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The Absolute Configuration of
Bromochlorofluoromethane*

Prasad L. Polavarapu*

Bromochlorofluoromethane is the simplest chiral molecule
that is used as an example to illustrate chirality or asymmetric
carbon atoms, yet its absolute configuration remains uncer-
tain. The synthesis of bromochlorofluoromethane in a pure
form was achieved by Berry and Sturtevant in 1942.11 They
determined its boiling point, melting point, and refractive
dispersion, but the individual enantiomers were not resolved.
Despite the unavailability of enantiomers and their optical
rotation values, Brewster hypothesized that (S)-bromochlor-
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ofluoromethane would have positive optical rotation, assum-
ing that the polarizabilities decrease in the order Br > Cl >
H > FPl Hargreaves and Modarai were able to resolve the
enantiomers of 1-bromo-1-chloro-1-fluoroacetone and con-
vert them into the corresponding bromochlorofluoromethane
enantiomers.’] They reported the specific rotations to be
+0.20 and —0.13. In 1973 Applequist predicted, using an
atom—dipole interaction model and assuming the polarizabil-
ities to be in the order, Br > Cl > F > H, that (S)-bromochlor-
ofluoromethane would have positive optical rotation.! How-
ever, the different polarizability orders chosen by Brewster
and Applequist would yield opposite conclusions.! Collet and
co-workers achieved optical resolution of bromochlorofluoro-
methane by enantioselective inclusion in cryptophan C.[
Using the NMR resonance signals of (+) and (—) enantiomers
encapsulated in cryptophan, they estimated the enantiomeric
excess and maximum rotation values at five different wave-
lengths. In a different approach, Wilen et al. also resolved the
enantiomers of bromochlorofluoromethane using brucinel®!
and addressed the ambiguity remaining in the absolute
configuration of bromochlorofluoromethane; Brewster and
Applequist had arrived at the same assignment but using
mutually conflicting polarizability trends. Wilen et al. con-
cluded that “experimental determination of the absolute
configuration of bromochlorofluoromethane is a challenge”.*!
Using a quantum-mechanical static method, the specific
rotation of (R)-bromochlorofluoromethane at the sodium D
line was predicted (without the Lorentz factor) to be —6.0
Comparison of this value with the experimental value of —1.78
reported by Collet et al. for enantiopure (—)-bromochloro-
fluoromethane, and based on the comparison of experimental
and ab initio predicted Raman optical-activity (ROA) spectra,
it was concluded that the absolute configuration of bromo-
chlorofluoromethane is (S)-(+) and (R)-(—).["

Previous conclusions”] on the absolute configuration were
based on quantum-mechanical calculations of both ROA and
specific rotation, carried out at the Hartree—Fock (HF) level
using smaller basis sets. Since then, evidence has been
collected to indicate that the HF level calculations, because
of lack of electron correlation, are not quantitatively accurate.
DFT," which includes electron correlation using density
functionals, has now been widely accepted as the preferred
approach for predicting molecular properties accurately. For
reliable quantum mechanical predictions of specific rotations,
those predicted at the HF level using small basis sets are not
considered to be adequate and predictions with DFT and
larger basis sets are necessary. Electron correlation and larger
basis sets are also important for molecular polarizability
derivatives, and hence Raman properties. Because the abso-
lute configuration of bromochlorofluoromethane was sug-
gested” based on HF calculations, the previously predicted
specific rotation and ROA parameters of bromochlorofluoro-
methane must be verified using DFT and larger basis sets. The
DFT method has been implemented recently for the pre-
diction of specific rotation"'? and of ROA["!*! in the quantum-
mechanical program DALTON.['?l Thus it is important to
reinvestigate the specific rotation and ROA of bromochloro-
fluoromethane. Recently Grimme["! has reported DFT pre-
dictions of [a], for bromochlorofluoromethane. Because
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those calculations were origin-dependent, the predicted
rotations with a larger aug-SV(d) basis set for the S enan-
tiomer varied from 1.0-5.3, depending on the choice of origin.
More recently, Autschbach et al. reported [a], predictions for
(S)-bromochlorofluoromethane using various nonhybrid den-
sity functionals.' Their predictions for [a]p, varied from 1.3-
4.0 depending on the functional used. These two calculations,
although they supported the previous assignment of absolute
configuration,’l did not investigate the optical rotatory
dispersion in bromochlorofluoromethane, which has been
experimentally measured.[®7]

Herein we report a) the origin-independent DFT predic-
tions of specific rotation as well as its wavelength dependence
and b) DFT predictions of ROA parameters for (§)-bromo-
chlorofluoromethane, both using very large basis sets. A
comparison between these predictions with the corresponding
experimental values provides state-of-the-art conclusions on
the absolute configuration of bromochlorofluoromethane.

Specific rotation was computed using the DALTON
program.l'”l A linear response method and gauge including
atomic orbitals were used. The Lorentz factor, (n?>+2)/3
where n is the refractive index, which was included in earlier
calculations™¥ was not included in the present calculations.
Specific rotations were calculated at five different wave-
lengths. For comparison, calculations were also carried out at
both HF and B3LYP levels of theory. Five different sets of
specific rotations calculations were undertaken using the
geometry optimizations and levels of theory described in
Table 1. Unlike in the previous studies,'>4 it is possible here
to verify the trend in dispersion of specific rotation with
wavelength, in addition to verifying the sign and magnitude of
specific rotation.

