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Abstract-The relationship between the CD spectra of the chiral biaryls and their stereochemical con- 
figuration, as a function of the dihedral angle between the molecular planes of the aromatic moieties. 
has been investigated for biphenyl, I,]‘-binaphthyl, ],I’-bianthryl and 9,9’-bianthryl in the exciton 
approximation and, for the ],I’-binaphthyls, in the D-SCF approximation. Both methods provide 
unambiguous assignments of absolute configuration except for biaryls with a critical dihedral angle of 
n/2 in those with effective D, chromophoric symmetry, or 100-110” in the case of the I,]‘-binaphthyls. 

IhTRODUCllON 

Although Pasteur’ (1850) instanced the irregular tet- 
rahedron, as well as the helix, as examples of 
dissymmetric structures and both Butlerow’ (1862) 
and Kekuk? (1867) envisaged a possible tetrahedral 
arrangement of the four valencies of a carbon atom, 
the stereochemical implications of the model re- 
mained largely unexplored until 1874. By that time 
some understanding of the 2-dimensional 
stereochemistry of benzene and its derivatives had 
been achieved, notably by the work of Ki5mei 
based upon Kekult’s principle that a decision be- 
tween alternative geometric structures for a parent 
molecule is afforded by the number and type of 
isomers produced in its substitution reactions. In 
1874 a comparable insight into the 3-dimensional 
structure of aliphatic molecules was attained inde- 
pendently by Le BeP” and van? H~ff,‘~ although 
the stereochemical consequences of the new model 
were worked out the more fully by the latter. The 
work of Le Bel’” was largely confined to a 
rationalisation of existing knowledge. He showed 
that four different groups attached tetrahedrally to 

VThe CD spectrum illustrated by Kuhn and Rome&h 
in Fig 14 of Helu. Chh. Actu 27, 1080 (1944) has the same 
qualitative form as the present CD spectra, consisting of a 
negative and then a positive CD band at higher frequency, 
but the magnitude and frequencies of the CD bands are 
intermediate between the values recorded here for the 
neutral molecule and the dication (Fig I). Although the 
text of Ref 14 refers to the CD specrrum as that of (+)- 
2,2’diamino-6,6’-dimethyl biphenyl, and the molecular 
structure of that compound is illustrated in Fig 14 of the 
paper, the legend lo Fig 14 states that the CD spectrum 
recorded refers lo 2.2’~dichloro-6.6’~dimethyl betidine in 
cone sulphuric acid. 

a carbon atom form a dissymmetric structure, non- 
superposable upon its mirror image, and that such 
molecules are optically-active or are resolvable into 
optical isomers. Van’t Hoff not only rationalised in 
addition the geometric isomerism of maleic and 
fumaric acid but also predicted6 the existence of 
dissymmetric molecules devoid of an asymmetric 
carbon atom. 

The specific prediction6 by van? Hoff of optical 
isomerism in an allene with two inequivalent groups 
bonded to both the l- and the 3- carbon atom was 
verified only sixty years later,’ although the resolu- 
tion of 4-methylcyclo-hexylidene-acetic acid, 
another case exhibiting molecular dissymmetry 
without an asymmetric carbon atom, was achieved* 
in 1909. Meanwhile another type of molecular dis- 
symmetry, that due to restricted rotation, had 
emerged from an investigation9 of the folded “but- 
terfly” structure for biphenyl, postulated by 
Kaufler” from such observations as the facile rear- 
rangement of hydrazobenzene to benzidine. Ken- 
ner et al. resolved9 into optical isomers 6,6’-dinitr* 
diphenic acid, which was thought to be a trans- 
isomer in the Kaufler structure, and subsequently 
showed” that the supposed corresponding cis- 
isomer was in fact 4,6’-dinitrodiphenic acid. The 
general field of atropisomerism thus opened was 
extensively studied by the schools of Adams’* and 
of Turner,” and it was the field in which the 
determination of the absolute configuration of an 
organic molecule from its CD spectrum was first 
attempted.” 

