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All molecules except those conformations that have a plane of symmetry, a center of inversion, or an improper
axis of rotation are chiral. The magnitudes of the optical rotation of the chiral rotamers of 1-butene, butane,
propene, propane, and ethane have been examined. Changes in optical rotation with torsional angle are quite
large. The calculated specific rotations for 1-butene are about as large as those for the substituted 1-butenes
previously studied, and changes in the basis set used in the calculations have relatively small effects on the
rotations. With butane, the calculated specific rotations are somewhat smaller than found with 1-butene, and
here, going from 6-31t+G** to aug-cc-pVDZ has a major effect on the relationship between th€€

C—C torsional angle and the calculated rotation. With propene, a change in basis set led to a change in the
calculated rotation with torsional angle, and with propane, the magnitude of the specific rotation is markedly
reduced, and the sign is changed on going from 643tG** to aug-cc-pVDZ or aug-cc-pVTZ. The same

is found with ethane. The sign change for ethane is found to originate with the p-type diffuse orbitals in the
aug-cc-pVDZ basis set.

Introduction The torsional potential energy function, calculated at the

B3LYP/6-31H-G* level, is shown in Figure 1 and is in good

agreement with higher level calculatioh§he two lower energy

minima correspond to a hydrogen being eclipsed with the double

torsional angle are remarkable, with large positive rotations bond, whereas the higher energy conformer has the methyl group
’ eclipsed with the double bond. The specific rotation of 1-butene

e on e Colclteal 20ty fom 2010 160 at he B2
although the changes for positive and negative displacement§6'311++6** level® by use of the BSLYP/ 6'.31&(.3* geom-
averaged to essentially zero in each case. To gain furtheremes' The dat_a_l for 5.89 nm are sh_own in Figure 2. The
information related to the origin of the change i.n optical rotation cglculated specific rotation becomes quite large am 150,
with torsional angle, we have now examined a group of simple with _values appr_oachlng 300The calcqlated_rotanons as a
; e function of excitation wavelength are available in the Supporting

molecules such as 1-butene, butane, and similar hydrocarbonslnformation.

A thermal ensemble of molecules that possess a mirror plane, Although the above theoretical level was found appropriate

a center of INVETSION, Of an Improper axis of rotation (in any for substituted 1-butenes, the results presented below suggested
accessible conformation) cannot be optically active. Neverthe- that additional calculations should be carried out with aug-cc-

iﬁss, an |nd|V|ct1IuaI mertnb.ertof_thls eg;in:jbtle, dlﬁt_gr;[ed tﬁ. rent1.ovn|a pVDZ. The calculated specific rotations are shown in Figure 2.
ese symrrfle fy cons rlalnts, IS predic 'Etzt?do exhibit a chiroplical tpere js a change, especially at $100ut the values of the
response ot surprisingly strong magnitude. specific rotation are similar.

The range of specific rotations calculated for 1-buten250°
Results and Discussion at a 60 C—C—C=H torsional angle to—25C at a 300
torsional angle) is half as large as that for 3-chloro-1-butene
(=520 at a 180 C—C—C—C torsional angle and-420° at a
320 torsional angle) and as large as that for 3-fluoro-1-butene
(—290 at a 200 torsional angle and-60° at a 60 torsional
angle). Although the halogen substituents have an effect on the
specific rotation, the effect is far from dramatic.

Butane. Is the large specific rotation a result of having a
double bond in the molecule? This question might be examined
by studying butane. Here, it is achiral only when the ©-
T—C torsional angle isOor 18, and the former is a transition
state. The torsional potential energy curve is shown in Figure
N - i - - 3, and it is in satisfactory agreement with higher level calcula-
T $§|Zejﬁ?v';?;?§_a“‘h°“ e-mall kenneth.wiberg@yale.edu. tions35 The specific rotation was calculated by use of B3LYP/

* Gaussian, Inc. 6-311++G** at 20° intervals from 20 to 16, with the
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We have examined the optical rotation of 3-chloro-1-butene
both experimentally and computationallyThe changes in
optical rotation with respect to changes in the-C-C=C