A number of observations can be made from the specific
rotation values compiled in Table 1: a) The HF/DZP values
represent the lowest level predictions of all those reported in
Table 1, yet they give the same sign and similar dispersion
trend as those obtained in the highest level calculation. The
magnitudes of HF/DZP-predicted specific rotations however
differ significantly from those observed; b)the rotatory
dispersion predicted in B3LYP/6-311 + + G(2d,2p) calcula-
tions at MP2/DZP geometry does not have the same trend as
that observed in the experimental values, but that predicted at
B3LYP/6-311 + + G(2d,2p) geometry has the same trend as

Table 1. Experimental and predicted specific rotations for (S)-(+)-CHFCIBr.

that of the experimental values. As the differences in these
two geometries are minor (see Table 1), these differences in
the dispersion trend probably arise because contributions
from either Rydberg orbitals or valence orbitals (or both) are
not properly accounted for in the B3LYP/6-311 + + G(2d,2p)
calculation at the MP2/DZP geometry. These observations
suggest that it is preferable, at least for bromochlorofluoro-
methane, to calculate both the optimum geometry and the
specific rotation using the same basis set. For this reason, large
basis-set calculations were performed at B3LYP/6-311 + +
G(2d,2p), B3LYP/aug-cc-pVDZ, and B3LYP/aug-cc-pVTZ
level (see Table 1) at their respective optimum geometries;
c) among these values, those obtained in the B3LYP/aug-cc-
pVTZ calculation at B3LYP/aug-cc-pVTZ geometry are the
highest level predictions and the results obtained therein are
expected to be the most reliable ones. The predicted values in
this calculation suggest that (+4)-bromochlorofluoromethane
is in the S configuration, not only because the predicted values
are in close agreement (both in sign and magnitude) with
experimental values, but also the predicted rotatory disper-
sion trend matches that observed in the experimental values.
The same conclusion can be reached from the predictions at
the B3LYP/6-311+ + G(2d,2p) and B3LYP/aug-cc-pVDZ
levels.

Some additional factors should however be noted. The
experimental specific rotations were reported for the neat
liquid and for cyclohexane solutions.> In liquid bromochloro-
fluoromethane, one can anticipate the presence of dipole—
dipole and dispersion interactions, but it is not obvious how
these interactions would influence the specific rotation.
Inclusion of the Lorentz factor, which represents bulk-phase
effects, would increase the predicted values by a factor of
(n?+2)/3, while the Cavity Field model of Applequist!
would increase the predicted values by (5n%+1)/(4n*+2). In
either case the predicted sign of specific rotation would not be
affected. First, because experimental rotations obtained for
the neat liquid® and the cyclohexane solution!”] are the same
within experimental error, it is probable that the solvent effect
on specific rotations is insignificant and that bulk-phase
effects would not have influenced the experimentally meas-
ured sign of specific rotation. Second, zero-point vibrational
effects,['! which are not included in the present calculations,
are known to contribute to specific rotation. However they

aug-cc-pVDZI!  aug-cc-pVTZH Experimental

DZPl  6311++GQd2p)l 6311 ++ G(2d,2p)
Wavelength [nm] HFl B3LYP! HF  B3LYP  HF  B3LYPU
589 46 55 006 139 088 254
s78 48 57 005 142 091 263
546 55 66 001 152 100 292
436 96 117 039 16 139 428
365 156 19.6 —147 047 155 541

HFel B3LYPI HFlY B3LYP! Neat liquidl®! (c=6.5, cyclohexane)!"
132 1.28 1.05 1.09 1.6 1.8
138 1.34 1.09 113 1.6 1.8
1.57 151 122 1.26 1.8 2.1
2.68 2.51 1.89 1.85 2.7 32
430 3.97 2.65 240 32 3.7

[a] The geometry used was optimized at the MP2 level with the DZP basis set. The lengths of the C—H, C—F, C—Cl, and C—Br bonds are respectively, 1.09,
1.3427,1.758, and 1.9397 A; the H-C-F, H-C-Cl, and H-C-Br angles are, respectively, 109.83, 108.86, and 107.06°. [b] The geometry used was optimized at the
B3LYP level with the 6-311 + + G(2d,2p) basis set. The lengths of the C-H, C-F, C-Cl, and C-Br bonds are respectively, 1.0815, 1.3486, 1.7766, and 1.9611 A;
the H-C-F, H-C-Cl, and H-C-Br angles are, 109.96, 108.81, and 107.13°, respectively. [c] The geometry used was optimized at the B3LYP level with aug-cc-
pVDZ basis set. The lengths of the C-H, C-F, C-Cl, and C-Br bonds are 1.0927, 1.3582, 1.7826, and 1.9571 A, respectively; the H-C-F, H-C-Cl, and H-C-Br
angles are 109.69, 108.76, and 107.78°, respectively.[d] The geometry used was optimized at the B3LYP level with the aug-cc-pVTZ basis set. The lengths of
the C-H, C-F, C-Cl, and C-Br bonds are 1.0827, 1.3478, 1.7758, and 1.9559 A, respectively; the H-C-F, H-C-Cl, and H-C-Br angles are 109.95, 108.66, and
10728, respectively. [e] HF method. [f] Density-functional method with the B3LYP functional. [g] From reference [6].[h] The values given in reference [7]
for the (—)-enantiomer were multiplied by —1 and scaled up to the pure enantiomer. ¢ = concentration of solution.
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Table 2. Experimental and predicted ROA properties of (S)-(+)-CHFCIBr.

