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Introduction

In the field of organic synthesis, considerable interest[1] has
been devoted to the preparation of optically active, spirocy-
clic, hypervalent compounds containing sulfur, tellurium, or
selenium as the central atom. This interest has arisen due to
the recognition that, until relatively recently, very few com-
pounds of this kind have been characterized in the optically
active form and, therefore, a substantial amount of impor-
tant stereochemical information has been lacking. Spirosele-
nuranes constitute a family of hypervalent selenium com-

pounds that exhibit trigonal bipyramidal geometry and dis-
play chirality due to molecular dissymmetry. Examples of
previously studied spiroselenuranes are 3,3’-spirobi-(3-sele-
naphthalide) (1, see Scheme 1) and its 7-carboxy derivative.

Compound 1 was first synthesized by Lesser and Weiss[2]

and the synthesis was later reinvestigated by Dahlen and
Lindgren.[3] Okazaki et al.[4] accomplished the synthesis of
1,5-dioxa-4-selenaspiro[3.3]heptanes, a type of spiroselenur-
ane bearing two oxaselenetane rings. Koizumi et al. have
prepared[5] a few enantiomerically pure spiroselenuranes
and spirotelluranes by using the 2-exo-hydroxy-10-bornyl
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Scheme 1. The chemical structures of 3,3’-spirobi-(3-selenaphthalide) (1),
3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxaselenole oxide (2), and
3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxaselenole (3).
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group as a chiral ligand. Recently, Drabowicz and co-work-
ers have reported[6a] the synthesis and absolute configuration
of 3,3,3’,3’-tetramethyl-1,1’-spirobi[3H,2,1]benzoxaselenole
oxide (2, see Scheme 1) and determined its absolute configu-
ration using X-ray crystallography. They have also synthe-
sized[6b] 3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxasele-
nole (3, see Scheme 1), but its absolute configuration has
not yet been determined.

In the light of continued interest in investigating the ste-
reochemistry of hypervalent compounds containing a central
selenium atom, the research presented here uses chiroptical
methods to determine the absolute configuration and the
dominant conformation of 3. The stereochemical assign-
ments have been previously made for 1 and 2, which have
structural resemblances with 3 (Scheme 1). The enantiomer
of 1, with negative optical rotation at 589 nm, was assigned[1]

S configuration, while the enantiomer of 2, with negative
optical rotation at 589 nm, has been assigned[6a] R configura-
tion. In this manuscript we determine and report the abso-
lute configuration of 3.

Vibrational circular dichroism (VCD) is an independent
spectroscopic method[7] for determining the absolute config-
uration and dominant conformation(s) in the solution phase.
The development of methods[8] for reliably predicting VCD
using density functional theory (DFT) and the availability of
quantum mechanical programs,[9] in conjunction with the
availability of commercial VCD instruments, has facilitated
the use of this technique. Numerous examples are now avai-
lable,[7c] in which VCD has been successfully used to deter-
mine the absolute configuration and predominant confirma-
tion(s) in the solution phase.

The first ab initio prediction of optical rotation was re-
ported[10] in 1997 and since then numerous advances[11] have
taken place in using optical rotation for structural elucida-
tion. Some reports have also emphasized the use[12] of opti-
cal rotatory dispersion (ORD), instead of rotation at one
wavelength, for assigning the absolute configuration. Simi-
larly, the development of DFT methods for electronic circu-
lar dichroism (ECD)[13] has also led to the use of ECD for
establishing the absolute configuration. In particular, the
availability of quantum mechanical programs[9] for these cal-
culations has facilitated the applications of ORD and ECD.

In this manuscript, the absolute configuration and pre-
dominant conformation of 3 have been determined using ex-
perimental and density functional theoretical VCD studies.
The conclusions obtained from VCD studies are further sup-
ported by experimental and theoretical studies on ORD and
ECD. This is the first study where VCD, ORD, and ECD
have been used together to establish the absolute configura-
tion.

