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Molecule (R)-Epichlorohydrin

Mary C. Tam and T. Daniel Crawford*
Department of Chemistry, Virginia Tech, Blacksburg, Virginia 24061

Receied: October 24, 2005; In Final Form: December 12, 2005

Ab initio optical rotation data from linear-response coupled-cluster and density-functional methods are compared
to both gas-phase and liquid-phase polarimetry data for the small, conformationally flexible molecule
epichlorohydrin. Three energy minima exist along the-@-C—Cl dihedral angle, each with strong,
antagonistic specific rotations ranging from eal50 to+500 deg/[dm (g/mL)] at 355 nm. Density-functional
theory (specifically the B3LYP functional) consistently overestimates the optical rotations of each conformer
relative to coupled-cluster theory (in agreement with our earlier observations for conformationally rigid species),
and we attribute this to density-functional theory’s underestimation of the lowest-lying excitation energies of
epichlorohydrin. Length- and velocity-gauge formulations of the coupled-cluster response function lead to
slightly different specific rotations (ca. 7% at short wavelengths). We have determined well-converged Gibbs
free energy differences among the conformers using complete-basis-set extrapolations of coupled-cluster
energies including triple excitations to obtain Boltzmann-averaged specific rotations for comparison to the
gas-phase results. The length-gauge coupled-cluster data agree remarkably well with experiment, with the
velocity-gauge coupled-cluster and density-functional data bracketing the experimental results from below
and above, respectively. Liquid-phase conformer populations reported earlier by Polavarapu and co-workers
from combined infrared absorption and theoretical analyses differ markedly from the gas-phase populations,
particularly for polar solvents. Nevertheless, Boltzmann-averaged specific rotations from both coupled-cluster
and density-functional calculations agree well with the corresponding experimental intrinsic rotations, although
the theoretical specific rotations for the individual conformers do not take solvent effects into account. PCM-
based estimates of conformer populations lead to poor agreement with experiment.

I. Introduction sources of error, including those arising from truncation of the
N-electron and one-electron spaces, electron correlation and
asis-set effects, respectively, as well as difficulties arising from
ero-point vibrational motio®?¥-23 The comparison to experi-
ment is further complicated by the wide variety of conditions
under which optical rotation is measured in the laboratory, and

a deeper understanding of the various factors influencing optical external factor; su<_:h as solvation and temperature provide
rotation due to its intimate connection to absolute configuration, Strong perturbations in ma_n_y cagdés. .

a property of great interest to the pharmaceutical industry, for This Wor.k.f.ocuses spemﬂc;ally on the !mpgct of conforma-
example. Ab initio calculation of optical rotatidis of relatively ~ tional flexibility on theoretical determinations of optical
new interest, beginning with the work of Polavarapu in 1997 at rotation?~2? When several conformers are present in a given
the Hartree-Fock level of theony,and since its implementation ~ sample at a specified temperature, the observed specific rotation
in density-functional theory (DF¥)in 2000611 and more may be approximated as a weighted average of the rotations of
recently in coupled-cluster (CC) theofy2 16 it has been used  the individual conformers. In 2003, Polavarapu et al. addressed
successfully to determine the absolute configurations of a variety this issue for the small moleculeR)-epichlorohydrin, both by

of molecules’:18 The development of ever more advanced experiment and with DFFS and obtained its intrinsic rotation
theoretical techniques will improve our fundamental understand- (i.e., the limiting value of the specific rotation at zero concentra-
ing of the relationship between molecular structure and optical tion) in several solvents at 589 nm. Using the B3EY%#
rotation and help to design more robust tools for determining functional and a variety of basis sets, they found that the optical
absolute configuratiof!92° rotation varied greatly (and antagonistically) with the-C—

For theoretical predictions of properties such as optical C—CI dihedral angle among the three minimum-energy con-
rotation to be reliable in the determination of the absolute formations, referred to as cis, gauche-I and gauche-Il (Figure
configurations of chiral molecules, they must correctly predict 1). Nevertheless, using conformer populations in several solvents
both the sign and magnitude of the specific rotation [i.e., the (determined in a previous studywhere theoretical infrared
total rotation, normalized for path length (dm) and concentration absorption spectra were compared to those of experiment) and
(9/mL)]. Such calculations naturally contain several “internal” the B3LYP [o]p values, they reported population-weighted
specific rotations that compared reasonably well with the
* Corresponding author. E-mail: crawdad@vt.edu. experimental solvent-phase data. For example, the observed
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Optical rotation, the rotation of plane-polarized light by
samples of chiral species, occurs because such samples exhib
differing refractive indices for left- and right-circularly polarized
light due to the dissymmetric electronic distributions inherent
in chiral structured:2 For decades organic chemists have sought
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condensed-phase data and (implicitly) gas-phase theoretical
calculations robust? (2) How reliable is the time-dependent DFT
(TD-DFT) B3LYP approach for optical rotation? That is, is the
apparent success of DFT in the case of epichlorohydrin based
on accurate rotations of the individual conformers or a provi-
dential averaging of inaccurate rotations?

