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The determination of the absolute configurations (ACs) of chiral molecules using the chiroptical techniques of optical
rotation (OR), electronic circular dichroism (ECD), and vibrational circular dichroism (VCD) has been revolutionized
by the development of density functional theory (DFT) methods for the prediction of these properties. Here, we demonstrate
the significance of these advances for the stereochemical characterization of natural products. Time-dependent DFT
(TDDFT) calculations of the specific rotations, [R]D, of four cytotoxic natural products, quadrone (1), suberosenone
(2), suberosanone (3), and suberosenol A acetate (4), are used to assign their ACs. TDDFT calculations of the ECD of
1 are used to assign its AC. The VCD spectrum of1 is reported and also used, together with DFT calculations, to assign
its AC. The ACs of1 derived from its [R]D, ECD, and VCD are identical and in agreement with the AC previously
determined via total synthesis. The previously undetermined ACs of2-4, derived from their [R]D values, have absolute
configurations of their tricyclic cores identical to that of1. Further studies of the ACs of these molecules using ECD
and, especially, VCD are recommended to establish more definitively this finding. Our studies of the OR, ECD, and
VCD of quadrone are the first to utilize DFT calculations of all three properties for the determination of the AC of a
chiral natural product molecule.

The sesquiterpene quadrone,1, was isolated from the fungus
Aspergillus terreusand structurally characterized by X-ray crystal-
lography in 1978.1,2 The reported cytotoxicity and unusual structure

inspired considerable synthetic activity, culminating in the total
synthesis of both enantiomers of quadrone by Smith et al.,3 which
established the AC of the natural product as 1R,2R,5S,8R,11R-
(-).

In 1996, a structurally related sesquiterpene, suberosenone,2,
was isolated from the marine gorgonianSubergorgia suberosaand
shown to possess potent cytotoxicity, relative to quadrone.4 A total

synthesis of racemic2 has been reported,5 but the AC of2 has not
been determined.

In 2000, several new members of the suberosenone family were
isolated from the gorgonianIsis hippuris, and their cytotoxicity
studied.6 Two of these were suberosanone,3, and suberosenol A
acetate,4. Again, ACs were not determined.

Although the ACs of2, 3, and4 have not been determined, their
specific rotations, [R]D, have been reported, as detailed in Table 1.
In collaboration with J. R. Cheeseman and M. J. Frisch at Gaussian
Inc., we have recently developed a new methodology for calculating
the transparent spectral region specific rotations of chiral molecules
using ab initio time-dependent density functional theory (TDDFT)7

and have applied this method to the determination of the ACs of a
number of organic molecules.8 Herein, we employ TDDFT calcula-
tions of the [R]D values of the sesquiterpenes1-4 to determine
their ACs. In the case of1 the AC of Smith et al.3 is confirmed.
For 2-4, the ACs are determined for the first time.

We have also applied the TDDFT methodology to the calculation
of the ECD of chiral molecules and employed it to determine the
ACs of a number of organic molecules.8c,d The ECD spectrum of
1 has been reported, but as yet ECD spectra for2-4 have not been
reported. We also report TDDFT calculations of the ECD of1-4.
In the case of1, comparison to the experimental ECD further
confirms the previously determined AC. For2-4, the calculations
permit the potential utility of ECD to confirm the ACs obtained
from their [R]D values to be evaluated.

Prior to the development of the TDDFT methodologies for the
calculation of transparent spectral region specific rotations and ECD,
DFT was applied to the calculation of VCD,10 using the Stephens
equation for VCD intensities.11 Subsequently, we have determined
the ACs of a wide variety of molecules using DFT calculations of
VCD spectra.12 Here, we report the first measurements of the VCD
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of 1 and DFT calculations, which further confirm the previously
determined AC. These results serve to demonstrate the power of
the VCD/DFT methodology in determining ACs and the greater
reliability of the ACs obtained than those obtained using TDDFT
calculations of specific rotations and ECD, leading to the conclusion
that the most reliable ACs of2-4 will be provided by VCD
spectroscopy.

Experimental and Computational Procedures

Conformational analysis of1-4 has been carried out using a protocol
described in previous publications.8c-e,12l,mFirst, a Monte Carlo search
of the potential energy surface (PES) is carried out using the MMFF94
molecular mechanics force field via the SPARTAN 02 program.13 All
stable conformations obtained are then reoptimized using DFT at the
B3LYP/6-31G* level. Next, the harmonic vibrational frequencies of
each conformation are calculated using B3LYP/6-31G* to confirm that
the conformation is stable. Last, the free energies of all conformations
are calculated and equilibrium room-temperature populations obtained
thence. All DFT calculations are carried out using the GAUSSIAN 03
program.14

Specific rotations of1-4 have been calculated using TDDFT,
B3LYP/6-31G* equilibrium geometries, the functional B3LYP, and the
basis set aug-cc-pVDZ via GAUSSIAN 03, as detailed in previous
publications.7,8 Gauge-invariant atomic orbitals [GIAOs] are used,
guaranteeing origin-independent rotations.7b

Electronic excitation energies, oscillator strengths, and rotational
strengths of1-4 have been calculated using TDDFT, B3LYP/6-31G*
equilibrium geometries, the functional B3LYP, and the basis set aug-
cc-pVDZ via GAUSSIAN 03, as detailed in previous publications.8c,d

Rotational strengths are calculated in both length and velocity
representations. GIAOs are not used; as a result, length and velocity
rotational strengths are origin-dependent and origin-independent,
respectively. Since length and velocity rotational strengths are identical
in the complete basis set limit, the convergence of these values allows
basis set errors to be gauged.