Results and Discussion

The stereoisomers available to a molecule can have a dra-
matic effect on its activity and reactivity. In some cases an
ensemble of stereoisomers may be responsible for an ob-

served behavior. Therefore, it is important to account for all
possible low-energy stereoisomers. The conformational ri-
gidity of 3 restricts the consideration to only two different
isomers (Figure 1). Although NMR data for 3 have been re-
ported,[6b] the predominance of one or both of these isomers

has not been established. Therefore we investigated the two
isomers, trans and cis, differing in dihedral angle, labeled as
D(5-4-1-3). The trans isomer, with D(5-4-1-3)=5.68 (Fig-
ure 1a), has C2 symmetry and was obtained by optimizing
the geometry of the structure that possesses coordinates ac-
quired from the spiroselenurane crystal structure.[6b] The cis
isomer (Figure 1b) considered has no symmetry and is char-
acterized by the dihedral angle D(5-4-1-3)=�105.68. The in-
itial structure for the cis isomer was obtained by doing a
manual search for possible low-energy conformations.

The converged dihedral angles, optimized electronic ener-
gies, and relative populations are listed in Table 1. Due to
the rigidity of the spiroselenurane structure, it is not surpris-
ing that among the two isomers under consideration only
one is dominant. Based on the DFT-predicted electronic en-

Figure 1. B3 LYP/6–31G* optimized structures of two stereoisomers of 3 :
a) trans isomer with D(5-4-1-3)=5.68 ; b) cis isomer with D(5-4-1-3)=

�105.68.
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ergies, and the relative Boltzmann populations thereby cal-
culated, the trans isomer with D(5-4-1-3)=5.68 is seen to be
dominant.

Specification of the absolute configuration[14–16] of the
structure used in the theoretical calculation is based on es-
tablished convention for spirane compounds.[16] To specify
the absolute configuration, atoms surrounding the selenium
are assigned priority designations (Figure 2). The atoms la-
beled as “a” and “b” with the same subscripts designate the
pair of atoms sharing the same
ring. Labels a1 and a2 carry
higher priority than b1 and b2.
Placing the lowest priority
group (b2) in the back, away
from the observer, and follow-
ing the sequence a1-a2-b1 gives a
clockwise rotation and, hence,
R configuration for the struc-
ture used in the calculations.
The same R absolute configura-
tion for this structure can be
designated by the modification
of the Cahn–Ingold–Prelog
rules[17] proposed by Martin and
Balthazor.[18]

The theoretical vibrational
spectra are compared to the
corresponding experimental
spectra in Figure 3 and
Figure 4. It is well known that
the B3 LYP/6–31G* calculated
frequencies are larger than the
observed frequencies and,
therefore, need to be scaled.
Even after scaling there will be
differences between calculated and observed frequencies
due to inaccuracies at the level of theory used and due to
anharmonic effects in the experimental frequencies. There-
fore, the correlation between predicted and experimental
spectra is normally made by following spectral patterns
(that is, higher-intensity bands in the experimental spectra
correspond to higher intensity bands in the predicted spec-
tra, etc.). The region between ~1300 and 1246 cm�1 is not
shown in the experimental spectra due to interference from
the high-intensity absorption band of the solvent. Conse-
quently, this region of the experimental spectrum cannot be
compared to the predicted spectrum. The absorption bands
in the predicted spectrum show one-to-one correspondence

with the absorption bands in the experimental spectrum of
3. For example, the high-intensity experimental bands at 953
and 1155 cm�1 correspond to the analogous high-intensity
bands in the predicted spectrum at 946 and 1151 cm�1, re-
spectively.

The significant VCD bands (Figure 4) in the observed
VCD spectrum of (+)589-3 at a concentration of 0.086 m can
be seen as three bisignate couplets: a couplet with a positive
band at 953 cm�1 (+) and a negative band at 966 cm�1 (�);
a second couplet with a negative band at 1115 cm�1 and a
positive band at 1119 cm�1; a third couplet with a positive
band at 1155 cm�1 (+) and negative band at 1173 cm�1. The
corresponding couplets in the predicted spectrum can be

Table 1. B3 LYP/6–31G* predictions of optimized dihedral angles, ener-
gies, and relative populations of the two isomers of 3.