Mdller, Wiberg, and Vaccaro recently reported significant
progress toward the answer to the first question with the
development of the ultrasensitive cavity ring-down polarimetry
(CRDP) technique, which has provided the first quantitative
measurements ofjlas-phaseoptical rotation®334 Since their
initial publication of the details of such measurements, they have
applied the CRDP approach to a number of small molecules,
including epichlorohydrin, thus allowing more systematic
comparisons between experiment and state-of-the-art theoretical
models?®3¢For the § enantiomer of epichlorohydrin, Wilson
et al. recently reported specific rotations-6238.7+ 2.3 deg
dm™1 (g/mL)~! at 355 nm and-55.04 1.7 deg dm? (g/mL)™!
at 633 for a sample with 97% enantiomeric exc€ss.addition,
they carried out B3LYP-level DFT calculations in agreement
with those reported earlier by Polavardpand explained the
shifts in conformer populations in polar solvents such as
acetonitrile on the basis of the widely differing dipole moments
of the three conformers.

The purpose of this work is to address the second question
regarding the reliability and accuracy of theoretical models of
optical rotation when applied to conformationally flexible
molecules. Specifically, we compare the new gas-phase CRDP
data of Wilson et al. with results from both DFT and recently
developed linear-response coupled-cluster methds' Coupled-
cluster theory is widely considered the most robust quantum
chemical method for small molecules and has been used for
hyperaccurate predictions of a variety of properties including
geometrical structures, thermochemical data, vibrational spectra,
UV/vis spectra, NMR spirspin coupling constants, et6.3°
However, the overall dependability of coupled-cluster theory
for response properties such as optical rotation remains an open
question. Epichlorohydrin is an excellent test case for such
questions, because it is small (with only five non-hydrogen
atoms) and therefore allows the application of state-of-the-art
computational methods.

Figure 1. Optimized geometries of the three minimum-energy ||. Computational Details
conformers (cis, gauche-1, and gauche-Il) Bf-epichlorohydrin at the

B3LYP/cc-o0VTZ level of theory. Bond lengths are given in A, and In 1928, Rosenfeld developed the quantum mechanical
bond angles in degrees. foundations for first-principles calculations of optical rotation,
intrinsic [a]o for (R)-epichlorohydrin in CHG was +3.2 + and demonstrated that, for a nonabsorbing field of plane-

1.5 deg dm? (g/mL)"* as compared to the conformationally polarized light of frequency, the angle of rotation,d]., of
averaged B3LYP value of4 + 3 deg dm? (g/mL)"L. They the light is related to the trace of thfetensor?40:41
further observed that corresponding shifts in conformer popula-

tions with solvent led to changes in both the magnitude and 2 (0] ¢ |nCIth|m|OL]
sign of the intrinsic rotation. In C¥Cl,, for example, theg-| plw) = % Im 5 5 1)
conformer was found to be dominant with a mole fraction of 0wy T o

0.554 vs 0.345 for thg-Il conformer, whereas in C¢lhese
values were reversed to 0.352 and 0.559, respectively. Thewhere g and m represent the electric- and magnetic-dipole
changes in confomer populations with solvent explain the operators, respectively, and the summation runs over all excited
dramatic difference in intrinsic rotation:22.4+ 0.1 deg dm* electronic (unperturbed) wave functions. In this work, we have
(g/mL)~tin CHxCI, versus+38.4+ 0.3 deg dm? (g/mL)"tin computedf8 using the coupled-cluster singles and doubles
CCly. Furthermore, the B3LYP values af][, agreed reasonably ~ (CCSD) linear response approdtf? to predict the optical
well with experiment for each liquid-phase environment, rotation of the conformationally flexible chiral moleculB){
although solvation effects were included only in the free energy ephchlorohydrin. For comparison, time-dependent density-
and conformer population analysis and were ignored in the functional theory (B3LYP}3130with gauge invariant atomic
specific rotation calculations themselves. orbitals (GIAOs¥® was also used to calculate the optical
The study by Polavaragu left open two fundamental rotation8811.44CCSD and B3LYP optical rotation calculations
questions: (1) Are comparisons between the experimental were carried out using several different basis sets: (1) the split
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valence basis sets 6-3%-G* and 6-311-+G(2d,2p¥°> and (2) obtain internal energies, with the same CCSD(T)/6-31G*
the correlation-consistent basis sets (aug-cc-pVDZ, aug-cc-vibrational/thermal corrections used for the CBS-CC gas-phase
pVTZ, and a mixed basis set denoted as “mixed-cc-pVTZ” populations.
which used the aug-cc-pVTZ basis set for carbon, oxygen, and Vertical electronic transition energies were computed using
chlorine and the cc-pVDZ basis set for hydrotfed® using both equation-of-motion CCSD (EOM-CCS®and TD-DFT/
wavelengths of 355, 589, and 633 nm for each conformer). The B3LYP5%-61 approaches. All electrons were correlated for the
coupled-cluster optical rotation calculations used both the length geometry and vibrational frequency calculations, whereas core
gauge (using the center of mass as the origin) and the “modified electrons (1s for C and Cl) were frozen for single point energies,
velocity gauge” (independent of origin) approach of Pedersen excitation energies, and CCSD optical rotation calculations
et al1® for the electric-dipole operator. (except for the CCSD/mixed-cc-pVTZ optical rotation calcula-
To account for conformational flexibility, we assume that the tions where the core electrons, 1s for C and 1s2s2p for Cl, were
specific rotation can be expressed as a sum of the products offrozen due to memory constraints). Both length-gauge and

each individual conformer’s optical rotatiam and its corre- velocity-gauge CCSD optical rotation calculations were carried
sponding mole fractiorX;: out to test the significance of freezing the core electrons. For
each wavelength, our results indicate that freezing the 1s2s2p

