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Coupled cluster and density functional models of specific rotation and vacuum UV (VUV) absorption and
circular dichroism spectra are reported for the conformationally flexible molecules (R)-3-chloro-1-butene
and (R)-2-chlorobutane. Coupled cluster length- and modified-velocity-gauge representations of the Rosenfeld
optical activity tensor yield significantly different specific rotations for (R)-3-chloro-1-butene, with the latter
providing much closer comparison (within 3%) to the available gas-phase experimental data at 355 and 633
nm. Density functional theory overestimates the experimental rotations for (R)-3-chloro-1-butene by
approximately 80%. For (R)-2-chlorobutane, on the other hand, all three models give reasonable comparison
to experiment. The theoretical specific rotations of the individual conformers of (R)-3-chloro-1-butene are
much larger than those of (R)-2-chlorobutane, in disagreement with previous studies of the temperature
dependence of the experimental rotations in solution. Simulations of VUV absorption and circular dichroism
spectra reveal large differences between the coupled cluster and density functional excitation energies and
the rotational strengths. However, while these differences lead to very different specific rotations for (R)-3-
chloro-1-butene, they have much less impact on the computed specific rotations for (R)-2-chlorobutane. In
addition, the coupled cluster VUV absorption spectrum of (R)-2-chlorobutane compares well to experiment.

I. Introduction

In the past decade, the development of ab initio and density
functional models for correctly predicting the optical properties
of chiral molecules has proven to be a challenge.1-4 Although
the quantum mechanical underpinnings of optical activity were
known as early as 1928 with Rosenfeld’s development of the
electric-dipole/magnetic-dipole polarizability tensor5 (the central
quantity associated with both optical rotation (OR) and electronic
circular dichroism (CD) rotational strengths6), more than 50
years passed before the first Hartree-Fock calculations of the
Rosenfeld tensor appeared, including the static-limit approxima-
tion by Amos7 and frequency-dependent calculations by Lazzer-
etti and Zanasi.8 The first ab initio calculations of CD rotational
strengths were reported by Rauk using configuration interaction
theory9 and by Hansen and Bouman using Hartree-Fock theory
in the mid-1980s,10 while the first such calculations of OR were
reported by Polavarapu in 1997. Density functional and coupled
cluster theory calculations of these properties have appeared
much more recently.11-27

In two recent studies, Wiberg et al. addressed one of the major
obstacles in accurate modeling of optical rotation: conforma-
tional flexibility. In a 2003 paper, they examined a series of
3-substituted-1-butenes using density functional theory (DFT).28

They demonstrated that, although replacing the substituent at
the 3-position had little impact, the calculated specific rotation
values varied significantly as a function of the dihedral angle

of the carbon backbone. For one specific case, (R)-3-chloro-1-
butene, they reported that the B3LYP specific rotation at 589
nm (the sodium D line) ranged from [R]D ) +367 deg dm-1

(g/mL)-1 at a CdCsCsC dihedral angle of 320° to -526 deg
dm-1 (g/mL)-1 with a dihedral angle of 180°. The final
conformationally averaged result of-112 deg dm-1 (g/mL)-1

(using G2 free energies and B3LYP/6-311++G** rotations)
overestimated the (liquid phase) experimental value of-57.3
deg dm-1 (g/mL)-1 by a factor of 2. In addition, analysis of
the temperature dependence of [R]D in methylcyclohexane, with
an assumed free energy difference between the conformers of
1.315( 0.025 kcal/mol led to a value of [R]D for the lowest-
energy conformer of-73.5 ( 0.6 deg dm-1 (g/mL)-1. The
average of the rotations for the two higher-energy conformers
was found to be+34.7( 1.5 deg dm-1 (g/mL)-1. These results
were found to be in sharp contrast to the corresponding B3LYP/
6-311++G** values of-188.1 and+104.1 deg dm-1 (g/mL)-1,
respectively. In an effort to reconcile this discrepancy, they also
considered the impact of vibrational motion on the calculated
rotations. After excluding the torsional motion of the carbon
backbone, they reported a room-temperature vibrational cor-
rection of +7.95 deg dm-1 (g/mL)-1, not enough to account
for the difference between the experimental and the theoretical
optical rotation.

In 2005, Wiberg et al. reported a similar study focusing on
the specific rotations of several 2-substituted butanes.29 For (R)-
2-chlorobutane, they found that the B3LYP value of [R]D of
-37.1 deg dm-1 (g/mL)-1 compared well to its experimental
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(neat state) counterpart of-33.8 deg dm-1 (g/mL)-1, unlike
their earlier observations for (R)-3-chloro-1-butene. Furthermore,
a temperature-dependence analysis similar to that used for (R)-
3-chloro-1-butene indicated that the lowest-lying conformer of
(R)-2-chlorobutane exhibited a sodium D-line specific rotation
of -77.4 deg dm-1 (g/mL)-1, while the average of the rotations
for the higher-lying conformers was+37.4 deg dm-1 (g/mL)-1,
both very similar to values found for (R)-3-chloro-1-butene.
They concluded that, even though 3-chloro-1-butene and 2-chlo-
robutane exhibit very different low-lying electronically excited
states, the double bond present in the former has little impact
on the measured value of [R]D.

