with the breaking C−O
bond.
We then explored the free energy profile of the reaction of 1a

catalyzed by (S)-2a (Figure 2). Binding of both substrates to the
phosphoric acid of the catalyst generates a reactant-complex
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Scheme 1. Sun’s Asymmetric Desymmetrization of 3-
Substituted Oxetanes 1 with HCl as Nucleophile7e
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(RC), which is 6.9 kcal/mol more stable than the separated
reactants (R), due to strong hydrogen-bonding. From RC, the
transformation is characterized by a single rate- and stereo-
determining TS that combines C−O bond breaking, C−Cl bond
formation, and proton shuttling from the nucleophile to the
electrophile, assisted by the bifunctional nature of the PA. The
lowest-energy TS leading to the preferred (R)-product (TS(R))
has a barrier of 18.4 kcal/mol and is 1.9 kcal/mol more stable
than the corresponding TS leading to the (S)-product (TS(S)).
Upon reaction, the product-complex (PC) is only 1.7 kcal/mol
more stable than the free product 3a (P), meaning quick
turnover of the catalyst can be expected. These calculations are in
excellent agreement with experimental observations, as they
predict both the fast rates of the reaction at room temperature
and the high level of enantioselectivity, measured at 94% ee
(ΔΔG‡ = 2.1 kcal/mol) for (R)-3a.7e

The lowest-energy conformations of TS(R) and TS(S) are
shown below in their Goodman (Figure 3a,c) and Terada−
Himo3a,c “quadrant” (Figure 3b,d) projections. The catalyst
active site (PA moiety) is located in a chiral pocket, attached to
the rigid 1,1′-spirobiindane backbone16 and flanked by the 6,6′-
aryl substituents (walls). Both TS(R) and TS(S) follow
arrangement B, as any other organization of the TS, such as A,
would incur strong steric clashes with the walls of the catalyst. In
both cases, the acid of the PA protonates the oxetane oxygen,
while the phosphoryl oxygen deprotonates HCl. Additionally,
the Cl···C···Oplane is tilted around 45°with respect with theO−
P−O plane, in order to maximize these two acid−base
interactions in the 8-membered proton-shuttling TS. Both TSs
also have essentially identical bond distances and angles around
this reaction site.
The most important difference between TS(R) and TS(S) is

the absolute location and orientation of the catalyst walls (6,6′-
aryls and their cyclohexyl substituents) and backbone

Figure 1. Lowest-energy TS arrangements for the reaction of oxetane 1a
with HCl, catalyzed bymodel PA 4. The depicted TSs lead to the (R)-3a
product.

Figure 2. Free energy profile of the reaction of 1awith HCl, catalyzed by
(S)-2a. Energies are in kcal/mol.

Figure 3. (a,c) Goodman projection ofTS(R) andTS(S), respectively. (b,d) Quadrant projection of these TSs. Key bond lengths and angles are shown.
Energies are in kcal/mol. (e) Superimposition of the quadrant projections of catalyst (S)-2a (black lines), TS(R) (green lines), and TS(S) (red lines).
Blue circles, labeled I and II, highlight important steric interactions. (f) Definition of the Goodman and quadrant projections. In all panels, noncritical
hydrogen atoms are omitted for clarity.
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(spirobiindane), relative to the substrates. This effect is most
easily seen using the quadrant projections (Figure 3b,d), in which
the cyclohexyls in TS(S) have a significantly shifted position
compared to TS(R). To better demonstrate this twisting of the
catalyst structure, the quadrant projections ofTS(R),TS(S), and
the free catalyst (S)-2a are overlaid in Figure 3e. Introduction of
the substrates in the catalyst pocket, when organized as to form
the (R)-product, incurs minimal reorganization of the catalyst
structure, as hardly any steric crowding develops (highlight I).
This is indicated by the almost perfectly superimposed structures
of TS(R) (green) and the unperturbed conformation of the free
catalyst (S)-2a (black). However, introduction of the substrates
as in TS(S) (red) would cause major steric repulsions between
the oxetane phenyl substituent and the cyclohexyl chain present
at the para position of the free catalyst wall (black), as shown in
highlight II of Figure 3e. Instead, the catalyst walls in TS(S)
move away from the substrates, leading to the visible difference
between the red and black structures in Figure 3e.
The nature and energetic cost of this catalyst distortion were

investigated using a distortion/interaction analysis.9,17 Single-
point calculations in the gas-phase at the B3LYP-D3(BJ)/6-
311+G(d,p) level were used to evaluate the relative roles of
catalyst and substrates distortion and interaction on the overall
energy difference (ΔΔE‡ = ΔE‡TS(S) − ΔE‡