1-Butene.1-Butene is, of course, an achiral molecular system.
However, this is true for a given molecule only when it has a
plane of symmetry, and in the case of 1-butene, only when the
C—C—C=cC torsional angle is either°Qor 180, the latter of
which is a transition state. Only a relatively small number of
molecules will have a plane of symmetry, and with any other
torsional angle, a given molecule will ha@ symmetry and
will be chiral. It is only the fact that its mirror image will always
be present that makes the ensemble of molecules appear to b
achiral in measurements of optical activity.
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Figure 1. Torsional potential energy function for 1-butene (B3LYP/ Figure 3. Torsional potential energy function for butane (B3LYP/6-
6-311+G*). 311+GY).
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Figure 4. Calculated specific rotation of butane as a function of the
Figure 2. Calculated specific rotation of 1-butene as a function of the C—C—C—C torsional angle.

C—C—C=C torsional angle. Smooth curves are drawn between the . ) ) . .
calculated points as a convenience for the reader. have a minimum interaction. Models that predict the rotation

to be a function of the polarizabilities of bonds and the cosine

B3LYP/6-31H-G* geometries, giving the data for 589 nm that of the angle between the borfdgould lead to a small rotation.
are shown in Figure 4. The specific rotation takes a large value Propene. Is the C-C—C—C torsional angle the main
at 9C, which is 65% of that found with 1-butene. determinant of the optical rotation in these cases? To answer

Although 6-31#+G** has been found to be a fairly this question, we have examined the specific rotation of propene
satisfactory basis set for 1-butene derivatives, this might not as a function of the rotation of the methyl group. The rotational
be the case with butane, which has much higher electronic potential energy curve was calculated at the B3LYP/643%1
transition energies. The specific rotations were calculated as alevel,” and the specific rotation was calculated at several
function of the CG-C—C—C torsional angle by use of aug-cc- wavelengths by use of B3LYP/6-31tH#G**. These data may
pVDZ and aug-cc-pVTZ. The calculated rotations are included be found in the Supporting Information. The specific rotation
in Figure 4 and are somewhat smaller than those found with at 589 nm as a function of the methyl torsional angle is shown
6-311++G** along with a change in the shape of the curve. in Figure 5.

The most interesting observation is that a large specific  Inview of the changes in specific rotation with torsional angle
rotation (100 with aug-cc-pVDZ) is found at a 9Qtorsional found with butane, additional calculations were carried out for
angle where the two terminal-&C bonds are orthogonal and propene with the aug-cc-pVDZ and aug-cc-pVTZ basis sets,
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Figure 5. Calculated specific rotation of propene as a function of the
H—C—C=C torsional angle.
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Figure 6. Calculated specific rotation of propane as a function of the
H—C—C—C torsional angle.
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TABLE 1: Effect of Basis Set on the B3LYP Calculated
Specific Rotation at 589 nm for Ethane with a 30 Torsional
Angle

basis set o] E(H) [a]p, deg
6-31G* 42 —79.828 11 —341.2
6-31G*, efd 42 —79.828 11 +15.3
6-311++G* 86 —79.854 38 —495.1
6-311(2+,2+)G** 100 —79.854 40 —505.1
6-311(3+,3+)G** 114 —79.854 41 —509.1
6-311++G(2d,2f) 114 —79.858 81 -226.3
6-3114++G(2d,2f), efd 114 —79.858 81 +42.6
6-311++G(3df,p) 120 —79.857 22 —25.4
6-311++G(3df,3pd) 186 —79.860 58 —19.5
cc-pvDZ 58 —79.826 63 —208.4
cc-pvVTZ 144 —79.862 16 —215.3
Sadlej pbs 102  —79.83778 +81.1
aug-cc-pVDZ 100 —79.83376 +41.2
aug-cc-pVvDZ, effl 100 —79.83376 +59.3
daug-cc-pVDZ 142 —79.83422 +56.6
aug-cc-pvTZ 230 —79.862 57 +53.6
daug-cc-pVTZ 316 —79.862 62 +59.4
aug-cc-pvQZz 436  —79.868 61 +57.8
UGBS1P 766 —79.869 49 +59.1

aNumber of basis function$.Electric field-dependent functions.

aug-cc basis sets, and the results are shown in Figure 6. The
specific rotation changes sign on going from the 6-8+1G**

basis set to aug-cc-pVDZ, and the sign remains positive on
increasing the flexibility of the correlation-consistent basis sets.
Basis set effects will be further studied below.

