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M. J. Frisch§

Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482,
Department of Organic Chemistry, Vilnius University, Naugarduko 24, 2006 Vilnius, Lithuania, and

Gaussian Inc., 340 Quinnipiac St., Building No. 40, Wallingford, Connecticut 06492-4050

pstephen@usc.edu

Received November 20, 2003

The concerted use of ab initio time-dependent density functional theory (TDDFT) calculations of
transparent spectral region optical rotation and of circular dichroism has recently become
practicable, permitting the concerted use of transparent spectral region optical rotation and circular
dichroism in determining the absolute configurations of chiral molecules. Here, we report concerted
TDDFT calculations of the transparent spectral region specific rotations and of the circular dichroism
spectra originating in n f π* CdO group excitations of four bicyclo[3.3.1]nonane diones, 1-4.
Comparison to experiment yields absolute configurations for 1-4. For each dione, specific rotations
and circular dichroism spectra give identical absolute configurations. Our results are consistent
with previous work, with the exception of the Octant Rule-derived absolute configuration of the
2,9-dione.

Introduction

Chiral molecules exhibit electronic optical activity, i.e.,
electronic circular dichroism (CD) and optical rotation
(OR). Mirror-image enantiomers of a chiral molecule
exhibit mirror-image CD and OR. That is, at any wave-
length, the CD and OR of the two enantiomers are equal
in magnitude and opposite in sign. It follows that, in
principle, the absolute configuration (AC) of a chiral
molecule can be deduced from its CD and/or OR. In
practice, the determination of AC requires a methodology
for predicting the CD and/or OR of a molecule of known
structure. A variety of methodologies have been devised
for this purpose, ranging from empirical rules to ab initio
quantum mechanical methods, and applied to the deter-
mination of AC.1 However, until very recently, the
methods developed have suffered from major limita-
tions: in particular, they have generally been specific to
the prediction of either CD or OR, but not both simul-
taneously, and they have generally been of limited
applicability.

Very recently, a major advance has taken place in the
prediction of CD and OR as a result of the exploitation
of the ab initio quantum mechanical methodology of time-
dependent density functional theory (TDDFT). It is now
practicable to predict simultaneously both the CD and
the transparent spectral region OR of a chiral molecule
using TDDFT.2 A number of studies using this new

methodology have documented the reliability of predicted
CD or transparent spectral region OR for a variety of
organic molecules.2,3 In a few cases, ACs have been
determined via such calculations.4 However, to date CD
or OR has been studied without simultaneous consider-
ation of the complementary phenomenon. In this work,
we report studies of the ACs of a set of chiral molecules
in which their CD and transparent spectral region OR
are analyzed using TDDFT calculations in a concerted
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manner. The use of both CD and transparent spectral
region OR substantially enhances the reliability of the
AC deduced.

For this study, we have chosen a set of four bicyclo-
[3.3.1]nonane diones, 1-4. Compounds 1-4 are chiral

structures by virtue of carbonyl substitution on the
bicyclo[3.3.1]nonane skeleton. Their exploitation in ste-
reo- and enantioselective synthesis was recently dis-
cussed.5 In addition, carbonyl derivatives of the bicyclo-
[3.3.1]nonane framework are quite commonly found in
nature as constituents of natural products or their
metabolites.6 CD has played a major role in the elucida-
tion of the ACs of molecules 1-3 .7-11 On the other hand,
OR has not been previously employed in deducing the
ACs of 1-4.

The 2,6-dione (1) has been the most extensively studied
in optically active form. A variety of methods have been
used to obtain enantiomers of 1, including desulfurization
of 2-thia-adamantane-4,8-dione,7 oxidation of the corre-
sponding 2,6-diol,8 Baker’s yeast resolution of racemic
1,11-14 alcohol dehydrogenase resolution of racemic 1,15,16

and chiral column chromatography of racemic 1.9 Trans-
parent spectral region specific rotations have been re-
ported by several authors.8,9,11,12,14-16 UV CD data have
also been reported by several authors.7-9 The AC of 1 has
been inferred by using the UV CD,7-9 together with the
Octant Rule,17 and confirmed (1) via synthesis from/of
the stereochemically characterized 3-COOH-cyclohex-
anone8 and (2) by using the UV CD, together with
calculations using a methodology of Tinoco and Schell-
man.10 All methods used to date have consistently given
the AC (1S,5S)-(+)/(1R,5R)-(-).

Optically active 2,7-dione, 2, has been obtained by
chiral chromatography of racemic 2 and by synthesis
from optically active 1.11 The UV CD and transparent
spectral region specific rotation have been reported.11 The
AC of 2 was inferred both (1) from the UV CD, using the

Octant Rule, and (2) via synthesis from 1, using the
known AC of 1. The AC arrived at was (1R,5S)-(+)/
(1S,5R)-(-).

Optically active 2,9-dione, 3, has been obtained by
using chiral chromatography of racemic 39 and via asym-
metric cyclization of an enamine of 2-(methoxymethyl)-
pyrrolidine.18,19 Transparent spectral region specific ro-
tations9,18 and UV CD9 have been reported. The AC of 3
was first determined by using the UV CD and the Octant
Rule, with the result (1R,5S)-(+)/(1S,5R)-(-).9 Subse-
quently, calculations of the UV CD using a Tinoco-
Schellman methodology led to the opposite conclusion:
(1S,5R)-(+)/(1R,5S)-(-).10 The latter AC was supported
by a mechanistic analysis of the synthesis via asymmetric
cyclization.18

Optically active exo-7-methyl-2,9-dione, 4, has been
obtained via asymmetric cyclization of an enamine of
2-(methoxymethyl)pyrrolidine.18 Transparent spectral
region specific rotations, but not UV CD, were reported.
The AC (1S,5S,7S)-(+)/(1R,5R,7R)-(-) of 4 was inferred
via mechanistic analysis of the synthesis.18

In this work, we report new CD and OR data for
samples of 1-4 of higher enantiomeric excess (ee) than
used before, together with TDDFT calculations of the CD
and OR of 1-4. Our principal goal is to evaluate the
efficacy of TDDFT CD and OR calculations in determin-
ing the ACs of 1-4. These molecules are conformationally
flexible and their experimental CD and OR are for
equilibrium mixtures of conformers. Conformational
analyses are therefore a prerequisite for CD and OR
calculations.

