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Abstract 

A series of five copper(H) complexes with four geometrically lsomeric ligands of 1,4,7,10-tetrabenzyl-2,5,8,11- 
tetraethyl-1,4,7,10-tetraazacyclododecane and with (2R,5R,8R,llR)-2,5,8,ll-tetraethyl-1,4,7,lO-tetraaza~clododec- 
ane has been investigated by means of ESR, CD and MCD in solution. X-ray studies reported separately had 
shown that the [CuN,CI] chromophores were dlstorted to varying extents from square pyramidal to trlgonal 
blpyramidal geometry. The stability and rigidity of the molecular structure have enabled us to carry out a 
complementary study of the crystalline state and solution chemistry The ground state Kramers doublets varied 
from 3d++ to 3dZ2 type with Increasing distortlon around the copper Ion. The orbltal sequence of the 3d’ posltlve 
hole, d+2 < 42 < d,,., < d,, has been obtamed for the C,,, complexes The 3d, orbital IS also the highest m 
energy for the complex with the 342 type ground state doublet. This complex exhlblted superhyperfine splitting 
m the g, region due to the chlorine nucleus, which lmphes the principal I axis of the g tensor IS along the Cu-CI 
bond. The sign of the copper hyperfine tensors was determmed by means of Swalen’s treatment The changing 
values of the orbital coefkents decreasing for the 3d,+,2 and increasing for the 3dZ2, 3d, and 3d, m the ground 
state doublets have been attributed to concomitant elongation of the m-plane Cu-N bond and reduction of the 
out-of-plane Cu-Cl bond length with the increasmg distortion around the copper ions. 

Key words.- Copper complexes; Macrocyclic hgand complexes 

Introduction pared [3] and characterized [4]. These tetradentate 
cyclens react with copper chloride to yield the copper(I1) 

As shown in Fig. 1, the chiral macrocyclic ligand, complexes named as A (A, and A,), B, C, D and teA 
1,4,7,10-tetrabenzyl-2,5,8,ll-tetraethyl-l,4,7,lO-tetra- (teA, and teA,) and shown in Fig. 2**. 
azacyclododecane (tbte) can be resolved into four geo- All the complexes are penta-coordinate, of the type 
metrical isomers and the former two in turn into [CuCl(chiral cyclen)]Cl. The chloride ion is coordinated 
enantiomeric pairs [l]. The molecular structures of the at the apex of a pyramid. The counter-anion is at the 
four geometrical and two optically active isomers have 
been determined [2]. Further, the non-N-substituted ~ 
optically active cyclen, (2R,5R,SR,llR)-2,5,8,ll_tetra- 

**Although the data of A and teA were actually obtained by 

ethyl-1,4,7,10-tetraazacyclododecane (te,& was also pre- 
usmg the respective optlcally actlve complexes, the deslgnatlons 
are apphed for convemence. In fact, A, A, and As revealed 
identical spectra, except for the CD of A,, which showed a 

*Authors to whom correspondence should be addressed spectrum exactly enantiomerlc to that of AR. 
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Fig 1 Configuration, geometrical Isomers and symmetry of the 
choral cyclen hgands 

opposite side of the apical chloride ion and located 
far from the copper ion m the crystal (> 4.48 A). The 
stereochemistry around the copper ion varies from 
square pyramidal to trigonal bipyramidal, depending 
on the configuration of the ligand. The distortion from 
the square pyramid towards the trigonal bipyramid can 
be expressed along the Berry coordmate [5a]. The 
displacement percentage (tbp%) is increased in the 
order of teA = A < C <B e D (see Table 1) [6]. Another 
angular-structure parameter for trigonality, 7 [5b], in- 
dicates the same order. For certain compounds, a 
trigonal bipyramidal geometry m solution is rapidly 
interconverted to another one via a square pyramidal 
configuration [7]. Stereochemical fluxionality is a ubiq- 
uitous feature of penta-coordination [8]. Ray et al. [9] 
reported crystal structures and electronic reflectance 
spectra of cation distortion isomers with [GIN,] chro- 
mophores, making relation to the ‘plasticity effect’. In 
such a case, the individual stereochemistries m solution 
must be considerably different from those in their crystal, 
because weak interactions, such as van der Waals and 
hydrogen bonding forces control the stereochemistry. 
Thus the 3dZ2 ground state established for the crystal 
of [Cu(bipy),(thiourea)](ClO,), shifted to a 3d,,,, 
ground state in an N,N-dimethylformamide glass [lo]. 
Therefore, the complementary studies of the crystalline 
state and solutton chemistry of such complexes should 
be difficult except under special circumstances. In the 
present work, these are achteved with the particular 
ligand construction mentioned below. 

Since the structure of the ion site of penta-coordinate 
copper is inherently fluxional, stereochemical variation 
due to the requirements of chelating hgands can often 
be found in individual complexes. The present chnal 

cyclens have a small size N, cavity and bulky substituents, 
and the copper ton is above the plane of the four 
nitrogen atoms, so the N, donor set combines with the 
copper ton loosely m-plane, as seen in Fig. 2 [ll]. A 
similar stereochemistry to that of A can also be seen 
in [CuC1(1,4,7,10-tetrabenzylcyclen)lNO, [12a]. There- 
fore, it is also noted that the present work is a study 
for penta-coordmatlon of the copper(H) ion bound 
loosely in-plane. 

The present cyclens have four chiral centers due to 
the ethyl groups; they have four N-benzyl groups ad- 
jacent to every chiral center. The presence of many 
such substituents results in a rigid molecular structure 
even for the penta-coordinate copper. Complex D with 
a 3d,, type ground state Kramers doublet exhibits a 
reversed relation between the axial and equatorial bond 
lengths to that expected for the regular d9-copper 
trigonal bipyramid. It has been actually implied by 
spectral evidence that this tight geometry m the crystal 
remams unchanged m both mobile and low temperature 
glass media. 