Ethane. Will as simple a molecule as ethane have a
significant optical rotation when rotated away from one of its
symmetrical forms? A geometry optimization was carried out
with the H-C—C—H torsional angles set at 30halfway
between staggered and eclipsed. The specific rotation at 589
nm was calculated to be 48&ith B3LYP/6-311-+G**. This
remarkably large calculated rotation led us to examine the effect
of basis set on the calculated rotation (Table 1).

The aug-cc-pVDZ basis set gives a less satisfactory total
energy than 6-31t+G** even though the former uses a larger
number of basis functions. However, it also gives a calculated
specific rotation with a much smaller magnitude and with the
opposite sign. It was possible that the 6-3HG** did not
lead to a satisfactory representation of the electronically excited
states. Therefore, 6-31H22+)G** was used since it is known
to give a marked improvement in the prediction of excited
state€. However, it had little effect on the calculated specific
rotation. Increasing the flexibility of the Pople-type basis set to
6-311++G(3df,3pd) led to a marked reduction of the magnitude
of the calculated rotation, but it still has the opposite sign from
the results of the Dunning correlation-consistent basis sets.
Increasing the flexibility of the latter, going to pVTZ and pVQZ,
led to small increases in the calculated rotation and suggests
that the correct calculated specific rotation is abet0°.
However, if the extra diffuse functions (indicated by aug and

giving the results shown in Figure 5. The best that one can saydaug) are not included in these basis sets, the calculated specific

about the comparison is that the sign of the specific rotation
does not change!

Propane. To again examine the question of the role of the
carbon-carbon double bond on the optical rotation, we have
studied propane. The rotational potential energy curve was
calculated at the B3LYP/6-31#G* levelf and the specific

rotations have the incorrect sign. Finally, the very large
uncontracted UGBS1P basis Sewas used, givingd]p =
+59.7.

All of the calculations were carried out with GIAOs in order
to make the magnetic terms gauge-independent. It is also
possible to build in some functional dependence on the applied

rotation was calculated at each of several wavelengths by useelectric field. Following the method of Darling and Schiegel,

of B3LYP/6-31H+G**. The specific rotation at 589 nm as a
function of the methyl torsional angle is shown in Figure 6.

The effect of basis set on the relationship between the specific
rotation and the torsional angle was examined by using two

the center for each Gaussian is chosen to depend on the electric
field according to

Al)) = A — ke
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TABLE 2: Effect of Mixed Basis Sets on the B3LYP Calculated Specific Rotation at 589 nm for Ethane with a 30Torsional
Angle

C basis set H basis set olb
cc-pvDz aug-cc-pvVDz +88.0
aug-cc-pvVDzZ cc-pvDz +99.7
cc-pvDzZ 6-311+(2d,2p) —119.3
cc-pVTZ aug-cc-pvVTZ +60.3
aug-cc-pvVTZ cc-pvVTZ +100.4
aug-cc-pvVQZz cc-pvQz +83.9
cc-pvDz aug-cc-pVDZ less last s function +73.6
cc-pvDzZ aug-cc-pVDZ less last p function —202.2
cc-pvbDzZ 6-31H-+(2d,2p) with last p on H changed to that from aug-cc-pVDZ +67.7
cc-pvVDZ 6-311-+(2d,2p) plus diffuse p on H from aug-cc-pvVDZ +71.9
6-311++G(2d,2p) 6-311++G(2d,2p) with last p changed to that from aug-cc-pvVDZ +39.4
6-311++G(2d,2p) 6-311+G(2d,2p) plus diffuse p on H from aug-cc-pVDZ +42.6

where the isotropic field-dependent parameétas chosen to
maximize the atomic polarizabilities for a series of reference
molecules. The electric field dependence of a (contracted) basis
function, y,, is then

| — ;) P

€ | =g oA

whereA; is the center foyy,.