IR and VCD spectra of1 have been calculated using DFT via
GAUSSIAN 03, as detailed in previous publications.10,12The functionals
B3LYP and B3PW91 and the basis set TZ2P were used. GIAOs are
used in calculating atomic axial tensors (AATs); as a result, the
vibrational rotational strengths obtained thence are origin-independent.
IR and VCD spectra were obtained from calculated vibrational
frequencies, dipole strengths, and rotational strengths using Lorentzian
band shapes.10f,g Experimental IR and VCD spectra of a CDCl3 solution
of (-)-1 were obtained using Thermo-Nicolet Nexus 670 IR and
Bomem/Biotools Chiral IR spectrometers, respectively. The latter

incorporates a second photoelastic modulator after the sample, permit-
ting polarization scrambling and artifact reduction.15 Baselines were
the spectra of the CDCl3 solvent.

Results and Discussion

Prior to the calculation of their specific rotations, ECD, and VCD,
conformational analyses of molecules1-4 must be carried out in
order to define their stable conformations and the relative energies
and free energies of these conformations. From the relative free
energies the percentage population of each conformation in a room-
temperature equilibrium mixture can be predicted. As shown below,
for all four molecules1-4 only one conformation is significantly
populated at room temperature and, thus, all of these molecules
are effectively conformationally rigid. For each molecule, [R]D, the
ECD spectrum, and the VCD spectrum are then predicted for this
conformation. Comparison to experimental data, where available,
then allows ACs to be determined.

Conformational Analysis. Initial conformational analyses of
1-4 have been carried out using Monte Carlo searching together
with the MMFF94 molecular mechanics force field. All stable
conformations obtained are then optimized using DFT at the
B3LYP/6-31G* level and the harmonic vibrational frequencies of
each conformation calculated using B3LYP/6-31G* to confirm their
stability. Last, the free energies of all conformations are calculated.

In the case of1, three stable conformations,a-c, are identified.
Calculated relative energies and free energies are given in Table
2. The MMFF94 and B3LYP/6-31G* relative energies are very
similar. The B3LYP/6-31G* relative energies and free energies are
also very similar. Using the B3LYP/6-31G* relative free energies,
equilibrium populations at room temperature can be calculated and
are also given in Table 2. The population of the most stable
conformation,a, is predicted to be>99%; effectively, 1 is a
conformationally rigid molecule. Key dihedral angles of the B3LYP/
6-31G* structure of conformationa of 1 are listed in Table 3. The
cyclohexane ring C1C2C11C10C9C8 has a chair conformation,
while the lactone ring C1C5C6 O C7C8 has a boat conformation.
The cyclopentanone ring C1C2C3C4C5 is nonplanar. In conforma-
tion b both cyclohexane and lactone rings have chair conformations.
In conformationc the cyclohexane and lactone rings have boat and
chair conformations, respectively. To confirm that when the
cyclohexane and lactone rings have chair and boat conformations,
respectively, there is only one stable conformation of the cyclo-

Table 1. Experimental and Calculated Specific Rotations of Cytotoxins1-4

molecule λ (nm) [R]λ(expt)a AC [R]λ(calc)a,b ∆c AC ∆c

1 D -52.7d 1R,2R,5S,8R,11R -38.8 +13.9 1S,2S,5R,8S,11S +91.5
D -60.53e -38.8 +21.73 +99.33
D -44.6f -38.8 +5.8 +83.4
578 -45.4f -39.7 +5.7 +85.1
546 -48.8f -42.1 +6.7 +90.9
436 -42.9f -30.6 +12.3 +73.5
365 102.6f 127.6 +25.0 -230.2

2 D 55.7g 1R,2R,8R,11R 10.5 -45.2 1S,2S,8S,11S -66.2
578 14.9
546 32.6
436 348.6
365 i

3 D -60h 1R,2R,5S,8R,11R -20.6 +39.4 1S,2S,5R,8S,11S +80.6
578 -20.1
546 -17.6
436 35.0
365 300.9

4 D -110h 1R,2R,4R,8R,11R -220.8 -110.8 1S,2S,4S,8S,11S +330.8
578 -230.4
546 -261.6
436 -440.3
365 -687.7

a [R]D in deg‚[dm‚g/cm3]-1. b B3LYP/aug-cc-pVDZ//B3LYP/6-31G*.c ∆ ) [R]D(calc.)- [R]D(expt.).d Reference 3 (c 0.59, EtOH).e Reference
9 (c 0.5, CHCl3). f This work, on synthetic (-)-1 (c 0.12, CDCl3). g Reference 4 (c 0.78, CHCl3). h Reference 6 (c 0.1, CHCl3). i Not calculated
since this wavelength is resonant with the lowest electronic excitation of2 (Figure 5).
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pentanone ring, we have scanned the potential energy surface (PES),
varying the dihedral angle C1C2C3C4, starting from the optimized
geometry of conformationa, with the results shown in Figure 1.
The PES exhibits only one minimum, corresponding to the
C1C2C3C4 value ina, supporting the results of the Monte Carlo
search. In addition, we have also scanned the PES with respect to
the lactone ring dihedral angle C1C8C7O, starting from the
optimized geometry ofa, with the results shown in Figure 2. The
PES exhibits two minima, the C1C8C7O angle for the lower energy
minimum corresponding to conformation1a. Optimization starting
from the higher energy minimum leads to conformation1c, showing
that, in this scan, as the dihedral angle C1C8C7O reverses sign,
the cyclohexane ring conformation changes from chair to boat.