The basal Cu-N bond lengths m the present complexes 
are m a rather wide range, from 2.03 to 2.13 A as 
shown in Table 1. In contrast, those for most [CuN,X] 
square pyramids with acyclic ligands are m a very narrow 
range, from 1.98 to 2.03 A, and the copper displacement 
from the N-basal plane is less than 0.3 A [13]. Inter- 
estingly, the copper displacement of the present com- 
plexes reaches between 0.53 and 0.63 A with reduction 
of the Cu-Cl bond distance (2.430-2.354 A). These 
Cu-Cl bond lengths are closer to the in-plane bond 
lengths of ordmary copper(I1) complexes ($25-2.35 A) 
than to the out-of-plane ones (2.73-3.20 A) [14]. This 
indicates the following characteristics of the present 
complexes. The cyclens with the small N, cavity are 
so rigid that the lobes of lone pair orbltals on the 
nitrogen atoms can turn their direction neither down 
nor up. The m-plane Cu-N bond lengths are accordingly 
elongated, which causes concomitant reduction of the 
Cu-Cl bond distance. Thus we can regard the complexes 
as axially compressed square pyramidal copper(I1) ones. 
Nevertheless, we sometimes use the terms of trigonal 
bipyramtdal distortion, because this terminology is in 
use. 

Electron spin resonance (ESR), visible and near-IR 
absorption (AR), circular dichroism (CD) and magnetic 
circular dichroism (MCD) were applied to their mobile 
and glassy solutions. The energies of AR maxima were 
observed in the order of teA > A > C > B > D. The same 
order appeared in the HZ] values, the absolute z com- 
ponent of the copper hyperfine couphng tensor A. The 
reverse sequence to HZ] has been observed in g, values, 
the z component of the g tensor. 

Crystal-field calculations are not well suited for the 
treatment of covalently bindmg coordmation such as 
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Fig. 2. Plane and side views of the molecular structures of the copper(H) complexes determmed by means of X-ray dIffractIon [Ill 

these Cu-N bonds. Nevertheless, we have adopted these 
calculations in order to obtain an auxiliary means for 
the complementary studies of the crystalline state and 
solution chemistry. The treatment of Swalen et al. [15] 
of the ground state Kramers doublet has been suc- 
cessfully applied to this series of complexes. The results 
agree very well with the stereochemistries in the crystals 
of the respective complexes. 

Experimental 

Preparation of the complexes 
The complexes were prepared by the procedure re- 

ported elsewhere [lla]. All the complexes were iden- 
tified by magnetic susceptibility, elemental analysis and 

field desorption mass spectral data. The zinc(H) an- 
alogue of D was prepared by heating an equimolar 
mixture of zmc chloride and the corresponding ligand 
(1 mmol) in absolute ethanol (25 ml). Crystals of the 
zinc complex were obtained by recrystallization from 
a 1:l mixed solvent of acetonitrile and ethyl acetate. 
The mixture of a 0.1 molar ratio of D and the zinc 
analogue was dissolved in the same solvent, and the 
copper-doped crystals were isolated. The crystal data 
of the zinc complex are as follows: triclinic, Pi, 
a = 13.605(7), b = 15.199(5), c = 11.518(6) A, (Y= 
109.43(3), p= 98.05(4), ~=86.94(4)“, l’= 2224(2) k, 
2=2. Although the amon part that contains zinc and 
chloride ions was not well defined owing to the disorder, 
the molecular geometry of the Zn-cyclen complex 
was clearly found to be quite similar to that of D: 
R=0.13. 



112 

TABLE 1 Molecular dimensions of the copper complexes of the choral cyclens m the crystal 

Complex teA [Ila] A [lla] c [llc] B [lld] D [lib] 

Trtgonal btpyramtdai percentage (tbp%)” 0 0 20 30 70 
Angular tngonality parameter (7)” 0 010 0 027 0 095 0 328 0 670 
Ligand field symmetry approximated’ Cd” C,,, C‘i,, c G 
Dtsplacement of Cu(II) from N-basal plane (A) 0 546 0.541 0.528 0:26 0 628 
0-N bond lengths (A) of A average frans-patr 2.027 2.049 2.07 2.08 2 066 

average of frans-pair B 2.032 2.071 2.09 2.10 2 130 
N-0-N bond angle (“) a for tran.+patr A 148 4 150.4 153 6 138.0 124.2 

p for trans-pair B 149 0 148.8 147 9 157.7 164.4 
Cu-Cl bond length (A) 2 430 2 400 2 381 2 371 2 354 
Cl-Cu-N bond angle 0 (“) of trans-pair average A 105.8 104 8 103 2 1110 117.9 

average of frans-patr B 105 5 105 6 106 1 101.1 97.9 
A@ (“) 0.3 0.8 2.9 99 20.0 

aAccordmg to representation of Holmes and Detters [5a]. bThe defimtton r= (a- p)/60 [5b] Therefore, the r value IS very close 
to A0/30, where A0 is the same as that m the botton row of this Table. ‘The exact symmetry m the crystal for teA and A is C,,, 
and the mdividual bond lengths are therefore equal to the averages Those for the rest are C,, but can be approxtmated as the 
C4<> and Cz,, symmetry designated. 