Optical rotations computed with these electric field-dependent
functions for the 6-31G*, 6-3t+G(2d,2p), and aug-cc-pVDZ
basis sets are shown in Table 1. Their use markedly improves
the specific rotations obtained with these basis sets. For 6-31G*,
the use of electric field-dependent functions changes the 0:0005
calculated rotation from-341.2 to +15.3. For 6-31H#+G-
(2d,2p) the rotation changes froi226.3 to +42.6°, and for
aug-cc-pVDZ it changes from-41.2 to +59.3, which is
essentially the basis set limit.

The origin of the marked basis-set dependence of the
calculated specific rotations can be seen in Table 2, where
different basis sets have been used for the carbons and the
hydrogens. When cc-pVDZ is used at carbon and 6-311(2d,2p) Figure 7. Electron density difference maps f&r30 rotated ethane
is used at hydrogen, the incorrect sign of rotation is found, but from the 6-313+G** and aug-cc-pVDZ basis sets. The left-hand

ey . . (blue) contours show regions in which the electron density is increased
\r/gt]aetri]oﬁuig ggtgi\l’/lgg is used at hydrogen, the correct sign of on going from the former to the latter, and the right-hand (magenta)

- ) contours show regions where it is decreased. The net shift in electron
When cc-pVDZ is used at carbon and aug-cc-pVDZ is used density is 0.17 electron.

at hydrogen, and the most diffuse s function of the latter is

deleted, the correct sign of rotation is still found, but when the explains why diffuse s functions are not effective. Their spherical

most diffuse p function is deleted, the sign of rotation is symmetry would not lead to the helicity that results from the

incorrect. Similarly, when cc-pVDZ is used at carbon and directional p functions.

6-311++(2d,2p) plus the most diffuse p function for aug-cc- Effect of Vibrational Modes of 1-Butene on the Optical

pVDZ is used at hydrogen, the correct sign of rotation is found. Rotation. In our examination of 3-chloro-1-butehee found

Also, when 6-31%+(2d,2p) is used at both carbon and that a few of the vibrational modes led to very large predicted

hydrogen but the most diffuse p function is changed to that in changes in optical rotation, which averaged to near zero when

aug-cc-pVDZ, the correct sign of rotation is obtained. positive and negative displacement were combined. In an effort
These results make it clear that very diffuse p functions at to gain information on which types of vibrations lead to large

hydrogen are important for the correct calculation of the optical effects on the optical rotation, we have examined the vibrational

rotation. This explains the poor results obtained using 6-311- modes of 1-butene. The root-mean-square amplitude for normal

(2+,24+)G** basis set since it only includes very diffuse s mode displacement at temperatlire\x (in angstroms), is given

functions at hydrogens. It also may be related to the changes inby3

charge density on going from 6-3t#G** to aug-cc-pVDZ

(Figure 7). The contours for the charge depletion on going from Ax = £(16.8576¢)[coth (0.719384/1’)]1/2

the former to the latter (magenta contourgat 0.0001) have

a helical sense. If the ethane torsional angle is change®®, wherev is the calculated vibrational frequency (in reciprocal

leading a reversal of the sign of the calculated specific rotation, centimeters). The hyperbolic cotangent embodies contributions

the helical sense is reversed. from higher-lying vibrational levels and, in the case of room
Helicity has frequently been correlated with optical actiVty.  temperature ensembles € 300 K), rapidly approaches unity

Although it is only speculation at this time, it seems possible for vibrational frequencies in excess ¢f1100 cnt™.

that the helical sense noted in Figure 7 is an important factor The optimized coordinates for the 12@auche) conformer

in obtaining the correct calculated sign of rotation. It also were modified by the product dfx and the Cartesian displace-

0.001
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TABLE 3: Effect of Some Vibrational Modes on the B3LYP/6-311+G** Calculated Specific Rotations of gauche1-Butene!