Coupled oscillator theory of biaryl optical activity 
Kuhn and Rometsch” recorded the CD 

spectrum? of (+) - 2.2’ - diamino - 6,6’ - dimethyl 
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Fig 1. The absorption spectra (upper curves) and CD 
spectra (lower curves) of (R)-(+)-2,2’diamino-6,6’- 
dimethyl biphenyl in ethanol (-) and in 1.0 M 

perchloric acid (- - -). 

biphenyl (Fig 1) and the ORD curves of this and 
related chiral biphenyls, the results being inter- 
preted in terms of a model in which it was assumed 
that the molecular planes of the two benzene rings 
have a mutually perpendicular orientation (Fig 2). 
Not a great deal was then known, in regard to the 
polarisation directions of electronic transitions in 
polyatomic molecules, but it was inferred” that the 
lowest-energy transition dipole of each m-toluidine 
chromophore in the molecule was oriented perpen- 
dicular to the long axis of the biphenyl and 
displaced from that axis towards the ammo group 
(Fig 2). The displacement postulated was required 
to give non-zero Cotton effects for the assumed di- 
hedral angle of n/2 between the planes of the 
benzene rings. Coulombic coupling between the 
lowest-energy transition dipole of the two m- 
toluidine chromophores gave a lower-frequency 
coupling-mode with the overall form of a left- 
handed helical charge displacement and a higher- 
frequency mode giving a right-handed helical dis- 
placement of charge for the (S)-configuration of the 
biphenyl (Fig 2). Since the observed lower- 
frequency negative CD band followed by a higher 
frequency positive CD band in the region of the 
lowest-energy absorption band (Fig 1) matched the 
theoretical model (Fig 2). Kuhn and Rometsch 
concluded” that ( + )-2,2’-diamino-6,6’-dimethyl 
biphenyl has the (S)-configuration. 

Fig2. The classical coupled-oscillator model of W. 
Kuhn and R. Rometsch (Helu. Chim. Acto 28,108o (1944)) 
for the lowest-energy bisignate CD bands of (+)-2,2’- 

diamino-6,6’dimethyI biphenyl. 

In fact this isomer has the (R)-configuration,” 
and the procedure of Kuhn and Rometsch, although 
sound in principle, rested upon insecure spectros- 
copic foundations. The polarisationdirections of 
the electronic transition moments of aromatic hyd- 
rocarbons and their derivatives were not well 
character&d before the 1950’s. In the theory of 
spectroscopic moments Platt showedI that the 
lowest-energy singlet transition in a monosubsti- 
tuted benzene, giving the a-band in the classifica- 
tion of Clar” or the ‘Lb band in that due to Platt.” is 
polarised in the molecular plane perpendicular to 
the two-fold rotational axis (Fig 3), and that the 
corresponding transition moment direction in 
polysubstituted derivatives is given by a simple 
vectorial addition scheme. The theory is supported 
by measurements of the single-crystal spectra of 
1 ,4-dimethoxybenzene,‘9 durene,m and other ben- 
zene derivatives.” 

For the case of (R) - (+) - 2,2’ - diamino - 6.6’ - 
dimethyl biphenyl the theory indicates that the 
lowest-energy transition moment of each m- 
toluidine chromophore lies at approximately 30” to 

Fig 3. The polarisation directions of the ‘La, ‘I, ‘W, and 
‘B. transitions of a monosubstituted benzene, 

naphthalene and anthracene. 
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Fia4. The lower-energy coupling mode of the ‘L ben- 
zeioid transition mom&ts g&g a negative rotational 
strength in (R)- (+)-2,2’diaminc-6,6’dirnethyl biphenyl 

for (a) the neutral molecule and (b) the dication. 

the long-axis of the biphenyl in both the neutral 
molecule and the dication (Fig 4). In the neutral 
molecule the transition moments are largely equi- 
valent to those of two aniline moieties (Fig 4a), the 
methyl substituents making only a small relative 
contribution, whereas the dication is equivalent to 
two toluene chromophores (Fig 4b), since the 
electronic spectrum of the m-toluidine cation is 
virtually identical with that of toluene. These mo- 
ment directions indicate that (R) - 2,2’ - diamino - 
6,6’ - dimethyl biphenyl and its dication are ex- 
pected to give a negative CD band followed by a 
positive CD band to higher frequencies in the 
region of the ‘Bb absorption (Fig 4), as is observed 
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for the ( + )-isomer (Fig 1). These expectations hold 
for any sterically-accessible dihedral angle between 
the molecular planes of the two benzenoid 
chromophores in the (R)-configuration. Dipole- 
moment evidence suggests” a mean dihedral angle 
of some 67” for the neutral molecule in benzene 
solution, and the corresponding angle in the dica- 
tion is probably larger than 1r/2 on account of the 
repulsion between the charged ammonium groups. 