Physical measurements 
ESR measurements were carried out in a toluene 

(5-lO%)<hloroform solution but for teA ethanol was 
used because of Its poor solubility m the former solvent. 
ESR spectra were recorded in glassy solution at 77 K 
and in mobile solution at room temperature on a JES- 
ME-3X spectrometer operating with 100 kHz field 
modulation. The magnetic field strength was calibrated 
from the hyperfine splitting of the manganese(I1) ion 
(8.69 mT) in powdered magnesium oxide. The g values 
were determined by taking the Lr-TCNQ radical salt 
to be g = 2.0025. In order to compare the ESR param- 
eters in the glassy solution with those in the crystal, 
single crystal ESR measurements were carried out for 
D doped in the single crystal of the zinc(I1) analogue 
at room temperature. The procedure for the experiment 
and analysis of the data was similar to that described 
elsewhere 1161. The ESR parameters obtained for D 
in the crystal are as follows: g,= 2.008, g,= 2.245, 
g,=2.156; wZ]=43x10-4, j/I,[=122~10-~, bY]=71x 
10e4 cm-‘. The estimated standard deviations for the 
g and A components are 0.007 and 5x lo-“ cm-‘, 
respectively. The ESR parameters agree with those 
obtained from the glassy solution within the limit of 
three times the standard deviations. The orientational 
relation between the principal and molecular coordinate 
system is unspecified, owing to the irregular shape and 
poor X-ray scattering quality of the crystal used in the 
ESR measurement. 

The optrcal spectra were measured in chloroform 
solution, except for teA when methanol was used, at 
room temperature. The AB spectra were taken with 
a Hitachi 330 spectrophotometer. The MCD at 1.08 T 
and CD spectra were recorded on JASCO J-20A, J- 
200 and J-500 spectropolarimeters. 

Results and discussion 

Calculation 
For the sake of a prospective insight, a simplistic 

crystal-field calculation is applied to the 3d’ positrve 
hole. A C,, square pyramid can be changed to a D,,, 
trigonal bipyramrd through a pathway maintaining a 
C,, distorted square pyramid [7, 8a]. A and teA can 
be approximated as C,, symmetry with safety, C can 
be regarded as C,, rather than CZy, and B and D as 
C,, from the crystallographic evidence 

In order to see the effects of the copper displacement 
from the N-basal plane of the C,, square pyramid, the 
energy levels are calculated as, functions of 0 ( = 0, = 0,) 
m Fig 3 for a given R (1.988 A was taken as the radius 
of the N, cavity). The parameters m this Figure are 
formulated as: 

Cl 

c, ore> 

Fig 3. Distortton dtagram of the [CuN,Cl] pyrdmtd. C, or Cz 
means four- or two-fold axts along the z axis. R stands for the 
radius of the N, cavity The Cu-N bond distances along the x 
and y direction are defined by S, and 4; S, is the Cu-Cl bond 
dtstance The extent of the copper displacement from the N- 
basal plane 1s measured by [ 
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8, = 8, = Rlsin 8 (la) 

8, = constant (2.400 A) (lb) 

[=R tan(B-90) (lc) 

The crystal-field parameters were estimated from the 
MCD spectrum for A: A&2-y2,YZ,u= 13.4 kcrr-’ and 
AE,*,+ = 15.6 kcm-’ where hE is the energy difference 
between the designated 3d type levels. This implies 
that the ground state is the common 3d+,,* type and 
d, > d,I, a in energy. The calculated energy levels for 
the 3d’ positive hole are shown in Fig. 4. The general 
features of this level structure are similar to those for 
a third series transition metal calculated by Rossi and 
Hoffmann [Sal, who treated a C,, square pyramid by 
means of the molecular orbital theory. 

The 3d,,_,,, type ground state Kramers doublet wave 
functions are composed of 3d,,+ 3d,, 3d,, and 3d, 
orbitals (refer to eqns. (6)); the latter three are admixed 
with the former by the spin-orbit coupling AL.S. The 
g tensor components were obtained as functions of 13 
based on the spin Hamiltonian of the form 
pL.H+g,/?S-H, for example: 

g,=g,-2g,(d2+e2)+8bc+4de (2) 

where g, is the free electron g value. The coefficients, 
c, d and e, for the 3d,, 3d,, and 3d, orbitals are: 

c = hIAE+$, V (3a) 

d=OSAIAE,z,z,, WI 

e = - 0.5AIAE,~2,, (3c) 
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Fig 4 Energy levels and ESR parameters of a 3d positive hole 
calculated for (a) the C,,, and (b) the C2,, hgand field symmetry. 

where A& are functions of 0. The components of the 
copper hyperfine coupling tensor were calculated after 
Abragam and Pryce [17]. The calculated g,=g,,, 
g,=g,=g,, A,, and A, are shown in Fig. 4. 

In order to speculate how the spectroscoprc param- 
eters are affected by the CzV distortion about the Cu-Cl 
axis, the crystal field Hamiltoman for Czv symmetry 
was expanded into two terms: 

v, = v&J + v,zl (4) 

The second term was treated as a perturbation acting 
on the first term. The calculation was made by using 
variable A6( = 0, - 0,) and constant (OX+ 8,)/2. The fol- 
lowing constants were used tentatively: 8, = 2.129 A, 
8, = 2.066 A, (OX + t&)/2 = 107.9” and S,= 2.354 A. The 
crystal-field parameters were taken from complex A. 
The A0 dependence of the calculated g and H/ com- 
ponents can be compared qualitatively with those ob- 
tained by using an angular overlap approach for a 
penta-coordinate C2,, copper(I1) complex [18]. 

The results of the crystal-field calculation for the 
d, > dyr,a > d, y L 2 level scheme are qualitatively consis- 
tent with the experimental results in Table 2. The 
calculation for the C,, distortion shows qualitative 
accordance with the changes observed in the g, and 
PA,] values increasing and decreasing, respectively, from 
C to B. 

ESR spectra 
The ESR spectra measured in toluene-chloroform 

glassy solution at 77 K appear in Fig. 5. The anisotropic 
ESR parameters were estimated with a trial-and-error 
simulation method. The simulated spectra in Fig. 6 are 
not exhaustive, because of ignoring the isotope mixture 
of the copper ion and the higher order corrections. 
The parameters estimated are summarized in Table 2. 