Erel (kcal/ molp [a]p®
mode v (cm?) AX positive negative positive negative averadge % dev
gs 221.3
20 1030 0.12879 0.98 1.00 606.6 —169.8 218.4 -1.3
21 1019 0.12955 1.33 1.41 —26.8 490.1 231.7 4.7
26 653 0.16738 0.77 0.75 398.2 415 219.9 -0.7

aThe full table may be found in the Supporting Informati6i€hanges in energy for positive and negative distortions from the ground state (gs)
geometry ° Calculated specific rotations for positive and negative distortions from the gs geoftgrage of the values for positive and negative

distortions.® Percent deviation of the average rotation from that of the

gs geometry.

ment coordinates for a given mode. The optical rotation was TABLE 4: Calculated Electronic Transitions of Ethane,

calculated with bothtAx and —Ax for each of the normal
modes by use of B3LYP/6-3#1+G**. The modes that lead

to large changes in specific rotation are given in Table 3, and
the full table is available in the Supporting Information.

The nature of the modes that give very large changes in
calculated rotation (20, 21, and 26) was examined by calculating
the values of the internal coordinates for each of the above
vibrationally deformed modes and subtracting them from the
original (optimized) set of internal coordinates. The common
characteristic of the three modes was torsional motion of the
olefinic hydrogens. Therefore, the following torsional internal
coordinates were examined whefieandz2 refer to the G-C=
C—H torsional angles for the terminal methylene hydrogens and
73 refers to the €C—C—H torsional angle for the central
olefinic hydrogen.

Sa= 2 Y471+ 12)

Sb=2"Y%(z1 - 72)
Sc=13

terminal methylene twist
terminal methylene wag
central CH wag

The value ofAx for the 1-butene vibrational modes in question
is about 0.13. With this value, the angular distortions corre-
sponding to Sa and Sb are 5.a8nd for Scitis 7.5 The specific
rotations calculated by use of 6-3t+G** at 589 nm for
1-butene distorted by these values are°586 Sa, 473 for Sb,
and 284 for Sc. They may be compared with the specific
rotation of the undistorted molecule, 22The corresponding
specific rotations calculated by use of aug-cc-pVDZ are°542
for Sa, 469 for Sbh, and 277 for Sc as compared to 23for

the undistorted molecule. One effect of the methylene group
distortions is to affect the interaction of the-p orbital at the

6-31L+G* 2

TDDFT EOM-CCSD
state 0 30° 60° 0° 30° 60°
E", Eg 8.27 8.26 8.32 9.19 9.17 9.25
8.27 8.30 8.32 9.19 9.25 9.25
E, Eu 8.94 8.93 9.01 9.98 9.82 10.02
8.94 9.00 9.01 9.98 9.98 10.02
A’, Ag 9.06 9.09 9.06 9.79 10.03 9.79
A", Au 9.30 9.34 9.33 10.30 10.31 10.44
E, Eu 9.25 9.24 9.30 10.35 10.34 10.37
9.25 9.26 9.30 10.35 10.37 10.37
A", Au 9.33 9.37 9.39 10.53 10.45 10.51
A", Au 9.67 9.71 9.70 10.79 10.57 10.71

aThe symmetries are given for the transitions of tiea@d 60
rotamers; the 30rotamer transitions are all /A

wheref is Y3 the trace of the electric dipotemagnetic dipole

polarizability tensor )

(O] (14g) | KTK| (1t 510

2

c
—Im
3zh

ﬁaﬁ =

k= Vﬁo -V
The summation is over the products of the electric and magnetic
transition dipoles from the ground state to each of the electroni-
cally excited states.

It can be seen that the electronically excited states are
important components of the optical rotation. Therefore, we have
examined the effect of conformation on the excited states using
two of the common single reference models: time-dependent
density functional theory (TDDFT) and equations of motion-
coupled cluster (EOM-CCSD). TDDFT corresponds to the level

terminal carbon with the adjacent atoms, and this may be anof theory used in the optical rotation calculations. We have

important factor in giving the large changes in optical rotation.

Having the changes in specific rotation that result from
vibrational distortion, the effect of these distortions on the
calculated rotation could be examined as previously desctibed.
The effect of a given mode is given by

Aa = (0" + o — 20)/2

whereAa is the correction to the rotation for a given vibrational
mode,ay is the calculated rotation for the undistorted geometry,
ando™ and o~ are the rotations of the vibrationally distorted
molecule. The values dfa are given in the last column of the
tables in the Supporting Information, and the net effect is given
by the sum of these values. In the case of 1-butene with
120, it is —4.8°.