Exciton theory of biaryl optical activity 
The classical coupled-oscillator theory of Kuhn” 

transforms with little change in essentials into the 
quantum-mechanically-based exciton theory of op- 
tical activity, as is exemplified above. In applica- 
tions of the exciton theory to the chiral biaryls it is 
generally assumed that there is no electron delocal- 
isation between the two bonded aromatic moieties, 
so that the approximation becomes progressively 
poorer as the dihedral angle between the two 
aromatic planes becomes larger or smaller than 
n/2. In the simplest approximation only Coulombic 
interactions between local electronic excitations of 
the same energy in the two aromatic chromophores 
are considered, and the corresponding moments are 
approximated as point transition electric dipoles lo- 
cated at the centre of each chromophore. 

For chiral conformations of the biaryls (l-4) a 
non-zero rotational strength is generated, on the 
basis of these assumptions, only by local excita- 
tions polarised perpendicular to the internuclear 
bond direction, i.e. the ‘Lb or the ‘B,, transition (Fig 
3). The moments of two such excitations, one in 
each nucleus of the biaryl, couple Coulombically 
in-phase and out-of-phase to give the respective ro- 
tational strengths, R, and Re, of equal magnitude 
and opposite sign (Fig 5). For the (R)-configuration 
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Fig 5. The orientation of the ‘& naphthakne transition moments in a l,l’-binaphthyl with the 
(S)-contignration for (a) the A coupling mDde and (b) the coupling mode. The angle P equals (r-O)/2 

where 0 is the dihedral angle. 
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of the biaryls (14) the magnitude and signs are,= 

R, = - Re = (3/2)~i%r,,D~ sin 8 (1) 

where u. and Do are the wavenumber and the dipole 
strength, respectively, of the transition considered 
in the monomeric chromophore, rcc is the aromatic 
carbon-carbon bond length, and 0 is the dihedral 
angle between the aromatic molecular planes in the 
biaryl. 

An observable CD absorption depends not only 
upon the rotational strengths (Eq 1) but also upon 
the energy separation between the biaryl transitions 
formed by the coupling modes of A and B 
symmetry (Fig 5) in the group C1 of 2 and 3. 
Although inexact, the symbols A and B are used 
here additionally to distinguish the analogous 
modes of 1 and 4a which have general Dt 
symmetry. The Coulombic potential between the 
monomer excitation moments, separated by the 
distance rab in the biaryl, has the same magnitude 
but an opposite sign for the two coupling modes so 
that the A and B biaryl transition energies are 
displaced symmetrically from the corresponding 
monomer frequency v0 by the exciton energy, V, 

V = DoGd(r3’ (2) 

where Ga is the angular factor for the dipole-dipole 
potential. For a given biaryl the geometric factors 
in Eq (2) are functions of the dihedral angle, 0, and 
for the ‘4 or ‘Bb monomer excitations of that biaryl 
the frequency-interval between the A and B biaryl 
coupling modes at the angle 0 may be obtained 
from the general relations illustrated (Fig 6). These 
relations between ( vA-ve) and 0 for 14 are normal- 
ised to unity at zero dihedral angle (Fig 6), and for a 
given excitation of a particular biaryl they are 
quantified by the appropriate frequency interval at 
zero angle [ZV(O”) = 2Do/(3r,,)‘l. Similarly the gen- 
eral relation between rotational strength and di- 
hedral angle for the ‘L,, or ‘Bb monomer excitations 
of 14 are normahsed to unity at 0 = a/2 (Fig 6), 
and R, and Re are quantified from the relation by 
the appropriate value at that angle (Eq 1). 

