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Abstract

The circular dichroism spectra of some dissymmetrical Schi�-bases derived from condensation of 2 mol
salicylaldehyde with 1 mol of a chiral diamine are analyzed in terms of a simple conformational model
taking the angle between the aromatic chromophores as a variable. The rotatory strengths of the p!p*
transitions are calculated with AM1 molecular orbitals in combination with the dipole-coupling approx-
imation. Calculated CD curves are found to be in reasonable agreement with the experimental CD spectra.
Di�erences in the CD spectra of the Schi�-bases are discussed in relation to variation of the theoretical CD
curve of ethylenebis(salicylideneimine) as a function of conformation. # 2000 Elsevier Science Ltd. All
rights reserved.

1. Introduction

Recently, Schi�-base ligands, particularly dissymmetric saldiamine derivatives, have received
much attention because some of their transition metal complexes are e�cient catalysts for a
variety of enantioselective reactions.1ÿ9 Circular dichroism spectra are relevant for the char-
acterization of chiral quadridentate Schi�-bases because they provide insights into conformations
of the bases as well as conformational changes upon chelation with a metal ion.6,10 We have
previously reported the synthesis and characterization of Schi�-base ligands derived from the
condensation of 2 mol of 5-X-salicylaldehyde (X is OCH3, H, Br or NO2) with (1S,2S)-diphenyl-
1,2-diaminoethane.11 Except for di�erences in the frequencies of the CD bands due to electronic
e�ects of 5,50-substituents, the CD spectra of the above compounds, in chloroform or dichloro-
methane, are rather similar. Interestingly, such spectra di�er in shape and sign sequence from
those of analogous Schi�-bases derived from condensation of 2 mol of salicylaldehyde with
(1,2S)-diaminopropane, (2S,3S)-diaminobutane or (1S,2S)-diaminocyclohexane.12 These di�er-
ences are ascribed, in part, to contributions of the exciton coupling of the B2u p!p* transitions
of the phenyl substituents at positions 8,80.11,12 However, deviations from the 60� staggered ��
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conformation, due to di�erences in the bulk of the 8,80-substituents, would also change the CD
spectra. In spite of their dissimilarities, the CD sign patterns of all of these saldiamine derivatives
indicate a preference for a �� conformation, i.e. a positive chirality. On the other hand, except for
the 1S,2S-diaminocyclohexane derivative, formation of copper(II) chelates with all the ligands
occurs with changes in the sign patterns of the CD spectra. Such modi®cations indicate that
these ligands change conformation upon chelation, which results in predominance of a �l
conformation.11,12 Instead, for the 1S,2S-diaminocyclohexane derivative the positive chirality of
the ligand is maintained in the respective copper(II) chelate due to the conformational require-
ments imposed by two fused rings.12 We used the molecular exciton theory13 to investigate e�ects
of conformational changes on the CD spectrum of the ethylenebis(salicylideneimine) system.
Results were used to account for di�erences in the shape and sign sequence of the CD spectra of
the saldiamine Schi�-bases derived from 1,2S-diaminopropane 1, (1S,2S)-diaminocyclohexane 2,
(2S,3S)-diaminobutane (3) and (1S,2S)-diphenylethylenediamine 4.

The salicylaldimine was the model for the salicylideneimine chromophore. Molecular orbital
calculations were made using the AM1 method.14 We veri®ed the reliability of the resulting
energy levels for studying the electronic spectra with molecular orbital calculations on 5-methoxy
and 5-bromosalicylaldimine. The virtual orbital approximation was used for constructing the
excited states. Electronic excitations involving the two highest occupied and the three lowest
unoccupied p MO's of salicylaldimine were considered. Thus, the electric dipole transitions which
were assumed to contribute to the UV spectrum were 	0!	5,6, 	0!	4,6, 	0!	5,7 and
	0!	5,8, where subscript 0 indicates the fundamental state and subscripts 4±8 refer to the single
occupied p MO's in the excited state, in a sequence of increasing energy. According to previous
designations11 these transitions are denoted as p0!p1*, p^1!p1*, p0!p2* and p0!p3*, respectively.
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Electric dipole transition moments were calculated, except for p0!p3* which was not accessible
in the CD spectra. For each transition, the center of charge of the low-energy single occupiedMO
in the excited state was chosen as the origin in de®ning the respective dipole transition moment.
Both one-center and two-center transition integrals over atomic orbitals were considered. The
S(2ppa,2ppb), (81a0/8ma)S(2ppa,3dpb) and (81a0/8mb)S(2ppa,3dpb) type two-center integrals appear-
ing in expressions for the electric dipole moment integrals were evaluated with the appropriate
master formulas15,16 by using Slater atomic orbitals. The transition moments thus calculated were
further corrected by a factor of 0.332, corresponding to a correction factor of 0.11 for the inter-
action energies, V0a12 and the rotational strengths, R0a.