In the case of2, only one conformation,a, was found via Monte
Carlo searching. Key dihedral angles of the B3LYP/6-31G*
structure of conformationa of 2 are listed in Table 3. The
cyclohexane ring C1C2C11C10C9C8 has a chair conformation with
dihedral angles very close to those of1. Since it was surprising
that Monte Carlo searching did not also find a conformation of2
containing a boat conformation of the cyclohexane ring, we built
and optimized such a conformation using B3LYP/6-31G*. A stable
conformation,b, was found with the relative energy and free energy
given in Table 2. The equilibrium population ofa is predicted to
be >99% (Table 2); as with1, 2 is effectively conformationally

rigid. The conformation of the cyclopentanone ring C1C2C3C4C5
is similar to that of1. A scan, starting from the optimized geometry
of conformationa, varying the dihedral angle C1C2C3C4, again
finds no additional PES minima for the cyclopentanone ring (Figure
1), supporting the results of the Monte Carlo search.

In the case of3, two stable conformations,a andb, are identified.
As with 1, MMFF94 and B3LYP/6-31G* relative energies are very
similar, as are B3LYP/6-31G* relative energies and free energies
(Table 2). The equilibrium population at room temperature of the
most stable conformation,a, is predicted to be>99% (Table 2);
as with1 and2, 3 is effectively conformationally rigid. Key dihedral
angles of the B3LYP/6-31G* structure of conformationa of 3 are
listed in Table 3. The cyclohexane ring C1C2C11C10C9C8 has a
chair conformation, with dihedral angles very close to those of1
and2. The conformation of the cyclopentanone ring C1C2C3C4C5,
in contrast, is very different from that of1 and of2. A scan, starting
from the optimized geometry of conformationa, varying the
dihedral angle C1C2C3C4, again finds no additional PES minima
for the cyclopentanone ring (Figure 1), supporting the results of
the Monte Carlo search. In conformationb, the cyclohexane ring
has a boat conformation.

Molecule4 is more conformationally flexible than2 and3 since
internal rotation of the acetate group can occur around the C-O
bond and since the acetate group can becis or trans. MMFF94
Monte Carlo searching led to five conformations, labeleda, b, d,

Table 2. Conformational Analysis of Cytotoxins1, 2, 3, and4

molecule conf ∆Ea,b ∆Ea,c ∆Ga,c P (%)d

1 a 0.00 0.00 0.00 99.98
b 4.93 5.43 5.09 0.02
c 5.54 5.68 5.76 0.01

2 a 0.00 0.00 99.98
b e 5.01 5.01 0.02

3 a 0.00 0.00 0.00 99.63
b 2.78 3.20 3.32 0.37

4 a 0.00 0.00 0.00 99.55
b 5.81 2.06 3.21 0.45
c e 4.72 5.27 0.01
d 9.74 7.83 8.85 0.00
e 10.39 7.91 9.14 0.00
f 15.92 11.66 13.56 0.00

a kcal/mol. b MMFF94. c B3LYP/6-31G*. d Populations calculated
using∆G values at 298 K.e Not found with MMFF94 either by Monte
Carlo searching or by optimization starting from the B3LYP/6-31G*
geometry.

Table 3. Calculated Dihedral Angles for Conformationsa of
1-4 and Experimental Dihedral Angles for1a,b

X-raya B3LYP/6-31G*

1 1 2 3 4

C1-C2-C3-C4 -39.7 -38.6 -33.8 -24.8 -9.7 -39.7
C2-C3-C4-C5 34.4 33.5 26.0 14.8 -13.1 38.5
C3-C4-C5-C1 -15.4 -14.9 -7.9 1.3 30.6 -23.0
C4-C5-C1-C2 -9.9 -9.9 -13.3 -16.6 -35.8 -2.0
C5-C1-C2-C3 30.9 30.6 29.8 25.7 28.7 26.2
C1-C5-C6-O -44.7 -46.4 -42.4
C5-C6-O-C7 51.6 57.4 52.7
C6-O-C7-C8 -4.6 -8.9 -7.1
O-C7-C8-C1 -45.5 -45.4 -44.4
C7-C8-C1-C5 47.8 51.1 49.7
C8-C1-C5-C6 -4.2 -6.3 -7.8
C1-C2-C11-C10 74.2 74.0 75.3 74.3 74.3 74.4
C2-C11-C10-C9 -56.2 -57.9 -57.5 -58.5 -58.7 -58.3
C11-C10-C9-C8 36.1 39.7 37.6 40.1 39.9 39.6
C10-C9-C8-C1 -35.4 -38.7 -36.5 -37.6 -37.1 -36.6
C9-C8-C1-C2 56.6 58.8 57.4 57.2 56.5 56.3
C8-C1-C2-C11 -77.6 -77.4 -77.8 -77.3 -76.8 -77.1
C9-C8-C1-C5 172.9 175.5 173.7 175.9 174.7 174.6
C10-C11-C2-C3 -169.9 -169.3 -166.7 -167.1 -168.2 -168.3
C5-C4-O-C3 -178.4 -176.3 -179.5 -179.8 -179.7

a X-ray crystallography: refs 2, 3. The two sets of coordinates are
for the two independent molecules in the unit cell.b All Dihedral angles
are for the 1R ACs of 1-4.