More recently, Wilson et al. reported30 experimental specific
rotations for both 3-chloro-1-butene and 2-chlorobutane, both
in neat liquid and in the gas phase, the latter using the
ultrasensitive technique of cavity ring-down polarimetry (CRDP)
developed by Vaccaro and co-workers.31,32For (S)-3-chloro-1-
butene, they reported values for [R]633 and [R]355 of 53.3( 1.0
deg dm-1 (g/mL)-1 and 259.4( 1.0 deg dm-1 (g/mL)-1,
respectively, while for (R)-2-chlorobutane the comparable values
were-32.3( 1.0 deg dm-1 (g/mL)-1 and-121.4( 1.2 deg
dm-1 (g/mL)-1. For the neat liquid, they also reported values
of [R]D of 51.6 deg dm-1 (g/mL)-1 for (S)-3-chloro-1-butene
and -31.5 deg dm-1 (g/mL)-1 for (R)-2-chlorobutane, in
agreement with the earlier results of Wiberg et al.28,29 Thus,
they found only small differences between the gas- and

condensed-phase specific rotations for these molecules. How-
ever, in agreement with the earlier work, they also found that
B3LYP specific rotations agreed well with experiment for
2-chlorobutane, but overestimated those of 3-chloro-1-butene
by approximately a factor of 2 (e.g., the B3LYP/aug-cc-pVTZ
value of [R]355 for (S)-3-chloro-1-butene was reported to be
493.7 deg dm-1 (g/mL)-1).

Previously, we reported theoretical conformationally averaged
values of optical rotation for epichlorohydrin using coupled
cluster theory and DFT.27 In comparison to experimental CRDP
gas-phase values of [R]355 ) -238.7( 2.3 deg dm-1 (g/mL)-1

and [R]633 ) -55.0 ( 1.7 deg dm-1 (g/mL)-1 for the (S)
enantiomer published by Wilson et al.,30 coupled cluster theory
(in the singles and doubles approximation, CCSD) yields specific
rotations that agree closely with experiment: to within 1% using
the length-gauge representation of the electric-dipole operator
and within 6% for the modified velocity-gauge representation.33

Figure 1. Key parameters of the B3LYP/cc-pVTZ optimized geom-
etries of the three conformers of (R)-3-chloro-1-butene, referred to in
the text by their C-C-C-C dihedral angles: (a)τ ≈ 0°, (b) τ ≈ 120°,
and (c) τ ≈ 240°. Bond lengths are given in Ångstroms, and bond
angles are given in degrees.

Figure 2. Key parameters of the B3LYP/cc-pVTZ optimized geom-
etries of the three conformers of (R)-2-chlorobutane, referred to in the
text by their C-C-C-C dihedral angles: (a)τ ≈ 60°, (b) τ ≈ 180°,
and (c)τ ≈ 300°. Bond lengths are given in Ångstroms and bond angles
are given in degrees.
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However, we also found that, while the B3LYP functional
produced conformationally averaged rotations that agreed with
experiment to within 25%, the rotations of the individual
conformers were significantly overestimated relative to CCSD,
up to 70% depending on the conformer and wavelength,
apparently because of the concomitant underestimation of the
excitation energies of low-lying electronic states.

The observations described above beg several questions:
Does the double bond of (R)-3-chloro-1-butene have any
significant impact on the specific rotations of its individual
conformers? Why is the B3LYP method apparently able to
predict correctly the specific rotation of (R)-2-chlorobutane but
overestimates the rotation of (R)-3-chloro-1-butene by a factor
of 2? Can ab initio methods such as coupled cluster theory
provide any additional insight into these two paradigmatic
systems? This work extends our analysis of conformationally
flexible molecules to the problem cases of 3-chloro-1-butene
and 2-chlorobutane using coupled cluster methods. We have
computed conformationally averaged specific rotations for each
molecule at several relevant wavelengths based on high-level
estimates of the Gibbs free energies needed to produce accurate
gas-phase populations. In addition, we have computed excitation
energies, oscillator strengths, and rotational strengths for the
four lowest electronic states of each molecule to obtain the first

predictions of their conformationally averaged VUV absorption
and electronic CD spectra.

II. Computational Details

The Rosenfeld optical activity tensor may be written as5,6

where ω is the frequency of plane-polarized light,µ and m
represent the electric and magnetic dipole operators, respectively,
and the summation runs over the excited electronic (unperturbed)
wave functions. The trace of this tensor is related to the specific
rotation of the given conformer, and its residues are related to
the rotational strengths of the electronic CD spectrum. We have
evaluatedG′ for 3-chloro-1-butene and 2-chlorobutane at the
CCSD level of theory using the linear response formalism of
Koch and Jørgensen.24,34 Two representations of the electric-
dipole operator were used with the coupled cluster methods:
the standard length-gauge representation, for which the specific
rotation is origin dependent, and the velocity gauge, which gives
origin-independent results. For the former, the center of mass
was chosen as the coordinate origin, and for the latter, we report

TABLE 1: Specific Rotations (in deg/[dm (g/cm3)]) of Conformers of (R)-3-Chloro-1-butene and (R)-2-Chlorobutane at 355 nma

