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The comparison between experimental and calculated VCD
spectra allowed the unequivocal assignment of the absolute
configuration of heptahelicene C3gH;g as P(+).

Molecules with helical structures have fascinated chemists
for many years. Helicenes possess an inherent chiral chromo-
phore and exhibit outstanding linear and nonlinear optical
activity.! The absolute configuration of all-carbon helicenes
and heterohelicenes is believed to be such that P-helicenes
are dextrorotatory at wavelengths longer than those of the
UV/VIS absorption bands. This assignment is based on two
anomalous X-ray scattering studies, the so-called Bijvoet
method? performed on (—)-2-bromohexahelicene with subse-
quent debromation to (—)-hexahelicene® and for a (—)-sulfur
heterohelicene.* However, the determination of absolute con-
figuration via the Bijvoet method has been challenged by
Tanaka et al. in 1973, who came to opposite conclusions based
on chiroptical methods.”> Furthermore, much criticism has
been expressed on how the determination of absolute config-
uration has been carried out.® With the exception of the early
study by Moscowitz,” the P-(+) assignment was supported by
theoretical calculations predicting the optical rotation and the
electronic CD spectra of helicenes.®

More recently Furche and coworkers demonstrated the
potential of time-dependent density functional theory for the
calculation of electronic CD spectra of several helicenes,
including heptahelicene.” Comparison with experimental CD
spectra revealed reasonable agreement in most cases, allowing
the assignment of the absolute configuration of the helicenes
with relatively high confidence. Time-dependent density
functional theory was also applied to calculate optical
rotations of several small to medium-sized molecules,'® of
which heptahelicene was the largest, again showing reasonable
agreement with experiment.

On the other hand, optical activity associated with
molecular vibrations contains detailed structural information.
Vibrational circular dichroism spectroscopy (VCD) and
Raman optical activity (ROA) have been found to be reliable
techniques for the determination of the absolute configuration
of chiral molecules in solution.!' Below we demonstrate that
the absolute configuration of heptahelicene (C30Hs, Fig. 1)
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can be assigned with a very high level of confidence by com-
parison of experimental and calculated VCD spectra.

The structure of the heptahelicene molecule is largely
determined by repulsive forces between the two ends of the
helix. The C1-C21, C1-C23 and HI-C23 distances (see Fig.
1) were calculated to be 3.02, 3.12 and 2.49 A at the
B3LYP/6-31G(d,p) level of theory. This compares well with
the crystal structure since the corresponding distances were
reported as 2.89-2.91, 3.04-3.08 and 2.36-2.51 A, depending
on the crystal modification and the molecule within the unit
cell.'® The intramolecular repulsion gives the molecule a pro-
nounced rigidity and therefore large VCD signals can be
expected.

Fig. 2 shows the VCD spectra of both enantiomers of
heptahelicene in CH,Cl,. The black (grey) trace corresponds
to the enantiomer that we labelled H1 (H2), since it elutes first
(second) from the chromatographic column. The reliability of
the measurements is confirmed by the mirror-image-like VCD
spectra of the H1 and H2 enantiomers. The strongest VCD
band in the spectral range covered in Fig. 2 at 950 cm ™" exhi-
bits a rather large anisotropy ratio of about A4/4 = 1073,
indicating a large magnetic dipole contribution. This band is
associated with a vibration of b symmetry within the C, point
group and has prominent C-H out-of-plane bending character
at the terminal rings (see ESI). Interestingly the VCD spectrum
of another helical molecule, a heptathiophene that was very
recently reported,'® did not show unusually large anisotropy
ratios in the experimental spectra. The latter molecule,
however, does not contain hydrogen atoms within the helix.

For heptahelicene very large VCD signals were also
observed (and calculated) for some C-H out-of-plane bending
vibrations in the spectral region between 800-860 cm ™' (not
shown). Calculations show that the strongest band in both
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Top view

Fig. 1 Calculated structure of P-heptahelicene.
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Fig. 2 VCD spectra of the two enantiomers of heptahelicene. The
black trace corresponds to the enantiomer HI1 that elutes first from
the chromatography column. Solutions of 9 mg in 400 pl CH,Cl, were
used. Path length: 1 mm. About 3600 scans were averaged for each
spectrum and a VCD spectrum of the solvent was subtracted. The
missing parts of the spectra correspond to regions of strong solvent
absorption.

the absorption and VCD spectra in this region is associated
with a normal mode characterized by in-phase, out-of-plane
hydrogen deformation (see ESI). Strong VCD signals were
recently also reported for a highly configurationally stable
[4]heterohelicenium cation,'* which indicates that strong
VCD activity is a common property of rigid helical molecules.