Figure 1. B3LYP/6-31G* energies of1-4 as a function of the
dihedral angle C1C2C3C4:1 (red b), 2 (olive 2), 3 (green9),
and4 (magenta[). C1C2C3C4 values for the optimized geometries
of 1a (b), 2a (2), 3a (9), and4a ([) are also shown.

Figure 2. B3LYP/6-31G* energy of1 as a function of the dihedral
angle C1C8C7O. The C1C8C7O value for the optimized geometry
of 1a (blue 9) is also shown.
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e, and f in Table 2. Key dihedral angles of the B3LYP/6-31G*
structure of conformationa of 4 are listed in Table 3. In all of
these conformations the cyclohexane ring is in a chair conformation.
In a andb the acetate group iscis; in d, e, andf it is trans. PES
scans with respect to the dihedral angle C5C4OC(CdO), starting
from conformationsa and d, are shown in Figure 3 and support
the Monte Carlo search results. As with2, Monte Carlo searching
did not find any conformation of4 in which the cyclohexane ring
has a boat conformation. Converting the cyclohexane ring of
conformationa from chair to boat and optimization using B3LYP/
6-31G* led to the stable conformationc. It is likely that conforma-
tions analogous to conformationsb, d, e, and f with boat
cyclohexane rings exist also at energies higher than conformation
c. On the basis of conformationsa-f, the equilibrium population
at room temperature ofa is predicted to be>99% (Table 2); as
with 1-3, 4 is effectively conformationally rigid.

Specific Rotations, [r]D. Specific rotations have been calculated
for conformationsa of 1-4 at the sodium D line using the TDDFT/
GIAO methodology at the B3LYP/aug-cc-pVDZ level and the
B3LYP/6-31G* geometries, with the results given in Table 1, where
the experimental specific rotations for the naturally occurring
enantiomers are also listed.

In the case of1, calculated [R]D values for the 1R,2R,5S,8R,11R
and 1S,2S,5R,8S,11S enantiomers are-38.8 and+38.8, respec-
tively. The differences,∆ ) [R]D(calc) - [R]D(expt), are+13.9/
21.73 and+91.5/99.33, respectively, for the two literature experi-
mental values of [R]D. (Note that these were measured in different
solvents, EtOH and CHCl3 (Table 1); the difference in [R]D values
may therefore be due either to a difference in enantiomeric excess
or to solvent effects.) The calculated [R]D is thus much closer to
the experimental [R]D for naturally occurring1 for the 1R,2R,5S,8R,-
11R AC, and we conclude that this is the AC of (-)-1. This AC is
in agreement with the AC obtained by Smith et al.3 In the case of
2, calculated [R]D values for the 1R,2R,8R,11R and 1S,2S,8S,11S
enantiomers are 10.5 and-10.5, respectively. The differences from
the experimental [R]D of naturally occurring2 are-45.2 and-66.2,
respectively, leading to the more tentative conclusion that 1R,2R,8R,-
11R is the AC of (+)-2. In the case of3, calculated [R]D values for
the 1R,2R,5S,8R,11R and 1S,2S,5R,8S,11Senantiomers are-20.6
and+20.6, respectively. The differences from the experimental [R]D

of naturally occurring3, ∆, are +39.4 and+80.6, respectively,
leading to the conclusion that 1R,2R,5S,8R,11R is the AC of (-)-
3. In the case of4, calculated [R]D values for the 1R,2R,4R,8R,-
11R and 1S,2S,4S,8S,11S enantiomers are-220.8 and+220.8,
respectively. The differences from the experimental [R]D of naturally

occurring 4 are -110.8 and 330.8, respectively, leading to the
conclusion that 1R,2R,4R,8R,11R is the AC of (-)-4.

Calculated [R]D values for both enantiomers of1-4 are compared
graphically to the experimental [R]D values for the natural products
in Figure 4. Quantitatively perfect calculations for correct ACs give
[R]D values lying on the line of slope+1. For incorrect ACs [R]D

values will lie on the line of slope-1.
Our [R]D calculations thus lead to the conclusion that the common

tricyclic core of all four natural product molecules1-4 is of
identical absolute configuration.