(R)-3-Chloro-1-butene

τ 6-311++G(2d,2p) aug-cc-pVDZ mixed-cc-pVTZb aug-cc-pVTZ

B3LYP
0 1356.2 1330.0 1342.6 1352.3
120 -874.9 -853.2 -862.9 -859.8
240 -485.9 -477.9 -481.6 -484.0
G3 -484.3 -471.9 -477.3 -474.1
CBS CCSD(T) -476.9 -464.5 -469.9 -466.6

CCSD (Length Gauge)c

0 929.6 933.7 935.3
120 -649.5 -609.6 -614.9
240 -230.4 -330.4 -328.3
G3 -351.0 -337.9 -341.1
CBS CCSD(T) -347.5 -332.9 -336.1

CCSD (Modified Velocity Gauge)
0 808.2 769.5 783.3
120 -497.1 -445.2 -453.3
240 -328.9 -348.6 -346.9
G3 -277.8 -250.3 -253.6
CBS CCSD(T) -272.7 -244.8 -248.1

(R)-2-Chlorobutane

τ 6-311++G(2d,2p) aug-cc-pVDZ mixed-cc-pVTZb aug-cc-pVTZ

B3LYP
60 48.1 51.6 43.1 46.4
180 -290.8 -284.3 -273.5 -274.4
300 176.5 157.4 167.5 169.0
G3 -145.5 -143.7 -136.8 -136.9
CBS CCSD(T) -140.3 -138.7 -132.1 -132.0

CCSD (Length Gauge)c

60 25.9 41.6 30.1
180 -248.1 -222.4 -242.8
300 148.6 129.1 144.4
G3 -127.6 -111.2 -124.1
CBS CCSD(T) -123.4 -107.2 -119.9

CCSD (Modified Velocity Gauge)
60 20.4 41.0 44.7
180 -234.5 -212.0 -231.2
300 169.1 124.2 152.2
G3 -116.9 -105.6 -112.4
CBS CCSD(T) -112.8 -101.8 -108.2

a Computed at the B3LYP/cc-pVTZ optimized geometry.b aug-cc-pVTZ(C,Cl)+cc-pVDZ(H). c Center of mass was used as the coordinate origin.

G′Rb(ω) ) -
2

p
∑
n*0

ω

ωn0
2 - ω2

Im (〈0|µR|n〉 〈n|mâ|0〉)

(1)
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the “modified velocity gauge’’ approach of Pedersen et al. in
which the specific rotation is shifted by its zero-frequency
counterpart.33 In addition, we have computedG′ using time-
dependent density functional theory with the B3LYP func-
tional.17,35-37 B3LYP data were obtained using gauge-including
atomic orbitals (GIAOs) and are thus origin independent.17

For CCSD simulations of VUV absorption and CD spectra,
we have computed rotational strengths in the length- and
velocity-gauge representations using the equation-of-motion
coupled cluster (EOM-CC) formulation for both the excitation
energies and the electric-dipole and magnetic-dipole transition
moments.38 For the corresponding B3LYP spectra, we have used
the time-dependent formalism.39-41

All optical activity calculations reported here made use of
the augmented correlation-consistent basis sets of Dunning and
co-workers.42-44 In particular, we have employed the double-ú
and triple-ú basis sets, denoted aug-cc-pVDZ and aug-cc-pVTZ,
respectively, as well as the mixed basis set denoted as “mixed-
cc-pVTZ’’ that uses the aug-cc-pVTZ basis set for the heavy
atoms, carbon and chlorine, and uses the cc-pVDZ basis set for
hydrogen.

Structures for each conformer of (R)-3-chloro-1-butene and
(R)-2-chlorobutane were optimized at the B3LYP/cc-pVTZ

level of theory. Gibbs free energies were computed using
complete basis set (CBS) extrapolations of CCSD(T)/cc-pVDZ
and /cc-pVTZ energies along with CCSD(T)/6-31G* correc-
tions for zero-point vibrations and thermal effects (assuming
ideal-gas/rigid-rotor models) using the methods described in
ref 27. (We note that our earlier work on epichlorohydrin
demonstrated that Gibbs free energy differences derived from
CBS extrapolations using the DZ/TZ basis-set pair rather
than the TZ/QZ pair produced specific rotations that are dif-
ferent by less than 2.0 deg dm-1 (g/mL)-1 even at short
wavelengths.)

All electrons were correlated for the geometry and vibrational
frequency calculations, while core electrons (1s for C and Cl)
were frozen for single point energies, excitation energies, and
CCSD optical rotation calculations (except for the CCSD/mixed-
cc-pVTZ optical rotation calculations where the core electrons,
1s for C and 1s2s2p for Cl, were frozen due to memory
constraints). Gaussian 0345 was used for all B3LYP calculations.
Coupled cluster structural optimizations and vibrational calcula-
tions were carried out with the ACES II package,46 and all
CCSD optical activity calculations were carried out with the
PSI3 program package.47

TABLE 2: Specific Rotations (in deg/[dm (g/cm3)]) of Conformers of (R)-3-Chloro-1-butene and (R)-2-Chlorobutane at 589 nma

(R)-3-Chloro-1-butene

τ 6-311++G(2d,2p) aug-cc-pVDZ mixed-cc-pVTZb aug-cc-pVTZ

B3LYP
0 316.5 315.2 316.8 319.5
120 -190.5 -189.4 -190.1 -189.1
240 -130.0 -127.0 -128.4 -129.1
G3 -106.0 -105.0 -105.5 -104.5
CBS CCSD(T) -104.0 -103.0 -103.5 -102.4

