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The relative energies of cyclohexane-1,2-diols and chiral tetrapeptide (2 (Boc) or 3 (Moc)) complexes calculated using DFT indicate a
thermodynamic preference for chiral recognition toward (1R,2R). .-c. isomer. The barrier for stereoselective acyl transfer is identified as lower
for trans-(1R,2R)-cyclohexane-1,2-diol, leading to the kinetic resolution (KR) of trans-(1S,25)-cyclohexane-1,2-diol. The prediction is in concert
with the reported experiments for trans-diols, while that for hitherto unknown cis-diol demands experimental verification. It is proposed that
desymmetrization would enable the resolution of cis-(1R,2S)-2-hydroxycyclohexyl acetate.

Kinetic resolutions (KRs) are recognized as an effective
protocol toward the generation of enantiopure compounds.*
Both enzymatic and nonenzymatic KRs have found useful
applications with a spectrum of organic compounds.? Among
the nonenzymatic approaches, KR of alcohols through
asymmetric acylation has attracted considerable attention in
recent years.® An interesting strategy popularized by Miller
and co-workers employs small peptides functionalized with
nucleophilic N-methylimidazole as catalysts for KR of
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secondary alcohols.* Another impressive example on the use
of small peptide catalysts due to Schreiner and co-workers
demonstrated successful resolution of 1,2-trans cycloakane
diols (Scheme 1).°> These approaches in general rely either
on substrate specificity arising due to hydrogen bonding
interactions or/and the propensity to exhibit improved order
through secondary structures.® While the design of newer
peptide catalysts for KR continues to grow, efforts toward
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Scheme 1. Enantioselective Acylation Reaction Catalyzed by 2°
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unravelling the molecular origins of such catalysis are not
widely reported.” Detailed insights on the mechanism as well
asthe crucia kinetic factors would indeed help improve the
efficiency of such promising methods.

In thisletter, we intend to shed light on the origins of KR
of 1,2-diols achieved through a chiral tetrapeptide-catalyzed
stereoselective acyl transfer reaction. The objectives here are
2-fold: (i) to provide a mechanistic framework toward
rationalizing the KR of racemic trans-cyclohexane-1,2-diols
and (ii) to apply the insights thus obtained toward predicting
the likely outcome of, hitherto unknown, meso cis-cyclo-
hexane-1,2-diols. Schreiner’s tetrapeptide catalysts (2), de-
rived from arigid non-natural y-aminoadamantanecarboxylic
acid, denoted as Boc-(-Me)His-*Gly-Cha-Phe-OMe and
Moc-(-Me)His-*Gly-Cha-Phe-OMe, are chosen for the
present investigation.®

A hybrid DFT (B3LY P/6-31G*) and semiempirical MO
(PM3) treatment using the ONIOM2 methodology is em-
ployed for geometry optimization. All the intermediates and
transition states are, respectively, characterized as minima
and first-order saddle points using frequency analysis.
Additionally we have carried out 10% displacement of the
transition geometry along the direction of the imaginary
frequency and reoptimized the perturbed structure using the
“calcfc” option available in the program. This was to ensure
whether the transition state is genuine and connects the
reactant and the product. Energies of such stationary points
are subsequently refined using single-point energy calcula-
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tions at the B3LY P/6-31G* level of theory.® Such approaches
have been successfully used in explaining the mechanism
and stereoselectivity of organic reactions.’® The most crucial
part of the reacting system including the diol and (z-Me)His-
acylium fragments is described using density functional
theory (higher layer), while the peptide backbone is treated
as a lower layer using the semiempirical PM3 method.