Oy = Xy T 0pXg + acXe + ... 2 electrons for Cl has little impact on the computed rotation. At

the CCSD/aug-cc-pVDZ level of theory, the specific rotations
where A refers to the lowest energy conformation and B, C, computed when freezing only the 1s electrons for Cl differ by

etc. refer to higher energy conformations. Txgs for each €SS than 0.5 deg dri (g/mL)"* from values computed at the
conformation of R)-epichlorohydrin are dependent upon the Same level of theory where the 1s2s2p core electrons of Cl were
Gibbs free energies of the conformations frozen. Gaussian03 was used for all B3LYP optimized
geometries and optical rotation calculations. All coupled-cluster
—(G, — Gy) single point r_energies and optical rotation calculations were
X =X, ex;{ ! A ) ©) performed using the PSI3 program pack&€CSD(T) geom-
RT etry optimizations and vibrational frequency calculations were

_ carried out using Aces?.
and Xa may be determined frorXa + Xg + Xc + ... = 1.

The individual conformations were identified using density- ll. Results and Discussion
functional theory with the B3LYP functional. Each geometry The B3LYP/cc-pVTZ optimized geometries of the three
was optimized and harmonic vibrational frequencies were minimum-energy conformations ofR)-epichlorohydrin are

computed for the cisg-l, and g-Il conformations of R)- reported in Figure 1. Apart from the -€C—C—Cl dihedral
epichlorohydrin using Dunning’s correlation-consistent cc-pVTZ angle, most of the structural parameters of the three conforma-
basis set tions vary only slightly. The conformations are denoted as cis,

Because the conformationally averaged theoretical optical g-1, andg-Il with dihedral angles of-20.6°, —151.7, and 94.0,
rotation is highly dependent on the accuracy of the correspond-respectively, in agreement with earlier studiéghe lowest
ing free energies, we employed several methods for a systematieenergy gas-phase conformation is tpl structure, with the
comparison: B3LYP/cc-pvVQZ, CCSD/cc-pVDZ, the composite g-1 and cis conformers somewhat higher in energy, at ap-

methods, Gaussian-2 (3291and Gaussian-3 (G%)>3theory, proximately 0.5 and 1.6 kcal/mol, respectively.
as well as complete-basis-set (CBS) extrapolations of coupled- Tables +3 summarize the computed values of individual
cluster energie%*>> CBS extrapolations of the Hartre€&ock conformer specific rotations in deg df(g/mL)™! using a
energy were carried out using the following equation, variety of basis sets at the B3LYP and CCSD levels of theory,
using wavelengths of plane-polarized light of 355, 589, and 633
E)"('F =EF 4+ Ae BX (4) nm, respectively. For each wavelength, the cis apt

conformations give positive values o, whereas theg-I
conformer gives a negative rotation. The specific rotation of
the cis conformer is the least dependent on the choice of basis
set, whereas then];'s for the g-I and g-1l conformers show
significant variation, especially between the split valence and
correlation consistent basis sets. We also see that the variation
CC_ cC 3 between bas_is sets decreases fo_r each individual conformation
Ex"=E."+AX ®) as the choice of wavelength increases. For each of the
conformers, §]; deviates very little between the aug-cc-pvVDZ
The Hartree-Fock CBS extrapolations were carried out using and mixed-cc-pVTZ basis sets for each method, suggesting that
the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets whereas the the smaller correlation consistent basis set is reasonably well
coupled-cluster extrapolations used the cc-pVTZ and cc-pVQZ converged for this property. Also, the B3LYP calculations show
basis sets, the latter of which contains a total of 429 functions. almost no variation ofd]; between the mixed-cc-pVTZ and
The extrapolations were performed at the B3LYP/cc-pVTZ aug-cc-pVTZ basis sets, which suggests that the lack of diffuse
optimized geometry of each minimum-energy conformation. functions on hydrogen has a negligible effect on the computed
Harmonic vibrational frequencies were computed at the CCSD- optical rotation. It can also be seen from Table8that B3LYP
(T)/6-31G* level (using the corresponding optimized structure) consistently predicts optical rotation values which are much
to correct for zero-point energy and thermal effects (assuming larger in magnitude than their CCSD counterparts for all of the
the ideal gas/rigid rotor models. Liquid-phase conformer  basis sets and wavelengths used in this study and that the value
populations were also obtained for several solvents,(TH of [a]; increases with decreasing wavelength.
CHClIs, CCl;, and cyclohexane) at the B3LYP/cc-pVQZ level Tables 13 report CCSD-level specific rotations for two
of theory using the polarizable continuum model (PEMp choices of gauge for the electric-dipole operator: the origin-

whereX is the cardinal number of the cc-pVXZ basis sefts (

= 2 for cc-pVDZ, 3 for cc-pVTZ, etc.). The extrapolations of
the correlation components of the frozen-core coupled-cluster
energies were calculated using
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TABLE 1: Specific Rotations (in deg/[dm (g/cn?)]) of (R)-Epichlorohydrin Conformers at 355 nm?