In Fig. 3 calculated and experimental absorbance and VCD
spectra are compared. For the calculations the P enantiomer
shown in Fig. 1 was chosen, whereas the experiment corre-
sponds to H2. The comparison allows the unequivocal assign-
ment of H1 (H2) to the M (P) enantiomer. In particular, in the
spectral regions with a relatively low density of fundamental
modes at 900-1170 cm™" and 1450-1700 cm~" the calculated
and experimental spectra match very well. The broad band
at around 1700 ecm™! also shows significant VCD activity
(see Fig. 2). This signal has to be assigned to overtone and
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Fig. 3 Comparison between calculated (grey) and experimental
(black) absorption (bottom) and VCD spectra. The experimental spec-
trum corresponds to the enantiomer that elutes second from the chro-
matography column (H2). For experimental conditions see Fig. 2. The
calculations were performed at the B3LYP/6-31G(d,p) level of theory
and were performed on the P enantiomer shown in Fig. 1. The calcu-
lated frequencies were scaled by a factor of 0.97.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004

View Online

combination bands since no fundamentals are expected in this
region. The frequency is consistent with overtone and combi-
nation bands of C-H out-of-plane bending modes. Their
appearance shows the high VCD activity of heptahelicene.
On the other hand the corresponding signals are missing in
the calculated absorption and VCD spectra because a normal
modes analysis only accounts for fundamentals.

A comparison between CD and optical rotation, which were
also measured, and VCD spectra of heptahelicene results in the
following correlation: the P (H2) enantiomer is dextrorotatory
at 590 nm, that is at longer wavelengths than the absorption
bands in the visible. The CD spectrum that we measured for
the P enantiomer (as determined by VCD) is identical with
the spectrum of the enantiomer, which was also assigned as
P, based on calculated CD spectra.9

In conclusion we have found that heptahelicene exhibits
strong VCD activity. Absorption and VCD spectra of this rela-
tively large molecule calculated from hybrid density functional
methods in combination with a medium-sized basis set are in
good agreement with experimental spectra and allow a definite
assignment of the absolute configuration. The procedure
followed to determine the absolute configuration of heptaheli-
cene, that is the comparison between experimental and calcu-
lated VCD spectra, is analogous to the one recently reported
for absolute configuration determination from electronic CD
spectra.’ Both approaches have advantages and disadvantages.
CD spectra are more easily measured, mainly due to the larger
cross sections associated with electronic as compared to
vibrational transitions. On the other hand VCD is more easily
treated theoretically than CD. In CD spectroscopy electroni-
cally excited states are involved, whereas in VCD usually only
the electronic ground state plays a role. An inherent disadvan-
tage of CD with respect to VCD spectroscopy is the fact that
the spectral information is usually less separated. Electronic
transitions tend to be broad at room temperature such that a
CD spectrum exhibits typically only a handful of bands,
composed of overlapping transitions.

Experimental and theoretical methods

Heptahelicene (benzo[c]phenanthro[4,3-g]phenanthrene) was
synthesized as described previously.'> After separation of the
enantiomers on a preparative HPLC system with a Daicel
Chiralcel OD column (21 mm diameter, 250 mm length,
mobile phase 9:1 hexane-2-propanol) the enantiomeric purity
of the different fractions was determined on an analytical
HPLC system with a Daicel Chiralcel OD-H column (4.6
mm diameter, 250 mm length). The chromatograms showed
exclusively one peak. An enantiomeric excess of ee >99%
was estimated from the maximum signal of the opposite enan-
tiomer, which could possibly be hidden in the noise. CD
spectra of both enantiomers were identical to those reported
previously.”!® IR and VCD spectra were measured using a
Bruker PMA 37 accessory coupled to a VECTOR /33 Fourier
transform infrared spectrometer as described in detail else-
where.!” A photoelastic modulator (Hinds PEM 90) set at
1/4 retardation was used to modulate the handedness of the
circular polarized light and demodulation was performed
by a lock-in amplifier (SR830 DSP). In order to enhance the
signal-to-noise ratio an optical low-pass filter (<1800 cm™")
was put before the photoelastic modulator. A transmission cell
equipped with KBr windows and a 1 mm teflon spacer was
used. A single beam spectrum of the neat solvent served as
the reference for the absorption spectrum and a spectrum of
the neat solvent recorded in VCD mode was subtracted from
the VCD spectrum of the dissolved molecules. The data are
presented without smoothing or further data processing.
VCD spectra were calculated using GAUSSIAN9S.'® Com-
plete optimization of all internal coordinates of the molecule

New. J. Chem., 2004, 28, 332-334

333



http://dx.doi.org/10.1039/B312877F

Downloaded on 24 November 2010
Published on 04 February 2004 on http://pubs.rsc.org | doi:10.1039/B312877F

was performed at the density functional B3LYP and B3PWO1
levels of theory using 6-31G(d,p) and cc-pvdz basis sets. For
the minimized structures a normal coordinate analysis was per-
formed. Rotational and dipole strengths associated with the
normal modes were calculated and spectra were simulated by
convolution with a Lorentzian line shape as described else-
where.'” In general the calculated absorption and VCD spectra
were very similar for the density functionals and basis sets
considered.

