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Abstract: The racemization barriers of pentahelicene up to nonahelicene have been computed with AM1, MNDO,
and PM3. All methods lead t@s transition states which have lower energy than those ®jthsymmetry. The
barriers calculated by AM1 match the experimental values best for all helicenes. The reliability of the results has

been confirmed by ab initio methods using the B3LYP

functional with the 3-21G basis set as implemented in the

GAUSSIAN94 package. Furthermore, 12 methyl-substituted helicenes have been computed with the AM1 method.
The racemization barriers of 1-methyl-substituted penta- and hexahelicene are at least as high as that of the next

higher unsubstituted helicene. A second methyl group

in theogition increases the barrier further, while methyl

groups in the 2-position do not have a severe influence on the racemization barrier.

Introduction

Helicenes have gained great attention in the sixties and
Unsubstituted

seventies because of their unique properties.
carbohelicenes ar€,-symmetric species having helical struc-
tures and a strong inherent chiral chromophor which exhibits

very high specific optical rotations depending on gross structure,

fine geometry, electronic interactions, &t€. Especially the

Cxsymmetry and large spatial requirement implies the use of
substituted helicenes as chiral auxiliaries or catalysts. Although

there are several applications of rela@gsymmetric binaphthyl
derivatives in organic synthesigp the best of our knowledge,
only one example of an intermolecular type of enantio direction
is known for helicene8. Moreover, crown ethers modified by
helicenes have been used for deracemizétidie crucial point

in this context is the stability of the configuration of helicenes.

The lower members of the homologous series are known to
racemize quite easily. The small barriers of racemization were

interpreted as a result of a non-aromatic bridged helene

an intermediate state or as two subsequent intramolecular

thermic Diels-Alder reactiond! Later Martin established that

during racemization of one-sided deuterated helicenes no H/D

exchange occurs between the two ends of the molééule.
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Figure 1. Symmetry of [5]helicene and [6]helicene in the ground state.
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Figure 2. Symmetry of helicenes in the transition state.
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Therefore only twisting distributed over a large number of
aromatic bonds of the helicenes enables the racemization.

For the application of helicenes as chiral auxiliaries or
catalysts it is absolutely necessary to employ substances which
do not racemize under the usual reaction conditions. As part
of our synthetic stratedy we estimated the racemization
enthalpies of several phenanthrene-benzologous compounds
using different semiempirical metho#s:16

In the ground state unsubstituted helicenes pos$&ss
symmetry (Figure 1).Cs symmetry is expectéd'” for the
transition state of racemization. This geometry was first
calculated by Lindner for hexa- and heptahelicene, while a
planar C,, symmetry was found for pentahelicene using the
7-SCF methot#? (Figure 2).

In the transition state th€; plane is perpendicular to the
plane of the central aromatic nuclei. Because of the symmetry
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Table 1. Comparison of Experimental and Computed Activation Barriers for Racemization (AM1, PM3, MNDOxr-8@F)

7-SCP2
experimental results AM1, heat of PM3, heat of MNDO, heat of (kcal/mol)
AAG AAS AAH formation (kcal/mol) formation (kcal/mol) formation (kcal/mol) 15-GS
helicene [kcal moll]  [cal moltK~Y] [kcal mol?] GS TS TS-GS GS TS TS-GS GS TS TS-GRgcal mol Y]
1 24.8(293 K) -4.1 22.9 1045 1274 229 99.3 1179 186 1014 1228 214 a24.0
2 36.21-29(300 K) -4.2 35.0 126.8 158.2 31.4 1205 1476 27.1 123.3 1516 283 36.0
3 41.71(300 K) -3.9 40.5 151.1 1858 34.7 142.7 1744 31.7 146.0 177.0 31.0 41.0
4 42.41(300 K) -4.6 41.0 1759 2108 34.9 1655 1973 31.8 1689 199.6 30.7
5 43.51(300 K) -6.1 41.7 200.6 2346 34.0 188.0 217.8 29.8 1819 2225 30.6

aPlanar form.

run on an IBM RS6000-cluster (Mister) and a Silicon Graphics Indigo
workstation (Nijmegen).

Results and Discussion

Unsubstituted Helicenes. Calculated (AM1, MNDO, PM3)
racemization enthalpies of unsubstituted helicenes are compared

R= R= with the experimental energies in Table 1.
H M H (2) Several methods were used to locate hdransition state
1-Methyt- (1a)  1-Methyl- (2a) ; : - .
2-Methyl- (1b)  2-Methyk- (2b) structure. These include successive decrease of torsions like
1,2-Dimethyl- (1c)  1,2-Dimethyl- (2¢) b—c—c'—b' or a—b—b'—d, adding symmetry constraints to the
;qg:g:mz:ny:: 8:)) ;qg:g;m:mj gg)) input Z-matrices, and finally optimization using the TS (eigen-
1:2‘13,14_Te}{,amemy|. (1f) 12,1516 Tetramethyl- (2f) vector following) routine as implemented in MOPAC and
AMPAC.