CCSD (Length Gauge)c

0 241.3 245.6 246.1
120 -165.8 -155.3 -157.0
240 -85.8 -92.4 -92.3
G3 -78.3 -86.2 -87.3
CBS CCSD(T) -76.5 -84.8 -85.9

CCSD (Modified Velocity Gauge)
0 209.5 199.7 203.9
120 -122.3 -108.6 -110.8
240 -91.3 -97.9 -97.9
G3 -68.4 -61.3 -62.2
CBS CCSD(T) -66.9 -59.7 -60.6

(R)-2-Chlorobutane

τ 6-311++G(2d,2p) aug-cc-pVDZ mixed-cc-pVTZb aug-cc-pVTZ

B3LYP
60 16.5 17.5 14.9 15.8
180 -90.8 -88.8 -85.0 -85.2
300 58.2 52.2 55.6 55.2
G3 -44.6 -44.1 -41.7 -41.7
CBS CCSD(T) -43.0 -42.5 -40.2 -40.2

CCSD (Length Gauge)c

60 9.6 14.6 10.5
180 -80.0 -70.9 -77.4
300 49.8 43.2 47.2
G3 -40.6 -34.9 -39.2
CBS CCSD(T) -39.2 -33.6 -37.9

CCSD (Modified Velocity Gauge)
60 7.8 14.3 15.3
180 -75.8 -67.8 -63.3
300 57.1 41.9 49.9
G3 -37.1 -33.2 -28.8
CBS CCSD(T) -35.8 -31.9 -27.6

a Computed at the B3LYP/cc-pVTZ optimized geometry.b aug-cc-pVTZ(C,Cl)+cc-pVDZ(H). c Center of mass was used as the coordinate origin.
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III. Results and Discussion

Figures 1 and 2 report the B3LYP/cc-pVTZ optimized
structures of (R)-3-chloro-1-butene and (R)-2-chlorobutane,
respectively. In each case, the key parameter is the C-C-C-C
dihedral angle (referred to here asτ), along which three
minimum-energy structures appear. For 3-chloro-1-butene, the
global minimum occurs atτ ≈ 120° with the hydrogen on the
stereogenic carbon in the plane of the ethylene unit. Local
minima occur atτ ≈ 0° and 240°, approximately 0.9 and 1.4
kcal/mol higher in energy, respectively. For 2-chlorobutane, the
global minimum occurs atτ ≈ 180°, with local minima atτ ≈
60° and 300°, approximately 0.6 and 0.9 kcal/mol higher in
energy, respectively. These geometries compare well to those
of Wiberg et al.28,29 and were used for all optical activity
calculations described below.

A. Optical Rotation. Tables 1, 2, and 3 report the B3LYP
and CCSD specific rotations of each conformer of both (R)-3-
chloro-1-butene and (R)-2-chlorobutane, as well as the Boltz-
mann-averaged results, the latter computed using the populations
given in Table 4. We first note that the B3LYP rotations are
consistently larger than their CCSD counterparts, a result that
is consistant with our earlier findings for monosignant optical

rotatory dispersion.25,27,48This difference most likely arises from
the tendency of the B3LYP approach to underestimate electronic
excitation energies (vide infra), leading to small denominators
in eq 1.24

More interesting, however, is the relatively large discrepancy
between the length-gauge and the modified velocity-gauge
CCSD results. For example, the value of [R]355 for the τ ≈ 0°
conformer of (R)-3-chloro-1-butene differs by more than 160
deg dm-1 (g/mL)-1 for the mixed-cc-pVTZ basis set. This
difference is larger than any other system we have studied thus
far. Furthermore, the direction of the shifts between the two
gauges is not consistent, with the length-gauge approach yielding
larger rotations for theτ ≈ 0° and 120° conformers and the

TABLE 3: Specific Rotations (in deg/[dm (g/cm3)]) of Conformers of (R)-3-Chloro-1-butene and (R)-2-Chlorobutane at 633 nma

(R)-3-Chloro-1-butene

τ 6-311++G(2d,2p) aug-cc-pVDZ mixed-cc-pVTZb aug-cc-pVTZ

B3LYP
0 265.9 265.1 266.3 268.6
120 -159.1 -158.5 -159.0 -158.1
240 -110.2 -107.6 -108.7 -109.4
G3 -88.6 -87.9 -88.2 -87.4
CBS CCSD(T) -86.9 -86.2 -86.5 -85.6

CCSD (Length Gauge)c

0 204.0 207.9 208.3
120 -140.0 -131.2 -132.6
240 -72.4 -78.5 -78.4
G3 -78.6 -72.8 -73.7
CBS CCSD(T) -77.6 -71.6 -72.5

CCSD (Modified Velocity Gauge)
0 177.2 168.8 172.5
120 -103.0 -91.4 -93.3
240 -77.5 -83.2 -83.2
G3 -57.6 -51.6 -52.3
CBS CCSD(T) -56.3 -50.2 -51.0