Methods

NMR. 1H NMR spectra were recorded on a 400-MHz
spectrometer in deuterated chloroform.

Chromatography. Enantiomeric excesses were determined
using a gas chromatograph equipped with a split/splitless
injector and flame ionization detector together with a beta-
Dex 120 fused silica capillary column of 0.25 µm film thickness,
30 × 0.25 mm i.d.

Synthetic Methods. (+)-1: (+)-1 was synthesized via
enzymatic resolution of (()-1 using Baker’s yeast, following
the procedure described previously.11,13,14 The ee of the result-
ing (+)-1 was >99%.

(+)-2: (+)-2 was synthesized from (+)-1 following the
procedure described previously.11 The ee of the resulting (+)-2
was 100%.

(+)-3: (+)-3 was obtained via asymmetric synthesis starting
from (2R)-1-(cyclohexen-1-yl)-2-(methoxymethyl)pyrrolidine fol-
lowing the procedure described previously.18 The ee of the
resulting (+)-3 was 80%. 1H NMR: δ 3.15 (1H, m, H-1), 2.81
(1H, m), 2.63 (1H,m), 2.48 (1H, m), 2.38-1.92 (8H,m).

(-)-4: (-)-4 was obtained via asymmetric synthesis starting
from (2S)-1-(4-methylcyclohexen-1-yl)-2-(methoxymethyl)pyr-
rolidine following the procedure described previously.18 The
ee of the resulting (-)-4 was 83%. 1H NMR: δ 3.09 (1H, m,
H-1), 2.76 (1H, m, H-5), 2.68 (1H, two q, J ) 6 Hz), 2.45 (1H,
m, H-3exo), 2.34 (1H, m, H-3endo), 2.20-1.75 (6H, m), 0.93 (3H,
d, J ) 6 Hz).

Calculations. Conformers of diones 1-4 were built using
Cerius2 20 and optimized using the CFF95 molecular mechanics
force field therein.21 CFF95 structures were further optimized
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using the MMFF94 molecular mechanics method22 and the
AM1 and PM3 semiempirical methods23 with SPARTAN 02.24

In addition, CFF95 structures were further optimized using
the Hartree-Fock (HF)/6-31G** and density functional theory
(DFT)/B3LYP/6-31G* ab initio methods using GAUSSIAN 98.25

The completeness of the conformational analysis was con-
firmed using the Monte Carlo conformational searching rou-
tine of SPARTAN 02 with the MMFF94, AM1, and PM3
methods. For the B3LYP/6-31G* structures relative free
energies were also calculated with GAUSSIAN 98.

Optical rotations and electronic excitation energies, oscil-
lator strengths, and rotational strengths were calculated for
all conformers of 1-4 using GAUSSIAN 03.25 B3LYP/6-31G*
geometries were used. Optical rotations were calculated using
time-dependent DFT (TDDFT)2a,2b and gauge-invariant atomic
orbitals (GIAOs).26 The functional was B3LYP and the basis
set was aug-cc-pVDZ, a combination shown to provide excellent
reliability in the prediction of optical rotations.2a Electronic
excitations were calculated using TDDFT, without using
GIAOs.27 The functional and basis set were again B3LYP and
aug-cc-pVDZ for consistency with the optical rotation calcula-
tions. Optical rotations calculated using the TDDFT/GIAO
methodology are origin-independent. Rotational strengths
calculated using TDDFT without GIAOs are origin-indepen-
dent when obtained via the velocity representation, but not
when obtained via the length representation. In this work both
are calculated. For length rotational strengths the origin is
the center of positive charge. Optical rotations and rotational
strengths were conformationally averaged using B3LYP/6-
31G* conformational free energy differences, together with
Boltzmann statistics.

Results

Bicyclo[3.3.1]nonane-2,6-dione (1). (a) Conforma-
tional analysis: MM2 calculations by Berg and But-
kus10 found two conformations of 1, chair-chair (CC) and
chair-boat (CB), the latter being 0.37 kcal/mol higher in
energy. A subsequent study by Alkauskas et al.28 at the
HF/6-31G and HF/6-31G** levels found four stable
conformations, CC, CB, and two higher energy boat-boat
(BB) conformations. The relative enthalpies reported are
given in Table 1. We have extended these previous
studies to include the CFF95 and MMFF94 molecular
mechanics methods, the AM1 and PM3 semiempirical
methods, and the B3LYP/6-31G* ab initio method, with
the results summarized in Table 1. All methods predict

that the CC conformation is lowest in energy, and that
the CB conformation is the next highest. The energy
difference varies considerably with method, ranging from
0.16 (AM1) to 1.77 kcal/mol (PM3). Using B3LYP/6-31G*,
the most reliable of the methods used here, the energy
difference is 0.94 kcal/mol. Predictions for the BB con-
formations vary more widely with method. The MMFF94,
AM1, and PM3 methods predict only one stable BB
conformation. CFF95, HF/6-31G**, and B3LYP/6-31G*
methods predict two BB conformations with energy
differences of ∼0.5, ∼1.1, and ∼2.0 kcal/mol, respectively.
With the exception of the AM1 BB conformation, all BB
conformations are >3 kcal/mol higher than the CC
conformation. At the B3LYP/6-31G* level, relative free
energies (∆G) have been calculated in addition to relative
energies (∆E), with the results given in Table 1. ∆G for
the CB conformation is considerably smaller (0.58 kcal/
mol) than ∆E (0.94 kcal/mol). Percentage populations
have been calculated based on ∆E and ∆G values, using
Boltzmann statistics and T ) 298 K, with the results
given in Table 1. At room temperature we predict that
both CC and CB conformers are significantly populated,
CC being predominant, and that together they constitute
>99% of the equilibrium mixture of CC, CB, and BB
conformers, a conclusion consistent with the earlier work
of Berg and Butkus.10

(b) Electronic CD: Snatzke and Wolfram7 and
Gerlach8 reported positive CD near 300 nm for (+)-1,
attributable to the n f π* transitions of the CdO groups
of 1. By using the Octant Rule and assuming the con-
formation of 1 to be CC, the AC (1S,5S)-(+) was deduced.
Berg and Butkus9 reported the experimental CD of (-)-
1. The CD at 297 nm was negative for (-)-1, consistent
with the earlier reports, as was the AC (1R,5R)-(-),
deduced using the Octant Rule. Subsequently, Berg and
Butkus10 reported calculations of the CD of 1, using a
methodology of Tinoco and Schellman, assuming an
equilibrium mixture of CC and CB conformations (75%
and 25%, respectively). The CC and CB conformations
of (1R,5R)-1 were predicted to exhibit strong negative and
weak positive n f π* CD respectively, resulting in net
negative CD, consistent with the Octant Rule-based AC.