In all but one case (nonahelicer®, the Cs structure turns
out to be the transition state for racemization. FORCE cal-
culations confirm the structure as a saddle point with only one
negative eigenvalue. Minimization of structures with slightly
distorted symmetry leads to either of the two helical forms.
The IRC method, as implemented in AMPAC, was used to
generate a series of structures along the racemization path for

O, Oy,
e %:0@

Figure 3. List of the computed helicenes. hexa- @),*415octahelicene4) (Figure 4), and nonahelicens)(

in order to analyze the conformational changes involved in this
in these molecules the twist anglesla—b'—a and b-c—c' — process.
b" should amount to Vin the transition state. Nonahelicene §) makes an exception, in the sense that

Regarding the existing synthetic methods for pentahelicenes,although theCs structure is a saddle point, it is not the highest
suitable substituted analogues may represent an interesting grouoint on the reaction coordinate (Figure 5). Minimization of
of chiral auxiliaries. Unfortunately, for such compounds only this structure ends in a conformation with slightly distorted
few experimental thermodynamic data are available. Therefore symmetry (Figure 5, local minima, LM1 and LM2). By varying
we applied three computational methods to estimate their the central dihedral angles, as mentioned above Zoan
racemization enthalpies. In detail we were looking for effects asymmetric saddle point is found (Figure 6), which was

of the position of additional substituents. characterized as a transition state with the lowest energy (one
of the two enantiomeric forms) for racemization (Figure 5,
Experimental Section transition states TS1 and TS2).
Three semiempirical methods, AM&1® MNDO.2° and PM32! as The reaction path shown in Figure 5 is confirmed by IRC

implemented in the AMPAC 4.5/50and MOPAC 73 programs, have calculations starti_n_g from the enanti(_)meric transit_ion states ('_I'Sl
been used. Full transition structure optimizations have been done using®@nd TS2). Surprisingly large deviations of the twist angles (like
the eigenvector following routine (keyword EF) with symmetry @a—b—b'—a) are possible within 1 kcal/mol.

constraints and verified by the transition state routine (keyword TS)  The differences between zero-point energies of ground and
without any symmetry constraints. Second derivative (frequency) transition states, calculated by the FORCE method, are smaller
calculations established the nature of stationary points (with the keyword
FORCE). The ab initio calculations were carried out using the 3-21G ~ (24) Gaussian 94 (Revision A.1), Frisch, M. J.; Trucks, G. W.; Schlegel,
basis set of the GAUSSIAN94 package of prograhfer the B3LYP/ H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Chesseman, J. R.;

IAM125% si ] . S Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-

' S'”Q'e point calculations and geome”}' optimization. The Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski,
Becke3 functional was used for exchange energies and the Lee, Yang,j.: Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
Parr (LYP) functional for the correlation energies. Computations were P.Y.; Chen, W.; Wong, W.; Andres, J. L.; Replogle, E. S.; Comperts, R.;
Martin, R. L.; Fox D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
(18) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, 1.P. J. P.; Head-Gordon, M.; Gonzales, C.; Pople, J. A.; Gaussian, Inc.:

Am. Chem. Sod985 107, 3902-3909. Pittburgh, PA, 1995.
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Table 2. Comparison of Experimental, AM1, and ab Initio B3LYP/3-21G Results for the Activation Barriers of Racemization

AM1 B3LYP/3-21G
AAH? GS TS TS-GS TS-GS TS-GS
helicene [kcal mol?] [kcal mol?] [kcal mol?] [kcal mol] [kcal mol?] [kcal mol?]
1 22.98 104.5 127.4 22.9 28.02 25.65
2 35.011:29 126.8 158.2 314 40.50 38.16
3 40.51 151.1 185.8 34.7 44.31 42.04
4 41.04 175.9 210.8 34.9 43.38 41.76
5 417+ 200.6 234.6 34.0 40.80 39.72
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Figure 4. AM1-racemization path of octahelicend) computed with
the IRC method of AMPAC. (CPK model by RasMol
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Figure 5. Detail of the racemization path of nonahelices (

i

Figure 6. CPK model of one of the enantiomeric transition staten(TS
with n = 1,2) of nonahelicenesj.

than 0.6 kcal/mol for all helicenes. Therefore the zero-point
energy corrections were not taken into account.

racemization enthalpy
[kcal/mol]

/ AM1

(6] 7]
Helicene
Figure 7. Racemization enthalpies of unsubstituted helicenes.