The ESR spectra of A and teA show the line shape 
typical of a system with axially symmetric g and A 
tensors. The fact that g,, >gi reveals that the 3dXZT2 
electronic configuratton dominantly contributes to the 
ground state doublet. In both the g, and g,, regions, 
A exhibited a nine-line superhyperfine structure due 
to the equivalent four nitrogen nuclei. teA also exhibited 
a similar but less resolved superhyperfine structure in 
unstable methanol and ethanol glasses. A 30% ethylene 
glycol aqueous stable glass improved the resolution in 
the g, region but scarcely so in the g,, region. These 
ligand hyperfine splittings are ascribed to the C,, sym- 
metry of the effective ligand field in solution. 

The g, values showed the concomitant increasing 
order of teA<A<C<B with decreasing series of pZ] 
values of teA > A > C > B. This order parallels the tbp% 
and ~value or the distortion from C,, square pyramidal 
geometry. 
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TABLE 2 Spectroscopic data observed for the copper(H) complexes of the choral cyclens 

Complex AB, CD and MCD transltlon 
energy m wave number 
of d-d* transmon region” 

ESR parametersh 

AB CD MCD gz & gY ‘4, AX ‘4, UC” Ar: AN, ‘G 

teA’ 15 6 14 3 14.0d 2 210 2 052 180 13 68 10 9 
(256) 17 1 17 2’ 

A(&> As) 14.4 13 4 13.4d 2 218 2 056 175 13 67 92 10 1 
(570) 163 15 6’ 

C 13.7 12.7* 2 223 2 048 2 076 165 24 25 61 

(570) 15.0’ 
B 129 10.2‘ [lo 7]h 2.230 2.047 2 092 161 14 24 62 

(545) 14 29 [14 2]h 
D 8.7(221) 8 2’ [9.11h 2 014 2.232 2 139 44 127 64 60 17 

12.0(285) I1 29 [lo 5]h [2.008 2 245 2156 43 122 711’ 
[12 9]h 

“The band posltion 1s measured in kcm-’ with E value (M-’ cm-‘) m parentheses ‘The amsotroplc parameters were obtained 
from the glassy solution at 77 K AN and AC’ are the mtrogen and chlorme superhyperfine tensor component designated. a,-, 1s the 
lsotroplc hyperfine couplmg constant observed at room temperature. Every hyperfine couplmg constant IS of Its absolute value m 
10e4 cm-’ ‘The electronic and ESR spectra of this complex were measured m methanol solution and m ethanol glass, respectively 
The electronic and ESR spectra of the other complexes were observed m chloroform and m toluene (5-lO%)<hloroform glass. 
respectively dFaraday A term energy “B teim energy cgThe energy at extremum with posltlve and negative AE, 
respectively hThe excltatlon energy estimated by curve fittmg ‘These data were obtalned from the srngle-crystal ESR experiment 

II TCNO 

-D 

I- -1 

Fig. 5. ESR spectra of copper(H) complexes observed at 77 K 
The inset is the second-denvatlve ESR spectrum of D whose 
abscissa range IS shown by a range bar m the first-derlvatwe 
spectrum. The arrows m the mset mdlcate the superhyperfine 
sphttmg due to the chlorme nucleus and the sharp lme orlgmates 
m Li-TCNQ. 

The lowest g component of D is very close to 2.00 
but the lowest ones of the others exceed 2.045. This 
g value of D can be attributed to a 3d,, type ground 
state doublet. The second-derivative ESR spectrum of 
D observed at 77 K revealed four peaks with a separation 
of 17 X 10d4 cm-‘, as shown In an inset in Fig. 5. This 

Fig. 6. Simulated ESR line shape due to the g and A anlsotropy 
The cross marks show the posItIons of g,, g, and g, components 

is a reasonable value for a parallel superhyperfine 
splitting due to the chlorme atom (A?) on which the 
spm density of 0.011 will be estimated later. This reveals 
that the principal z axis of the g tensor lies along the 
Cu-Cl bond. This also supports our assumption of the 
compressed square pyramid, because the Cu-Cl axis is 
the principal axis of the Czo symmetry but never the 
unique axis perpendicular to the trigonal plane m which 
the Cu-Cl bond lies (see Fig. 10). For the [CuN,S] 
chromophore in the [Cu(bipy),(thlourea)](ClO,), crys- 
tal, the z axis was found to be perpendicular to the 
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trigonal plane composed of two nitrogens and one sulfur 

WI. 
The isotropic nitrogen superhyperhne tensor of A 

indicates a more dominant u- than r-bondmg character 
in the Cu-N bonds [19a] and hence little contribution 
of the 3d, electronic configuration to the ground state 
doublet. Actually large isotroptc couphngs of u- and 
rr-radicals with considerable s character and anisotropic 
couplings of rr-radicals have been observed [19b]. An 
example for a very anisotropic ligand hyperfine splitting 
was observed to be AC,r=7.8~ 10e4 cm-’ and A?=0 
for 3d, ground state [CrOCl,]*- [20]. 

A; and A? due to dipolar coupling between the 
electron spin on the copper ion and the nuclear spin 
in the atom designated are calculated to be below 
0.5 X lop4 cm-’ based on the point dipolar approach: 
A ;f’po’ar = 2g&, &r - 3. Therefore, the observed ligand 
hyperfine couplings can be attributed to covalency. 
Chlorine hyperfine splitting is observed only for D, 
because its 3d,, ground state orbital is pointing to the 
Cu-Cl bond but the d,2,2 orbitals for the others are 
not in the direction of that bond. 