Dihedral angle,[a] Electronic energy Population
D(5-4-1-3) [8] [hartree] [%]

trans isomer 5.6 �3247.76880356 100
cis isomer �105.6 �3247.73567341 0

[a] See Figure 1 for atom numbering.

Figure 2. Priority designations aiding the configurational assignment for
the structure used in theoretical calculations on 3.

Figure 3. Comparison of the experimental absorption spectrum of (+)-3 (0.086 m in CH2Cl2; path length =

110 mm) with the predicted absorption spectrum (B3 LYP/6–31G*) of (R)-3 (top and bottom plots, respective-
ly). Lorentzian band shapes with a half-width at one-half of the peak height of 5 cm�1 were used in the spectral
simulation; 6–31G* frequencies were scaled by 0.9613.
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seen at 946–959 cm�1, 1102–1109 cm�1, and 1151–1168 cm�1,
respectively. The vibrational origin of these couplets in the
predicted spectrum are as follows: In the first couplet, the
positive VCD band at 946 cm�1 has contributions from three
different vibrations, with the dominant contribution coming
from the antisymmetric C�O stretching vibration; the nega-
tive band at ~959 cm�1 is due to the symmetric C�O
stretching vibration. The second couplet originates from
phenyl C�H rocking vibrations, with the negative VCD at
1102 cm�1 and positive VCD at 1109 cm�1 coming, respec-
tively, from symmetric and antisymmetric modes. In the
third couplet, the positive VCD band at 1151 cm�1 has con-
tributions from five different vibrations, with C�CH3

stretching and phenyl C�H bending vibrations making
major contributions; the negative VCD band at 1168 cm�1

originates from C�CH3 stretching coupled with C�O
stretching.

The abovementioned three bisignate VCD features ob-
served for (+)589-3 are reproduced in the predicted VCD
spectrum of (R)-3. The predicted VCD spectrum for (S)-3
would be a mirror image to that of (R)-3 and would not
agree with the experimental VCD spectrum for (+)589-3.
The nice agreement seen between the VCD spectra of (R)-3
(predicted) and (+)589-3 (experimental) indicates that the
absolute configuration is (+)589-(R) or, equivalently, (�)589-
(S).

The experimental ECD spectrum obtained for (�)589-3 in
CH2Cl2 (Figure 5) is similar to that measured by Drabowicz
and co-workers[6b] in hexane. The predicted ECD spectrum
for (S)-3, obtained by multiplying the (R)-3 spectrum by �1,
is compared to the experimental ECD spectrum of (�)589-3
in Figure 5. Both spectra display an overall positive ECD in

the ~210 to 300 nm region, sug-
gesting that the absolute config-
uration is (�)589-(S) or, equiva-
lently, (+)589-(R). The origin of
ECD features in spiroselenur-
anes has not been identified
before in the literature. We
have analyzed the molecular or-
bital coefficients obtained in
the ECD calculation at B3 LYP/
6–31G* level and found that all
of the first 12 electronic transi-
tions calculated are associated
with lone pairs of electrons on
either Se or O atoms. The
lowest energy electronic transi-
tion is associated with lone-pair
electrons on selenium atoms.