Electronic Circular Dichroism. Electronic excitation energies
and rotational strengths have been calculated for conformationsa
of 1-4 using TDDFT at the B3LYP/aug-cc-pVDZ level and the
B3LYP/6-31G* geometries, with the results given in Table 1 of
the Supporting Information and Figure 5. The experimental CD
spectrum of (-)-13 is also given in Figure 5. In the case of1, the
lowest excitation, the nf π* transition of the ketone group, is
predicted at 300 nm. For the 1R,2R,5S,8R,11R AC, the predicted
rotational strength is positive. The spectrum becomes more dense
at λ < 225 nm, with nine transitions predicted between 190 and
225 nm. The rotational strengths of these transitions vary in sign
and magnitude. The CD spectra of1, calculated using Gaussian
band shapes of two different widths (σ ) 0.2, 0.4 eV), are also
shown in Figure 5. The agreement between calculated and
experimental spectra is very good, over the relatively limited
spectral range of the experimental spectrum. The positive CD at
298 nm and the negative CD at 216 nm are reproduced by the
calculations. The CD calculations thus lead to the conclusion that
the AC of 1 is 1R,2R,5S,8R,11R-(-), in agreement with the AC
derived from [R]D and the AC of Smith et al.3

In the cases of2 and 3, the ketone nf π* excitations are
predicted at 367 and 296 nm, respectively. For (1R,2R,8R,11R)-2
and (1R,2R,5S,8R,11R)-3, the rotational strengths and CD of these
transitions are both predicted to be positive. At shorter wavelengths,
the CD spectrum becomes more dense and complex. In the case of
4, there is no low-energy resolved excitation: the lowest excitation
is at 219 nm.

Optical Rotatory Dispersion. Specific rotations have also been
calculated for the four wavelengths 578, 546, 436, and 365 nm,

Figure 3. B3LYP/6-31G* energy of4 as a function of the dihedral
angle C5C4OC(CdO) for thecis (redb) andtrans(teal`) acetate
group conformations. C5C4OC(CdO) values for the optimized
geometries of4a-4f (1) are also shown.

Figure 4. Comparison of calculated and experimental [R]D values
of1-4:(redb)(1R,2R,5S,8R,11R)-1,(1R,2R,8R,11R)-2,(1R,2R,5S,8R,-
11R)-3, 1R,2R,4R,8R,11R)-4; (black b) (1S,2S,5R,8S,11S)-1,
(1S,2S,8S,11S)-2, (1S,2S,5R,8S,11S)-3, (1S,2S,4S,8S,11S)-4. The
lines have slopes of+1 and-1.
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routinely available in commercial polarimeters, with the results
given in Table 1. In the case of1, [R] rises very slightly in
magnitude from the sodium D line to 546 nm, then decreases at
436 nm and crosses zero to become large and positive at 365 nm.
This behavior can be explained as follows. The specific rotation at
wavelengthλ, [R]λ, is given by

where λi and Ri are the wavelength and rotational strength of
excitationi. At the sodium D line, for (1R,2R,5S,8R,11R)-1 [R] is

predicted to be negative. Asλ decreases, 1/(λi
2 - λ2) increases and

[R] becomes increasingly negative. However, asλ approaches the
lowest excitation wavelength (300 nm), the contribution of this
excitation to [R] increases more rapidly than that of higher energy
excitations. Since the rotational strength of the lowest excitation is
positive, as 300 nm is approached, [R] crosses zero and becomes
positive.

In the case of2, [R]D is the same sign as the rotational strength
of the lowest excitation, now at 367 nm, and [R] increases
monotonically with decreasing wavelength to 436 nm. In the case
of 3, [R] decreases in magnitude from the sodium D line to 546
nm, then crosses zero to become positive at 436 and 365 nm. This
behavior is qualitatively identical to that of1, and the explanation
is the same. In the case of4, as in1 and3, [R]D is opposite in sign
to the rotational strength of the lowest excitation. Unlike1 and3,

Figure 5. (A) Experimental ECD spectrum of naturally occurring (-)-1 in MeOH, from ref 3. (B) Velocity representation B3LYP/aug-
cc-pVDZ//B3LYP/6-31G* rotational strengths and simulated ECD spectrum of (1R,2R,5S,8R,11R)-1 (red line,σ ) 0.2 eV; green line,σ )
0.4 eV). (C) Velocity representation B3LYP/aug-cc-pVDZ//B3LYP/6-31G* rotational strengths and simulated ECD spectrum of (1R,2R,8R,-
11R)-2 (red line,σ ) 0.2 eV; green line,σ ) 0.4 eV). (D) Velocity representation B3LYP/aug-cc-pVDZ//B3LYP/6-31G* rotational strengths
and simulated ECD spectrum of (1R,2R,5S,8R,11R)-3 (red line,σ ) 0.2 eV; green line,σ ) 0.4 eV). (E) Velocity representation B3LYP/
aug-cc-pVDZ//B3LYP/6-31G* rotational strengths and simulated ECD spectrum of (1R,2R,4R,8R,11R)-4 (red line,σ ) 0.2 eV, green line,
σ ) 0.4 eV).

[R]λ ) ∑
i

[R]λ
i

[R]λ
i ) (9147

M ) Riλi
2

λi
2 - λ2

Cytotoxic Sesquiterpene Natural Products Journal of Natural Products, 2006, Vol. 69, No. 71059



however, [R] increases monotonically from the sodium D line to
365 nm, due to the much higher energy of the lowest excitation (λ
) 219 nm).

For 1 we have measured the specific rotation of (-)-1,
synthesized as described previously,3 in CDCl3 at the sodium D
line and at the wavelengths 578, 546, 436, and 365 nm. The
qualitative variation of [R]λ with λ is exactly as predicted, supporting
the reliability of the TDDFT/GIAO methodology. Quantitatively,
the differences between calculated and experimental [R]λ values
vary little with λ, except at 365 nm.