The KR isenvisaged to proceed first through the formation
of inclusion complexes facilitated by chiral recognition
between the host peptide and diols, and then a stereoselective
acyl transfer reaction takes place under the chiral environ-
ment. While the latter reaction holds the key to KR, theinitial
inclusion complexes can be equally critical. The problem is
therefore approached in two important steps. The identifica-
tion of important lower energy inclusion complexes between
different stereoisomers of the diol and the host peptide is
undertaken first. The stereoselective acyl transfer reactions
are then studied by precisely identifying the corresponding
transition states. The chiral recognition of diols offered by
two tetrapeptides Moc-(7-Me)His-*Gly-Cha-Phe-OMe (3)
and Boc-(7-Me)His*Gly-Cha-Phe-OMe (2)*! is examined
by considering a series of likely inclusion complexes as
shown in Figure 1. The stabilization of these complexes
appears to depend on the relative stereochemical disposition
between the diol hydroxyl groups and the extent of inter-
molecular interactions with the peptide residues. In the
lowest-energy inclusion complex for the trans-diol, the
configuration isidentified as (1R,2R)ee-0t. It isidentified that
these complexes are primarily stabilized by an anchoring
hydrogen bonding interaction between the C=0 group of
the amino acid backbone of the catalyst and the diol hydroxyl
group. Interestingly, such an interaction is noticed in all of
the lower-energy complexes. A representative geometry of
an inclusion complex depicting this is provided in Figure
2a

A comparison of the computed relative energies of trans-
and cis-1,2-cyclohexanediol complexes is given in Figure
1. It isnoticed that the trans-(1R,2R)-dial- - -acylium complex
is more stable by 4.3 kcal/mol than the energetically nearest
diastereomeric trans-(1S,29)-diol- - -acylium complex. In the
case of cis-dials, the cis-(1R,29)-diol- - -acylium complex is
found to be the most preferred complex. The relative energies
of these complexes suggest a likely thermodynamic propen-
sity toward selective chiral recognition by the host peptide.
The differential binding of diastereomeric diols can be
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Figure 1. Computed relative energies (AE in kcal/mal) at the B3LY P/6-31G*//ONIOM2(B3LY P/6-31G*:PM3) level of theory for catalyst-
acyliume - -diol complexes. The relative energies for trans- and cis-diols are reported separately, on the basis of the lowest-energy inclusion

complex in each case.

envisaged to offer a congenial template for the ensuing
acylation reaction. It islogical to assume that the acyl transfer
reaction is more likely to take place soon after the correct
inclusion complexes are generated. Next, the TSs for acyl
transfer to diols are located. The relative energies with respect
to the lowest-energy TS for both trans- and cis-diols are
provided in Table 1. The TS for the acyl transfer reaction,
(1IR2R)ee-0*,** leading to the formation of (1R2R)-2-
hydroxycyclohexyl acetate is found to be the lowest-energy
TS. The enantiomeric excess calculated on the basis of
relative activation energy of the next higher energy diaster-
eomeric TS (1S529).¢-3* giving rise to the corresponding

enantiomer is above 99%. The computed ee is larger than
the experimentally reported value of 75%.° Though the
calculated eeis quantitatively higher than the observed value,
the predicted sense of stereoselectivity toward acylation is
same as that observed experimentally. The protecting groups
(Boc or Moc) do not seem to influence the stereochemical
outcome, as those are farther from the reaction site.

The optimized geometries of the lower-energy TSs are
provided in Figure 2. Comparison of the geometrical features
of the TSs revedls that the hydrogen bonding between the
diol hydroxyl groups and the C=0O group of the amino acid
backbone play a vital role toward stabilizing the TSs. For

(a)
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TS{1R2R)s &0

TS-(15,2S)eB

Figure 2. ONIOM2(B3LY P/6-31G*:PM3) optimized geometry of (8) (1R 2R)e-Cyclohexane-1,2-diol- - -acylium complex, and (b) the lower-
energy TSs for the acetyl transfer to trans-diol. Only selected hydrogens are shown for improved clarity. Lighter gray and darker colored
shadings, respectively, represent the lower (PM3) and higher (B3LYP) layers in the ONIOM?2 partitioning. Distances are given in A.
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Table 1. Computed Relative Energies of Transition States
Obtained at the B3LY P/6-31G*//ONIOM(B3LY P/6-31G*:PM3)
Level of Theory for the Acyl Transfer®

relative AE* (in kcal/mol)

transition
diol states Boc (2) Moc (3)
(18,28)e -0t 13.5 13.4
(18,28), - 4.6 45
(18,28), .-f* 7.6 7.7
(1R,2R). -0t 0.0 0.0
(1R,2R). -f* 11.5 11.6
trans-diol  (1R,2R), .- 9.7 11.6
(1R,28), .-0F 0.0 0.0
(1R,28). .-f* 16.1 16.3
(1R,28), -f* 12.5 12.6
(1S,2R). -0 12.7 12.7
(18,2R), .-f* 14.9 15.0
cis-diol (18,2R), - f* 4.3 4.4