In this work we have remeasured the ECD of 1, using
a sample of (+)-1 of much higher ee (>99%) than used
in the earlier work (55-60%). This spectrum is shown
in Figure 1. Integration of the ECD spectrum (over the
range 240-335 nm) yields an experimental value for the
net rotational strength of the n f π* transitions of
+7.0 × 10-40 esu2 cm2.

Excitation energies, oscillator strengths, and rotational
strengths have been predicted for the conformations of
(1S,5S)-1, at their B3LYP/6-31G* equilibrium geometries,
using B3LYP and the aug-cc-pVDZ basis set, with the
results given in Table 1. For each conformer two low-
energy transitions are predicted within the range 295-
315 nm, attributable to n f π* excitations of the CdO
groups, well-separated from the next-highest excitations.
The CD spectrum of the equilibrium mixture of conform-
ers is plotted in Figure 1. Due to the >99% population of
the CC and CB conformers, only these two conformers
contribute significantly. For the dominant CC conforma-
tion of (1S,5S)-1, the two n f π* excitations at 302 and
300 nm are predicted to have strong positive and weak
negative CD, respectively. For the higher energy CB
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conformation, the two n f π* excitations at 301 and 297
nm are predicted to have weak and strong positive CD,
respectively. We predict a net rotational strength for the
n f π* transitions of (1S,5S)-1 of +13.2 × 10-40 esu2 cm2.
The sign of the net CD predicted for (1S,5S)-1 is the same
as that observed for (+)-1. The DFT CD calculations thus
lead to the conclusion that the AC of 1 is (1S,5S)-(+)/
(1R,5R)-(-), in agreement with all previous assignments.

(c) Optical rotation: Hoffmann and Wiartalla12

reported [R]D ) +212 (c 1.3, dioxane) for enantiomerically
pure (+)-1. Berg and Butkus9 reported [R]D

25 ) -101
(c 0.1, dioxane) for (-)-1 of 50% ee, corresponding to a
value of -202 for optically pure 1. Malinauskiene et al.15

reported [R]D ) -197 (c 0.2-0.3, dioxane) for enantio-
merically pure (-)-1. Butkus et al.11,14 reported [R]D

18 )
+204.0 (c 0.05, dioxane) for (+)-1 of 93% ee, correspond-
ing to a value of +219 for optically pure 1. In this work,

we have remeasured the specific rotation of (+)-1 of ee
>99% at several wavelengths and in three solvents,
dioxane, methanol, and acetone, with the results given
in Table 1.

Specific rotations of the conformations of (1S,5S)-1
have been predicted at the B3LYP/6-31G* geometries,
using B3LYP and the aug-cc-pVDZ basis set. The results
are given in Table 1, together with population-weighted
average specific rotations. At the sodium D line, the CC
and CB conformations are both predicted to exhibit
positive rotations, leading to a positive average rotation
and the conclusion that the AC of 1 is (1S,5S)-(+)/
(1R,5R)-(-), consistent with prior assignments and with
the AC arrived at above from the DFT analysis of the
CD spectrum. Predicted [R] values of 1 increase in
magnitude with decreasing wavelength (up to 365 nm),
as do the experimental [R] values.

TABLE 1. 2,6-Dione, 1: Conformational Energies, Specific Rotations, and Circular Dichroism

Conformationsa

MM2b

∆E
CFF95

∆E
MMFF94

∆E
AM1
∆E

PM3
∆E

CC 0 0 0 0 0
CB 0.37 1.68 0.43 0.16 1.77
BBa 5.97
BB 3.50 1.70 4.32
BBb 6.49

HF/6-31Gc HF/6-31G** B3LYP/6-31G*

∆H ∆E ∆Hc ∆E ∆G P(∆E)d P(∆G)d

CC 0 0 0 0 0 82.7 72.4
CB 0.79 0.83 0.81 0.94 0.58 16.8 27.2
BBa 3.73 3.91 3.82 3.12 3.15 0.4 0.4
BB
BBb 5.04 5.06 4.92 5.11 4.72 0.0 0.0

Specific Rotation

calcde [R]

λ (nm) CC CB BBa BBb av (∆E)f av (∆G)f exptlg [R]

D 334 70 -175 -82 287 260 211/188/213
578 226/178/222
546 411 91 -203 -97 354 322 263/206/260
436 538/410/530
365 1945 704 -121 -189 1727 1600 1184/860/1171

Circular Dichroism

calcde for CC calcde for CB exptlh

E (eV) λ (nm) f j Rvel
i Rlength

i E (eV) λ (nm) f j Rvel
i Rlength

i λ (nm) Ri

4.112 302 0.0005 14.56 15.28 4.115 301 0.0001 1.45 1.37
297 7.0

4.133 300 0.0000 -0.28 -0.22 4.179 297 0.0003 9.14 9.69
5.155 241 0.0003 -0.78 -0.78 4.963 250 0.0024 -3.55 -3.63
5.173 240 0.0038 -2.73 -2.85 5.358 231 0.0079 -8.23 -8.55

calcde for BBa calcde for BBb

E (eV) λ (nm) f j Rvel
i Rlength

i E (eV) λ (nm) f j Rvel
i Rlength

i

3.934 315 0.0003 7.60 6.95 4.154 298 0.0001 7.82 7.62
4.076 304 0.0000 -3.18 -2.19 4.190 296 0.0001 -4.16 -4.23
5.212 238 0.0005 -10.42 -11.33 5.252 236 0.0001 -1.84 -1.93
5.336 232 0.0037 -8.86 -8.77 5.275 235 0.0024 -13.79 -14.39