(R)-2-Chlorobutane

τ 6-311++G(2d,2p) aug-cc-pVDZ mixed-cc-pVTZb aug-cc-pVTZ

B3LYP
60 14.3 15.1 13.6 12.9
180 -77.7 -76.1 -72.9 -72.8
300 50.0 44.9 47.4 47.8
G3 -38.2 -37.7 -35.7 -35.7
CBS CCSD(T) -36.8 -36.4 -34.3 -34.4

CCSD (Length Gauge)c

60 8.4 12.6 9.0
180 -68.0 -60.8 -66.4
300 42.8 37.1 40.5
G3 -34.4 -29.9 -33.6
CBS CCSD(T) -33.2 -28.8 -32.4

CCSD (Modified Velocity Gauge)c

60 6.8 12.3 13.2
180 -65.0 -58.2 -63.3
300 49.2 36.0 42.9
G3 -31.8 -28.4 -30.4
CBS CCSD(T) -30.7 -27.4 -29.2

a Computed at the B3LYP/cc-pVTZ optimized geometry.b aug-cc-pVTZ(C,Cl)+cc-pVDZ(H). c Center of mass was used as the coordinate origin.

TABLE 4: Calculated Gas-Phase Conformer Populations

conformation G3 CBS CCSD(T)

(R)-3-Chloro-1-butene
0 0.148 0.154

120 0.698 0.705
240 0.154 0.141

(R)-2-Chlorobutane
60 0.209 0.218

180 0.632 0.618
300 0.159 0.164
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modified velocity gauge yielding a larger rotation for the 240°
conformer. For (R)-2-chlorobutane, the differences between the
two choices of gauge are much smaller.

One measure of the reliability of the length-gauge representa-
tion of the optical activity tensor is its origin dependence, which
may be computed explicitly via a mixed-gauge polarizability
tensor33 and characterized in terms of the components of an
origin-dependence vector. For the aug-cc-pVDZ/CCSD level
of theory for (R)-3-chloro-1-butene (τ ≈ 0), we have computed
this vector to be (∆x, ∆y, ∆z) ) (+11.2, -15.9, +26.0) deg
dm-1 (g/mL)-1/a0 at 589 nm (with the origin placed at the center
of mass), with a norm of 32.5 deg dm-1 (g/mL)-1/a0, larger
than any system we have examined to date. [Even the highly
problematic (1S, 4S)-norbornenone20 has a maximum vector
component of only+6.8 deg dm-1 (g/mL)-1/a0 with a norm of
6.8 deg dm-1 (g/mL)-1/a0.] The corresponding vector for theτ
≈ 60° conformer of (R)-2-chlorobutane is only (∆x, ∆y, ∆z) )
(1.0, 3.6, 1.2) deg dm-1 (g/mL)-1/a0 at 589 nm, with a norm of
3.9 deg dm-1 (g/mL)-1/a0. This result clearly indicates that the
length-gauge data are less reliable than their velocity-gauge
counterparts, though it does not necessarily suggest that the
origin-dependence is the source of the difference between the
two approaches (vide infra).

For (R)-3-chloro-1-butene, the modified velocity-gauge results
also compare much better to the gas-phase experimental data
of Wilson et al.30 At 355 and 633 nm, the experimental results
are +259.4( 1.0 and+53.3 ( 1.0 deg dm-1 (g/mL)-1 (for
the S enantiomer), as compared to the mixed-cc-pVTZ/CCSD
values of [R]355/[R]633 ) -253.6/-52.3 deg dm-1 (g/mL)-1 and
-248.1/-51.0 deg dm-1 (g/mL)-1 for the G3 and CBS CCSD-
(T) Boltzmann-averaged values, respectively. The length-gauge
approach, on the other hand, yields much larger averaged
rotations of-341.1/-73.7 and-336.1/-72.5 deg dm-1 (g/

mL)-1. The B3LYP approach gives-477.3/-88.2 and-469.9/-
86.5 deg dm-1 (g/mL)-1, even further from experiment. For
(R)-2-chlorobutane, however, all three theoretical models give
comparable results, with the length-gauge mixed-cc-pVTZ/
CCSD values of-124.1/-33.6 (G3) and-119.9/-32.4 (CBS
CCSD(T)) deg dm-1 (g/mL)-1 slightly closer to the experimental
values of [R]355 ) -121.4 deg dm-1 (g/mL)-1 and [R]633 )
-32.3 deg dm-1 (g/mL)-1.

Perhaps the most striking result from Tables 1-3 is that the
(R)-3-chloro-1-butene specific rotations for each of its three
conformers are significantly larger in magnitude than those of
(R)-2-chlorobutane at every level of theory, in disagreement with
the findings of Wiberg et al.,28,29who reported that the lowest-
lying conformer of each molecule (τ ≈ 120° for (R)-3-chloro-
1-butene andτ ≈ 180° for (R)-2-chlorobutane) exhibits similar
rotations, based on liquid-phase temperature dependence studies.
Furthermore, the sign pattern of the rotations appears to be
different from that reported by Wiberg et al. For (R)-2-
chlorobutane, the lowest-energy conformer atτ ≈ 180° exhibits
a negative rotation, while the higher-lying conformers exhibit
positive rotations, but for (R)-3-chloro-1-butene, theτ ≈ 0°
conformer gives a positive rotation, while the two other
conformers give negative rotations. In both molecules, however,
the conformationally averaged final rotation is negative.