17 This factor was estimated from the ratio
f(p0!pL*)(exp.)/f(p0!pL*)(theor.), where f(p0!pL*) denotes the oscillator strength of the
absorption band centered at 313 nm in the electronic spectrum of the 1,2S-diaminopropane
derivative.12 The interaction energies between the salicylideneimine chromophores were calcu-
lated by means of the dipole±dipole approximation.13 Only interactions between identical transi-
tions were considered. As a starting point the salicylideneimine moieties were assumed to lie in
planes which de®ne a dihedral angle f about the C±C bond of the ethylene group. The interaction
energy as a function of f was formulated according to the coordinate system given in Fig. 1. The
local coordinate systems are equivalent under C2 symmetry and the following expression was
derived:

�1�

where 1 and 2 indicate the salicylideneimine chromophores, mx0a=mx0a1=mx0a2 and my0a
=my0a1=my0a2 are components of the electric dipole moments of the 	0!	a local transitions along
the x1 or x2 and y1 or y2 axes, respectively, X is the distance between the origins of the transition
moments at f=0, Y is the distance from the origin of the transition moment to the rotation axis,
and R12 is the distance between the origins of the transition moments as a function of f, i.e.

In terms of the coordinate system shown in Fig. 1, the general expression for the exciton rota-
tional strengths13 leads to the following equation:

Figure 1. Coordinate systems for local transition moments and de®nition of conformational angle f. The z1 and z2
axes have been omitted because directions of polarization lie in x1,y1 and x2y2 planes only
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�2�

where the signs correspond to the in-phase and out-of-phase coupling modes, respectively, la is
the wavelength of the 	0!	a transition of the monomeric chromophore, and the remaining
terms have been de®ned. If torsions preserving the C2 symmetry are also considered about the
C(8)±N and C(80)±N0 bonds Eqs. (1) and (2) will still be valid, but parameters X and Y will
depend on f.
Circular dichroism curves were calculated by using the approximation18

�3�

where i denotes a speci®c band of the exciton couplet, j �e0ai j is the absolute maximum of the
excitonic CD band i of the 	0!	a transition, R0ai is the rotational strength calculated from Eq.
(2), lai is the CD maximum for the excitonic band, i, and �ai is the band width. If V0a12 is
expressed in wave numbers

where i denotes the sign which is in the denominator, viz. negative for the in-phase and positive
for the out-of-phase coupling mode, and the experimental value of la is taken. Simulations of CD
spectra were made by using the expression

�4�

which involves the summation of six Gaussian excitonic CD bands. Both f and �ai values were
iterated until theoretical and experimental CD curves were similar in shape and sign patterns. For
comparative purposes, theoretical CD curves were further scaled by empirical factors calculated
as �eL (exp.)/�eL (theor.), where �eL indicates the maximum of the lower-energy CD band of
the respective Schi�-base. Electronic spectra were also calculated for some selected f values by
using the approximation

�5�

which involves the summation of six Gaussian absorption bands. In the above expression sub-
script oa stands for 	0!	a, (m0a)2=(mx0a)2+(my0a)2, lai is the wavelength at the maximum optical
density for a particular excitonic band (ai), la is the wavelength of the transition 	0!	a of the
monomeric chromophore, �ai is the band width and k is an empirical factor calculated as the
ratio eL (exp)/eL0 (theor), where eL refers to the maximum optical density for the lower-energy
absorption band.

2. Results and discussion

Good linear correlations were found between the AM1 p-MO energy di�erences for
salicylaldimine and its 5-bromo and 5-methoxy derivatives and the corresponding frequencies
of the p0!p1*, p0!p2* and p0!p3* transitions of the respective Schi�-bases derived from
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ethylenediamine (Table 1). A similar result was obtained for the correlation between the AM1 p-
MO energy di�erences for salicylaldimine and the frequencies of the p0!p1*, p0!p2* and
p0!p3* transitions of the 1,2-diphenylethylenediamine derivatives, viz. y=7.143x^30.323,
r=0.9997. Thus, this relationship was used to estimate the frequency of the p^1!p1* transition
for Schi�-base 4. For compounds 1, 2 and 3 the frequency of the p^1!p1* transition was
estimated by using regression equations with the same slope as that obtained for the correlation
between the AM1 p-MO energy di�erences for salicylaldimine and the p!p* frequencies of
ethylenebis(salicylideneimine) (Table 1).