Although the magnitudes of the rotational 
strengths of 1 and 4a have a maximum at the 
dihedral angle of 7r/2, these biaryls are achiral at 
that angle, having DZd symmetry, since the 
frequency-interval (v,-v,) goes to zero and the 
mutual cancellation of R, and Ra (Eq 1) is complete 
(Fig 6). At other dihedral angles the mutual cancel- 
lation is only partial and the A and B coupling 
modes (Fig 5) give generally an observable CD 
absorption with smaller band maxima (AemU) than 
prescribed by Eq (1) and with a larger frequency 
separation than 2V (Eq 2). On the assumption that 
the rotational strengths RA and Re give rise to 
Gaussian bands centred on Ye and VW respectively, 
with a common half band width, u, at (e))ln max- 
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Fig6. Relationships between the dihedral angle 0 in a 
biaryl with the (S)-contIgmation and (top curve) the 
rotational strengths R* and R. (equation 1) resulting from 
the coupling of the ‘Lb or ‘B, excitations in the two 
constituent aromatic chromophores of (l)-(4), and (mid- 
dle curves) the frequency interval (v,, - v.) between the A 
and the B coupling modes (2V, Rq 2). The bottom curves 
give the relations between the dihedral angle 6 and the 
observable maximum CD AC, (Rq 3) for a half-band 
width Q of lSOOcm-’ resulting from the coupling of the 
‘R naphthalene excitations in the l,l’-binaphthyls (2) and 
of the ‘B, anthracene excitations in the l,l’-bianthryls (3) 
and 9,!Y-bianthryls (4). The sign refrs to the lower- 

frequency CD band for the (S>contiguration. 

imum height the circular dichroism at the frequency 
Y is given by,” 

AC(V) = 

(3) 

where the sum is taken over the A and B coupling 
modes of a given monomer excitation in a biaryl. 
For strong coupling, where V > a, the observed CD 
is expected to consist of two oppositely signed 
bands with the full magnitude of each term in Eq (3) 
taken individually, and with a separation of 2V. 
When a > V the coupling is weak and the two 
oppositely signed CD bands have a separation of 2a 
and they are weaker, Ae, being smaller than the 
corresponding strongcoupling value at the same di- 
hedral angle by a factor of [2V/(afi)]. 
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The relations between the dihedral angle 0 and 
the observable AC, as a fraction of the value 
expected in the limiting strong-coupling case for an 
angle of a/2 are illustrated (Fig 6) for the coupling 
modes of the ‘& transition of naphthalena in 2 and 
the corresponding excitation of anthraccne in 3 and 
4. The ‘B, transition (Fig 3) lies at 39,ooO cm-’ and 
has a dipole strength of 74 square Debye (Dp in 
anthracene. and the analogous excitation in 
naphthalene has the frequency 45,500 cm-’ and the 
dipole strength of 49 D’. These values give an 
exciton energy at zero dihedral angle W(O“)] of 
3300 cm-’ for 2 and 5500 cm-’ for 3 and 4 (Eq 2) and 

rotational strengths at the 1r/2 dihedral angle in 
Debye-magneton of + 15 for 4 and * 21 for 3 and 4 
(Eq 1). 

The non-bridged binaphthyls 2 and 5 are likely to 
have a dihedral angle in the 90 2 20” range and so to 
fall into the weak-coupling region (Fig 6) with 
bisignate CD bands separated by the frequency- 
interval 26. The observed frequency separation be- 
tween these CD bands in the 210-250 nm region of 
the spectra of 2 and 5 is 3OOOk 1000 cm-’ Figs 
7-lo), giving CT the approximate value of 1500 cm-‘. 
This empirical half-band width and the theoretical 
rotational strengths then give from Eq (3) AC, in 
the limiting strong-coupling case for the ~12 di- 
hedral angle the value of ? 750 l.M-’ cm-’ for 2 and 
5 and of + 970 1 .W’ for 3 and 4, together with the 
relations between the observable Ae, and the 
dihedral angle 8 illustrated (Fig 6), covering the 
weak, strong and general intermediate-coupling re- 
gions determined by the particular V(0) values (Eq 
2). 