AB, CD and MCD spectra 
The AB and MCD spectra appear in Fig 7. Two 

or more d-d* transitions of higher Intensity may be 
predicted for a square pyramid [21]. However, the AB 
spectra of A, C and B show a single band with an 
unusually large molar extinction coefficrent, E (500-600 
M-l cm-‘). On the other hand, the AES spectrum of 
D exhibits two apparent component absorptions with 
an E value half that of the above complexes. Comparing 
the spectra of A, C and B with that of D, the former 
spectra may be composed of the possible d-d* tran- 
sitions. The bandwidth of teA without an N-benzyl 
group is much greater than those of the others, which 

2000 1000 750 500 XH 

,.,j-i 

-o.z- 

-0.4 -600 

-400 

Fig. 7. OptIcal absorption and magnetx circular dlchrolsm spectra 
of A (-), B (- - -), C (- - -), D (- - - -) and teA (- - -) observed 
m chloroform (A, B, C and D) and m methanol (teA). 

may be attributed to the larger fluctuation of the 
3d,,+ level due to the Cu-N stretchmg motion. Styka 
ef al. [12b] proposed that the increasing E from Cu-cyclen 
(E= 200-300) to Cu-tetrabenzylcyclen (500-900) indi- 
cated a greater degree of distortion and consequently 
greater d-p mixing. However, there does not appear 
to be such a correlatton between the E value and the 
distortion of the present complexes. The energies of 
the absorption maxima are presented m Table 2. 

The CD curves of AR and teA, are shown in Fig. 
8. Those of A, and teA, are observed to be strict mirror 
images of AR and teA,, respectively. The energies at 
the CD extrema are also listed in Table 2. Metal 
coordmation at the nitrogen atoms generates new chiral 
centers. The configurations of the asymmetric nitrogens 
in AR and teA, have been found to be RRRR and SSSS, 
respectively [lla]. The CD curves of A, and teA, are 
approximately enantiomeric with each other. This sug- 
gests that the sign of CD in the d-d* band region 
depends on the configuration of the asymmetric mtro- 
gens. In the CD spectra of AR and teA,, the d-d* 
bands observed as a broad single band in AB split into 
two component extrema, respectively. The absorption 
maximum in the AB spectrum of each complex is located 
at the midpoint of the two CD extrema. Since the 
d,,+-+dX,z magnetic dipolar transition is forbidden in 
C,, symmetry, the two CD bands are assigned to the 
d, ti dXL+,* and degenerate d,,_ tf d,,,, excitation. 

In order to discriminate between the non-degenerate 
and degenerate excitations, the energies of these CD 
extrema have been compared with those of the MCD 
spectra. The larger CD wave numbers of AR and teA, 
agree fairly well with those of the MCD extrema at 
the high energy side. These MCD extrema can be 
assigned to the positive B term. The low energy CD 
wave numbers coincide excellently with those at the 
MCD spectral line crossing over the zero line. This 

1000 750 500 NH 

0. 

w 
- o.o- 

Ei 

4. 

-0.4- 

Fig. 8. Circular dxhroism spectra of A (-) m chloroform and 
teA (- - - -) m methanol. 
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crossing over can be attributed to the anomalous A 
term dispersion. The A term dispersion can be 
ascribed to the location of a degenerate excitation 
d Yz,xz CJ d+z. Similar dispersions have been observed 
for several copper(I1) complexes of derivatives of 
1,4,8,11-tetraazacyclotetradecane (cyclam) [22]. The 
crystal-field calculation, which necessitates these two 
energy separations but not the separation between the 
dx2_+ and dZ2 levels, predicts the following orbital se- 
quence for the 3d’ positive hole; d,+, < dZ2 < d,,,, < d,. 
The MCD energies are given in Table 2. 

The above MCD assignment is based on the mter- 
pretation that the spectrum is a superposition of Faraday 
A term dispersion and B term extremum. This is an 
approximation valid in the absence of spin-orbit in- 
teraction [23]. In the presence of that coupling, the 
alternatives to our A term may be superposition of C 
terms or/and B terms with opposite sign. If it were so, 
however, the excellent agreement of the CD extremum 
with the MCD crossing-over point observed for both 
A, and teA, could not be explained. It is noted that 
the spin-orbit coupling constant is about -0.6 kcm-’ 
(will be estimated later) whose magmtude is equal to 
the first-order perturbed splitting width from the un- 
perturbed system [23] and rather smaller than the 
bandwidth. Therefore, the dtfference between the MCD 
spectral shape with and without the spinorbit coupling 
will be small; the above assignment IS rationalized. 

Smce the MCD spectra of C,, or lower symmetry 
must be composed of more components than those of 
Cdv, the whole spectral shape should be constderably 
altered by the overlapping, individual intensities, and 
so on. However, in the absence of temperature-de- 
pendent MCD measurements we are unable to dis- 
criminate C term from A and B terms. In order to 
obtain the additional information about the MCD ex- 
citations, the following relation was employed [24]. 

where a, b, d and e are the orbital coefficients of 
Kramers doublets, discussed later. When the coefficient 
a is zero (the Cqv case), the ratio becomes necessarily 
- 1.00. The ratio is estimated to be - 1.043 for C from 
the ESR parameters (see Table 3). In view of this 
value and the trigonahty parameters, the MCD of C 
with the dYZ and d, levels in close proximity may be 
assigned along the same lines that we adopted for teA 
and A. 

The above ratio is insensitive to A,?+,,,,,, [24], so 
we could infer the level scheme based on a 
A&Z-yZ,ZZ assumed adequately when the other three 
excitation energies are known. Because the MCD spec- 
trum of D showed a small shoulder, spectral decom- 

position was undertaken using the SP program [25]. 
Three Gaussian components were obtained as shown 
in Fig. 9. Takmg a partial level scheme such as 
AE,,,,=9.1, AE,,,,=lOS and AEZ2,*y=12.9 kcm-‘, the 
assumed lowest excitation energies of AEZZ,xlYz = 5.0 
and 3.0 kcm-’ for D gave the ratios of 0.77 and 0.87, 
respectively. The former ratio agrees with 0.778 esti- 
mated from the ESR parameters. However, a limiting 
effort for B was made in vain, because the ratio 1s 
sensitive to the A& that appear explicitly in the above 
equation. Nevertheless, the maximum energy d-d* bands 
of the present complexes are ranged between 17 and 
13 kcm-‘. On the other hand, Hathaway reported that 
the maximum d-d* bands of square pyramidal 
Cu(NH,),X, and Cu(NH,),X, complexes are distributed 
in a very narrow range 15.8-16.3 kcm-’ [14]. Therefore, 
the present maximum d-d* bands are sufficiently lower 
than those, which is attributed to the in-plane loose 
coordinatton due to the distortion around the copper 
ion. 