a Relative energies in kcal/mol. For HF/6-31G and HF/6-31G** relative enthalpies in kcal/mol are also given. For B3LYP/6-31G* relative
free energies in kcal/mol are also given. b Reference 10. c Reference 28. d Percentage populations obtained from ∆E and ∆G values, using
Boltzmann statistics and T ) 298 K. e B3LYP/aug-cc-pVDZ at the B3LYP/6-31G* geometry of each conformation. AC is 1S,5S. f av(∆E)
and av(∆G) [R] values are conformational averages based on B3LYP/6-31G* ∆E and ∆G values, respectively. g For (+)-1: solvents are
dioxane (c 0.135)/MeOH (c 0.28)/acetone (c 0.25); ee is >99% (chiral chromatography); temperature is 22 °C. h For (+)-1: solvent is 95%
EtOH; ee is >99% (chiral chromatography). i R values in 10-40 esu2 cm2. j Oscillator strengths.
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Bicyclo[3.3.1]nonane-2,7-dione (2). (a) Conforma-
tional analysis: MMFF94 calculations by Butkus et al.11

found two conformations of 2, chair-chair (CC) and chair-
boat (CB), the latter being higher in energy. In this work,
we have carried out conformational analysis of 2 using
the CFF95, MMFF94, AM1, PM3, HF/6-31G**, and
B3LYP/6-31G* methods. Our results are given in Table
2. All methods predict that the CC conformation is lowest
in energy. CFF95, AM1, and PM3 methods predict that
both chair-boat (CB) and boat-chair (BC) conformations
are stable; the CFF95 energies are very different, while
the AM1 and PM3 energies are similar. In contrast, the
MMFF94, HF/6-31G**, and B3LYP/6-31G* methods pre-
dict that the CB and BC conformations are stable and
unstable, respectively. The most reliable method, B3LYP/
6-31G*, predicts that the CB conformation is 3.26 kcal/
mol higher in energy than the CC conformation. All
methods predict only one boat-boat (BB) conformation.
With the exception of the CFF95 method, the BB con-
formation is the highest in energy. With the B3LYP/6-
31G* method, the BB conformation is 6.16 kcal/mol
higher in energy than the CC conformation. At the
B3LYP/6-31G* level, relative free energies (∆G) have
been calculated in addition to relative energies (∆E), with
the results given in Table 2. ∆E and ∆G values are very
similar. Percentage populations have been calculated
based on ∆E and ∆G values, using Boltzmann statistics
and T ) 298 K, with the results given in Table 2. At room
temperature, we predict that the CC conformation is
>99% of the equilibrium mixture of CC, CB, and BB

conformers, a conclusion consistent with the earlier work
of Butkus et al..11

(b) Electronic CD: Butkus et al.11 reported the
experimental CD of 2. Positive CD, attributable to the
n f π* transitions of the CdO groups of 2, was observed
for (+)-2 at ∼ 295 nm. Application of the Octant Rule
did not unambiguously define the AC of 2, although the
AC (1R,5S)-(+)/(1S,5R)-(-) was concluded to be more
likely. This AC was confirmed by synthesis of 2, starting
from 1.

In this work, we have remeasured the UV CD of 2,
using a sample of (+)-2 of much higher ee (100%) than
that used previously (55%). The spectrum is shown in
Figure 2. Integration of the CD (over the range 248-335
nm) yields an experimental value for the net rotational
strength of the n f π* transitions of +5.0 × 10-40

esu2 cm2.
Excitation energies, oscillator strengths, and rotational

strengths predicted for the conformations of (1R,5S)-2
with B3LYP and aug-cc-pVDZ are given in Table 2. For
each conformation, two n f π* transitions are predicted
within the range 295-305 nm, well-separated from the
next-highest excitations. The CD spectrum of the equi-
librium mixture of conformers is plotted in Figure 2. Due
to the >99% population of the CC conformer, only this
conformer contributes significantly. The two n f π*
transitions of the CC conformer are at 298 and 297 nm.
Their rotational strengths are of opposite sign, the
positive R value of the lower transition being much larger
in magnitude than the negative R value of the higher
transition. The population-weighted net R value of the

FIGURE 1. Calculated and experimental CD of 1. The
experimental CD is for (+)-1 of >99% ee in 95% ethanol.
Vertical lines indicate the integration range used in obtaining
experimental rotational strengths. The calculated rotational
strengths, Rvel, are for (1S,5S)-1.

FIGURE 2. Calculated and experimental CD of 2. The
experimental CD is for (+)-2 of 100% ee in 95% ethanol.
Vertical lines indicate the integration range used in obtaining
experimental rotational strengths. The calculated rotational
strengths, Rvel, are for (1R,5S)-2.
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n f π* transitions of the equilibrium mixture of CC, CB,
and BB conformers is +8.8 × 10-40 esu2 cm2. The sign of
the net CD predicted for (1R,5S)-2 is the same as that
observed for (+)-2. The DFT CD calculations thus lead
to the conclusion that the AC of 2 is (1R,5S)-(+)/
(1S,5R)-(-), in agreement with the AC arrived at by
Butkus et al., both from the UV CD and on the basis of
synthesis from 1.11

(c) Optical rotation: Butkus et al.11 reported [R]546
16

) +117.7 (c 0.045, CHCl3) for (+)-2 of 55% ee, corre-
sponding to a value of 214 for optically pure 2. In this
work, we have remeasured the specific rotation of (+)-2
of 100% ee in 95% EtOH at several wavelengths, with
the results given in Table 2.

Specific rotations of the conformations of (1R,5S)-2
have been predicted using B3LYP and aug-cc-pVDZ with
the results given in Table 2, together with population-
weighted average specific rotations. Agreement between
rotations predicted for (1R,5S)-2 and experimental rota-
tions for (+)-2 is good. At the sodium D line, predicted

and experimental rotations are 182 and 145, respectively;
at 546 nm the values are 224 and 182. Since the
experimental rotation at 546 nm in CHCl3, 214, is closer
to the predicted value than the rotation in 95% EtOH,
the differences between predicted and experimental
values may be in part due to solvent effects. The good
agreement of predicted and experimental specific rota-
tions leads to the conclusion that the AC of 2 is (1R,5S)-
(+)/(1S,5R)-(-), in agreement with the earlier work of
Butkus et al.11 and the DFT analysis of the CD above.

