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Enantiomer discrimination often arises from the small differences
in the energies of diastereomeric states resulting from the interac-
tions of chiral species.1 Many analytical methods and spectroscopic
techniques2 can reveal thepresenceof diastereomeric interactions
but do not readily yield thespatial arrangement of the individual
chiral moieties that govern a particular diastereomeric response.
As part of a study3 to investigate weak interactions of small mole-
cules with metal complexes, we have adopted a combined ENDOR
spectroscopy and computational approach to elucidate the interac-
tions of chiral species in solution. This is made possible by analysis
of the ENDOR spectra,4 which can often yield nuclear coordinates
of the interacting species in frozen solution. Here we describe how
ENDOR is used to detect weak chiral interactions between chiral
paramagnetic salen complexes [VO(1)] and chiral epoxides (5) in
frozen solution. We suggest that [VO(1)] may be a useful model
for the [Co(1)(X)] 5 epoxide hydrolytic kinetic resolution (HKR)
catalyst, developed by Jacobsen, in which a second-order rate depen-
dence of the reaction on catalyst concentration implies activation
of not only the nucleophile (water) but also of the chiral epoxide
substrate.

The X-band1H ENDOR spectra of (R,R)-[VO(1)] in CH2Cl2,
DMF, (R)-5 and (S)-5 are shown in Figure 1a-d, respectively. The
ENDOR spectra of the parent [VO(1)] complex will first be briefly
discussed before the analysis of the peaks corresponding to the
coordinated epoxide moiety. A complete angular selective ENDOR
analysis was carried out, but for clarity only the pure perpendicular
component (field perpendicular to the VdO bond at 3290G in the
EPR spectrum; Supporting Information) will be discussed. As
previously reported for metal-Schiff base complexes,6 the proton
ENDOR spectra are complex at this position; therefore, to aid in
the spectral analysis, additional complexes [VO(2)] and [VO(3)]
were also examined (Supporting Information). This analysis
revealed that the largest1H hyperfine couplings in [VO(1)] can be
systematically assigned to (i) the cyclohexyl methine (Hlig-VO
distances of 3.05 and 3.46 Å), (ii) the imine (Hlig-VO distance of
4.03 Å), and (iii) the 6-tert-butyl protons, respectively. These
distances, extracted from the simulated ENDOR data using the
point-dipole approximation,5a-c were confirmed using DFT cal-
culations (3.04 and 3.48 Å for the cyclohexyl methine and 4.03 Å
for the imine protons) and are in good agreement with those
expected for Salen-type complexes.6 The DFT calculations were
performed on a simplified chiral complex in which the phenyl
groups in [VO(3)] were replaced by carbon-carbon double bonds.
The extended ligand structure of [VO(1)] was also examined by
DFT using semiempirical methods (PM3).7 From this, the Hlig-
VO distances for the 6-tert-butyl groups of [VO(1)] were found to
be in the range 3.38-4.05 Å due to a∼2 kJ mol-1 difference in
energy between rotamers. By comparison, the ENDOR spectra of
[VO(1)] revealed an additional set of couplings that were absent

in [VO(2)], which produced a similar Hlig-VO distance of 3.74 Å,
which we assign to all conformations of the 6-tert-butyl groups.

ENDOR spectra of [VO(1)] in noncoordinating and weakly
coordinating solvents (CH2Cl2 and DMF, respectively, Figure 1a,b)
are very similar, indicating that these solvents are not strongly
bound. However, the spectrum recorded for (R,R)-[VO(1)] in (R)-5
(Figure 1c) was noticeably different, with the appearance of new
peaks (labeled * and(), which arenot visible in the spectra of the
parent complex and must arise from the coordination of the epoxide
ether group to the metal center. ENDOR measurements using2H-
labeled epoxide (5) revealed that the * peaks originate from the
epoxide, while the( peak arises from a subtle conformational
change in the ligand protons of [VO(1)]. These new peaks persist
even when the solution is diluted by a factor of 10 with toluene.
Coordination of the epoxide was also verified by measuring
ENDOR spectra of the “diastereomeric” states, namely, (R,R)-[VO-
(1)] dissolved in (S)-5 (Figure 1d). In this case, the pairwise
combinations of (R,R)-[VO(1)] + (R)-5 and (R,R)-[VO(1)] + (S)-5
yield different spectra, as expected for a pair of diastereomers.
Furthermore, the new peaks in Figure 1c,d possess not only different
intensities but also small changes in coupling constants. This
indicates that we can directly observe differentstructuresfor the
[(R,R)-VO(1)-(R)-5] and [(R,R)-VO(1)-(S)-5] diastereomeric com-
plexes in frozen solution.