(8] 19

deviations. For larger helicenes all methods show substantial
differences to the experimental values.

In agreement with the experiment the calculations indicate
that the racemization barriers for octahelicedggnd for the
higher homologues have no substantial differences. Unexpect-
edly, the computed racemization barriers decrease for octahe-
licene @) (MNDO) or nonahelicene5) (AM1, MNDO, and
PM3). Extrarings added formally to the almost parallel terminal
rings in theC;s structure of the [7]helicened) point freely in
space. Therefore they introduce less steric energy in the
transition state than formal adding of the same rings into the
helical structure of the ground state. At least it is not possible
to give a conclusive interpretation for the increasing experi-
mental racemization barriers of the higher helicenes.

Subsequent to the semiempirical computations we tested their
reliability with ab initio calculations. We used the ground states
and theCs-symmetric transition states of the AM1 optimizations
for single-point calculations using the B3LYP functional and
the 3-21G basis. The calculated racemization barriers were
higher for all examined helicenes compared to the AM1 method
and higher than the experimental values for almost all helicenes,
too. Only in the case of nonahelicen®) fvas the ab initio
enthalpy lower than the experimental value.

The optimization of these geometries with GAUSSIAN94
reduced the racemization barrier in all cases for some kilocalo-
ries per mole (Table 2). For nonahelicer® \ve started the
optimizations with theCs as well as theC;-symmetrical
transition state. Both computations lead to@éransition state.

In correspondence to our semiempirical results the racemization
barrier is decreasing for octahelicend) (as well as for
nonaheliceneq).

For the higher helicene 4, and5 the ab initio results give
values for the racemization enthalpies which are closer to the
experimental ones in comparison to the AM1 calculations. For
hexahelicene2) the ab initio barrier is considerably too high.
At least the match of the pentahelicene racemization of AM1

The comparison of the calculated racemization energies andcannot be improved by any other method.
experimental values shows the best correspondence for the AM1 Methyl-Substituted Helicenes. Methyl substituents at the

results (Figure 7); MNDO and PM3 exhibit considerable

terminal rings of the helicene skeleton have a major influence



6034 J. Am. Chem. Soc., Vol. 118, No. 25, 1996

racemization enthalpy
[kcal/mol]

£ B3LYP
Exp.
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Helicene

Figure 8. Comparison of AM1 and ab initio calculated racemization
enthalpies of unsubstituted helicenes.
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Table 3. Comparison of Experimental X-ray Pitches [A] of
Helicene&3%

helicene inner middle outer
2 3.26 458 6.04
3 3.16 3.86 4.41
[10]helicene 3.22 3.65 3.88
[11]helicene 3.23 3.64 3.93
2d 3.24 3.94 4.02

on the structure of the ground stafe3031as well as on the
racemization barrierg32-34

The structure of helicenes can be described generally in a

simple way?® by distributing the atoms of the skeleton on three
screw lines: one inner helix having-h 1 carbon atoms, one
outer helix being composed oh2Zarbon atoms, and one middle
helix containing agaim + 1 carbon atoms, whereis equal to
the number of benzene rings. Generally, the pitch of the inner
helix is smaller than that of the middle helix, which is again
smaller than that of the outer helix (Table 3).

The examination of the pitches determined by X-ray analysis

Janke et al.

Table 4. Comparison of Pitches [A] of Computed Helicenes
(AM1-Calculations)

helicene inner middle outer
2 3.11 4.32 4.86 (EH)
3 3.35 4.33 5.20
4 3.61 4.37 4.82;4.71
5 3.61 413 4.37
[10]helicene 3.65 3.93 4.12;4.24
[11]helicene 3.67 3.89 3.98
2a 3.34 4.39 5.13 (EH)
2b 3.11 4.33 4.87 (EH)
2c 3.32 4.30 4.46 (EH)
2d 3.58 4.44 4.81 (EH)
2e 3.01 4.16 4.65 (ECHj,