Bicyclo [3.3.1]nonane-2,9-dione (3). (a) Confor-
mational analysis: MM2 calculations by Berg and
Butkus9,10 found two conformations of 3, chair-chair (CC)
and chair-boat (CB), the latter (surprisingly) being lower
in energy by 0.44 kcal/mol than the former. Alkauskas
et al.28 carried out a more thorough investigation of the
conformations of 3 using the HF/6-31G and HF/6-31G**
methods and identified CC, CB, boat-chair (BC), and two
boat-boat (BB) conformations. Their results are given in
Table 3. Consistent with the prior MM2 calculations, the

TABLE 2. 2,7-Dione, 2: Conformational Energies, Specific Rotations, and Circular Dichroism

Conformationsa

CFF95 MMFF94 AM1 PM3

CC 0 0 0 0
CBb 3.88 3.20c 1.50 1.95
BCb 8.86 1.87 2.10
BB 8.56 8.62 3.52 4.47

B3LYP/6-31G*

HF/6-31G** ∆E ∆G P(∆E)d P(∆G)d

CC 0 0 0 99.59 99.41
CBb 3.56 3.26 3.04 0.41 0.59
BCb

BB 6.84 6.16 6.02 0.00 0.00

Specific Rotation

calcde [R]

λ CC CB BB av(∆E)g av(∆G)g exptlf [R]

D 184 -63 -308 183 182 145
578 154
546 226 -76 -371 225 224 182
436 355
365 1038 -236 -1277 1033 1031 721

Circular Dichroism

calcde for CC exptlh

E (eV) λ (nm) f j Rvel
i Rlength

i λ (nm) Ri

4.157 298 0.0002 13.86 14.10
297 5.0

4.170 297 0.0002 -4.98 -4.92
5.022 247 0.0016 -5.32 -5.53
5.289 234 0.0003 0.22 0.19

calcde for CB calcde for BB

E (eV) λ (nm) f j Rvel
i Rlength

i E (eV) λ (nm) f j Rvel
i Rlength

i

4.061 305 0.0001 -3.29 -3.06 4.121 301 0.0001 -6.96 -6.27
4.116 301 0.0001 4.40 4.33 4.188 296 0.0001 1.98 1.42
5.054 245 0.0020 3.21 3.12 4.952 250 0.0021 5.05 4.64
5.102 243 0.0014 -12.12 -12.64 5.366 231 0.0042 1.82 1.56

a Relative energies in kcal/mol. For B3LYP/6-31G*, relative free energies in kcal/mol are also given. b C(7)dO in chair, C(2)dO in boat
in CB; C(7)dO in boat, C(2)dO in chair in BC. c 1.6 kcal/mol in ref 11. d Percentage populations obtained from B3LYP/6-31G* ∆E and ∆G
values, using Boltzmann statistics and T ) 298 K. e B3LYP/aug-cc-pVDZ at the B3LYP/6-31G* geometry of each conformation. AC is
1R,5S. f For (+)-2: solvent is 95% EtOH (c 0.08); ee is 100% (chiral chromatography). g av(∆E) and av(∆G) [R] values are conformational
averages based on B3LYP/6-31G* ∆E and ∆G values, respectively. h For (+)-2: solvent is 95% EtOH; ee is 100% ee (chiral chromatography).
i R values in 10-40 esu2 cm2. j Oscillator strengths.
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CB conformation was predicted to be lower in energy
than the CC conformation. In this work, we have further
studied the conformations of 3 using the CFF95, MMFF94,
AM1, PM3, HF/6-31G**, and B3LYP/6-31G* methods,
with the results given in Table 3. As with MM2 and HF/
6-31G**, AM1 and B3LYP/6-31G* predict CB to be the
lowest energy conformation. In contrast, CFF95, MMFF94,
and PM3 predict that CC is lower in energy than CB.
The CFF95, MMFF94, HF/6-31G**, and B3LYP/6-31G*
methods all predict two stable boat-boat (BB) conforma-
tions, lying at substantially higher energies than the CC,
CB, and BC conformations. In contrast, the AM1 and
PM3 methods predict only one stable BB conformation.
At the B3LYP/6-31G* level, relative free energies (∆G)
have been calculated in addition to relative energies (∆E),
with the results given in Table 3. ∆E and ∆G values are
very similar. Percentage populations based on ∆E and
∆G values at T ) 298 K are given in Table 3. At room
temperature, we predict that the CC and CB conformers

are comparably populated, and that together they con-
stitute >99% of the equilibrium mixture of CC, CB, BC,
and BB conformers, consistent with the earlier work of
Berg and Butkus.9,10

(b) Electronic CD: Berg and Butkus9 reported the
experimental UV CD of 3. Negative CD, attributable to
the n f π* transitions of the CdO groups of 3, was
observed at ∼280 nm for (-)-3. Assuming the CB
conformation to be predominant, application of the Oc-
tant Rule led to the AC (1S,5R)-(-). Subsequently, Berg
and Butkus10 predicted the CD of 3 using a methodology
of Tinoco and Schellman and assuming a population
distribution of 75% CB and 25% CC. Negative CD was
predicted for 1R,5S-3 at ∼280 and ∼210 nm, consistent
with the experimental CD of (-)-3, leading to a reversal
of the AC to (1R,5S)-(-).

In this work, we have remeasured the CD of 3 using a
sample of (+)-3 of higher ee (80%) than used previously
(50%).9 The spectrum is shown in Figure 3. Consistent

TABLE 3. 2,9-Dione, 3: Conformational Energies, Specific Rotations, and Circular Dichroism

Conformationsa

MM2b CFF95 MMFF94 AM1 PM3

CC 0.44 0 0 0.59 0
CBc 0 0.75 0.75 0 1.25
BCc 4.80 4.30 1.38 2.47
BBa 7.05 7.77
BB 2.88 4.63
BBb 7.14 8.54

HF/6-31Gd HF/6-31G** B3LYP/6-31G*

∆H ∆E ∆Hd ∆E ∆G P(∆E)e P(∆G)e

CC 0.69 0.53 0.60 0.11 0.07 44.97 46.82
CB 0 0 0 0 0 54.47 52.61
BC 3.78 3.65 3.68 2.75 2.74 0.53 0.52
BBa 4.81 4.99 4.88 4.37 4.17 0.03 0.05
BB
BBb 6.79 6.67 6.58 5.95 5.68 0.00 0.00

Specific Rotation

calcdf [R]

λ (nm) CC CB BC BBa BBb av(∆E) av(∆G) exptl [R]