The observed CD spectra of the bianthryls (3a 
and 4b) in the 260 nm region (Fig 11) suggest that 
the dihedral angle is near to v/2 in each case. The 
measured Ar, of the l,l’-bianthryl(3a) have some 
77% of the theoretically observable value, indicat- 
ing a dihedral angle of approximately 100” (Fig 6), 
compared with the angle of 110” derived from the 
corresponding absorption spectrum.” The (R)- 
configuration of the (-)-isomer of 3a deduced” 
from the CD spectrum (Fig 11) has been confirmed 
recently by an extensive chemical correlation,= 
covering members of the series 1, 2 and 3, with 
( + ) - 2,2’ - dihydroxy - 3,3’ - bismethoxy - carbonyl 
- 1,l’ - binaphthyl, shown to have the (R)- 
configuration by the anomalous X-ray scattering 
method.% 

In the case of (- ) - 2,2’ - bismethoxycarbonyl - 
9,9’ - bianth# (4b) the dihedral angle must be 
close to 1r/2 since the CD observed near 260 nm is 
weak and lacks the characteristic bisignate exciton 
form (Fig 11). A deviation of the mean dihedral 
from 1r/2 by 5” is expected (Fig 6) to give a 
bisignate CD absorption readily observable with 
current instrumentation, although a knowledge of 
the sense of that deviation would be required to 
obtain configurational information from the signs 
and frequency-order of the two CD bands. 

The chiral l,l’-binaphthyls (2) are expected to 
show, for the (S)-configuration, a positive CD band 
followed by a negative CD absorption at higher 
frequency in the 210-250nm region for dihedral 
angles in the range O-110” and the converse sequ- 
ence of CD band signs from larger angles (Fig 6). 
The optical isomers of the 2,2disubstituted-l,l’- 
binaphthyls (&&Se) have established configura- 
tion? and their CD spectra indicate that in all cases 
the dihedral angle is smaller than the critical value 
where the bisignate CD absorption changes sign 
(Fig 7-9). The smallest Ac,,,.~ values, indicating the 
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Fig 7. The absorption (- ) and the CD spectrum (- - -) of the dication of (R)-(+)-2,2’diamino-l,l’- 
binaphtbyl in 2M perchloric acid solution, and the CD spectrum (-.-.-) of (S)-(+)-l,l’-binaphthyl in 

ethanol. The latter spectrum was kindly provided by Dr. M. M. Harris.” 
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Fig 8. The absorption (upper curves) and CD spectrum (lower curve) of (R>(+)_2,2’diamin*l,l’- 
binaphthyl in ethanol. 

largest dihedral angle (Fig 6), are observed in the ing that the amplitude of the torsional mode about 
case of (S) - (-) - 1,1’ - binaphthyl - 2.2’ - the 1 ,I’-bond is large at room temperature with one 
dicarboxylate 2e (Fig 9). A larger dihedral angle is turning-point close to or possibly larger than critical 
unlikely in 1.1’ - binaphthyl - 8.8’ - dicarboxylic acid dihedral angle where the bisignate exciton CD goes 
(5) and thus the CD spectrum of the ( - )-isomer and to zero (Fig 6). In the series of l,l’-binaphthyls 
its dianion (Fig 10) indicate that this antipode has studied the largest Ar, values in the 210-250 nm 
the (S)-configuration.” The observed Aemrr of ( - )- region are observed for the 7-ring 2.2’-bridged de- 
5 in ethanol solution increase by 30% on reducing rivative (+)-6 (Fig 12), which was synthesisedm 
the temperature from 300 to 200 K (Fig 11). suggest- from (-)-(M) and thus has the (S)-configuration. 



Optical activity in the biaryl series 1677 

AEX~- 

I 1 I I 
30 35 40 45 

5. IO3 cm-’ 

Fig 9. The absorption (upper curves) and CD spectra (lower curves) of (SH-)-l.l’-binaphthyl-2,2’- 
dicarboxylic acid in ethanol (-) and in M/100 sodium hydroxide (- - -). 
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Fig IO. The absorption (upper curves) and CD spectra (lower curves) of (S)~-)-l,l’-binaphthyl-8,g’- 
dkarboxylic acid in ethanol at 200 K (-) and at 300 K (- - -) and in M/l00 sodium hydroxide (-.-.-). 