conformation 6-3++G* 6-311++G(2d,2p) aug-cc-pvVDZ mixed-cc-pVPZ aug-cc-pVTZ
B3LYP
cis 301.7 282.3 277.0 279.2 278.8
g-ll 625.5 633.1 608.4 608.5 600.3
ol —659.7 —574.3 —513.6 —491.9 —493.2
CCSD (Length Gauge)
cis 123.8 177.6 165.5 164.8
g-ll 520.0 559.4 499.6 508.3
g-l —563.5 —493.0 —436.1 —442.8
CCSD (Modified Velocity Gauge)
cis 203.6 176.7 171.0 177.1
gl 422.5 504.5 438.0 473.3
g-l —481.7 —484.4 —392.3 —412.9

aComputed at the B3LYP/cc-pVTZ optimized geomethaug-cc-pVTZ(C,0,CH-cc-pVDZ(H). ¢ The center of mass was used as the coordinate
origin.

TABLE 2: Specific Rotations (in deg/[dm (g/cn?®)]) of (R)-Epichlorohydrin Conformers at 589 nm?

conformation 6-3++G* 6-311++G(2d,2p) aug-cc-pvVDZ mixed-cc-pVPZ aug-cc-pVTZ
B3LYP
g-cis 72.5 66.5 63.0 64.9 64.7
g-ll 177.9 179.3 172.1 1715 169.5
ol —216.9 —187.3 —167.8 —159.7 —160.2
CCSD (Length Gauge)
cis 25.1 44.7 38.9 40.6
g-ll 153.2 167.2 146.5 149.9
g-l —187.1 —163.9 —145.0 —146.0
CCSD (Modified Velocity Gauge)
cis 52.4 44.6 41.0 43.2
g-ll 124.1 149.9 127.2 139.2
g-l —-162.1 —162.4 —131.8 —137.3

aComputed at the B3LYP/cc-pVTZ optimized geomethaug-cc-pVTZ(C,0,CH-cc-pVDZ(H). ¢ The center of mass was used as the coordinate
origin.

TABLE 3: Specific Rotations (in deg/[dm (g/cn#)]) of (R)-Epichlorohydrin Conformers at 633 nm?

conformation 6-3++G* 6-311++G(2d,2p) aug-cc-pvVDZ mixed-cc-pVPZ aug-cc-pVTZ
B3LYP
cis 60.9 55.8 52.7 54.4 54.2
g-ll 151.2 152.5 146.4 145.9 144.1
gl —186.4 —160.8 —144.0 —137.1 —137.5
CCSD (Length Gauge)
cis 20.7 37.7 325 34.2
gl 130.8 142.7 124.9 127.9
gl —160.9 —141.0 —124.6 —125.5
CCSD (Modified Velocity Gauge)
cis 44.2 37.6 34.4 36.3
g-ll 105.8 128.0 108.4 118.7
gl —139.6 —139.8 —113.4 —118.1

a2 Computed at the B3LYP/cc-pVTZ optimized geomethaug-cc-pVTZ(C,0,CH-cc-pVDZ(H). ¢ The center of mass was used as the coordinate
origin.
dependent length-gauge representation and the origin-indepenidentical results even in the limit of a complete basis3gét.
dent modified velocity-gauge representation of Pedersentet al. Though both length- and velocity-gauge CCSD specific rotations
For the latter, we have shifted the raw velocity-gauge rotation are in semiquantitative agreement with each other, both are
by its zero-frequency counterpart to account for the fact that significantly lower than the corresponding B3LYP rotations.
this choice of gauge does not lead to the physically realistic Further study of the comparative behavior of the length- and
result of o], = 0 asA — . As can be seen from the tables, velocity-gauge representations is clearly needed.
the choice of length gauge vs velocity gauge has a significant The differences between the B3LYP and CCSD specific
impact on the coupled-cluster specific rotations, particularly for rotations can be understood in terms of the relative abilities of
shorter wavelengths. At 355 nm, the mixed-cc-pVTZ basis the two methods to predict accurately the lowest-lying excitation
CCSD rotation forg-11, for example, varies from 508.3 in the  energies that implicitly influence the computed optical rotation
length gauge to 473.3 in the velocity gauge. This variation is via eq 1. Table 4 summarizes the lowest vertical excitation
much smaller for longer wavelengths but is nevertheless energies for each of the three minimum-energy conformers of
significant. The likely reason for this variation is the expected (R)-epichlorohydrin using equation-of-motion CCSD (EOM-
slower basis-set convergence of the velocity-gauge representaCCSD) and TD-DFT/B3LYP. The energies vary only slightly
tion of the electric-dipole operator, though we note that, for among the individual conformers, but comparison between the
coupled-cluster methods, the two representations will not give EOM-CCSD and TD-DFT methods shows more dramatic
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TABLE 4. EOM-CCSD and B3LYP-TDDFT Excitation Energies for ( R)-Epichlorohydrin Computed with Various Basis Sets at
the B3LYP/cc-pVTZ Optimized Geometry

individual conformer vertical excitation energies

EOM-CCSD B3LYP/TDDFT
cc-pvTZ aug-cc-pvVDZ 6-31t+G(2d,2p) cc-pvTZ aug-cc-pvDzZ 6-3#1+G(2d,2p)
conformation eV nm eV nm eV nm eV nm eV nm eV nm
cis 755 164 7.38 168 7.34 169 6.91 179 6.63 187 6.62 187
gl 753 167 7.35 169 7.33 169 6.90 180 6.68 186 6.66 186
gl 746 166 7.30 170 7.28 170 6.85 181 6.84 181 6.57 189
TABLE 5: Gas-Phase Conformer Populations of R)-Epichlorohydrin

conformation G2 G3 B3LYP/cc-pvV@Z CBS CCsD CBS CCSD(T}

g-cis 0.055 0.073 0.034 0.059 0.064

gl 0.708 0.682 0.648 0.670 0.676

gl 0.237 0.245 0.318 0.271 0.259

a Determined from Gibbs free energies based on internal energies at the given level of theory plus CCSD(T)/6-31G* vibrational/thermal corrections.