D -6 255 -51 243 149 136 131 -108,g+97/-97h

546 -5 312 -62 292 186 167 162
365 93 1213 -310 818 782 701 680

Circular Dichroism

calcdf for CC calcdf for CB expti

E (eV) λ (nm) f k Rvel
j Rlength

j E (eV) λ (nm) f k Rvel
j Rlength

j λ (nm) Rj

4.003 310 0.0025 -0.86 -0.84 4.139 300 0.0001 -2.76 -2.35
281,308 +1.5

4.231 293 0.0001 2.56 2.68 4.205 295 0.0001 7.89 7.67
5.056 245 0.0039 1.30 1.42 4.885 254 0.0004 1.41 1.61
5.623 220 0.0488 7.85 7.71 5.429 228 0.0263 21.71 21.96

calcdf for BC calcdf for BBa calcdf for BBb

E (eV) λ (nm) f k Rvel
j Rlength

j E λ f k Rvel
j Rlength

j E (eV) λ (nm) f k Rvel
j Rlength

j

4.001 310 0.0035 -5.95 -6.82 4.165 298 0.0000 -1.91 -2.08 4.057 306 0.0014 -11.01 -11.33
4.237 293 0.0005 8.79 8.80 4.235 293 0.0000 -2.07 -2.09 4.280 290 0.0008 25.77 26.70
5.157 240 0.0017 -0.10 0.09 4.860 255 0.0004 7.25 7.64 5.095 243 0.0006 -0.53 -0.56
5.672 219 0.0478 -8.53 -8.91 5.423 229 0.0243 28.30 28.78 5.513 225 0.0408 -8.21 -8.45

a Relative energies in kcal/mol. For B3LYP/6-31G* relative free energies in kcal/mol are also given. b References 9 and 10. c C(2)dO in
boat in CB; C(2)dO in chair in BC. d Reference 28. e Percentage populations obtained from B3LYP/6-31G* ∆E and ∆G values, using
Boltzmann statistics and T ) 298 K. f B3LYP/aug-cc-pVDZ at the B3LYP/6-31G* geometry of each conformation. AC is 1S,5R. g In 95%
EtOH (c 0.1) for (-)-3 of ee 50% [ref 9]; normalized to 100% ee. h In CHCl3 (c 0.005) for (+)-3/(-)-3 of ee 81/70% [ref 18]; normalized to
100% ee. i For (+)-3: in 95% EtOH; ee 80%. R value is normalized to 100% ee. j R values in 10-40 esu2 cm2. k Oscillator strengths.
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with the earlier work, positive CD is observed at ∼280
nm for (+)-3. However, in addition, negative CD is
observed at >300 nm and positive CD at >320 nm.

Excitation energies, oscillator strengths, and rotational
strengths predicted for the conformations of (1S,5R)-3
using B3LYP and aug-cc-pVDZ are given in Table 3. For
each conformation two n f π* transitions are predicted
within the range 290-310 nm, well-separated from the
next-highest excitations. The CD spectrum of the equi-
librium mixture of conformers is plotted in Figure 3. Due
to the >99% population of the CC and CB conformers,
only these two conformers contribute significantly. Two
n f π* transitions are predicted for the CB conformation
at 300 and 295 nm, with negative and positive rotational
strengths, respectively. For the CC conformation two n
f π* transitions are predicted at 310 and 293 nm with
negative and positive rotational strengths. As a result,
the predicted CD of the equilibrium mixture exhibits
negative CD at longer wavelengths and positive CD at
shorter wavelengths. With the exception of the weak CD
at wavelengths >320 nm, the predicted CD of (1S,5R)-3
is in good agreement qualitatively with the experimental
CD of (+)-3. The 310- and 300-nm transitions of CC and
CB are assigned to the longer wavelength negative CD;
the 295- and 293-nm transitions of CB and CC are
assigned to the shorter wavelength positive CD. Quan-
titatively, the population-weighted net R value of the n
f π* transitions of the equilibrium mixture of CC, CB,
BC, and BB conformers is +3.5 × 10-40 esu2 cm2.
Integration of the CD (over the range 245-335 nm) yields
an experimental value for the net rotational strength of
the n f π* transitions of +1.5 × 10-40 esu2 cm2. The DFT

calculations thus lead to the conclusion that the AC of 3
is (1S,5R)-(+)/(1R,5S)-(-), as arrived at in the later
analysis of Berg and Butkus10 and, subsequently, via
asymmetric synthesis of 3.18

(c) Optical rotation: Berg and Butkus9 reported
[R]D

25 ) -54 (c 0.1, 95% EtOH) for (-)-3 of 50% ee,
corresponding to a value of -108 for optically pure 3.
Butkus and Stoncius18 reported [R]D

20 values of -67.8
and +78.5 (c 0.005, CHCl3) for (-)- and (+)-3 of 70% and
81% ee, respectively, corresponding to -96.9 and +96.9
for optically pure 3.

Specific rotations of the conformations of (1S,5R)-3
have been predicted using B3LYP and aug-cc-pVDZ, with
the results given in Table 3, together with population-
weighted average specific rotations. At the sodium D line,
the CC and CB conformations are predicted to exhibit
small negative and large positive rotations, respectively,
leading to a net positive rotation and the conclusion that
the AC of 3 is (1S,5R)-(+)/(1R,5S)-(-). This AC is that
deduced by Berg and Butkus10 via Tinoco-Schellman
calculations, by Butkus and Stoncius18 via asymmetric
synthesis of 3, and, in this work, via the DFT analysis of
the CD above.

exo-7-Methyl-bicyclo[3.3.1]nonane-2,9-dione (4).
(a) Conformational analysis: The 7-Me substitution
of 3 to give 4 is a minor perturbation to the conforma-
tional energetics of 3. In view of the results obtained for
3 (Table 3) we have limited conformational analysis of 4
to the B3LYP/6-31G* method and to the CC and CB
conformations. As with 3, the CB conformer is found to
be lower in energy than CC. ∆E and ∆G values are very
similar to those for 3. Accordingly, at room temperature
we predict that the CC and CB conformers are compa-
rably populated.

(b) Electronic CD: The CD spectrum of a sample of
(-)-4 of ee 83% is shown in Figure 4. The spectrum
mirror images the CD spectrum of (+)-3 to a very good
approximation, leading immediately to the expectation
that (+)-3 and (+)-4 possess identical ACs at C1 and C5.