B. Circular Dichroism. Tables 5 and 6 report the excitation
energies, oscillator strengths (length gauge), rotational strengths
(length and velocity gauges), and shifts in the expectation value
of r2 for the lowest four excited states of each conformer of
(R)-3-chloro-1-butene and (R)-2-chlorobutane, respectively.
Figures 3 and 4 are simulations of the corresponding UV/vis
and ECD spectra for each conformer. Each of the four excited
states reported here are dominated by single-excitations, sug-
gesting that the EOM-CCSD data should be reliable to within

TABLE 5: Excitation Energies (eV), Length-Gauge Oscillator Strengths (Unitless), Length-Gauge and Velocity-Gauge
Rotational Strengths (10-40 esu2 cm2), and ∆〈r2〉 (in a0

2) with the aug-cc-pVDZ Basis Set of (R)-3-Chloro-1-butene at the
B3LYP/cc-pVTZ Optimized Geometry

state excitation energy oscillator strength LG-rotational strength VG-rotational strength∆〈r2〉 transition

B3LYP τ ) 0°
1 6.107 0.0400 17.5421 17.2885 6 n+ π f π* + p
2 6.139 0.0382 30.0288 29.7003 6 n+ π f π* + p
3 6.473 0.0148 35.2844 35.5659 39 n+ π f p
4 6.668 0.1890 -1.5243 -0.6686 15 n+ π f π* + p

CCSDτ ) 0°
1 6.879 0.0347 24.5604 18.9077 6 nf p
2 6.938 0.0204 25.1418 18.2854 6 nf p
3 7.224 0.0349 31.7432 32.9930 38 π f s
4 7.576 0.3344 -3.3368 -2.3214 14 π f p

B3LYP τ ) 120°
1 6.148 0.0658 -26.6954 -26.4332 7 n+ π f π* + p
2 6.211 0.0102 -12.4695 -12.3334 7 nf π* + p
3 6.562 0.0294 -28.1990 -28.4624 38 n+ π f p
4 6.759 0.2228 -0.7155 -0.9492 19 n+ π f π* + p

CCSDτ ) 120°
1 6.932 0.0556 -30.4025 -21.8527 7 nf p
2 7.035 0.0039 -8.0203 -7.4587 6 nf p
3 7.288 0.0329 -20.0985 -19.7789 41 π f s
4 7.648 0.2010 -12.6646 -11.6050 27 π f p

B3LYP τ ) 240°
1 6.379 0.0369 -0.5199 -0.8945 44 π f π* + p
2 6.660 0.0150 14.3234 14.2207 15 π f p
3 6.850 0.0526 -43.2067 -43.2755 24 n+ π f π* + p
4 6.904 0.0137 -3.3672 -3.5716 20 nf π* + p

CCSDτ ) 240°
1 7.128 0.0439 4.2683 2.5874 42 π f s
2 7.426 0.0039 -1.6200 -1.8300 9 nf p
3 7.518 0.0140 2.8561 3.3745 9 nf p
4 7.726 0.1040 -33.4915 -30.4740 36 π f p
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approximately 0.2 eV. These results were obtained using the
aug-cc-pVDZ basis set. Calibrations using larger basis sets
appear to shift the EOM-CCSD excitation energies down by
less than 0.05 eV and appear to shift the rotational strengths by
less than 1.5 10-40 esu2 cm2 in most cases.

For (R)-3-chloro-1-butene, two of the four EOM-CCSD states
originate from lone-pair orbitals on Cl atom and the other two
from theπ bonding molecular orbital of the ethylene unit. In
all four states, the excitation occurs into diffuse Rydberg-type
orbitals of s- or p-type character. For the B3LYP approach, the
nature of the states is much more mixed, with significantπ
character appearing in all four transitions. The spectrum of (R)-
3-chloro-1-butene varies somewhat for each conformer, prima-
rily in the ordering of the states. For theτ ≈ 0° andτ ≈ 120°
conformers, the excitation energies and oscillator strengths are
very similar, while the rotational strengths for three of the four
states change sign between the conformers. This is reasonable
because the orientation of the CsCl bond relative to the Cd
CsC plane is reversed asτ varies from 0 to 120°. The ordering
of the states changes for theτ ≈ 240° conformer, with theπ f
s-type Rydberg excitation, which is the third excitation for the
0 and 120° conformers, moving to the lowest transition for the
240° conformer. In addition, the twon f p transitions, which
are lowest for the 0 and 120° conformers, shift upward at 240°
by approximately 0.5 eV at the EOM-CCSD/aug-cc-pVDZ level
of theory. For the B3LYP approach, the nature of the states is
much more mixed, with significantπ contributions appearing
in all four transitions. It is also interesting that, for theτ ≈ 0°
and 120° conformers, the length- and velocity-gauge rotational
strengths for the lowestn f p transitions vary by approximately
25%, while most of the other transitions exhibit much smaller
shifts between the two gauges. (An exception is the second
n f p transition for theτ ≈ 0° conformer.)