TABLE 6: Liquid-Phase Conformer Populations for (R)-Epichlorohydrin

neat CHLCl, CHCly ccly cyclohexane
conformation expt B3LYP? expt B3LYP? expe B3LYP® expt B3LYP?
cis 0.114 0.043 0.111 0.041 0.108 0.044 0.089 0.038
o-ll 0.330 0.342 0.345 0.406 0.432 0.515 0.559 0.529
ol 0.556 0.615 0.544 0.553 0.460 0.441 0.352 0.433

2 Reference 25 Determined from Gibbs free energies based B3LYP/cc-pVQZ internal energies including PCM corrections plus CCSD(T)/6-
31G* vibrational/thermal corrections. tively.12 However, the norbornenone case differs from that of
differences, with the latter falling below the former by ap- epichlorohydrin in that_its lowest excited state arises from a
proximately 0.7 eV. According to the gas-phase electronic Valencen — s* excitation, a type of transition often well-
circular dichroism (CD) spectrum measured by Basil et al. in '€produced by the B3LYP functional, as opposed to the low-
19915 the lowest electronic excitation produces a positive CD 1¥ing Rydberg transitions in epichlorohydrin. In addition, the
band peaked at ca. 171.0 nm (7.25 eV), corresponding\(®p comparison between theoretical gas-phase and experimental
— 3s Rydberg excitation. liquid-phase specific rotations is problematic, as demonstrated

This peak falls 0.030.13 eV below the corresponding EOM-  below.

CCSD vertical excitation energy (depending on the conformer  Table 5 reports conformer populations for the gas phase using
and using the aug-cc-pVDZ and 6-3#+G(2d,2p) basis-sets), B3LYP, G2, G3, and CBS-extrapolated CC methods. In the gas
but 0.41-0.68 eV above the B3LYP results (again depending phase theg-Il conformation clearly dominates at 670%,

on the conformer and with the same basis sets). Given that thefollowed by theg-I conformer at 24-27%, and finally the cis
computed optical rotation is inversely proportional to the conformer at only about-57%. Note, however, that the gas-
difference in the squares of the excitation energy and chosenphase mole fractions vary only slightly with the level of theory,
frequency of plane polarized light (cf. eq 1), the consistent 1304 at most. Table 6 reports conformer populations for liquid-
underestimation of vertical excitation energies by the B3LYP phase environments, including the neat state, methylenechloride,
method leads to a concomitant overestimation of each conform- choroform, carbon tetrachloride, and cyclohexane. The experi-

ers [o],. (In addition, we note that B3LYP/aug-cc-pVDZ  mental data from ref 25 were determined using comparisons
calculations indicate that this state is likely the major contributor patveen experimental infrared absorption spectra in several
to the measured gas-phase specific rotation with a rotational g4\ ent environments with their theoretical counterparts (B3LYP/

strength of ca. 11.3< 10-%% cgs units.) This effect was also | T :

. . ) g-cc-pVTZ). The theoretical liquid-phase populations were
observed in §-methyloxirané* and @)-[4]triangulane:* On . obtained at the B3LYP/cc-pVQZ level of theory, including
the other hand, the agreement between the EOM-CCSD excitapoyg pased solvent corrections. For each solvent in Table 6,

tion energies and experiment suggests greater reliability Of.thethe g-1 conformation clearly dominates with the exception of
CCSD optical rotation values. We note, however, the theoretical ; . -
CCl, and cyclohexane, for which conformeill lies lower in

specific rotations reported here are not yet converged in thatenergy, as in the gas phase. These data are also consistent with

the level of electron correlation remains limited to double the more recent results of Wilson et al., who observed a reversal
excitations at most, and other effects such as zero-point ; i .
vibrational motion have been ignorét2? of the sign of fp in acetonitrile relative to the gas pha¥e.

i Clearly the solvent introduces significant perturbations to the

An opposing example, however, is given byS@AS)-nor- ; .
bornenone, for which CCSD (length gauge) and B3LYP specific SYyStem- However, the theoretical (B3LYP) populations are

rotations differ dramatically at-741 and—1216 deg/[dm (g/ shifted significantly from the experimentally inferred values of
mL)], respectively, with only the latter in reasonable agreement Polavarapu et af BLYP tends to underestimate the popula-
with the liquid-phase experimental value of cal150 deg/ tion of the cis conformer relative to experiment (up to 6.8% for
[dm (g/mL)]. As Ruud et al. demonstrated, the B3LYP values Methylene chloride), and simultaneously overestimate that of
of both the lowest excitation energy and its rotational strength the g-I conformer (up to 9.3% for chloroform).