Excitation energies, oscillator strengths, and rotational
strengths predicted for the CC and CB conformations of
(1R,5R,7R)-4 using B3LYP and aug-cc-pVDZ are given
in Table 4. The results are qualitatively identical with
those for 3. For each conformer two n f π* transitions
are predicted within the range 290-310 nm, well-
separated from the next-highest excitations. The CD
spectrum of the equilibrium mixture of conformers is
plotted in Figure 4. With the exception of the weak
positive CD at wavelengths >320 nm, the predicted CD
of (1R,5R,7R)-4 is in excellent agreement qualitatively
with the experimental CD of (-)-4. Quantitatively, the
population-weighted net R value of the n f π* transitions
of the equilibrium mixture of CC and CB conformers is
-3.8 × 10-40 esu2 cm2. Integration of the CD (over the
range 247-335 nm) yields an experimental value for the
net rotational strength of the n f π* transitions of
-1.6 × 10-40 esu2 cm2. The DFT calculations thus lead
to the conclusion that the AC of 3 is (1S,5S,7S)-(+)/
(1R,5R,7R)-(-), as concluded previously from the asym-
metric synthesis of 4.18

(c) Optical rotation: Butkus and Stoncius18 reported
[R]D

20 values of +20.0 and -19.1 (c ∼0.005, CHCl3) for

FIGURE 3. Calculated and experimental CD of 3. The
experimental CD is for (+)-3 of ee 80% in 95% ethanol,
normalized to 100% ee. Vertical lines indicate the integration
range in obtaining experimental rotational strengths. The
calculated rotational strengths are for (1S,5R)-3.
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(+)- and (-)-4 of 87% and 83% ee, respectively, corre-
sponding to +23.0 and -23.0 for optically pure 4.

Specific rotations of the CC and CB conformations of
(1R,5R,7R)-4 have been predicted using B3LYP and aug-

cc-pVDZ, with the results given in Table 4, together with
the population-weighted average specific rotations. Pre-
dicted rotations are very close to those predicted for
(1R,5S)-3 (Table 3), a result inconsistent with the re-
ported reduction in experimental [R]D by a factor of ∼4.
A possible explanation may be that this compound is
relatively unstable and undergoes ring-reopening reac-
tion, even at room temperature. New measurements of
the specific rotation of 4 are desirable to determine the
source of this discrepancy.

Discussion

The AC of 1 is based on stereochemically well-defined
synthesis and on analyses of the n f π* CdO CD using
the Octant Rule and the Tinoco-Schellman methodology,
which all yield the same AC. Our TDDFT calculations of
the n f π* CdO CD of 1 yield CD of the same sign as
predicted by the Octant Rule and the Tinoco-Schellman
calculations and, hence, the same AC. Our TDDFT
calculations of the specific rotation of 1 lead indepen-
dently to the same AC.

The AC of 2 is based on stereochemically well-defined
synthesis (from 1) and on analysis of the n f π* CdO
CD using the Octant Rule, although the Octant Rule
analysis was not unambiguous. Our TDDFT calculations
of the n f π* CdO CD of 2 yield the same AC as obtained
earlier. Our TDDFT calculations of the specific rotation
of 2 lead independently to the same AC.

The AC of 3 was originally obtained by analysis of the
n f π* CdO CD using the Octant Rule. Subsequently,
calculation of the CD with the Tinoco-Schellman meth-
odology led to a reversal of the AC. The revised AC was
later supported by a mechanistic analysis of the synthesis
of 3 via asymmetric cyclization. Our TDDFT calculations
of the n f π* CdO CD of 3 yield the same AC as obtained

TABLE 4. exo-7-Me-2,9-Dione, 4: Conformational Energies, Specific Rotations, and Circular Dichroism

Conformationsa

B3LYP/6-31G*

∆E ∆G P(∆E)b P(∆G)b

CCc 0.15 0.12 43.52 45.12
CBc 0 0 56.48 54.88

Specific Rotation

calcdd [R]

λ (nm) CC CB Av(∆E) Av(∆G) exptl [R]

D 14 -243 -131 -127 +23.0/-23.0e

546 15 -297 -161 -156
365 20 -1151 -642 -623

Circular Dichroism

calcdd for CB calcdd for CC exptlg

E (eV) λ (nm) f h Rvel
f Rlength

f E (eV) λ (nm) f h Rvel
f Rlength

f λ (nm) Rf

3.997 310 0.0025 2.91 2.84 4.133 300 0.0002 4.70 4.47
281, 308 -1.6

4.226 293 0.0001 -4.09 -4.29 4.210 295 0.0001 -10.68 -10.65
5.053 245 0.0037 -1.18 -1.29 4.899 253 0.0004 -1.36 -1.54
5.611 221 0.0461 -6.79 -6.72 5.412 229 0.0255 -20.31 -20.49
a Relative energies and free energies in kcal/mol. b Percentage populations obtained from B3LYP/6-31G* ∆E and ∆G values, using

Boltzmann statistics. c C(2)dO in boat in CB; C(2)dO in chair in BC. d B3LYP/aug-cc-pVDZ at the B3LYP/6-31G* geometry of each
conformation. The AC is 1R,5R,7R. e [R]D

20 for (+)-4/(-)-4, measured in CHCl3 (c 0.0055/0.0048) on samples of 87%/83% ee [ref 18];
normalized to 100% ee. f R values in 10-40 esu2 cm2. g For (-)-4: solvent is 95% EtOH; ee 83%; R value is normalized to 100% ee. h Oscillator
strengths.

FIGURE 4. Calculated and experimental CD of 4. The
experimental CD is for (-)-4 of ee 83% in 95% ethanol,
normalized to 100% ee. Vertical lines indicate the integration
range used in obtaining experimental rotational strengths. The
calculated rotational strengths are for (1R,5R,7R)-4.
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from the Tinoco-Schellman calculations, confirming the
incorrectness of the Octant Rule analysis for this mol-
ecule. Our TDDFT calculations of the specific rotation
of 3 lead independently to the same AC as the TDDFT
CD calculations.

The AC of 4 was obtained by means of mechanistic
analysis of the synthesis of 4 via asymmetric cyclization.
Our TDDFT calculations of the n f π* CdO CD and of
the specific rotation of 4 both lead to the same AC.

Thus, for the set of diketones 1-4 our TDDFT calcula-
tions of the n f π* CdO CD and of the specific rotations
are consistent with, and add support to, the previously
assigned ACs. In particular, (1) the reliability of the
Octant Rule analyses for 1 and 2 and the unreliability
of the analysis for 3 are confirmed and (2) the mechanistic
analysis of the 2-(methoxymethyl)pyrrolidine enamine
asymmetric syntheses of 3 and 4 is supported.