Relation between ESR parameters and stereochemistry 
The dZ, and d~r21.2 orbitals belongmg to A, and B, in 

C4,, symmetry are in the same A, representation in C,,. 
Accordingly, the proper ground state doublet for the 
present case must contain a linear combinatron of the 
two orbrtals. A similar but more general case was treated 
by Swalen et al. [15]; their Kramers doublets for 
3dX2_Y2 and 3dz2 type ground states are: 

~=~/Z2~)+bly~-y~~)+c~)--id~z~)--e~~) (64 

where superscripts CY and p designate the spin functions. 
The orbital coefficients a, b, . . . are all real quantities. 
The expressions for the g components are. 

V (io'icm) 
Fig 9 Observed (-) and Gaussmn components (- - - -) of the 
magnetic circular dlchrolsm spectrum (top) and optlcal absorption 
(bottom) of D 
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g,=2-4d2-@+8bc+4de (7a) 
g,=2-4c2-4e2+4&ad-4cef4bd (7b) 
g,,=2-4c2-4d2+4&ae-4be+4cd (7c) 

Along with the normalization condition, the non-linear 
simultaneous eqns. (7) are solved for five unknowns a, 
b, c, d and e in the first place. The validity of the 
numerical solution is checked with the observed copper 
hyperfine tensor. In the course of the check, two 
unknowns P and K are estimated with a least-squares 
fit to the hyperfine components. 

A, = P[8bc + 4de + (65- ~)(l - 2d2 - p) 

-35(4c2+4b2-d2-e’+&a(d+e) 

+ 3(d - e)(c -b)}] (8a) 

A, = P[4aad - 4ce + 4bd + (65- K)( 1 - 2c2 - 2e*) 

-3~(J?Ja+b)2-c2+4d2-e2-~a(e+k) 

+ 3cd - 3be + 3de}] (8b) 

A, = P[4&ae + 4dc - 4be + (65- K)( 1 - 2c2 - 2&) 

- 3ce + 3bd + 3de}] (8~) 

where 5 is related to the electronic configuration of 
the ion: 

~=[(U+1)-4S]/[S(2!-1)(U+3)(2L- l)] (9) 

and the present case of I = L = 2 and S = l/2 hence gives 
t= 2/21 [17]. 

The above procedure was carried out on a VAX 
station 3200*. For the best 50 solutions in the residual 
sum of squares for the least-squares refinement, the 
residual sums were plotted against the x( =e/d) value. 
The graph showed one, two or three minimal sums; 
the P and K parameters that gave the minima are shown 
in Table 3. The sums for the possibles ranged from 
3x1o-2 to 5x10-” in (10e4 cm-‘)’ through all the 
complexes. The following criteria were employed to 
select the most reasonable solution among the possibles. 
(i) The observed isotropic copper hyperfine coupling 
constant must compare with the calculated one. (ii) 
The P and K parameters must be less than those of 

*FORTRAN program was coded. The tteratton at gwen x,=e/ 
d was contmued ttll the varratton m the restdual sum of squares 
became to be smaller than lOen’, the fittmgs of P and K for the 
eight posstbrhttes in the signs of As were done to the optrmal 
shifts that were smaller than 10m8 ttmes the correspondmg 
parameters. The seven parameters at x1 =x0 + 0 001 were obtained 
usmg the aO, bo, c,, and d, as the startmg parameters of the 
iteratton. The best 50 soluttons rn the restdual sum of squares 
for the least-squares refinement were collected. 

the free ion, P,= 360 x lop4 cm-’ and K~= 0.43 [26], 
taking account of the covalency. (iii) The parameters 
must be consistent with the results of the electronic 
spectral and crystallographic studies. A tolerable dif- 
ference was obtained between the observed and cal- 
culated isotropic hyperfine couplmg constants. The P, 
K and PK parameters for A are fairly consistent with 
those estimated by the following method. The elec- 
tron-nuclear dipolar term, P (see eqn. (12)), and the 
factor to give Fermi contact term, K, were estimated 
to be P= 274 x lop4 cm-l and K= 0.327, providing 
P=pP, [27] and K=P~ [26]. The net spin density on 
the 3d orbitals was estimated to be p=O.76 with the 
nitrogen superhypertine splitting [28]. The spin-orbit 
coupling constant of - 630 cm- ’ was also evaluated 
with A =ph, [27] and A,= -828 cm-’ [26]. The same 
consistency can be concluded for teA, since a similar 
superhyperfine coupling constant to that of A was 
observed. Similar calculation gave a spin density of 
0.011 on the chloride ion of D. The propriety of the 
solution can also be checked by the following approx- 
imate relation valid for the case of parallel and per- 
pendicularA components possessing the same sign [29]: 

PK= lacul +PAg,, (10) 

where a,, and Ag,, are the observed isotropic hyperfine 
couplmg constant and the difference between the av- 
erage of the observed g components and g,, respectively. 
The K values estimated from this relation are 0.374 
and 0.381 for teA and A, respectively; the consistency 
is encouraging. Therefore, we may reach conclusions 
by using the above parameters and the orbital coef- 
ficients. Note that the sign of a depends on the sign 
(or the definition) and magnitude of the anisotropy. 

a= (g-&+4(x2-l)d2+4(1+x)(c-b)d 
4fi( 1 -x)d (11) 

where x is - 1.5 N -0.5 for the d++ and 0.5 - 1.5 for 
the d,, type ground state doublet. 