agree well with experiment in this case, whereas the corre- Tables 79 summarize the B3LYP and CCSD specific
sponding CCSD values are too large and too small, respec-rotations for R)-epichlorohydrin at 355, 589, and 633 nm,
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TABLE 7: Specific Rotations (in deg/[dm (g/cn®)]) for (R)-Epichlorohydrin at 355 nm in Gas- and Liquid-Phase Environments
6-31++G* 6-311++G(2d,2p) aug-cc-pvVDzZ mixed-cc-pVPZ  aug-cc-pVTZ

B3LYP
gas phase G2 303.0 3275 3241 329.5 323.3
G3 286.8 3115 309.1 314.7 308.7
CBS CCSD(T) 272.1 298.0 296.7 302.5 296.6
liquid phasé neat —126.0 —78.2 —53.2 —40.9 —44.4
CH,Cl, expt —109.6 —62.7 —38.8 —26.7 —30.3
B3LYP —179.2 —124.9 —96.2 —86.4 —82.7
CHCl, expt —0.65 39.8 56.5 66.8 62.5
B3LYP —98.0 —48.5 —25.2 —17.2 —-13.1
CCly expt 144.3 176.9 184.0 191.9 186.8
B3LYP 445 85.2 99.0 103.9 108.7
cyclohexane 56.1 96.4 109.4 114.0 119.0
CCSD (Length Gauge)
gas phase G2 241.3 288.8 259.4 263.9
G3 225.4 273.4 245.8 250.0
CBS CCSD(T) 214.0 262.3 235.9 240.0
liguid phasé  neat —127.6 —76.1 —58.7 —59.7
CH,Cl, expt —113.4 —62.2 —46.5 —47.2
B3LYP —163.7 —104.6 —90.5 —91.7
CHCl, expt -21.2 27.6 33.1 33.7
B3LYP -95.0 -37.9 -31.2 -31.3
CCly expt 103.3 149.6 140.5 143.0
B3LYP 24.7 78.4 72.2 73.7
cyclohexane 35.2 88.7 81.3 83.0
CCSD (Modified Velocity Gauge)
gas phase G2 196.0 251.7 226.4 246.9
G3 184.8 237.8 214.9 234.4
CBS CCSD(T) 174.4 227.2 205.9 224.8
liguid phasé neat —105.2 —82.8 —54.1 —53.2
CH,Cl, expt —93.7 -70.0 —43.3 —-41.7
B3LYP —143.3 —118.2 —84.3 —84.7
CHCl; expt -17.1 14.0 27.2 33.7
B3LYP —86.1 —55.6 -31.8 —28.6
CCly expt 84.7 127.0 122.0 135.0
B3LYP 141 53.7 60.1 69.4
cyclohexane 22.2 63.2 67.9 77.9

aComputed at the B3LYP/cc-pVTZ optimized geomettraug-cc-pVTZ(C,0,Ch-cc-pVDZ(H). ¢ Using conformer populations from Table 5.
d Using conformer populations from Table %$The center of mass was used as the coordinate origin.

respectively, averaged using the populations reported in Tablesnot significantly different, indicating that the use of the larger
5 and 6. The gas-phase averagé, [values exhibit the same  basis set on the hydrogen atoms is not necessary in this case.
trend as seen for the individual conformer optical rotation results, The best comparisons with experiment for all wavelengths
with the B3LYP values always significantly larger than the in the gas phase are given by the CCSD length-gauge data. At
CCSD values (using both length and velocity gauge). For the 355 nm, Wilson et al.’s gas-phase experimental \A&lu
liguid-phase results, however, this is no longer the case. In fact, —238.74 2.3 deg dm? (g/mL)~1 for the (§ enantiomer agrees
at 355 nm, CCSD predicts]'s that are larger in magnitude  extremely well with the length-gauge CCSD/mixed-cc-pVTZ
than those of B3LYP, and at 589 and 633 nm, B3LYP and specific rotation of+240.0 deg dm! (g/mL)~? for the R)
CCSD give similar rotations. These data also indicate that, at enantiomer, computed with the populations obtained from
all wavelengths and basis sets used in this study, the CCSDcomplete-basis-set extrapolations of the CCSD(T) correlation
length-gauge values foo]; are somewhat larger than the CCSD energy. B3LYP optical rotations at 355 nm do not agree as well
velocity-gauge values. with the experimental value for any of the methods used, giving
Just as for the individual conformer rotations in Tables31 results that are too large by about 25%. The CCSD modified
correlation-consistent basis sets provide much more rapidly velocity-gauge gives values o], that are closer to the
convergent rotations than the split-valence sets, suggesting thaexperimental value than B3LYP but are still too low by about
the latter may not be well-suited to describe this property. Also, 15 deg dm?! (g/mL)™! (6%). The same trend is found at 633
our calculations do not show significant differences @j;[ nm, where the length-gauge CCSD/mixed-cc-pVTZ specific
between the aug-cc-pVDZ and mixed-cc-pVTZ basis sets for rotation of +56.3 deg dm? (g/mL)* for (R) compares well
the B3LYP and CCSD (length gauge) methods individually. with the gas-phase optical rotation 865.0 4+ 1.7 deg dm?
The velocity-gauge CCSy;’s appears to be somewhat more (g/mL)~! of Wilson et al. for §).36
sensitive to the choice of basis set than its length-gauge At 589 nm, the experimental specific rotation foR){
counterpart, especially at 355 nm, where the difference in epichlorohydrin is-41.94 deg dm? (g/mL)~*in neat liquid3®
specific rotation between the two basis sets is approximately The conformationally averaged results calculated using the
20 deg dmt (g/mL)~1 for each of the methods used to compute theoretical gas-phase conformer populations for every method
the free energy. At all wavelengths, the conformationally and basis set fail to produce the correct sign of the rotation and
averaged B3LYPd], determined using the mixed-cc-pVTZ and drastically overestimate its magnitude by a factor of more than
aug-cc-pVTZ basis sets for both the gas and liquid phases are2. Although this is clearly an apples-to-oranges comparison of
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TABLE 8: Specific Rotations (in deg/[dm (g/cn?)]) for (R)-Epichlorohydrin at 589 nm in Gas- and Liquid-Phase Environments
6-31++G* 6-311++G(2d,2p) aug-cc-pvVDzZ mixed-cc-pVPZ  aug-cc-pVTZ