Vibrational Circular Dichroism. The IR and VCD spectra of
(-)-1, synthesized as described previously,3 in CDCl3 solution in
the mid-IR spectral region are shown in Figure 6. DFT calculations
of the IR and VCD spectra of conformationa of (1R,2R,5S,8R,11R)-1
have been carried out, using the B3LYP and B3PW91 functionals,
which are both state-of-the-art hybrid functionals, and the TZ2P
basis set, which we have shown to provide a good compromise
between computational labor and accuracy in predicting VCD
spectra.12h Calculated harmonic vibrational frequencies, dipole
strengths, and rotational strengths are given in Table 2 of the
Supporting Information (SI). IR and VCD spectra obtained thence
using Lorentzian band shapes are also given in Figures 1 and 2 of
the SI, together with the experimental spectra. Comparison of the
calculated IR and VCD spectra to the corresponding experimental
spectra of (-)-1 shows that the B3PW91 IR and VCD spectra are
in better agreement with experiment than the B3LYP spectra. The
B3PW91-calculated IR and VCD spectra, together with the
experimental spectra, are shown in Figures 7 and 8. Assignment
of the experimental spectra follows straightforwardly, as shown in
Figures 7 and 8. The excellent agreement of the calculated VCD
spectrum for (1R,2R,5S,8R,11R)-1 and the experimental VCD
spectrum for (-)-1 leads to the conclusion that the AC of1 is
(1R,2R,5S,8R,11R)-(-). The AC is further confirmed by comparison
of the calculated rotational strengths and the experimental rotational
strengths, obtained by Lorentzian fitting of the experimental VCD
spectrum. The experimental rotational strengths, together with the
experimental frequencies, dipole strengths, and bandwidths, are
given in Table 2 of the SI. They are compared to the calculated

rotational strengths for the two possible ACs in Figure 9. Clearly,
the agreement is enormously superior for the 1R,2R,5S,8R,11RAC.

In predicting the specific rotations, ECD, and VCD of a chiral
molecule, it is necessary first to establish how many conformations
are populated at room temperature (the temperature of the experi-
mental measurements). When more than one conformation is
significantly populated, the chiroptical properties of each conforma-
tion must be predicted and population-weighted averages calculated.
In the case of all four molecules,1-4, conformational analyses
lead to the conclusion that only one conformation,a, is populated
at room temperature. From a practical point of view, therefore, all
four molecules are conformationally rigid. In the case of1, this
conclusion is consistent with the temperature-independence of the
NMR spectrum.3 The reliability of the predicted structure of1a is
confirmed by comparison to the structure determined by X-ray
crystallography.1b,3 As shown in Table 1, the dihedral angles of
the cyclohexane, cyclopentanone, and lactone rings of1apredicted
at the B3LYP/6-31G* level are in excellent agreement with the
experimental values for the two independent molecules in crystalline
1. The largest differences are found for the cyclopentanone ring,
but they are all<10°. In all four molecules, the cyclohexane ring
of conformationa exhibits a chair conformation, whose predicted
dihedral angles vary very little (Table 3). In contrast, the conforma-
tion of the five-membered C1C2C3C4C5 ring varies considerably
with the varying substitution.

Assignment of the absolute configurations of1-4 using their
[R]D values then proceeds as follows. For both possible enantiomers
of each molecule [R]D is predicted and compared to the experimental
value. The enantiomer for which the difference between calculated
and experimental [R]D values is smallest is the AC corresponding
to the experimental rotation. The [R]D calculations are carried out
using the B3LYP functional and the aug-cc-pVDZ basis set. The
former is a state-of-the-art hybrid functional. The latter contains
diffuse functions, which have been shown to be required for reliable
[R]D predictions,7b and provides a good approximation to the
complete basis set limit.7b,c In the cases of1, 3, and 4, the
differences,∆ ) [R]D(calc) - [R]D(expt), are much smaller for
one enantiomer, as compared to the opposite enantiomer. As a

Figure 6. Experimental IR and VCD spectra of (-)-1: 0.24 M (a) and 0.14 M (b) in CDCl3.
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result, there is little uncertainty in the assigned ACs: (1R,2R,5S,8R,-
11R)-(-) for 1, (1R,2R,5S,8R,11R)-(-) for 3, and (1R,2R,4R,8R,-
11R)-(-) for 4. In the case of2, the calculated [R]D is small in
magnitude (10.5) and the differences∆ are not very different (-45.2
and -66.2). Accordingly, there is greater uncertainty in the AC
assignment for2, (1R,2R,8R,11R)-(+).

The AC of1 has been previously established via total synthesis
of (+)- and (-)-1 by Smith et al.3 The AC determined from our
[R]D calculation is the same as that of Smith et al., providing support
for the TDDFT/GIAO methodology, implemented at the B3LYP/
aug-cc-pVDZ//B3LYP/6-31G* level.

In the cases of2-4, ACs have not previously been assigned. It

Figure 7. Calculated, B3PW91/TZ2P, and experimental IR spectra of (-)-1 in the mid-IR spectral region. Fundamentals are numbered.
Lorentzian bandwidths are 4 cm-1 (a) and 6 cm-1 (b).