The signs of the A tensor components are assigned 
as in Table 3. The negative values of all the calculated 
isotropic hypetfine coupling constants are consistent 
with the exchange polarization mechanism for the inner 
s-spin (ref. 30a and refs. therein). The observed isotropic 
hyperfine coupling constants are in decreasing order 
from teA to D. P and K are also in a similar descending 
order, except for C. The decreasingp parameters suggest 
that the 3d orbitals expand slightly (- 10%) owing to 
the covalency. The K parameter which was introduced 
as a numerical factor for the admixture of configurations 
with unpaired s electrons [17] may be correlated with 
the exchange polarization of the inner s-spin. The slight 
expansion of the inner s orbitals associated with the 
3d orbital expansion reduces the s-spin density at the 
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TABLE 3. The g components used m Swalen’s calculation [15], orbrtal coefficients of Kramers doublet, and calculated parameters” 

Complex g, gx g, a b c d x=eld A, A, A, P K PK aCuh A,,,’ 

teA 2210 2 052 0 0000 0 9996 0 0265 0.0135 -1.000 -180 -13 -13 250 0381 95.5 68 -687 
0 OOOOd 0 9996 0 0265 0 0135 -I 000 -180 13 13 290 0284 823 -513 

A 2218 2 056 0 0000 0 9995 0 0276 0.0146 -1 000 -175 -13 -13 245 0386 94.7 67 -670 
0 0000 0 9995 0 0276 0 0146 -I 000 -175 13 13 285 0287 818 -496 

C 2 223 2 048 2.076 -0.1130 09931 00285 00158 - 1 043 - 165 24 -25 259 0 333 86.1 61 - 54.7 

- 0 0190 0 9993 0 0283 0 0131 -I 454 -165 -24 -25 214 0 453 96 8 - 713 

-0 0148 0 9994 0 0283 0 0130 -I 475 -165 24 25 288 0253 72 9 -38 7 

B 2 230 2.047 2.092 -0 1053 09939 00294 00153 -1313 -161 14 -24 246 0 359 88.1 62 - 57.0 
D’ 2008 2.245 2.156 0.9854 0 1647 0 0089 0 0333 0 778 43 -122 -71 241 0349 83.9 60 -500 

0 9534 02986 0 0049 00320 0 923 -43 - 122 -71 113 0839 94.7 - 78 7 

D’ 2014 2.232 2.139 0 9797 0.1964 0.0109 00311 0 760 44 - 127 -64 239 0 338 80.6 60 -490 

“The common unrt of A,, P and PK IS 10m4 cm-‘. ‘Isotroprc copper hype&me couphng constant observed at room temperature 
‘The same constant based on the calculated A,, A, and A,. dThe data wrrtten in itahcs result tn improper soluttons, the reason 
IS given m the text. “,‘The g and A tensors used in the calculatton are of smgle crystal and glassy solutron, respectrvely 

nucleus and hence decreases the Fermi contact term 
interaction. Therefore, a conststent trend is also found 
between PK and a,,. However, the reason for the 
irregular magnitudes of P and K for C has not yet been 
realized. 

The remarkable result for teA, A, C and B is that 
c < 2d and c <21el. The partial orbital sequence of 

d, > dy=, u discussed previously is consistent with thts 
relation, taking account of eqns. (3). The above relation 
results from the smallness of the c coefficients; actually 
typical c values are around 0.04 [31]. The m-plane anti- 
bonding dXLYz orbital (m terms of MO scheme) must 
be more sensitive to the distortion around the square 
pyramidal copper ion than the non-bonding d, orbital. 
Therefore, the copper displacement from the N-basal 
plane raises the d+,,, level for the hole, which is 
illustrated in Fig. 4. Inevitably the basal Cu-N bonds 
are elongated, which is followed by the reduction of 
the apical Cu-Cl bond length. 

The half-filled 3d orbital of D is unequivocally dZz. 
The positive sign and small magnitude of A, are rea- 
sonable for the dZZ half-filled configuration [32]. The 
magnitude is however smaller than those described as 
expectable in ref. 32b. The electron-nuclear dipolar 
coupling in the same atom is given by: 

A a”140 = ““;;;“” (3 co;,- 1) (3 cos2e_ 1) 

= (3 co?a - 1) 
? P(3 cos*e- 1) 
L 

where the symbols are the same as those used in ref. 
30a. The value of C= (3 cos*a!- 1) is dependent on 
the half-filled orbital. 

c= +4/7 for d2 half-fillmg (13a) 

C= +2/7 for dZ,= half-filling (13b) 

c= -4/l for dXZ_,,2,V half-fillmg (13c) 

Consequently, the d,, ground state tensor is (A,, A,, 
A,) = (4Pl7, - 2Pl7, - 2Pl7) and the d,,, ground state 
tensor is ( -4Pi7, 2Pl7, 2Pj7) which IS the case of teA 
and A (A,=A,,=+13 for a,,=68 in 10W4 cm-’ is 
contradictory to this, ignoring the smaller contribution 
from the g anisotropy [30b]) Therefore, the small 
positive A, of D results from the negative A,,, 
(-50x10-4cm~‘)andthepositiveA,(93X10~4cm-’) 
whose magnitudes seem to be closer to each other than 
those in usual cases. 

It is noticeable that the c of D is very small, compared 
with b which is very large in contrast. These two 
coefficients should be equal to each other for the regular 
trigonal bipyramid; the examples are Ag[Cu(NH,),- 
(SCN),] with b=c=0.0313 and shghtly distorted 
[Cu(bipy),I]I with b=O 0661 and c=O.O671 [lo]. Small 
c = 0.017 and large b = 0.159 for [Cu(bipy),- 
(thiourea)](ClO,), have been attributed to a distorted 
trigonal bipyramid [lo]. The surprisingly small c of D 
implies the highest 3d, level which has been adopted 
for the examination of the MCD spectrum of D. 