References

1

(a) D. Beljonne, Z. Shuai, J. L. Brédas, M. Kauranen, T. Verbiest
and A. Persoons, J. Chem. Phys., 1998, 108, 1301; (b) H. Ashitaka
and H. Sasabe, Nonlinear Opt., 1995, 14, 81.

(a) P. M. Bijvoet, A. F. Peerdman and A. J. van Bommel, Nature
(London), 1951, 168, 271; (b) A. F. Peerdman, A. J. van Bommel
and P. M. Bijvoet, Proc. R. Acad. Amsterdam, 1951, 168, 271.
D. A. Lightner, D. T. Hefelfinger, T. W. Powers, G. W. Frank
and K. N. Trueblood, J. Am. Chem. Soc., 1972, 94, 3492.

M. B. Groen and H. Wynberg, J. Am. Chem. Soc., 1971, 93, 2968.
J. Tanaka, C. Katayama, F. Ogura, H. Tatemitsu and M.
Nakagawa, J. Chem. Soc., Chem. Commun., 1973, 21.

(a) P. G. Jones, Acta Crystallogr., Sect. B, 1984, 30, 660; (b) P. G.
Jones, Acta Crystallogr., Sect. B, 1985, 40, 662.

A. Moscowitz, Adv. Chem. Phys., 1962, 4, 67.

(a) G. Wagniere, The Jerusalem Symposium on Quantum Chemis-
try and Biochemistry, III, The Israel Academy of Science and
Humanities, Jerusalem, 1971, p. 127; (b) L. D. Barron, J. Chem.
Soc., Faraday Trans. 2, 1975, 71, 293; (¢) W. S. Brickell,
A. Brown, C. M. Kemp and S. F. Mason, J. Chem. Soc. A,
1971, 756; (d) V. Buss and K. Kolster, Chem. Phys., 1996, 203,
309; (e) S. Grimme, J. Harren, A. Sobanski and F. Vogtle, Eur.
J. Org. Chem., 1998, 1491.

334

New. J. Chem., 2004, 28, 332-334

10

11

12

13

14

15

17

18

View Online

F. Furche, R. Ahlrichs, C. Wachsmann, E. Weber, A. Sobanski,
F. Vogtle and S. Grimme, J. Am. Chem. Soc., 2000, 122, 1717.
J. Autschbach, S. Patchkovskii, T. Ziegler, S. J. A. Van Gisbergen
and E. J. Baerends, J. Chem. Phys., 2002, 117, 581.

(a) T. B. Freedman, X. Cao, R. K. Dukor and L. A. Nafie,
Chirality, 2003, 15, 743; (b) F. J. Devlin, P. J. Stevens, J. R.
Cheeseman and M. J. Frisch, J. Am. Chem. Soc., 1996, 118,
6327; (¢) J. Costante, L. Hecht, P. L. Polavarapu, A. Collet
and L. D. Barron, Angew. Chem., Int. Ed., 1997, 36, 885; J.
Costante, L. Hecht, P. L. Polavarapu, A. Collet and L. D. Barron,
Angew. Chem., 1997, 109, 917.

P. T. Beurskens, G. Beurskens and T. E. M. van den Hark, Cryst.
Struct. Comm., 1976, 5, 241; T. E. M. van den Hark and P. T.
Beurskens, Cryst. Struct. Comm., 1976, 5, 247.

T. B. Freedman, X. Cao, A. Rajca, H. Wang and L. A. Nafie,
J. Phys. Chem. A, 2003, 107, 7692.

C. Herse, D. Bas, F. C. Krebs, T. Biirgi, J. Weber, T. Wesolowski,
B. W. Laursen and J. Lacour, Angew. Chem., Int. Ed., 2003, 42,
3162.

A. Sudharkar and T. J. Katz, Tetrahedron Lett., 1986, 27, 2231.
R. H. Martin and M. J. Marchant, Tetrahedron, 1974, 30, 347.
T. Biirgi, A. Vargas and A. Baiker, J. Chem. Soc., Perkin Trans. 2,
2002, 1596.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala,
Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G.
Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith,
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle and
J. A. Pople, et al., GAUSSIAN9S, Rev. A.7, Pittsburgh, PA, 1998.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004


http://dx.doi.org/10.1039/B312877F