Excited States.The isotropic optical rotation of a molecule,
¢, is given by

_ 167°N?

C2

¢ vsP

previously made comparisons of these methods for the calcula-
tion of the excited-state energies of ethene, isobutene, formal-
dehyde, and acetorié.

The calculated transition energies for ethane w{tHCCH)
= 0° (eclipsed);r = 30°, andt = 60° (staggered) are given in
Table 4. Here, the states are given for the eclipsed and staggered
forms; the 30 states are all A The E and Eg states are
forbidden, and the first allowed Eu electronic transition for the
staggered form is calculated to be at 9.09 eV (TDDFT) and
10.0 eV (EOM-CCSD). The observed band is found at 9.4%V,
midway between the TDDFT and EOM-CCSD values. The
6-311++G** basis set was used for these calculations, and aug-
cc-pVDZ gives essentially the same transition energies (rms
difference= 0.1 eV).

It is important to note that there is little change in the
predicted electronic transitions on going from the eclipsed to
the staggered form, and the°3orm has quite similar transition
energies.

All of the excited states of ethane result from Rydberg
transitionst® The Rydberg states of a given type converge on
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TABLE 5: Calculated Vertical lonization Potentials, for TDDFT and 7.50 eV for EOM-CCSD. The observed band
6-311++G*, EV is at 7.2 eV!® The lower energy (Rydberg) transition is
compound torsion UHF  UB3LYP UCCSD  expt calculated to be 6.14 eV for TDDFT and 6.86 eV for EOM-
ethane 0 1221 1222 1262 CCSD. It is_ observed to be 6.6 eV. _The EOM-CCSD tran_sition
30 12.18 12.19 12.60 energies give better agreement with experiments. Again, the
60 12.29 12.26 12.67 12.09 transition energies are relatively insensitive to conformational
propane 0 11.57 11.42 11.97 change. These calculations were carried out with 6+38G**,
30 11.58 11.44 12.00 and aug-cc-pVDZ again gave essentially the same transition
60 11.67 11.53 12.09 11.39 . -
propene 0 8.38 078 9.74 9.92 energies (rms difference 0.12 gV)._ N _
30 8.37 9.78 9.78 Both of these methods for estimating transition energies agree
60 8.34 9.75 9.71 that the conformation does not have a large effect, and therefore
ethene 8.90 10.54 10.35 10.51  the excited-state energies are not the factors that determine the

a|Ps are from UCCSD calculations with different basis sets: €ffect of conformation on the optical rotation. In principle, the
6-311(2+,2+)G**, 12.66 eV; aug-cc-pVDZ, 12.66 eV; aug-cc-pvTz,  Manifestations of chiroptical response in these nominally achiral
12.76 eV. species stem from the reduction in overall symmetry for the
rotamers, a situation that enables electric dipole and magnetic
dipole transitions to occur simultaneously for specific electroni-
cally excited states.

the ionization potential. To better evaluate the calculated
transition energies, the vertical ionization potential was calcu-
lated at the UHF, UB3LYP, and UCCSD levels (corresponding
to CIS, TDDFT, and EOM-CCSD electronic excitation calcula-
tions), giving the results shown in Table 5. The considerable
error in the CCSD calculated ionization potential was surprising,  These simple “achiral” molecules have large calculated optical
and therefore we examined the possibility that the 6431G** rotations when distorted. Although the basis set effect on the
basis set was inadequate. However, larger basis sets did nobptical rotation is relatively small with 1-butene, it becomes
lead to a significant change in calculated ionization potential. larger with butane, propane, propene, and especially with ethane.
The calculated electronic transition energies for propane areButane has a large optical rotation when the two terminal
given in Table 6. Here, the calculated transition energies for C—CHs bonds are orthogonal.
the first allowed band of the ground-state structure with @ 60 In an examination of the enhancement of the optical rotation
torsional angle are 8.23 eV for TDDFT and 9.02 eV for EOM- for vibrationally distorted 1-butenes. it was found that a few
CCSD. The observed transition energy is 8.9'éWere, the vibrational modes give remarkably large changes in rotation.
EOM-CCSD transition energy is quite close to the observed They, in large measure, involve the torsional modes of the
value. The transition energies again are relatively insensitive olefinic hydrogens. When these distortions were examined
to conformational change. separately, it was found that the termiraCH, group has a
The calculated electronic transition energies for propene areremarkably large effect on the optical rotation, whereas the
given in Table 7. Ther—z* band is calculated to be 6.73 eV  central olefinic C-H bond has a relatively small effect.