Using the correlation dtagram for Berry pseudoro- 
tation [gal, the orbital coefficients are rearranged in 
Table 4. The coefficients in the 5th column decrease 
from 0.9996 to 0.9854, which shows that the Cu-N 
bonds are destabilized with the increasing distortion. 
The ascending order in the magnitudes of the coefficients 
in the 4th, 7th and 8th columns indicates the reduction 
of the Cu-Cl bond distance (see Table 1). 

The apparent trigonal bipyramidal character of D 
with T= 0.670 (r= 1.0 for trigonal bipyramid) is as follows 
(see Fig. 10): the trigonal axial and trigonal equatorial 
N-Cu-N bond angles are 164.4 and 124.2”, respectively, 
and the copper displacement from the pseudo-trigonal 
plane is 0.012 8, [llb]. Although the latter angle is of 
a trigonal bipyramid, the former IS of a square pyramid. 
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TABLE 4. Variation of the orbttal coefficients of Garners doublet wtth the angular-structure parameters’ 

Complex tbp% d, d, 

teA 0.010 0 
A 0.027 0 
C 0 095 20 
B 0.328 30 
D 0.670 70 

0 0000 0.9996 0 0265 
0 0000 0.9995 0.0276 

-0 1130 0.9931 0.0285 
- 0 1053 0.9939 0.0294 

0 1647 0.9854 0.0089 

d,z,z d,z d, 

0 0135 
0 0146 
0 0158 
0 0153 
0 0333 
d Y’ 

- 0 0135 
-0 0146 
-00165 
- 0 0201 

0.0259 

d, 

“The 3d orbltals for the given coefficients of teA, A, C and B are designated m the top row and those of D are m the bottom row 
The defimtlon of the parameters of 7 and tbp% are given m refs. 5b and a, respectwely 

Fig. 10 Stereochemlstry of 
bond lengths are m 8, 

!I1 N 

[CuN,CI] chromophore of D. The 

Further, the axial bond length (av. 2.130 A)is signif- 
scantly longer than the equatorial one (2 066 A), which 
is the reverse of a normal trigonal blpyramldal copper(I1) 
complex but is as in a square pyramid [9, 331. A similar 
reversal can be found for B. Since the 3d positive hole 
of the copper(I1) ion exclusively populates the 3d,,,, 
or 3d,, orbital, its strongest interaction with the negative 
charge of the ligand must be via pointing at the lobes 
of the half-filled orbital. From this point of view, the 
principal lobe of the 3d,, orbital of D is pointing at 
the Cu-Cl bond, because this bond is most reduced 
in length among all of the complexes. This direction 
is consistent with that determined by the chlorine 
superhyperfine splitting in the g, region, so that the 
geometry in the crystal of D remains unchanged in 
solution. The orbital coefficients of D in the doped 
crystal and in the glassy solution are very similar to 
each other, as shown in Table 3, also lmplymg a rigid 
geometry for D. 

The axially compressed square pyramidal type ster- 
eochemistry of D accounts for the 3d, level being 
highest. Bending down of two trans-nitrogen atoms m 
the N-basal plane (by N 20”) and the resulting elongation 
of the Cu-N bonds reduce the repulsion between the 

apical chloride ion and the amine groups. Accordingly, 
the d,,,, level is destabilized and the chloride ion is 
able to approach the copper ion along the z direction. 
Leaving the highest d, level almost unchanged, the 
d,, level is stabilized below the dx+Z level. Therefore, 
the ground state of D lacks d, character. 

DeSlmone et al [12a] reported that unusual kinetic 
stab&y of [CuC1(1,4,7,10-tetrabenzylcyclen)lNO, might 
be due to the pyramidal geometry and the difficulty 
m dlssociatmg the apical chloride. This argument is 
supported by the present study. All the data of the 
present complexes can be explained on the basis of 
the rigid molecular structure and the square pyramidal 
type geometry compressed along the Cu-Cl bond. This 
indicates the prohibited re-orientation of the chelating 
ligand and dissociation of the chloride, so that the 
present complexes should also be inert in spite of the 
loose Cu-N bonds. 

It 1s interesting to examine the correlation between 
the electronic-spectral and ESR parameters, because 
the stereochemistry and d-d* transition of the complexes 
in solution are established. The observed IA,\ and g, 
values have been plotted against the highest d-d* 
transition energy, as shown in Fig. 11. Putting eqns. 
(3) into eqns. (2) and (8 ) a , and neglecting the quadratic 
terms, the followmg equations are obtained: 

g, = 2[ 1 - 4AIAE,z+, ,] (14) 

A,=P[ - K-417 - (62/7)AIhE,,z,,] (1% 

Providing K is positive and A is negative, g, and /&I 
are monotonous decreasing and increasing functions of 
the d, c, d,,,, transition energy, respectively. In fact, 
the experimental curves in Fig. 11 are monotonic. 
Accordingly the simple relation of a well-known type 
between gL and pZ1 is also expected. In the same Figure, 
data for the molecular g, values and the highest d-d* 
transition energies observed from polarized single-crys- 
tal optical spectra of some square pyramidal and square 
coplanar [CuN,X] chromophores are given. These data 
are located on the same curve through the data of the 
present complexes and of Cu-cyclam with square copla- 
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Ftg 11. Plots of the observed g, (a), /& (b) and /.4& ratio (c) 
agarnst the maxtmum d-d* excrtation energy. The symbol CY 
stands for Cu-cyclam [34] The numbers 1, 2, 3 and 4 represent 
the data of typtcal square planar [Cu(H,O)(NH,),]SO, [13b, 351 

and [Cu(H,0)(1,3-pn),lSO,, and those of square coplanar 

Na,ICu(NH,),l(Cu(S,o,),), H,G and NaKWWJKW,- 
03)2)2.H20 NH, [13b], respecttvely. 

9 

10 

11 

nar coordination geometry [34].* The data of B may 
be almost the low energy extreme in this type of graph 
for the d++ ground state [CuN,X] copper(I1) chro- 
mophores. 12 
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