Figure 8. Calculated, B3PW91/TZ2P VCD spectrum of (1R,2R,5S,8R,11R)-1 and experimental VCD spectrum of (-)-1 in the mid-IR
spectral region. Fundamentals are numbered. Lorentzian bandwidths are 4 cm-1 (a) and 6 cm-1 (b).
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follows from the ACs we have assigned that the naturally occurring
forms of all four molecules possess identical absolute configurations
of their common tricyclic cores. The fact that the configurations
of 3 and4 are found to be identical provides further support for
the ACs assigned since these two natural products were obtained
from the same organism,I. hippuris, and therefore most likely
possess identical configurations. That the absolute configurations
of 1, 2, 3, and4 are all identical leads to the conclusion that the
biosynthetic pathways leading to these molecules inA. terreus, S.
suberosa, and I. hippuris proceed with the same absolute stereo-
genicity.

Calculated [R]D values are not in perfect agreement with
experimental values. The errors in calculated [R]D values could be
due to errors in the functional, B3LYP, the basis set, aug-cc-pVDZ,
and/or the geometry, B3LYP/6-31G*. Alternatively, they could
originate in vibrational effects and solvent effects, which are
neglected in our calculations. We have recently carried out an
extensive evaluation of the reliability of B3LYP/aug-cc-pVDZ//
B3LYP/6-31G* [R]D calculations for 65 conformationally rigid
molecules of known AC whose experimental [R]D values are
<100.16 The results are shown graphically in Figure 10. The rms
deviation,σ, of calculated and experimental [R]D values for this
set of molecules is 28.9. Thus, statistically, with 95% confidence,
calculated [R]D values should differ from experimental values by
less than 2σ ) 57.8. As shown in Figure 10, for the correct AC all
molecules lie between the parallel lines of slope+1 and intercepts
+57.8 and-57.8 (with three exceptions, which are just outside
these limits). For the incorrect AC, all molecules lie between the
parallel lines of slope-1 and intercepts+57.8 and-57.8. The
region where molecules lie betweenboth pairs of parallel lines is
labeled “the zone of indeterminacy”.16 The AC of a molecule within
this zone cannot be determined with 95% confidence from its [R]D

value.
The calculated and experimental [R]D values of molecules1, 2,

3, and4 are also shown in Figure 10 for the ACs arrived at above.
Molecules1-3 lie outside the zone of indeterminacy (although only
by a very small margin in the case of2) and between the lines of
slope+1. Molecule4 is not close to the zone of indeterminacy,
but it lies outside the lines of slope+1. It follows that the errors
in calculated [R]D values for1-3 are statistically typical of B3LYP/
aug-cc-pVDZ//B3LYP/6-31G* calculations, neglecting vibrational
and solvent effects, and that the ACs can be assigned with 95%

confidence. For4, the error is larger than statistically typical,
somewhat reducing the confidence level of the AC arrived at.
However, for molecules with [R]D values> 100 we have not yet
encountered any cases where the sign is incorrectly predicted. It is
therefore very unlikely that the assigned AC of4 is incorrect.

The ECD spectrum of (-)-1 was reported by Smith et al.,3 but
to date ECD spectra for2-4 have not been reported. In order to

Figure 9. Comparison of experimental rotational strengths for (-)-1 with the B3PW91/TZ2P rotational strengths for (1R,2R,5S,8R,11R)-1
(a) and (1S,2S,5R,8S,11S)-1 (b). The lines have slopes of+1.

Figure 10. Comparison of experimental and calculated [R]D for
65 molecules. Enantiomers are chosen with positive experimental
[R]D values. (blackb) Correct ACs; (redb) opposite ACs. The
y-axis intercepts of the straight lines are 0,+2σ, and-2σ, where
2σ ) 57.8. The triangular area bounded by the boldfaced lines is
“the zone of indeterminacy”. (blue9) Cytotoxins1-4.
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further confirm the AC of1, and in order to define the potential
utility of ECD in further confirming the ACs of2-4, we have
carried out TDDFT calculations of the ECD of1-4. As expected,
1, 2, and3 exhibit one low-energy excitation attributable to nf
π* excitations of their carbonyl groups. In1 and3, these excitations
are near 300 nm; in2 conjugation red shifts this excitation to∼370
nm. For (1R,2R,5S,8R,11R)-1 the rotational strength is positive, the
sign of the experimental ECD of (-)-1, consistent with the AC of
Smith et al. For (1R,2R,8R,11R)-2 and (1R,2R,5S,8R,11R)-3, the
predicted rotational strengths are also positive and similar in
magnitude to1. The excitations at higher energies are much more
closely spaced and the ECD spectra predicted are sensitive to the
bandwidths of these excitations. In the case of1, the negative ECD
observed experimentally at 216 nm is successfully predicted, but
it is uncertain how well the experimental spectrum below this
wavelength is reproduced. In the case of4, there is no well-resolved,
lower energy excitation, and the predicted spectrum is dense and
complex. We conclude that ECD studies of the nf π* carbonyl
excitations of2 and 3 will be useful in further confirming their
ACs, but that studies of the shorter wavelength ECD of2-4 are
less likely to be useful for this purpose.