B3LYP
gas phase G2 78.5 86.1 85.5 87.1 85.5
G2 78.5 86.1 85.5 87.1 85.5
G3 73.4 81.1 80.8 82.5 81.0
CBS CCSD(T) 68.9 77.1 77.1 78.9 77.4
liguid phasé  neat —53.6 —37.4 —29.3 —24.8 —25.8
CH,Cl, expt —48.6 —-32.7 —24.9 —20.5 —-21.5
B3LYP —69.6 —51.2 —41.7 -37.9 —36.9
CHCl, expt —15.1 -1.6 4.0 7.6 6.5
B3LYP —44.6 —27.9 —20.2 —-17.0 —15.9
CCly expt 29.5 40.2 42.7 454 44.1
B3LYP -0.9 12.6 17.4 19.4 20.7
cyclohexane 2.7 16.1 20.6 22.6 23.9
CCSD (Length Gauge)
gas phase G2 65.5 81.9 71.4 73.8
G3 60.4 77.0 67.1 69.4
CBS CCSD(T) 56.9 73.6 64.1 66.3
liquid phasé  neat —50.6 —30.9 —27.8 —27.1
CH,Cl, expt —46.1 —26.5 —24.0 —23.2
B3LYP —61.7 —41.8 -375 —36.9
CHCls expt —-17.2 1.7 0.8 2.0
B3LYP —40.1 —20.8 —19.0 —18.1
CCly expt 22.0 39.7 34.3 36.0
B3LYP -2.5 15.8 13.2 14.6
! cyclohexane 0.8 19.0 16.0 175
CCSD (Modified Velocity Gauge)
gas phase G2 52.3 70.0 61.0 68.4
G3 48.7 65.6 57.4 64.4
CBS CCSD(T) 45.4 62.3 54.6 61.5
liguid phasé  neat —43.2 —35.8 —26.6 —25.5
CH,Cl, expt —39.6 -31.7 -23.3 -21.9
B3LYP —55.1 —46.8 —35.9 —35.0
CHCl; expt —15.3 -5.1 -1.3 1.7
B3LYP —-37.0 —-27.0 —-19.5 —-17.5
CCly expt 16.9 30.6 28.4 334
B3LYP —5.3 7.5 9.2 13.1
cyclohexane —-2.7 105 11.6 15.7

aComputed at the B3LYP/cc-pVTZ optimized geomethaug-cc-pVTZ(C,0,CH-cc-pVDZ(H). ¢ Using conformer populations from Table 5.
dUsing conformer populations from Table $The center of mass was used as the coordinate origin.

the experimental and theoretical optical rotation data becausewell with experiment. Although the solvent was not considered
of the lack of solvation modeling in the latter, the difference in the calculation of the Rosenfeld tensors for the individual
between the two serves to emphasize the need to include theconformers, the averaged specific rotations compare extremely
effect of the solvent at least in the determination of conformer well to experiment.
populations to obtain reasonable comparison with conventional o, the other hand, conformer populations based on the PCM-
polarimetry data in many cases. In addition, it may be necessaryqqrected B3LYP/cc-pVQZ Gibbs free energies compare very
to ex_plici_tly include the effect of the solvent on the response poorly to experiment. In every case, the PCM-based average
Lupr;glﬂ%?c;:]s;;];’ir:hough that does not appear to be the case for o iationg are shifted toward more negative values, leading to
. . underestimation of the positive CCfotation (e.g., by ap-
The conformationally Qverageq B3LYP anql CCSD optical proximately a factor of 2 at 355 nm with CCSD), overestimation
rotation values for the various liquid-phase environments shown of the negative ChCl, rotation (again, by approximately a factor

in Tables 7—9_were ca!culated using the theoretical |r_1d|V|dl_JaI of 2 at 355 nm with CCSD), and the incorrect sign of the GHCI
conformer optical rotations and the conformer populations given : . . 9
rotation. This failure appears to result primarily from the

in Table 6, as determined both by PCM-corrected theoretical overestimation of the-l conformer population by the PCM-
calculations and by Polavarapu efaPolavarapu et al. reported g pop y
based free energies in Table 6 noted above.