The predicted ORD for (S)-
3, obtained by multiplying that
of (R)-3 by �1, is compared to
the corresponding experimental
ORD measured in CH2Cl2 for
(�)589-3 (Figure 6). The experi-
mental specific rotations for

(�)589-3 at longer wavelengths are negative, but change sign
at ~475 nm and increase in magnitude at shorter wave-
lengths. The same trend is seen in the predicted values for
(S)-3, although the crossover point in the predicted ORD is
different from that in the experimental data because of the
inaccuracies in electronic transition wavelengths predicted

Figure 4. Comparison of the experimental VCD spectrum of (+)-3 (0.086 m in CH2Cl2; path length =110 mm;
obtained as one half of the difference between VCD of (+ )- and (�)-enantiomers) with the predicted VCD
spectrum (B3 LYP/6–31G*) of (R)-3 (top and bottom plots, respectively). Lorentzian band shapes with a half-
width at one-half of the peak height of 5 cm�1 were used in the spectral simulation; 6–31G* frequencies were
scaled by 0.9613.

Figure 5. B3 LYP/6–31G* predicted ECD spectrum for (S)-3 (top) and ex-
perimental ECD spectrum of (�)-3 (bottom). The theoretical ECD spec-
trum was simulated using gaussian band shapes with a half-width at 1/e
of peak height of 20 nm.
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at B3 LYP/6–31G* level. Nevertheless, a nice correlation
seen in the trends of predicted and experimental ORD data
provides another verification that the absolute configuration
of 3 is (+)589-(R) or (�)589-(S).

Given that the first eluted enantiomer on a Chiralpack
AS analytical column, with 10 % IPA and 90 % hexane as
the mobile phase at room temperature, has negative optical
rotation at 589 nm in CH2Cl2, it is concluded that the S en-
antiomer of 3 elutes first on this column.

We have also undertaken calculations of VCD, ECD, and
ORD with the 6–31+ G basis set (and B3 LYP functional)
and obtained results similar to those in the aforementioned
B3 LYP/6–31G* calculations, except that the B3 LYP/6–31+

G calculations did not predict negative optical rotation at
longer wavelengths. Given that there is no electronic transi-
tion for 3 at 475 nm, the change in sign of rotation at
475 nm can be attributed to the cancellation of opposing
ORD contributions from different, shorter-wavelength ECD
bands. Such cancellation does not occur quantitatively,
unless the ECD intensities at shorter wavelengths are pre-
dicted accurately. As one cannot hope to obtain quantita-
tively accurate ECD intensities at either B3 LYP/6–31G* or
B3 LYP/6–31+ G level, it is only necessary to reproduce the
overall ORD pattern, rather than the sign of rotation at one
particular wavelength. In this regard, the predicted ORD
pattern, at both B3 LYP/6–31G* and B3 LYP/6–31+G
levels, is in agreement with the experimentally observed
ORD pattern. We have also attempted the VCD, ECD, and
ORD calculations using a much larger aug-cc-pVDZ basis
set and B3 LYP functional. However, the SCF convergence
problems, even after using various different options, pre-
vented the completion of these calculations.

It is interesting to note that the absolute configuration for
3, (+)589-(R), determined here, is opposite to that deter-
mined[6a] for 2, (�)589-(R), by using X-ray crystallography,
but is the same as that determined[1] for 1, (�)589-(S). The
ECD spectra of (�)589-3 and (�)589-2 are also significantly
different. The chemical constitutional difference between
spiroselenuranes 3 and 2, namely, a lone pair (in 3) versus

an oxygen atom (in 2) attached to the selenium atom, must
be the source for change in the sign of rotation for a given
configuration.

Very recently, the absolute configurations of spirosulfur-
ane and spirotellurane with structures analogous to 3 were
deduced to be the same as that of 3 [(+)589-(R) or (�)589-(S)]
on the basis of the dirhodium-NMR method.[19]

Conclusion

Due to its rigid structure, spiroselenurane is stable as a trans
isomer. The agreement between the theoretical and experi-
mental chiroptical parameters, namely, VCD, ECD, and
ORD, leads to the conclusion that the absolute configura-
tion of 3,3,3’,3’-tetramethyl-1,1’-spirobi[3 H,2,1]benzoxasele-
nole is (+)589-(R) and (�)589-(S), where (+)589 and (�)589 are
the signs of observed rotations at 589 nm in CH2Cl2. Given
that the first eluted enantiomer on a Chiralpack AS analyti-
cal column, with 10 % IPA and 90 % hexane as the mobile
phase at room temperature, has negative optical rotation at
589 nm in CH2Cl2, it is concluded that the S enantiomer of 3
elutes first on this column. Furthermore, this work demon-
strates the first combined use of VCD, ECD, and ORD
techniques complementing each other to assign the absolute
configurations with increased confidence.