The large Ar,, measured suggest that the dihedral The simplest form of the exciton theory, where 
angle of 6 lies near to that of the maximum in the only the Coulombic coupling of isoenergetic excita- 
observable Ar, vs 8 relation (70“) (Fig 6). although tions in the two aromatic chrompohores is consi- 
the exciton approximation is not likely to be &ood dered, does not account for the relatively weak 
for such an angle. The approximation is worse, and long-wavelength CD absorption of the biaryls 2 and 
cannot account for the qualitative features of the 
CD spectrum of the 6-ring 2,2’-bridged derivative%. 

3 Figs 7-13), due to the ‘L. transition of the parent 
aromatic hydrocarbon (Fig 3). The local ‘L, excita- 

(S)-( +)-7, (Fig 13). with a substantially smaller di- tion of each aromatic chromophore in 2 or 3 is 
hedral angle. polarised parallel to the l,l’-bond direction, and 
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Fig Il. The absorption (upper curves) and CD spectra (lower curves) of (R)-(-)-2,2’- 
bismethoxycarbonyl-l,l’-bianthryl (-) and of (-)-2,2’-bismethoxycarbonyl-9,9’-bianthryl (- - -) in 

cyclohexane. 
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Fig 12. The absorption (upper curves) and CD spectrum (lower curve) of @X+)-2.7- 
dihydrodinaptho [2’, l’-3,4)4[ 1”,2”-5.6]-azepiniu un-1-spiro-l-piperidnhun bromide (6) in water. 

they couple to give solely a magnetic dipole mo- chromophore and the ‘Bb moment of the other in 2 
ment in the A-mode and only an electric dipole or 3 is non-zero (Fig 14) and coupling modes of the 
moment in the B-mode.= Thus neither of these two same symmetry derived from the ‘L, and the ‘BL, 
coupling modes is optically-active in the degenerate monomer excitations are mixed by the potentiaLM 
exciton approximation. However the Coulombic For the biaryls (2 and 3) the mixing gives the 
potential between the ‘L. moment of one aromatic perturbed A and B coupling modes of the two ‘L, 
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Fii 13. The absorption (upper curve) and CD spectrum (lower curve) of (S)-(+)-9.10. 
dihydrcdiinzo [c, g] phenanthrene (7) in cyclohexane. 
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Fig 14. The coupling mode of a ‘L, excitation in one 
naphthalene chromophore with the ‘& excitation in the 
other of a l,l’-binaphthyl with the (S)contiguration 
generating a negative rotational strength in the ‘L. 

absorption region. 

excitations a rotational strength of the same sign. 
The sign is opposite to that of the lower-frequency 
CD band in the bisignate pair resulting from the 
coupling of the ‘Bb monomer-excitations, i.e., posi- 
tive for the (R)-configuration and negative for the 
(S)configuration of 3 over all dihedral angles, and 
of 2 over the O-110” dihedral angle range. The 
rotational strength in the ‘L, absorption region of 2 
and 3 is estimated to be an order of magnitude smal- 

ler than that of the ‘Bb region. These expectations 
are generally observed (Figs 7-l 1). 

T-SCFtreatment of l,l’-binaphthyl optical activity 
A biaryl with a dihedral angle of ~12 has not only 

local electronic excitations within each aromatic 
chromophore but also charge-transfer excitations 
arising from the promotion of a P-electron from an 
occupied orbital of one aromatic residue to an 
unoccupied orbital of the other. These charge- 
transfer excitations are devoid of dipole atid rota- 
tional strength but with a change of dihedral angle 
from n/2 they mix with the local excitations, and a 
distinction between the two types is largely lost 
when there is appreciable rr-electron delocalisation 
across the internuclear bond, both types becoming 
excitations of the biaryl chromophore as a whole. 