Additional insight into the difference between the two choices
of gauge for both the rotational strengths and the specific rotation
(discussed above) of (R)-3-chloro-1-butene may be gained by
considering the large oscillator strength of theπ f p transition
of (R)-3-chloro-1-butene, which transition dominates the VUV
absorption spectrum for all three conformers (cf. Figure 3). The
CCSD length-gauge oscillator strength reported in Table 5 for
the τ ≈ 0° conformer is 0.3344, while the corresponding
velocity-gauge value is 0.2615 (not reported in the table), a
difference of 22%, comparable in magnitude to both the
difference in specific rotation (17%) and the rotational strength
(30%) for this conformer. However, unlike the CD rotational
strengths and specific rotations, the oscillator strength is origin
independent in both length and velocity representations of the
electric dipole moment. Thus, differences between the two
representations may be attributable in part to the basis-set
representation of ther and p operators. However, unlike the
Hartree-Fock and Kohn-Sham DFT approaches, the CCSD
linear response model is not precisely gauge invariant even in
the limit of a complete basis set for these properties.49 Thus, it
seems likely that the underlying physical differences between
the two choices of gauge can only be determined from a truly
gauge-invariant reformulation of the CC response model,50,51

which is beyond the scope of this article.
For (R)-2-chlorobutane, all four excited states originate from

lone-pair orbitals on the Cl atom. For theτ ≈ 180° and τ ≈
300° conformers, all four EOM-CCSD transitions are to the
p-type Rydberg orbitals (centered either near the Cl atom or
near the C3-C4 bond), while in theτ ≈ 60° conformer, two of
the virtual states involved mixed s- and p-type character. For
B3LYP, two of the states for theτ ≈ 180° and 300° conformers
involve transitions to s-type Rydberg orbitals, which are not
significant in the EOM-CC states. The ordering of the EOM-

TABLE 6: Excitation Energies (eV), Length-Gauge Oscillator Strengths (Unitless), Length-Gauge and Velocity-Gauge
Rotational Strengths (10-40 esu2 cm2), and ∆〈r2〉 (in a0

2) with the aug-cc-pVDZ Basis Set of (R)-2-Chlorobutane at the B3LYP/
cc-pVTZ Optimized Geometry

state excitation energy oscillator strength LG-rotational strength VG-rotational strength∆〈r2〉 transition

B3LYP τ ) 180°
1 6.924 0.0011 -2.0150 -2.0297 9 nf p
2 6.956 0.0005 2.4572 2.5395 10 nf p
3 6.988 0.0211 -3.1206 -2.9882 47 nf s
4 7.012 0.0231 0.7049 0.6681 47 nf s

CCSDτ ) 180°
1 7.377 0.0030 -0.3705 -0.5038 7 nf p
2 7.408 0.0032 -0.0124 0.3946 7 nf p
3 7.865 0.0327 -2.5106 -2.8226 35 nf p
4 7.884 0.0404 -0.2878 -0.1249 36 nf p

B3LYP τ ) 300°
1 6.886 0.0147 -8.8405 -8.8027 46 nf s
2 6.913 0.0028 -5.7124 -5.8702 11 nf p
3 6.932 0.0230 9.1371 9.1005 46 nfs
4 6.975 0.0031 1.7735 1.7964 10 nf p

CCSDτ ) 300°
1 7.367 0.0030 -1.4771 -1.9832 7 nf p
2 7.426 0.0042 1.8300 2.1486 7 nf p
3 7.759 0.0244 -6.3695 -6.1585 36 nf p
4 7.816 0.0452 0.7540 0.6287 37 nf p

B3LYP τ ) 60°
1 6.782 0.0003 -0.6103 -0.6114 21 nf s
2 6.821 0.0034 3.3471 3.3664 20 nf s
3 7.102 0.0136 2.8580 2.8449 34 nf sp
4 7.138 0.0293 -3.1822 -3.0741 34 nf sp

CCSDτ ) 60°
1 7.348 0.0009 0.3810 1.3943 7 nf p
2 7.378 0.0012 -0.3353 -1.4455 7 nf p
3 7.852 0.0338 8.1547 8.0576 33 nf sp
4 7.892 0.0493 -7.8874 -7.6694 33 nf sp
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CCSD states remains unchanged among the conformers, while
the rotational strengths change sign as the position of the C-Cl

bond relative to the carbon backbone varies, just as that for
(R)-3-chloro-1-butene.

Figure 3. Simulated VUV absorption and CD spectra of (a) 0-conformer, (b) 120-conformer, (c) 240-conformer, and (d) average of the three
conformers of (R)-3-chloro-1-butene, using vertical excitation energies, oscillator strengths, and rotational strengths from Table 5 and overlapping
Lorentzian functions with a full width at half-maximum of 2 nm.