Table 1

Correlation of AM1 p-MO energy di�erences for salicylaldimine and its 5-OCH3 and 5-Br derivatives with
experimental energies of the p!p* transitions (in wave numbers) of the respective Schi�-bases derived

from ethylenediaminea
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The eigenvectors of the AM1 p-MO considered for assigning transitions of the salicylidene-
imine chromophore are listed in Table 2, where atoms have been labelled as in Fig. 2. These data
show that transitions p0!p1*, p^1!p1* and p0!p2* involve the salicylideneimine chromophore
as a whole. Such a result disagrees with assignments of the bands of the electronic spectra of
saldiamines given earlier, which ascribed the absorption band centered near 318 nm to a p!p*
transition localized mainly on the azomethine chromophore.12,19 For ethylenebis(salicylidene-
imine) the respective AM1 p-MO energies and correlation equation (Table 1) indicate that p!p*
transitions, mainly localized on the azomethine chromophore, should appear at wavelengths
below 170 nm.

Table 2
Eigenvectors of the AM1 p-MO selected for assigning the p!p* transitions of salicylideneimine chromophore

Figure 2. Atom labelling of ethylenebis(salicylideneimine)
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Electric transition moments calculated from the eigenvectors listed in Table 2 are shown in
Table 3 together with other parameters involved in Eqs. (1) and (2). These data show that the
direction of polarization of the transition p0!p1* is at ca. 75� from the x axis, i.e. at ca. 86� from
the azomethine bond. In turn, directions of polarizations of transitions p^1!p1* and p0!p2* are
at ca. 32� and 30� from the x axis, respectively.

Selected values of interaction energies and rotatory strengths are listed in Tables 4 and 5. These
data show that, because of the di�erent directions of polarization of the p!p* transitions, for a
particular value of f the interaction parameter calculated for the transition p0!p1* is con-
siderably smaller than those for the transitions p^1!p1* and p0!p2*, while the inverse occurs
with the absolute values of the rotational strengths. Thus, in predicting CD spectra the e�ects of
di�erences in exciton splitting and rotatory strength o�set each other so that the summation
curve in the region of the transition p0!p1* results in a similar amplitude to that in the region of
transitions p^1!p1* and p0!p2*.
Values of the empirical scale factor �eL (exp.)/�eL (theor.) are 3.68, 2.63, 1.91 and 0.75 for

Schi�-bases 1, 2, 3 and 4, respectively. The cases where �eL (exp.)/�eL (theor.) >1 re¯ect the fact
that rotations about the N±C(8) and N0±C(80) bonds have not been explicitly considered in the
conformational model. Nevertheless, if the C2 symmetry is preserved, such additional torsional
angles should a�ect all interacting transitions similarly. In turn, both �eL (exp.)/�eL (theor.) <1
for compound 4 and the di�erent values in �eL (exp.)/�eL (theor.) among the remaining Schi�-
bases re¯ect the fact that the systems are equilibrium mixtures of conformers.12

Table 3
Electric-dipole moments of p!p* transitions of salicylideneimine chromophore and other parameters

involved in the expressions for the interaction energy (Eq. (1)) and rotational strength (Eq. (2))
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Band widths of ca. 31 nm were required for simulating the sign patterns of the CD spectra.
Therefore, Gaussian exponents for Eq. (4) were in the range 0.98�10^3�(1/�)2�1.07�10^3. Such
band width requirements might also be re¯ecting the fact that our conformational model is
applied to diastereomeric mixtures. In turn, band widths of 18 nm were necessary for simulating
the electronic spectra.
Theoretical electronic and CD spectra generated from the parameters given in Tables 4 and 5

are shown in Figs. 3 and 4, where experimental literature data are included for purposes of
comparison. As shown in Figs. 3 and 4, the theoretical and experimental electronic spectra agree
in both positions and relative values of the optical density maxima. Small deviations are
observed, however, for the minima at 283 nm (Fig. 3) and at 290 nm (Fig. 4), because they appear
bathochromically shifted by 7 and 6 nm in the corresponding theoretical spectra, respectively.
These discrepancies might be due to overestimation of the exciton splitting of the p^1!p1*
transitions.
The theoretical and experimental CD curves of Schi�-bases 1, 2 and 3 (Fig. 3) match in both

sign patterns and relative amplitudes of the bands. However, the positive bands at 323±326 and
264±267 nm in the experimental spectra are bathochromically shifted by 8±12 and 7±10 nm,
respectively, in the theoretical spectra. Moreover, the negative CD bands at 239±248 nm in the
experimental spectra are hypsochromically shifted by 6±14 nm in the theoretical spectra.
However, these deviations fall within the range often observed in theoretical calculations.20ÿ22 A

Table 4
Interaction energies (cm^1) of the ethylenebis(salicylideneimine) system for some selected f values