The n-SCF treatment” provides the energies and 
dipole and rotational strengths of such biaryl exci- 
tations, and the calculated quantities transform 
through Eq (3) and its analogue” for dipole 
strengths into theoretical absorption and CD 
spectra to afford a more direct comparison with 
experiment. Representative theoretical spectra of 
the l,l’-binaphthyl chromophore (2a) with (S)- 
configuration are presented (Fig 15) from the set 
computed for dihedral angles over the range 20” to 
120” at IO” intervals, reduced to 5” for the critical 
range !90-1 10” where the bisignate CD absorption in 
the ‘Bb region is expected to change sign. The 
W-SCF spectra of l.l’-binaphthyl (Fig 15) support 
the general expectations of the corresponding exci- 
ton treatment for dihedral angles in the 70”-120” 
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Fig 15. Theoretical PSCF spectra of a l,l’-binaphthyl 
with the (S)-configuration for dihedral angles in the range 
30” to 120”. Top curves refer to absorption spectra and the 

lower curves to CD spectra. 

range (Fig 6), although they place the dihedral angle 
at which the bisignate CD vanishes at lOO”, rather 
than 110”. 

Over the 20”-50” dihedral angle range the rr-SCF 
spectra reproduce the four strong CD bands of 
alternating sign observed in the 210-260 nm region 
of the spectrum (Fig 13) of (S)-(+)-9,10-dihy- 
drodibenzok, glphenanthrene (7). These four CD 
bands represent the rotational strengths of four 
principal excitations which correspond at the 7r/2 
dihedral angle to the A and B coupling modes (Fig 
5) of the local ‘Bb excitations in each naphthalene 
chromophore (IA and lB, Fig 16) and to intemuc- 
lear charge transfer excitations of A and B 
symmetry (2A and 2B, Fig 16). The latter are 
identified by trial calculations in which the electron 
repulsion integrals between centres on different 
naphthalene nuclei are set to zero. The charge- 
transfer excitations then move to a high energy, 
corresponding to the P-SCF energy difference be- 
tween the r-orbitals connected by the transition. 
For even small deviations, 5”-lo”, from the a/2 
dihedral angle the charge-transfer and local excita- 
tions mix extensively, and the former acquire 
thereby an appreciable rotational strength. How- 

4‘- 

I 

30 50 70 90 110 

Dlhedrol angle. deg 

Fig. 16. The relationship between the dihedral angle 0 of 
a l,l’-binaphthyl with the (S)-co@uration and the rota- 
tional strengths R and frequencies Y of the four principal 
electronic transitions in the P-SCF approximation giving 

absorption and CD in the ‘B, region. 

ever, the frequency intervals between these four 
principal excitations remain small relative to the 
band width (Fig 16) and it is not until the dihedral 
angle is reduced to approximately 50” that four CD 
bands in the 200-260nm region of the theoretical 
spectra become apparent (Fig 15). 

From the T-SCF spectra of l,l’-binaphthyl the 
largest observable AE,,,~ is expected for a dihedral 
angle near to 70” (Fig 15) as in the corresponding 
exciton case (Fig 6). The largest observed he, is 
that of the 7-ring 2,2’ - bridged - 1.1’ - binaphthyl 
(S)-( +)-6, which has a CD spectrum (Fig 12) 
resembling that expected for a 70” dihedral angle 
(Fig 15) except for the additional negative CD band 
at 41,400 cm-‘. The CD spectrum of (-) - 1,l’ - 
binaphthyl - 8.8 - dicarboxylic acid Sa (Fig 10) also 
resembles qualitatively the theoretical spectrum for 
a 70” dihedral angle, but the observed Ae, in the 
210-250nm region are substantially smaller, sug- 
gesting a larger angle. 