Conclusions

TABLE 6: Calculated Electronically Excited States of Propane, 6-31++G** 2

TDDFT EOM-CCSD
0° 30° 60° 0° 30° 60°
A" 7.79 (0.00) 7.83 (0.00) 7.91 (0.00) 8.72 (0.00) 8.76 (0.00) 8.86 (0.00)
A’ 8.20 (0.04) 8.24 (0.04) 8.23 (0.01) 8.99 (0.05) 9.03 (0.04) 9.03 (0.04)
A’ 8.24 (0.00) 8.27 (0.01) 8.23 (0.04) 9.10 (0.00) 9.13 (0.00) 9.10 (0.00)
A" 8.46 (0.00) 8.50 (0.00) 8.60 (0.00) 9.49 (0.01) 9.53 (0.00) 9.63 (0.16)
A" 8.51 (0.05) 8.55 (0.06) 8.64 (0.08) 9.55 (0.10) 9.67 (0.08) 9.64 (0.00)
A’ 8.63 (0.03) 8.67 (0.04) 8.76 (0.05) 9.62 (0.06) 9.74 (0.02) 9.73(0.19)
A’ 8.85 (0.02) 8.88 (0.01) 8.84 (0.01) 9.71 (0.06) 9.80 (0.07) 9.74 (0.01)
A’ 8.87 (0.02) 8.91 (0.04) 8.90 (0.10) 9.75 (0.05) 9.83(0.01) 9.84 (0.01)
A’ 8.91 (0.10) 8.94 (0.08) 8.92 (0.03) 9.80 (0.02) 9.88 (0.00) 9.87 (0.00)
A" 8.92 (0.01) 8.96 (0.02) 8.97 (0.00) 9.84 (0.04) 9.96 (0.02) 9.93 (0.03)

a2 The symmetries are given for the transitions of tieaid 60 rotamers; with 30 all transitions are A The oscillator strengths are given in
parentheses.

TABLE 7: Calculated Electronic Transitions of Propene, 6-31H-+G** 2

TDDFT EOM-CCSD
0° 30° 60° 0° 30 60°

A" 6.17 (0.01) 6.16 (0.01) 6.14 (0.02) 6.89 (0.03) 6.89 (0.03) 6.86 (0.03)
A" 6.73 (0.00) 6.71 (0.00) 6.17 (0.01) 7.51 (0.00) 7.49 (0.00) 7.47 (0.00)
A’ 7.06 (0.28) 6.90 (0.24) 6.73 (0.23) 7.81(0.28) 7.64 (0.16) 7.50(0.25)
A" 6.81 (0.02) 6.79 (0.03) 6.77 (0.01) 7.67 (0.01) 7.68 (0.10) 7.65 (0.01)
A’ 7.44.(0.05) 7.45 (0.04) 7.57 (0.00) 8.26 (0.04) 8.27 (0.03) 8.33 (0.05)
A" 7.60(0.00) 7.60(0.01) 7.58 (0.06) 8.49 (0.00) 8.49 (0.00) 8.45 (0.00)
A" 7.91 (0.00) 7.91(0.01) 7.73 (0.00) 8.79 (0.00) 8.69 (0.00) 8.59 (0.00)
A" 8.11 (0.00) 7.99 (0.00) 7.88 (0.00) 8.85 (0.00) 8.82(0.01) 8.68 (0.00)
A" 8.43 (0.04) 8.46 (0.04) 8.34 (0.03) 9.18 (0.06) 9.21 (0.06) 9.15 (0.05)
A’ 8.59 (0.01) 8.56 (0.02) 8.52 (0.02) 9.42 (0.01) 9.39 (0.02) 9.34 (0.00)

aThe symmetries are given for thé @nd 60 rotamers; the transitions for the 3@tamer are all A The oscillator strengths are given in
parentheses.
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The conformation of the molecules has a relatively small
effect on the calculated electronic transition energies, and

therefore this is not the major factor that determines the large

effects of conformation on optical activity. On the other hand,
the lifting of symmetry constraints imposed on the simultaneous
occurrence of electric dipole and magnetic dipole transitions