Experimental and Theoretical Methods

Synthesis and resolution : Compound 3 in racemic form has been synthe-
sized at Lodz by means of a one-step reaction[6b] of diethyl selenite and
the Grignard reagent derived from orthobromcumyl alcohol. Drabowicz
and co-workers[6b] have demonstrated resolution of enantiomers of 3 on a
Chiralpack AS column with the first and second eluted enantiomers ex-
hibiting negative {[a]D =�20 (c=0.36, CH2Cl2)} and positive {[a]D =++21
(c= 0.35, CH2Cl2)} rotations, respectively. Following this approach, the
enantiomeric separation was carried out at Wyeth laboratories on a Chir-
alpack AS analytical column (20x250 mm), with 10 % IPA and 90%
hexane as the mobile phase at room temperature. The separation factor,
a, was 1.9, and the resolution factor, Rs, was 2.7. Note that the sign of op-
tical rotation changes at shorter wavelengths and the (+)589- and (�)589-
enantiomers of 3 are identified in this manuscript by their rotation at
589 nm in CH2Cl2.

Absorbance and VCD Spectra : The absorption and VCD spectra were re-
corded at Vanderbilt on a commercial Fourier Transform VCD spectrom-
eter, Chiralir, in the 2000–900 cm�1 region. The VCD spectra were re-
corded with a three-hour data collection time at 4 cm�1 resolution. Spec-
tra were measured in CH2Cl2 at concentrations of 0.075 m and 0.086 m for
(�)589- and (+)589-enantiomers, respectively. The sample was held in a
variable path length cell with BaF2 windows and a path length of 110 mm.
In the absorption spectrum presented, the raw solvent absorption was
subtracted out. In the VCD spectrum presented, the VCD spectrum of
the solvent was eliminated indirectly by subtracting the VCD spectra of
two enantiomers and then scaling the intensities by 1=2.

ECD spectra and ORD : The ECD spectra were recorded on a Jasco J 720
spectropolarimeter at Vanderbilt, by using a 0.01-cm path length and
CH2Cl2, and on a CD 6 dichrograph at Lodz, by using a 0.05-mm path
length and hexane. The optical rotations at discrete wavelengths were
measured in CH2Cl2 using an Autopol IV polarimeter at Vanderbilt and
with a Perkin–Elmer 241 polarimeter at Lodz.

Figure 6. Comparison of ORD predicted data for (S)-3 using B3 LYP/6–
31G* (&) with experimental data for (�)-3 (~).
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Calculations : All calculations were done at Vanderbilt. The geometry op-
timizations, vibrational frequencies, absorption and VCD intensities for
spiroselenurane were calculated using the Gaussian 98 program. The cal-
culations were based on the DFT method with B3 LYP functional, by
using 6–31G* and 6–31+ G basis sets. The theoretical absorption and
VCD spectra of (R)-3 were simulated with Lorentzian band shapes and a
half-width at one-half of the peak height of 5 cm�1. Since the DFT-pre-
dicted band positions are higher than the experimental values, the DFT
vibrational frequencies were scaled by 0.9613 in the 6–31G* calculation
and by 0.9899 in the 6–31+G calculation. The ORD and ECD calcula-
tions were undertaken using the same levels of theory as for VCD, by
using the Gaussian 03 program. The theoretical ECD intensities, of the
first 12 electronic transitions in the 6–31G* calculation and 16 electronic
transitions in the 6–31+G calculation, were used to simulate the ECD
spectra for (S)-3 using gaussian band shapes and a half-width at 1/e of
peak height of 20 nm.
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