Figure 4. Simulated VUV absorption and CD spectra of (a) 180-conformer, (b) 300-conformer, (c) 60-conformer, and (d) average of the three
conformers of (R)-2-chlorobutane, using vertical excitation energies, oscillator strengths, and rotational strengths from Table 6 and overlapping
Lorentzian functions with a full width at half-maximum of 2 nm.
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The simulations in Figures 3 and 4 reveal more clearly the
differences between the B3LYP and the CCSD VUV absorption
and CD spectra. First, the B3LYP transition energies lie at
significantly lower energies than their CCSD counterparts by
0.4 to 0.9 eV (cf. Tables 5 and 6). On the other hand, the shapes
of the B3LYP and CCSD spectra for (R)-3-chloro-1-butene are
similar for all three conformers, with each of the major features
reproduced by both models. The spectra for (R)-2-chlorobutane,
however, differ more substantially, particularly the CD spectra
for which the B3LYP and CCSD simulations for the 180° and
300° conformers have little in common. This difference extends
to the averaged spectra in Figure 4d, yielding qualitatively
different DFT and CC results. In addition, the fact that the larger
apparent difference in the B3LYP and CCSD CD spectra do
not yield significantly different specific rotations (as discussed
in the previous section) is congruous with the recent sum-over-
states analysis reported by Wiberg et al. in that the total rotation
involves a larger number of electronic states rather than only
the lowest few.52

Wiberg et al. reported the VUV absorption spectrum of
2-chlorobutane in conjunction with their study of its optical
rotation.29 They found a low-intensity band centered at 57 450
cm-1 (7.1 eV, 174 nm) and three stronger bands at 63 310 cm-1

(7.8 eV, 158 nm), 67 430 cm-1 (8.4 eV, 148 nm), and 72 460
cm-1 (9.0 eV, 138 nm). The aug-cc-pVDZ/CCSD simulated
absorption spectrum in Figure 4d compares reasonably well with
the first two of these bands in both wavelength and intensity
(cf. Figure 4 of ref 29), with the weaker band at slightly higher
energy. The B3LYP simulation, on the other hand, is shifted to
significantly longer wavelengths, and its intensity pattern does
not resemble the experimental spectrum.

IV. Conclusions

The recent availability of gas-phase experimental data makes
the conformationally flexible molecules (R)-3-chloro-1-butene
and (R)-2-chlorobutane useful test cases for theoretical models
of chiroptical properties. For (R)-3-chloro-1-butene, the modified
velocity-gauge approach with the CCSD method yields Boltz-
mann-averaged specific rotations that compare closely to the
experimental results, while the origin-dependent length-gauge
CCSD approach gives rotations that are too large by more than
30%. The discrepancy between the two gauge representations
is larger for (R)-3-chloro-1-butene than any other system
examined to date, and a direct calculation of the origin-
dependence vector of the length-gauge model suggests that it
is unreliable in this case. B3LYP-based specific rotations are
too large by more than 80%, a result that is consistent with our
previous study of the conformationally flexible molecule
epichlorohydrin.27 On the other hand, all three models give
reasonable rotations for (R)-2-chlorobutane, which suggests that
the description of electronic excitations from theπ orbital of
(R)-3-chloro-1-butene is more important than previously thought.
Simulations of the VUV absorption and electronic CD spectra
for the four lowest-lying states of (R)-3-chloro-1-butene and
(R)-2-chlorobutane reveal large discrepancies between CCSD
and B3LYP excitation energies and rotational strengths, par-
ticularly for the latter molecule. In addition, the shape of the
CCSD absorption spectrum for (R)-2-chlorobutane compares
well to the available experimental spectrum.29

Several remaining sources of error must be considered when
judging the quality of the theoretical results reported herein.
The first is the limited level of electron correlation included in
the CCSD approximation. The only system to date for which
triple-excitation effects have been reported for optical rotation

is (S)-methyloxirane.53 While such effects led to significant shifts
in the short wavelength rotation, unlike (R)-3-chloro-1-butene
and (R)-2-chlorobutane, methyloxirane exhibits a small, bisig-
nate ORD that is particularly difficult to model, and the same
absolute shifts will not substantially change the comparison with
experiment for (R)-3-chloro-1-butene and (R)-2-chlorobutane.

On the other hand, vibrational motions are much more likely
to be significant in this case. As shown recently by Ruud and
Zanasi54 and by Kongsted et al.53 for methyloxirane, and by
Mort and Autschbach for a series of small molecules,55 zero-
point vibrational effects can often be significant, about 20%
for conformationally rigid systems. However, as Wiberg et al.
noted in 2003,28 the most significant vibrational contributions
for (R)-3-chloro-1-butene and (R)-2-chlorobutane are likely to
arise from the large-amplitude torsional motion of the carbon
backbone. This point, however, relates closely to another
possible source of error: the use of a simple Boltzmann
averaging procedure in which each conformer is considered to
be independent of the others. Taking (R)-3-chloro-1-butene as
an example, we find there is good reason to question the validity
of this approximation for two reasons. First, the lowest-energy
conformer (τ ≈ 120°) lies approximately 0.9 kcal/mol below
the next lowest conformer (τ ≈ 0°), while the CCSD(T)/6-31G*
vibrational frequency of the torsional motions of the carbon
backbone is only approximately 100 cm-1. Thus, starting from
the zero-point for this vibration, at least three additional
vibrational levels in the well for the global minimum will be
populated at room temperature before the zero-point level of
the next higher conformer. Second, given that the barrier heights
between the conformers are relatively small (e.g., only 1.5 kcal/
mol between theτ ≈ 240° conformer and the transition state at
τ ≈ 180°), tunneling effects could lead to mixing of the torsional
vibrational wavefunctions. We will report on our efforts to deal
with both of these problems, the zero-point vibrational effects
and the explicit description of the torsional vibrational mode,
in a forthcoming publication.
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