2 See Tables S1 and S2 in the Supporting Information, respectively, for
values obtained using the 6-31G** basis set aswell asthe activation barriers
with respect to the prereacting complexes. ® The notations a. and j refer
the orientations of —OH in the diol to which the acetyl is transferred.

instance, the hydrogen bonding distance in TS (1R,2R)e -0
isfound to be 1.78 A. The separation between the cyclohexyl
groups, respectively, of catalyst 2 and the diol is found to
increase from the prereacting complex to the lowest-energy
acyl transfer TS. The distances of the acyl group from
histidine nitrogen and diol oxygen indicate a product-like
TS for acyl transfer. The conformation of the peptide
backbone in the higher-energy TSs is identified to exhibit
larger deviations as compared to that with the lower-energy
TS.23 In particular, the orientation of the cyclohexyl group
of the backbone is found to be progressively different for
higher-energy TSs. In TS (1S2S)ee-3, the incipient C—O
bond develops 1,3-diaxial interaction with the C(5)H, which
is absent in the lowest-energy TS (1R,2R)e-0*. A stabilizing
hydrogen bonding interaction between the acyl oxygen and
cyclohexane C(a)H of the diol offers additional stabilization
for (1R,2R)ee-a*.** The cumulative effects of the stereoelec-
tronic features as noted above will help achieve the vita

(12) In the nomenclature used for inclusion complexes and transition
states, the subscripts a (axial) or e (equatorial) refer to the position of —OAc
and —OH in the product and notations o. and 3 refer to the orientations of
—OH in the diol to which the acetyl group is transferred.

(13) A comprehensive comparison of such deviationsisgiven in Figure
S3 in Supporting Information.

(14) Figure S4 showing these interactions is given in Supporting
Information.
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energy separation between the diastereomeric acyl transfer
TSs. In other words, the trans-(1R,2R).. cyclohexane diol
is predicted to undergo stereoselective acylation, leaving
behind the (1S29)¢, sterecisomer amenable to KR.

After having established the molecular origins of stereo-
selective acylation of trans-diols, we became curious to learn
how cis-diols would respond to acylation under the chiral
template. Among the various acylation TSs considered for
cis-diols, it isfound that TS (1R 290" isthe lowest-energy
TS. A hydrogen bonding interaction between one of the
carbonyl groups of the backbone and the diol hydroxyl is
found to dominate in the lower-energy TSs. An additional
TS, TS (1R,2S)e,-0F, wherein this hydrogen bonding interac-
tion is weaker, is found to have higher energy.'® The next
higher-energy TS leading to the opposite enantiomer, i.e.,
TS (1S2R)ae*, is 4.3 kcal/mol higher than the lowest-
energy (1R,29)..-0* in the case of Boc-protected peptide.*®
Such a larger difference in the activation barriers between
the kinetically significant acylation step evidently suggest
that the separation of cis-(1R,29)-cyclohexane-1,2-diol through
monoacylation using catalyst 2 appears to be a feasible
option. The resulting product of desymmetrization is pre-
dicted as (1R,2S)-2-hydroxycyclohexyl acetate. We hope that
the prediction would be subjected to experimental verification
in the near future.

In summary, we have been able to explain the observed
product stereochemistry in the kinetic resolution of trans-
cyclohexane-1,2-diol. The predicted outcome is in concur-
rence with the available experimental results. The bifunc-
tional nature of the catalyst isillustrated where one end offers
nucleophilic catalysis while the backbone helps to achieve
chiral recognition.
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(15) A comparison of these transition state features is given in Figure
S2 of Supporting Information.

(16) The optimized geometries of lower-energy transition states for the
acylation reaction of cis-cyclohexane-1,2-diol are given in Figure S1 of
Supporting Information.
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