Figure 1. X-band1H ENDOR spectra (10 K) of (R,R)-[VO(1)] dissolved
in (a) CH2Cl2, (b) DMF, (c) (R)-5, and (d) (S)-5; (e) simulation of epoxide
peaks in spectrum d.
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The diastereomeric nature of these interactions was further
explored by comparing all possible combinations of (R,R)-/(S,S)-
[VO(1)] and (R)-/(S)-5. Expansions of the resulting spectra are
shown in Figure 2a-d. A high degree of correlation between the
enantiomeric (R,R)-[VO(1)] + (S)-5/(S,S)-[VO(1)] + (R)-5 (Figure
2a,b) and (R,R)-[VO(1)] + (R)-5/(S,S)-[VO(1)] + (S)-5 (Figure
2c,d) spectra is obvious, while differences in the diastereomeric
states (R,R)-[VO(1)] + (S)-5/(R,R)-[VO(1)] + (R)-5 (Figure 2a,c)
and (S,S)-[VO(1)] + (R)-5/(S,S)-[VO(1)] + (S)-5 (Figure 2b,d) are
notable. These results are strong evidence for the formation of
diastereomeric complexes between enantiomers of [VO(1)] and
enantiomers of the weakly interacting epoxide (5). Furthermore,
these ENDOR observations appear to be general, yielding similar
enantiomeric discrimination for other aliphatic epoxides also
examined (e.g., 1,2-epoxybutane, epichlorohydrin).

1H ENDOR spectra of the racemic [VO(1)] complex in racemic
epoxide (5) were also recorded (Figure 2e). Significantly, this
spectrum isidenticalto the spectra of theenantiomericpairs (R,R)-
[VO(1)] + (R)-5 and (S,S)-[VO(1)] + (S)-5. This result represents
clear, unambiguous proof for the preferential binding of (R)-5 by
(R,R)-[VO(1)] and (S)-5 by (S,S)-[VO(1)]. Therefore, ENDOR
spectroscopy can clearly reveal that in frozen solution, one
diastereomeric complex is strongly preferred.

To determine the structures of each diastereomeric complex in
solution, iterative cycles of ENDOR simulation and DFT calcula-
tions were carried out. Previous ENDOR studies of vanadyl
complexes have shown that coordinating solvents predominantly
coordinate trans to the oxo group and in the case of [VO(1)] it is
a reasonable assumption that epoxides coordinate in a similar
manner. Simulation of the peaks labeled * in Figure 1c,d and
analysis of the resulting hyperfine tensors yielded two V‚‚‚1Hepoxide

distances of 3.72 and 3.56 Å for (R,R)-[VO(1)] in (R)-5 and 3.76
and 3.66 Å for (R,R)-[VO(1)] in (S)-5 for the pair of vicinal protons
on the epoxide. Essentially identical data are obtained for a similar
treatment of (S,S)-[VO(1)] + (S)-5 and (S,S)-[VO(1)] + (R)-5,
respectively. It is important to note that the EPR spectra of
diastereomeric combinations of [VO(1)] and 5 are identical,
regardless of the enantiomeric composition of the reaction mixture
(Supporting Information). Thus, we need to use ENDOR’s ability
to resolve the weak electron-nuclear interactions in order to reveal
the subtle structural differences between diastereomeric species.

While ENDOR is useful for determining VO‚‚‚1Hepoxidedistances,

the VO‚‚‚Oepoxidedistance must be obtained by an alternative meth-
od. Thus, DFT calculations at the B3LYP/6-31G(d) function7 using
the earlier model yielded epoxide adducts in which the VO‚‚‚Oepoxide

distances were calculated as 2.81 and 2.85 Å for (R,R)-[VO(1)] +
(S)-5 and (R,R)-[VO(1)] + (R)-5, respectively. Although these dis-
tances are long, they can be rationalized by considering the known
pyramidalization at V in [VO(1-3)]-type complexes, which renders
the metal center less accessible to donor groups,4b and the poor
donor ability of epoxides, as evidenced by the paucity of structurally
characterized metal-epoxide complexes. Additionally, the corre-
sponding VO‚‚‚1Hepoxide distances for the pair of epoxide vicinal
protons are in good agreement with those obtained experimentally
via the above ENDOR measurements. This comparison reinforces
the assertion that the changes observed in the ENDOR spectra are
due to the inherent chirality in the complex forcing the chiral
epoxide molecules to adopt different binding conformations.

In the HKR,5 and related [CrCl(1)] catalysts,8 the active species
bear an anionicπ-basic donor group trans to the bound epoxide,
similar to the current [VO(1)] model. A recent mechanistic study5b

indicates that the key step in enantiodiscrimination in the HKR of
epoxides by [Co(1)(X)] species (X) anion) is the interaction of
the activated nucleophile [Co(1)(H2O)(OH)] and the activated
epoxide complex [Co(1)(OH)(epoxide)] andnot the enantioselective
binding of epoxide substrates by [Co(1)(X)] species. The current
ENDOR study supports this by showing that chiral Lewis acids
such as [VO(1)] bind the “mismatched” epoxide more strongly. If
this mismatched species were involved in the hydrolysis step, the
opposite enantiomers would be observed as products. The implica-
tion of these results is that although, for example, the (R,R)-[Co-
(1)(OH)] + (R)-5 complex is likely to have a higher formation
constant than (R,R)-[Co(1)(OH)] + (S)-5, it is the more rapid
reaction of the latter complex with [Co(1)(H2O)(OH)] that deter-
mines the stereochemical outcome.
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Figure 2. X-band1H ENDOR spectra (10 K) of the diastereomeric states
formed between enantiomers of [VO(1)] dissolved in (R)- or (S)-5. (a) (R,R)-
[VO(1)] in (S)-5, (b) (S,S)-[VO(1)] in (R)-5, (c) (R,R)-[VO(1)] in (R)-5,
(d) (S,S)-[VO(1)] in (S)-5, and (e) racemic (R,R/S,S)-[VO(1)] in racemic
(R/S)-5.
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