VCD spectroscopy provides an alternative chiroptical technique
for determining the ACs of chiral molecules. The availability of a
synthetic sample of nearly optically pure (-)-1 has enabled the
measurement of the VCD spectrum of1 for the first time, the further
confirmation of the AC of1, and the demonstration of the power
of the VCD technique, relative to the optical rotation and ECD
techniques, in determining ACs. The VCD spectrum of (-)-1 over
the frequency range 800-1800 cm-1, shown in Figure 6, exhibits
many well-resolved bands with high signal-to-noise ratios. Analysis
of this spectrum follows the protocol that we (at USC) have
developed and applied to a wide range of chiral molecules. The
first step is the assignment of the IR spectrum, based on DFT
calculations using the TZ2P basis set and the functionals B3LYP
and B3PW91. The TZ2P basis set has been shown to provide a
good approximation to the complete basis set limit and to be far
more accurate in predicting IR and VCD spectra than small basis
sets such as 6-31G*.12hThe B3LYP and B3PW91 hybrid functionals
are state-of-the-art, but not identical. Use of both functionals permits
the sensitivity of the calculated spectra to the choice of functional
to be gauged and the more reliable functional for the specific
molecule under study to be selected. The B3LYP/TZ2P and
B3PW91/TZ2P IR spectra of1, shown in Figure 1 of the SI, are
very similar overall, but not identical: see, for example, the very
different relative intensities of fundamentals 53 and 54. Comparison
with the experimental spectrum permits unambiguous assignment
of the large majority of the observed bands. For modes 53 and 54,
the B3PW91/TZ2P spectrum is in better agreement with experiment.
The overall excellence of the agreement of the B3PW91/TZ2P and
experimental IR spectra is shown in Figure 7. The assignment of
the IR spectrum simultaneously assigns the experimental VCD
spectrum. The determination of the AC of1 then simply requires
the comparison of the calculated VCD spectra for the two possible
ACs to the experimental spectrum. As shown in Figure 8 and Figure
2 of the SI, the calculated B3PW91/TZ2P VCD spectrum for
(1R,2R,5S,8R,11R)-1 is in magnificent agreement with the experi-
mental spectrum of (-)-1. For every observed band, calculated and
experimental VCD agree in sign. In contrast, for the opposite AC,
calculated and experimental VCD signs are uniformly opposite. It
follows immediately that the AC of1 must be (1R,2R,5S,8R,11R)-
(-). Quantitative verification of this conclusion is provided by the
comparison of calculated and experimental rotational strengths. The
latter are obtained by Lorentzian fitting, in which initial choices of
frequencies and bandwidths are obtained from prior fitting of the
IR spectrum (which always has a higher signal-to-noise ratio than
the VCD spectrum). As shown in Figure 9, calculated B3PW91/
TZ2P rotational strengths for the (1R,2R,5S,8R,11R) AC exhibit

excellent quantitative agreement with experimental values. The
differences between calculated and experimental rotational strengths
can be attributed to a variety of factors: imperfection of the
B3PW91 functional, basis set error, neglect of anharmonicity and
solvent effects, and errors in experimental rotational strengths due
to instrumental artifacts. In the case of calculated rotational strengths
for the opposite AC the correlation with experimental values is
negligible. Thus to an extremely high degree of certainty, the AC
of 1 is (1R,2R,5S,8R,11R)-(-).

The application of the VCD technique to the determination of
the AC of 1 permits the use of the VCD and ECD techniques for
this purpose to be compared. The most dramatic difference is in
the number and resolution of transitions. In the VCD spectrum of
1 over the range 800-1800 cm-1 there are 56 fundamental
vibrational transitions, a large fraction of which are resolved due
to the narrow bandwidths of fundamental vibrational transitions in
liquid solutions. In the ECD spectrum of1 at wavelengths> 200
nm only two bands are observed. At wavelengths< 200 nm more
bands undoubtedly exist, but, as can be seen in Figure 5, given the
large bandwidths of electronic excitations, few bands, if any, are
likely to be resolved. Accordingly, the information content of a
VCD spectrum is enormously greater than that of an ECD spectrum.
From the theoretical standpoint, VCD also has the advantage that
calculations involve only the ground electronic state, whereas ECD
calculations involve excited electronic states. Since, with any ab
initio methodology, ground electronic states are more reliably
described than excited states, the frequencies and rotational strengths
of vibrational transitions are more reliably predicted than for
electronic transitions. Our results for1 provide one more example
of the exceptionally high reliability of DFT calculations of VCD
spectra, given optimum choices of functional and basis set. It
follows that VCD spectroscopy is substantially more reliable than
ECD spectroscopy in determining ACs of chiral molecules. As a
result, we recommend that further confirmation of the ACs of
molecules2-4 be carried out using the VCD technique.

Conclusion
We have demonstrated the application of DFT calculations of

the optical rotation, ECD, and VCD to the determination of the
ACs of chiral natural products. In the case of quadrone,1, the same
AC, (1R,2R,5S,8R,11R)-(-), is obtained from all three chiroptical
properties, demonstrating the reliability of the DFT methodologies.
The simultaneous application of all three chiroptical spectroscopies
to the same molecule also permits the relative reliabilities of the
ACs obtained to be assessed, with the clear conclusion that the
VCD technique leads to ACs of the highest reliability. In the cases
of suberosenone,2, suberosanone,3, and suberosenol A acetate,
4, the only chiroptical data currently available are [R]D values, and
our determination of their ACs is based on these properties alone.
Clearly, ECD and, especially, VCD studies of these molecules are
very desirable in order to definitively confirm the results obtained
from the [R]D values.
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