intrinsic optical rotations ofR)-epichlorohydrin of—22.4 deg i
dm (g/mL)~1in CH,Cl,, +3.2 deg dm (g/mL)~1 in CHCl, Wilson et al. have also reported extrapolated cyclohexane
and+38.5 deg dm? (g/mL)"* in CCls at 589 nm for the R) solution-phase data, obtained from the experimental optical
enantiome?® Using the experimentally inferred populations, the rotatory dispersion curve ranging from 365 to 589 nm and then
length-gauge CCSD results from Table 8 reproduce these valuesextrapolating to 355 and 633 nm, giving specific rotations of
to within £2.0 deg/[dm (g/mL)]. The velocity-gauge CCSD —167.7 deg dm?* (g/mL)"* at 355 nm and-30.4 deg dm*
results are similar in quality, whereas B3LYP brackets the (g/mL)~1 at 633 nm for the ) enantiomer of epichlorohydrin.
experimental results vs CCSD but nevertheless gives a reasonThe PCM-based rotations of thB)(enantiomer in cyclohexane
able comparison. This indicates that, although the B3LYP given in Tables 1 and 3 are too small by a factor of 2 at the
specific rotations for the individual conformers may, in fact, CCSD/mix-cc-pVTZ level of theory. By comparison to the
be too large, the statistically averaged rotations can still agree chlorine-based solvents above, this most likely occurs because
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TABLE 9: Specific Rotations (in deg/[dm (g/cn®)]) for (R)-Epichlorohydrin at 633 nm in Gas- and Liquid-Phase Environments
6-31++G* 6-311++G(2d,2p) aug-cc-pvVDzZ mixed-cc-pVPZ  aug-cc-pVTZ

B3LYP
gas phase G2 66.2 72.9 72.4 73.6 72.4
G3 61.9 68.6 68.3 69.6 68.5
CBS CCSD(T) 58.0 65.2 65.2 66.6 65.4
liquid phasé neat —46.8 —32.7 —25.8 —22.3 —22.7
CH,Cl, expt —42.4 —28.7 -22.0 —18.6 —-19.1
B3LYP —60.4 —44.4 —36.3 —33.0 —32.7
CHCl; expt —-13.8 2.1 2.7 5.5 49
B3LYP —39.0 —24.6 —18.0 —15.2 —14.7
CCly expt 24.4 33.6 35.8 37.9 37.0
B3LYP -1.6 10.1 14.2 16.0 16.7
cyclohexane 15 13.0 16.9 18.6 194
CCSD (Length Gauge)
gas phase G2 55.6 69.7 60.6 62.7
G3 51.3 65.5 57.0 58.9
CBS CCSD(T) 48.2 62.5 54.3 56.3
liguid phasé  neat —43.9 —-27.0 —24.4 —23.7
CH,Cl, expt —40.1 -23.3 -21.1 —20.4
B3LYP —53.4 —36.3 -32.6 —-32.1
CHCl, expt —15.3 0.9 0.1 1.2
B3LYP —34.9 —18.3 —16.8 —16.0
CCly exp 18.43 335 28.8 30.4
B3LYP 2.7 13.0 10.8 12.0
cyclohexane 0.2 15.8 13.2 145
CCSD (Modified Velocity Gauge)
gas phase G2 44.3 59.5 51.7 58.1
G3 41.2 55.7 48.6 54.7
CBS CCSD(T) 38.4 52.8 46.2 52.1
liguid phasé  neat —37.6 —-31.2 —23.4 —22.3
CH,Cl, expt —34.5 -27.7 -20.5 —19.2
B3LYP —47.8 —40.7 -31.3 —30.5
CHCl; expt —-13.7 -5.0 —-1.6 0.9
B3LYP -32.3 —23.7 —17.2 —15.5
CCly expt 14.0 25.7 23.7 28.0
B3LYP -5.1 5.9 7.3 10.7
cyclohexane —2.9 8.5 9.4 12.9

aComputed at the B3LYP/cc-pVTZ optimized geomettraug-cc-pVTZ(C,0,Ch-cc-pVDZ(H). ¢ Using conformer populations from Table 5.
d Using conformer populations from Table %$The center of mass was used as the coordinate origin.

of overestimation of the contribution of thgel conformer’s Comparison to the solution-phase experimental data of

negative rotation. Polavarapu et & requires that solvent effects be considered
in the Boltzmann averaging of the individual conformers. If this

I\V. Conclusions factor is ignored, then both B3LYP and coupled-cluster theories

overestimate the magnitude of the conformationally averaged

In this study, we have reported theoretical Conformationally optica| rotation by more than a factor of 2, and even fail to
averaged values of the optical rotation at several polarized-field reproduce the correct sign at 589 nm. However, when solvent
wavelengths forR)-epichlorohydrin using coupled-cluster and  effects are incorporated via experimental estimates of the
density-functional theory. At 355 and 633 nm, the CCSD/aug- conformer populations, both CCSD and B3LYP give reasonable

cc-pVTZ level of theory (using the length-gauge representation comparison to experimental sodium D-line specific (intrinsic)
of the electric-dipole operator and the cc-pVDZ basis set for rotations, despite the rather large differences in rotations for
hydrogen) does a remarkable job reproducing the gas-phasesach conformer between the two methods. On the other hand,

specific rotation reported by Wilson et®&The corresponding  pCM-based estimates of the conformer populations compare
velocity-gauge values underestimate the experimental gas-phas@oorly to experiment in this case.

results at 355 and 633 nm by approximately 14 degH(g/ ) )
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