Wiberg et al.

from the Pople vs Dunning basis sets. Further studies of HOOH were
reported by K. Ruud and T. Helgaka€tfem. Phys. Let2002 352, 533).
They found a marked dependence of the calculated specific rotation on the
H—O—0O—H torsional angle.

(3) Murcko, M. A.; Castejon, H.; Wiberg, K. B. Phys. Cheml996
100, 16162.

(4) This level of theory was found to be satisfactory for the calculation
of the optical rotation of related compounds (ref 1) and has been used for

(tO a giVen eleCtronically excited State) presumably is responsiblemany other compounds (Stephens, P. J.; Devlin, F. J.; Cheeseman, J. R.;

for the manifestation of chiroptical response in these prototypical
achiral species.
The large effect of basis sets on the calculated specific

Frisch, M. J.J. Phys. Chem. R001 105 5356).

(5) Allinger, N. L.; Fermann, J. T.; Allen, W. D.; Schaefer, H. F., lll
J. Chem. Phys1997 106, 5143.

(6) (a) Kirkwood, J. GJ. Chem. Phys1937, 5, 479. (b) Wood, W.

rotations has been found to be associated with very diffuse w.; Pickett, W.; Kirkwood, J. GJ. Chem. Physl952 20, 561. (c) Brewster,
p-type functions on hydrogens. In the case of ethane, electrond: H.J. Am. Chem. Sod959 81, 5475, 5483, 5493. (d) Brewster, J. H.

density difference plots between 6-3t1G** and aug-cc-
pVDZ basis sets showed remarkable helicity in the depletion
region, which is converted to its mirror image when the Gt
C—H torsional angle is changed from30° to —30°.
Calculations. The geometry optimizations and the optical
rotation calculations were carried out with Gaussiari9bhe
geometries for rotated methyl groups were effectively for CH2D
groups where the BC—C—X torsional angles were fixed and

all other geometrical parameters were optimized. This was done

to eliminate the problem associated with permuting indistin-
guishable atoms (i.e., in the rotation of a methyl group). The
very small effect of deuterium on optical rotation due to the
anharmonicity of methyl €H vibrationg°® was ignored. The

Tetrahedron1961 13, 106.
(7) Goodman, L.; Leszczynski, J.; Kundu,J Am. Chem. So&993
115 11991.
(8) Magnasco, V.; Musso, G. Ehem. Phys. Lettl971, 9, 433.
(9) Wiberg, K. B.; Hadad, C. M.; Foresman, J. B.; Chupka, WJA.
Phys. Chem1992 96, 10756.
(10) de Castro, E. V. R.; Jorge, F. E Chem. Phys1998 108 5225.
(11) Darling, C. L.; Schlegel, H. BJ. Phys. Chem1994 98, 5855.
Then = 0 approximation was used.
(12) lzumi, Y.; Tai, A. Stereo-Differentiating Reactions\cademic
Press: New York, 1977; p 271ff.
(13) Cyvin, S. JMolecular Vibrations and Mean Square Amplitugdes
Universitets Forlager: Oslo, Norway, 1968.
(14) Wiberg, K. B.; de Oliviera, A. E.; Trucks, @. Phys. Chen2002
106 4192.
(15) Pearson, E. F.; Innes, K. K. Mol. Spectroscl1969 30, 232.
(16) Robin, M. B.Higher Excited States of Polyatomic Molecuyles

frequency-dependent optical rotations calculations made use ofAcademic Press: New York, 1974; Vol. 1, p 124.

GIAOs (gauge-including atomic orbitals) to ensure origin-

independent results and were obtained in terms of electric and

magnetic derivatives of the ground-state electronic wave func-
tion.21
EOM-CCSD calculations were carried out with ACESAI.
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