Table 5
Absolute values of rotatory strength (erg cm3) of the system ethylenebis(salicylideneimine) for some selected f valuesa
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more serious deviation in the theoretical spectra (Fig. 3) is the bathochromic shift by ca. 22 nm of
the experimental minimum at ca. 280 nm. The probable origin of these discrepances is that the
dipole±dipole approximation overestimates the interaction energies.
The theoretical and experimental CD curves of Schi�-base 4 (Fig. 4) match acceptably in both

sign pattern and relative intensities of the bands at 251, 303 and 332 nm. However, the positive
band near 280 nm has, in the theoretical spectrum, an amplitude ca. 5.5 times greater than that
observed. Such a discrepancy would arise from the contributions of the exciton coupling between
the transitions B2u of phenyl substituents on C(8) and C(80), which are arranged according to a
negative chirality, being neglected in our calculations.11,12 Furthermore, discrepancies could also
arise because contributions of mixed exciton coupling between p^1!p1* and p0!p2* transitions
of the salicylideneimine moiety and the B2u transitions of the phenyl chromophores are neglected.
The positive band at 332 nm in the experimental spectrum of 4 is bathochromically shifted by 9
nm in the theoretical spectrum, and the negative band at 251 nm is hypsochromically shifted by
13 nm (Fig. 4). Such deviations are typical in theoretical calculations.20ÿ22

As shown in Tables 4 and 5 and Fig. 3, f values of 50, 34 and 29� were necessary to generate
CD curves agreeing in both relative band amplitudes and sign patterns with the experimental CD
spectra of Schi�-bases 1, 2 and 3, respectively, and a f value of 15� was required for compound 4
(Tables 4 and 5 and Fig. 4). Such f values appear to be unreasonable because, at least for Schi�-
base 2, f�60� is expected. However, we note that, in neglecting torsions about bonds N±C(8) and
N0±C(80), our iterative procedure used for predicting the CD spectrum of a particular Schi�-base
should lead to a f value re¯ecting the angle between the molecular planes of the chromophores

Figure 3. (A) Electronic spectrum of Schi�-base 1 in chloroform solution; (B) CD spectra of Schi�-bases 1 (Ð), 2 (....)
and 3 (- - -); in chloroform solution (from Ref. 12); (C) theoretical electronic spectrum for f=50�; (D) theoretical CD
curves for f=50� (Ð), 34� (....) and 29� (- - -)
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rather than the actual N±C(8)±C(80)±N0 torsion angle in the prevailing equilibrium conformation.
Instead, di�erent requirements for f among the Schi�-bases re¯ect changes in the N±C(8)±C(80)±
N0 torsion angle because the C(80)±C(8)±N±C(7) and C(8)±C(80)±N0±C(70) torsion angles should
be equivalent under C2 rotation and similar among these compounds.
Geometrical considerations indicate that:

where c is the N±C(8)±C(80)±N0 torsional angle, f is the angle between the molecular planes of
the chromophores and r is the C(80)±C(8)±N±C(7), or C(8)±C(80)±N0±C(70) torsional angle. If a
value of 60� is assumed for the torsion angle c in compound 2, use of f=34� gives a clockwise
value of ca. 40� for r, which is reasonable in view of repulsions between the lone pairs on the
nitrogen atoms and the C(8)±C(80) bond.

Thus, if we assume that r=40� for the remaining Schi�-bases, the torsion angle c should be
76, 55 and 41� for compounds 1, 3 and 4, respectively. Such a sequence can be correlated with

Figure 4. (A) Electronic spectrum and (B) CD spectrum of Schi�-base 4 in dichloromethane solution; (C) theoretical

electronic spectrum and (D) CD curve for f=15�
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variations of repulsions between substituents on the ethylene moiety through the series. Thus, for
compound 1 repulsions between the salicylideneimine moieties should prevail over those between
hydrogen atoms on C(8) and the methyl group on C(80), making c>60� (Fig. 5). In turn, for
compound 3 repulsions between the methyl groups on C(8) and C(80) should be predominant
because the distance between the methyl groups is smaller than that between the bulks of the
salicylidene moieties. Thus, for compound 3 the CH3±C(8)±C(8

0)±CH3 torsion angle should
be >60� and, therefore, c<60� (Fig. 5). There should be a similar but stronger e�ect in
compound 4 because of the bulk phenyl substituents on C(8) and C(80), which ®ts the obtained
sequence of f (or c) values.

In summary, our results show that di�erences in the shape and sign pattern of the CD spectra
of the ethylenebis(salicylideneimine) derivatives arise mainly from variations in the N±C(8)±
C(80)±N0 torsion angle of the dominant �� conformer rather than from di�erences in the
conformational equilibria. This last factor, instead, should be a determinant for the observed
amplitude di�erences in the CD spectra.
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