TS(R)) between
TS(R) and TS(S), which is 2.0 kcal/mol using this method. The
calculated distortion energy difference is 2.1 kcal/mol for the
catalyst fragment and −0.5 kcal/mol for the substrate fragment.
The interaction energy difference is only 0.5 kcal/mol, indicating
no significant difference in electrostatic interactions. By contrast,
the Wheeler group found electrostatic interactions to be
controlling in epoxide opening reactions.8 From the above
analysis, we recognize that the energy difference between the (R)
and (S) pathways is mostly due to the greater distortion energy of
the catalyst in the TS(S) structure.
Although it arises from steric repulsions between the substrate

and catalyst walls, the greater distortion energy in TS(S) cannot
be attributed to unfavorable conformations of the walls. To prove
this, we truncated both TS(R) and TS(S) by replacing the 6,6′-
aryl substituents (walls) of the catalyst with hydrogens, then
calculated the resulting single-point ΔΔE‡ without optimiza-
tion.9 The difference is still 2.0 kcal/mol. Therefore, although van
der Waals repulsions force the cyclohexyls away from the
substrate in TS(S), this shifting actually induces twisting and
strain into the spirobiindane backbone and phosphate group,
forcing them to adopt conformations distorted from their most
stable arrangements. The lower enantioselectivity exhibited in
this reaction by BINOL-derived catalysts can thus be explained
by their more flexible 1,1′-biaryl-based backbones, which allow
them to better adjust to the strain induced by substrate binding.
We propose the following general model to explain and predict

the stereochemical outcome in reactions of oxetanes catalyzed by
axially chiral phosphoric acids (Figure 4). This model is based on
the quadrant projection, which allows clear visualization of an
SN2 TS. The model depicted in Figure 4 accounts for (R)-
BINOL- (and derivatives) or (S)-SPINOL-derived catalysts,
which have the same sense of axial chirality.
We have shown that arrangement B (Figure 1) is preferred for

both enantiomeric TSs (see Figure 3a,c). This aligns the
substrate reaction plane in a way to position both the nucleophile
and leaving group in the empty quadrants.18 This is the key
feature from which the whole model is built. Arrangement B also
orients the largest substituent on the oxetane anti to the catalyst
structure. From there, two enantiomeric TSs can be sketched.

The TS that would suffer frommaximal steric repulsions between
the substituent of the oxetane (blue sphere) and the substituents
at the para position of the catalyst walls (black spheres) is
predicted to be disfavored. Indeed, removal of these strong van
der Waals interactions will occur by distortion of the catalyst
structure, inducing unfavorable conformations in its backbone.
Our model can be further simplified to a “back-of-the-

envelope” variant and can be applied to explain the stereo-
chemical outcome of other asymmetric oxetane openings,
without requiring additional computations (Figure 5). For

example, the major enantiomer resulting from both an
intermolecular reaction with 2-mercaptobenzothiazole7b and an
intramolecular amination7a,c are accurately explained by our
simple steric analysis. Generalization of this model to reactions of
disubstituted oxetanes and other sp3 electrophiles is underway.
In summary, the enantioselective desymmetrization of

oxetanes is controlled by steric interactions that ultimately
cause unfavorable catalyst distortion. This also explains why
SPINOL-derived PAs are more selective than their BINOL-
derived variants for the reaction studied here, as BINOLs have
more flexible structures. As SN2 TSs are linear and align in
predictable fashion in the pockets of chiral PAs, a simple model

Figure 4. Model for oxetane desymmetrizations catalyzed by (R)-
BINOL- or (S)-SPINOL-derived phosphoric acids. Steric repulsion
analysis predicts that TS(R) will be favored.

Figure 5. “Back-of-the-envelope” model applied to other enantiose-
lective oxetane desymmetrizations. See Figure 1 for structure of catalyst
2.
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to explain and predict selectivity was developed. We anticipate
that it will spur new rationally designed catalysts and trans-
formations in the important field of chiral PA catalysis.
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