Table 5. Calculated Heats of Formation of Methyl-Substituted
Helicenes in Comparison to Experimental Results

experimental results AML1, heat of

AAG[kcal  AAS[cal AAH [keal formation (kcal/mol)
helicene  mol™1 mol~1K~1  mol™Y GS TS TS-GS
la 38.74(473 K) 102.8 1345 31.7
1b 959 119.8 239
1c 96.2 127.9 31.7
1d 102.7 140.1 37.4
le 88.3 112.1 2338
1f 89.6 126.3 36.7
2a 43.82(542 K) -9.8 38.5 126.8 159.3 325
2b 119.2 1411 319
2c 121.2 153.6 324
2d 44.02(543 K) 127.1 161.7 34.6
2e  39.52(513K) 111.7 1443 32.6
2f 115.7 149.6 339

substituents in the 1- and 16-positior&d) increase the inner
and middle pitch, but decrease the outer pitch, while methylation
in the 2- and 15-position2€) decreases all pitches (Table 4).
X-ray analyses, however, show that additional methyl groups
lead to smaller pitches of all helices &d (Table 3§. Force-
field calculations by Laarhoven et @ generally gave smaller
differences between X-ray structures and computed results.
In comparison with the unsubstituted helicertes5 the

for several helices shows nearly equal values for the inner helix experimental racemization entrogAS of 1-methyl[6]helicene

of all helicenes. The pitches of the middle and outer helix
decrease significantly from [6]helicen®) to [11]helicene (Table
3). The 1,16-dimethyl[6]helicene2) is similar in structure
to [10]- or [11]helicene as is shown by a comparison of their
pitches.

The calculated AM1 pitches of hexahelicer®) &re much
smaller compared to the X-ray results, but are larger for all other

(2a) shows that the entropic part of the racemization Gibbs
energyAAG is increasing with methyl substitution. Therefore,
the Gibbs energy of the methyl-substituted helicé&eeis
significantly higher than that of the [9]helicer®( In contrast,
the experimental racemization enthalyAH of 2ais about 2
kcal mol® lower than that of the [7]helicen&) and 3.5 kcal
mol~1 higher than that of [6]helicene2). The calculated

helicenes (Tables 3 and 4). Analogous to the experimental data€nthalpy of2a also is 2.2 kcall moi* lower than that of the
the calculated pitches of the middle and the outer helices arecomputed3 and 1.1 kcal mol* higher than that o2. This

decreasing toward unsubstituted higher helicenes. A methyl-

substituent in the 1-position of [6]helicena) increases the
inner, middle, and outer pitch. In 2-positiogh) there is no
effect of a methyl group substitution. Two methyl groups in
the 1- and 2-positiong€) increase the inner pitch, do not affect
the middle pitch, but decrease the outer pitch. Two methyl

(30) (@) Frim, R.; Zilber, G.; Rabinovitz, MJ. Chem. Soc., Chem.
Commun1991, 1202-1203. (b) Frim, R.; Goldblum, A.; Rabinovitz, M.
J. Chem. Soc., Perkin Trans.1892 267—274.

(31) Brown, A.; Kemp, C. M.; Mason, S. Mol. Phys.1971, 20, 787—
800.

(32) Borkent, J. H.; Laarhoven, W. Hetrahedron 1978 34, 2565-
2567.

(33) Fritsch, R.; Hartmann, E.; Andert, D.; MannschreckChem. Ber.
1992 125, 849-855.

(34) Schetbl, H.; Fritzsche, U.; Mannschreck, £&hem. Ber1984 117,
336-343.

(35) Navaza, J.; Tsoucaris, G.; le Bas, G.; Navaza, A.; de Rango, C.
Bull. Soc. Chim. Belgl979 88, 863-870.

means that the methyl substituent is considered accurately by
the AM1 method. Its stabilizing effect in the 1-position is
similar to that of an additional aromatic nucleus. This effect
can be observed as well in 1-methyl[5]helicerie)( The
computed racemization enthalpy is about as high as that for
[6]helicene R). A second methyl-group at the other end of the
helicene (1,14-dimethyl[5]helicendd) or 1,16-dimethyl[6]-
helicene 2d)) has an additional stabilizing effect on the
configuration. Introducing methyl substituents into the 2-posi-
tion of helicenes as irlb or 2b has no severe effect on the
stability of the enantiomers. A second substitution in the 2
position of the helicene skeleton asliealso has no significant
effect. The energetic level of the ground and transition states
is mainly determined by the hydrogen and carbon atoms in the
1- and 14-positions, respectively. In 2,15-dimethyl-hexahelicene

(36) Somers, J. B. M.; Borkent, J. H.; Laarhoven, W.Recl. Tra.
Chim. Pays-Ba4981, 100, 110-114.
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(26 the disubstitution has only a small effect. In this case the gous3” Particularly for the syntheses of pentahelicene deriva-

distance of the methyl substituents is smaller thatéan tives non-photocyclization methods are kno#1? We con-
These calculations could not quantify the entropy effect clude from our computations that suitable substituted penta-

caused by the methyl groups in the transition state or other helicenes should be configurationally stable enough to be used

conformations along the racemization coordinate. Such an effectas chiral auxiliaries.

has been postulated by Borkent and Laarhé¥amexplain the
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