Our results for 1-4 provide further evidence regarding
the accuracy of TDDFT calculations of OR and CD. The
comparison of theory and experiment is simplest in the
case of 2, where only one conformation is populated. The
predicted specific rotations of 2 at the sodium D line and
at 546 nm are in good agreement with the experimental
values. The deviations of calculated rotations from ex-
periment are within the range found in previous studies
of conformationally rigid molecules2a and are most likely
attributable to the imperfection of the B3LYP functional,
vibrational effects, and/or solvent effects. That solvent
effects are not negligible is clearly shown by the signifi-
cant difference in [R]546 in 95% ethanol and CHCl3. The
predicted sum of the CdO n f π* Rvel values is also in
good agreement with the experimentally derived rota-
tional strength. To date, there has been no thorough
study of the quantitative accuracy of TDDFT rotational
strengths of n f π* CdO transitions. It is likely that the
deviation of calculated rotational strengths from experi-
ment is attributable principally to vibronic effects and/
or to solvent effects.

In the case of molecules 1, 3, and 4, calculated CD
rotational strengths and specific rotations are conforma-
tionally averaged. Errors in the conformational popula-
tions used will lead to additional errors in predicted
rotational strengths and specific rotations.4b In this work,
conformational populations are obtained from relative
∆G values, calculated at the B3LYP/6-31G* level. Some
uncertainty is associated with the B3LYP/6-31G* method;
in addition, our ∆G calculations do not include solvent
effects, which can significantly affect relative free ener-
gies. Thus, predicted conformationally averaged rota-
tional strengths and specific rotations for 1 are greater
than experimental values. Since the CB conformation
exhibits smaller rotational strengths and specific rota-
tions than the CC conformation, decreasing the free
energy difference of CB and CC would lead to smaller
rotational strengths and specific rotations and, as a
result, better agreement with experiment. Likewise, for
3, reducing and increasing the populations of the CB and
CC conformations respectively would bring predicted
rotational strengths and specific rotations into better
agreement with experiment. It is likely that for 1 and 3
the uncertainties in conformational free energy differ-
ences and populations are the dominant cause of differ-
ences between theory and experiment. In the case of 4,
as discussed above, experimental error may be dominant.

Since conformational analysis of organic molecules
such as 1-4 is often carried out with molecular mechan-
ics and semiempirical methods, we have compared the
results obtained for 1-4 using the CFF95 and MMFF94
molecular mechanics methods and the AM1 and PM3
semiempirical methods to those obtained using DFT.
Substantial differences from the DFT results are found
for all of these methods in one or more molecules; in
addition, neither the two molecular mechanics methods
nor the two semiempirical methods are very consistent
in their predictions. The use of CFF95, MMFF94, AM1,
or PM3 structures and energies would thus lead to
substantially different predicted CD rotational strengths
and specific rotations. For conformationally flexible
molecules, the use of the more reliable DFT method in
carrying out conformational analysis is of importance.

Our work extends the scope of the application of
chiroptical spectroscopic methods to the characterization
of 1-4 by including OR in addition to CD. OR and CD
are related phenomena. However, while the near-UV CD
spectrum reflects the rotational strengths of the low-
energy electronic excitations, the OR in the transparent
spectral region to lower energy reflects the rotational
strengths of all electronic excitations. The use of both
phenomena in stereochemical analysis is thus not re-
dundant. For example, it is possible for the n f π* CdO
CD to be small and for [R]D to be large, or vice versa.
Only if the specific rotation is dominated by the contribu-
tion of the n f π* CdO CD are the two phenomena
redundant. The study of both OR and CD simultaneously,
using consistent theoretical methods, thus yields a more
definitive analysis than does the study of either OR and
CD alone. In particular, when used to determine AC, the
reliability of the AC obtained is more clearly defined
when both OR and CD are used. If OR and CD yield the
same AC it is more definitive than if obtained from only
the OR or the CD alone. Conversely, if the OR and CD
yield opposite ACs, the AC must be regarded as indeter-
minate.

The chirality of the diones 1-4 arises from CdO group
substitutions on an achiral bicyclo[3.3.1]nonane sub-
strate. If the two CdO groups are noninteracting, the

TABLE 5. OR and CD Additivitya

CC CB

[R]D Re [R]D Re

2,6-dione, 1b

2-one + 6-one +346 +12.5 +14 +4.4
2,6-dione +334 +14.3 +70 +10.6

2,7-dione, 2c

2-one + 7-one +172 +7.1
2,7-dione +184 +8.9

2,9-dione, 3d

2-one + 9-one -156 -5.1 154 2.3
2,9-dione -6 1.7 255 5.1

a All calculations used B3LYP and aug-cc-pVDZ. The geometries
of the monoketones x-one and y-one, corresponding to the x,y-dione,
were obtained by replacing the O atoms at the y and x positions
with two H atoms respectively and optimizing their positions at
the B3LYP/6-31G* level. Note that, with this methodology, the
7-one and 9-one monoketones are not perfectly achiral; their [R]D
and R values are small, however. b (1S,5S)-1. c (1R,5S)-2. d (1S,5R)-
3. e Sum of Rvel values for the n f π* CdO transitions; in 10-40

esu2 cm2.
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chiroptical properties of a dione will be the sum of those
of the two corresponding monoketones. If there is “trans-
annular” interaction, nonadditivity will result.29 Thus,
the magnitude of the nonadditivity of chiroptical proper-
ties can be used as a gauge of the interaction of the two
CdO groups. In Table 5, we examine the additivity of
the specific rotations, [R]D, and the net n f π* CdO
rotational strengths of the important conformations of
1, 2, and 3. For the CC conformations of 1 and 2,
nonadditivity is small for both specific rotations and
rotational strengths. However, substantial nonadditivity
is found for the CB conformation of 1 and for both CC
and BC conformations of 3 for both specific rotations and
rotational strengths. The greater nonadditivities in 3
probably result from the greater proximity of the two
CdO groups.

Conclusion

We have illustrated the use of concerted TDDFT
calculations of OR and CD in determining the absolute
configurations of chiral molecules. While the present
work is limited to bicyclo[3.3.1]nonane diones, the meth-
odology is general and should be widely applicable.
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