The major shortcoming of the T-SCF cakula- 
tions is the failure to account for even the sign of 
the weak CD absorption in the ‘L. region of the 
binaphthyl spectrum near 300 nm for dihedral ang- 
les smaller than 60”. The observed sign is negative 
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for the (S)-configuration in all of the l,l’- 
binaphthyls studied, as the non-degenerate exciton 
theory requires, whereas the m-SCF spectra exhibit 
a weak positive CD band in the ‘L, region for this 
configuration at a dihedral angle of 50” or less (Fig 
15). The sign and the magnitude of the CD baud in 
the ‘L. region is sensitive to the degree of 
confi~~tional interaction considered in the Q- 
SCF treatment. The recorded spectra (Fig 15) refer 
to interaction over 48 configurations, whereas the 
non-degenerate exciton treatment considers only 4 
confi~rations, these being derived from the local 
‘L, and ‘EIbi excitations of each of the two 
naphthalene chromophores. 

wSCF calculations 
These followed the procedure previously de- 

scribed for the helicene series” with the following 
modifications, which were introduced to bring the 
systematically-high transition energies calculated 
earlier into closer agreement with experiment. Fol- 
lowing Nishimoto” the electron affinity of the 
trigonal carbon atom was set to zero and the 
ionisation potential, and thus the one-centre elec- 
tron repulsion integral, was taken as 96eV. The 
two-centre electron repulsion integrals were esti- 
mated from the NishimotwMataga relation.Y A 
resonance integral, /3, of - 2.371 eV from Pariser” 
was employed for all the carbon-carbon bonds of 
l,l’-binaphthyl except the I-t’ bond where the 
standard value was reduced through the cos B 
relationship, 0 being the dihedral angle. 

The l,l’-binaphthyl geometry assumed in the 
calculations consisted of two planar naphthalene 
residues with all carbondarbon bonds l-397 A 
long,_and all bond angles 120“, joined by a 1,1’-bond 
148 A long. One calculation was based upon the 
atomic coordinates of dibenzo[c, glphenanthrene 
determined by X-ray crystaIlography36 with the 
resonance integral of the 9-10 bond set to zero in 
order to simulate the ?r-electron structure of the 
9,10-dihydro derivative (7) in a more realistic u- 
bond framework with the carbon atoms of each 
naphthalene nucleus non-coplanar. The di- 
benzo[c, glphenanthrene structure”6 has an average 
dihedral angle of 25” and the theoretical spectrum 
resulting from that structure with a zero @+,0 
differed little from that afforded by the general 
idealised geometry for the same or a larger (30”) 
dihedral angle (Fig 15). 

The excited states of 1, I’-binaphthyl were ob- 
tained by considering the interaction between the 
lowest 48 one-electron excited rr-configurations 
constructed from the W-SCF orbitals. The dipole 
and rotational strengths of transitions to those ex- 
cited states were calculated by the dipole-velocity 
procedure,” and were transformed into theoretical 
spectra through equation (3) and its analogue” for 
the extinction coefficient with a curve-plotter using 
the empirical half-band width relation. 
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a, = 0.025 v, (4) 

which was found to give theoretical spectra re- 
sembling more closely those observed than the 
relation previously employed.% 

We are indebted to the following colleagues for 
specimens of optical isomers used in this study. To Dr. D. 
M. Hall” for (S)-( - )-2d. (S)-( + )-6, and (S)-( + H7). To 
Dr. L. H. Schwartz and Dr. C. Koukotas” for f - )-4b, and 
to Professor G. M. Badger et al.” for the (R)-f-j-3. 

(R)-( + )-2,2’-Diamino-6.6’dimethyl biphenyl was pre- 
pared by the method of Carlin and Foltz” and resolved 
with ( + )-tar&u+ acid as described by Meisenheimer and 
H&in&” (IQ-(+)-2b was obtained by the method of 
Ciemo and Dawso# and resolved with (+)-camphor-lo- 
suiphonic acid as described by Kuhn and Goldfinger.“ (-) 
- 1 ,l’ - Binaphtbyl - 8,8’ - dicarboxylic acid 5 was resolved 
with brucine following Meisenheimer and Beisswenger.” 

Absorption spectra were measured with a Cary 14 or f7 
and CD spectra with a Jouan Dichrograph Mode1 A or CD 
185. 

We thank Dr. M. M. Harris for the CD spectrum” of 
(S) - ( + 1 - 1.1’ - binaohthvl and of 8.&disubstituted de- 
hiatiies” in .advance-of publication..Dr. G. W. Vane,- 
Dr. W. S. Brickeli,” Dr. A. F. Drake, and Dr. G. Gottarefli 
for spectroscopic measurements, and the SRC for re- 
search support. 
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