DZp 6-311 ++ G(2d,2p) aug-cc-pVDZ aug-cc-pVTZ Experimentall¥] Assignmentl?]
HFl B3LYPWM! HFll B3LYPP HFl B3LYPP HF
Freq® A,x10* Freq® A, x10* A,x10* Freq? A,x10* A,x10* Freq® A,x10* A, x10* Freq®  A,x10
3209 -0.2 3173 -03 -0.3 3162 -0.2 —-0.2 3156 -0.2 -0.3 3022 —0.7 C—H stretch
1372 -0.5 1321 0.5 0.4 1293 1.0 11 1322 1.0 11 1305 -2.4 C—H bend
1266 0.0 1212 -1 0.03 1199 -3.0 -15 1215 -2.9 -1.6 1206 -2.8 C—H bend
1151 -0.3 1065 -0.2 —0.1 1057 0.3 0.1 1076 0.01 —0.01 1062 —4.5 C—F stretch
822 -3.9 744 —-4.9 -2.0 750 —4.0 -1.6 743 —4.4 —1.8 774 =5.1 C—Cl stretch
678 3.8 634 32 1.7 641 24 13 639 24 13 662 59 C—Br stretch
439 0.6 417 1.1 12 415 1.6 1.5 418 12 13 427 10.2 inversion bend
321 0.3 305 0.01 -0.5 305 0.1 —-0.4 306 0.2 —-0.3 315 -2.1 C—halogen bend
233 -0.5 218 -0.3 -0.2 219 -0.3 -0.3 218 —-0.4 -0.3 228 -1.9 C—halogen bend

[a] HF method with the DZP basis set. The geometry and force constants used were obtained at the MP2 level with the DZP basis set. These values are from
reference [7]. [b] Density-functional method with the B3LYP functional. The geometry and force constants used were obtained at the same level using the
basis set indicated. [c] HF method. The geometry and force constants used were obtained at the B3LYP level using the basis set indicated. [d] The

experimental values given for the (—)-enantiomer in reference [7] are multiplied by —1. [e] Frequencies in cm™".

are not anticipated to be significant in bromochlorofluoro-
methane because the vibrations (except the C—H modes)
involve heavy atoms and are of low frequency.

The same three large basis sets (6-311 + + G(2d,2p), aug-
cc-pVDZ, and aug-cc-pVTZ) were used for ROA calcula-
tions. The optimum geometry and force constants were
obtained at the DFT level with the B3LYP functional using
the Gaussian 98 program.['’l These force constants were
transferred to the ROA calculation and numerical differ-
entiation of polarizability tensors was used, as implemented in
the DALTON program. The density converged to 107 and the
iterative solution of the linear-response equations to 5x 107,
For comparison purposes, ROA calculations were also carried
out at the HF level, using the same geometry and force
constants obtained in the B3LYP calculation with each of
three large basis sets. The depolarized circular-intensity
differences (CIDs), A,, predicted for (S)-bromochlorofluoro-
methane are summarized in Table 2 along with the exper-
imental values for (+)-bromochlorofluoromethane and the
values obtained in the previous study.[”! The following can be
noted from these values: a) The ROA signs observed for six
bands in the experimental spectrum at 3022 (C—H stretch),
1206 (C—H bend), 774 (C—Cl stretch), 662 (C—Br stretch), 427
(inversion bend at C atom), and 228 cm~! (a C—halogen bend)
have been reproduced (ignoring the cases in which the
predicted magnitude is zero) in all of the calculations; b) the
ROA sign of the band in the observed spectrum at 1305 cm™!
(another C—H bend) has not been reproduced in the
calculations except for the HF calculation!” with the DZP ba-
sis set; ¢) the ROA sign of the band observed at 1062 cm™!
(C—F stretch) has been reproduced in only four of the seven
calculations, while that at 315 cm~! (a halogen bend) has been
reproduced in only three of the seven calculations; d) of the
seven different calculations in Table 2, the experimentally
observed ROA signs are reproduced for a minimum of six to a
maximum of eight bands. This observation supports the
conclusion reached earlier from specific rotations that (+)-
bromochlorofluoromethane has the S configuration.

In summary, the highest theoretical level predictions of
specific rotations and ROA parameters using 6-311+ +
G(2d,2p), aug-cc-pVDZ, and aug-cc-PVTZ basis sets, in
conjunction with the corresponding experimental data, re-

4546 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

affirm the assignmentl’l of the absolute configuration of
bromochlorofluoromethane to be (S)-(+) and (R)-(—).
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