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Although various copper(II) complexes have been investi-
gated for several decades, assignment of d–d transitions of
square planar complexes has been the subject of controversy.
At first, reliable assignment has been established only for sev-
eral [CuCl

 

4

 

]

 

2

 

�

 

 anions by Hitchman et al.,

 

1,2

 

 which was a spe-
cial case because of the following two reasons: (1)  →

 

 band can be observed separately in the highest wave
number region of the spectra; (2) because of appropriate crys-
tal packing, individual transitions can be assigned by selection
rules.  However, the ds-mixing

 

3 parameter of AOM4 is not still
estimated certainty.

In the case of square planar [CuO4] complexes, such as
Cu(acac)2 (acac � acetylacetonate) and their derivatives, sev-
eral polarized crystal spectra have been reported.5  Unfortu-
nately, these spectra provide little information because of the
so-called “packing problem”; there are two perpendicular
[CuO4] molecular planes in a crystal.  Three transitions are ob-
served for Cu(acac)2,6 while four transitions are observed for
two derivatives,7 and individual bands are not resolved clearly.
Two kinds of assignment have been proposed5 (D2h point
group): assignment I is dxy (b1g) >  (ag) > dyz (b3g) > dzx

(b2g) >  (ag), while assignment II is dxy (b1g) >  (ag) >
 (ag) > dyz (b3g) > dzx (b2g).  Assignment I is reasonable in

view of transferability of AOM parameters and the lowest 
(ag) level; While assignment II is more consistent with the ex-
perimental results better than assignment I,8 but AOM parame-
ters are doubtful.

On the other hand, genuine square planar [CuN4] complexes
are uncommon, because the fifth and sixth additional axial
ligands are liable to coordinate to give semi-coordinated com-
plexes.9  Exceptionally, [Cu(en)2](SCN)2

10 (en � ethylenedi-
amine) and N-substituted ethylenediamine complexes11 are
known to be in a four-coordinated square planar [CuN4] coor-
dination geometry.  In contrast to amine ligands, it is well
known that biuret or biguanide derivatives yield genuine four-
coordinated square planar [CuN4] complexes; for example, po-
tassium bis(biuretato)cuprate(II)12 and bis[(methoxycarboimi-
do)aminato]copper(II).13  Walsh and Hathaway measured po-
larized crystal spectra of several square planar [CuN4]
complexes and assigned d–d transitions tentatively on the basis
of only the peaks and shoulders of polarized crystal spectra.11

The reported tentative 3d orbital orders are  (b1g) > dxy

# Present address: Division of Protein Crystallography, Institute
for Protein Research, Osaka University, 3-2 Yamadaoka, Suita,
Osaka 565-0871.
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square planar [CuN4] complexes has not been established cer-
tainly.  The primary difficulty is preparation of suitable single
crystals for polarized crystal spectra in view of both coordina-
tion geometries and crystal packings.  Imidates, however, are
suitable ligands for formation of copper(II) complexes of not
only genuine square planar [CuN4],14,15 but also distorted
square planar [CuN4],16,17 and five-coordinated square pyrami-
dal [CuN4O].18  To make use of the advantage of imidate
ligands due to in-plane anti-bonding π-bonding character, Ya-
mada and Miki (Komorita) have employed K2[Cu(suc-
cim)4]•2H2O and have assigned the order to be  (b1g) >

 (a1g) > dxy (b2g) > dxy,dyz (eg) (D4h point group) tentatively
by polarized crystal spectra.15  But reliable assignment has not
yet been established because no appropriate samples have been
available.

The present study aims at reasonable assignment of d–d
transitions for square planar (or distorted square planar)
[CuN4] complexes containing imidate and amine ligands.  This
paper describes preparations and crystal structures of square
planar complexes Rb2[Cu(succim)4]•2H2O (1),trans-[CuL2(R-
chea)(S-chea)] (2) and trans-[CuL2(R-chea)2] (3).  Polarized
crystal spectra of 1, 2, 3, and distorted square planar complex-
es trans-[CuL2(R-phenea)(S-phenea)] (4) and trans-[CuL2(R-
phenea)2][CuL2(S-phenea)2] (5) were determined and were an-
alyzed, taking into account the resolution of polarized light
into molecular coordinates.17  Each transition energy was cal-
culated by AOM calculations.

Experimental

General Procedures.    R- and S-1-cyclohexylethylamine and
S-1-phenylethylamine were purchased from Fuluka Fine Chemi-
cals and Tokyo Kasei Kogyo Co. Ltd., respectively.  The other re-
agents and solvents were purchased from Wako Pure Chemical In-
dustries, Ltd. Methanol and chloroform were dried over molecular
sieves, type 3A.  Unless otherwise stated, commercial grade
chemicals were used without further purification.  Elemental anal-
yses were carried out at the Liberal Arts and Sciences Organiza-
tion, Osaka University.

Preparation of Rb2[Cu(succim)4]•2H2O (1).    Reddish violet
prismatic crystals of 1 suitable for X-ray crystallography and po-
larized crystal spectra were prepared according to Tschugaeff’s
method19 with slight modification.  To a solution of succinimide
(4.00 g, 40.0 mmol) and copper(II) acetate monohydrate (1.00 g,
5.00 mmol) in ethanol (50 cm3) and water (5 cm3) at 50 ˚C, an
aqueous solution of rubidium hydroxide monohydrate (3.18 g,
26.0 mmol) was added dropwise to give rise to a deep blue violet
solution.  Immediately after filtration of the solution, 30 cm3 of
hot ethanol (about 30 ˚C) was added to the solution.  The solution
was cooled slowly at room temperature, and reddish violet crystals
appeared in the solution.  The resulting reddish violet crystals are
slightly hygroscopic.  Anal. Calcd for C16H20N4CuO10Rb2: C,
28.99; H, 3.04; N, 8.45%.  Found: C, 28.84; H, 2.87; N, 8.53%.

Preparation of trans-[CuL2(R-chea)(S-chea)] (2).    To a so-
lution of copper(II) acetate monohydrate (1.00 g, 5.00 mmol) in
ethanol (100 cm3) at 50 ˚C, 5,5-diphenylhydantoin (2.52 g, 10.0
mmol) was added to give rise to a greenish blue solution.  An
equimolar mixture of R-1-cyclohexylethylamine (0.64 g, 5.00
mmol) and S-1-cyclohexylethylamine (0.64 g, 5.00 mmol) was
added to the solution, the resulting deep blue solution was kept
stirred for 1 h at 50 ˚C.  Gradually reddish violet precipitates were

filtered off and were recrystallized from chloroform–methanol
(4:1, v/v).  The reddish violet precipitates 2 (meso diastereomer)
obtained were washed with petroleum ether and were dried in a
silica gel desiccator overnight.  Yield: 15.2%.  Reddish violet pris-
matic crystals suitable for X-ray crystallography and polarized
crystal spectra were obtained by slow diffusion of hexane into a
chloroform–methanol (4:1, v/v) solution at room temperature for
several weeks.  Anal. Calcd for C46H56N6CuO4: C, 67.34; H, 6.68;
N, 10.24%.  Found: C, 67.16; H, 6.92; N, 10.24%.

Preparation of trans-[CuL2(R-chea)2] (3).    Complex 3 (opti-
cally active diastereomer) was prepared in a manner similar to that
for 2 using only R-1-cyclohexylethylamine (1.27 g, 10.0 mmol) in
the place of equimolar mixture of 1-cyclohexylethylamine.  Yield:
11.5%.  Reddish violet plate-like crystals suitable for X-ray crys-
tallography and polarized crystal spectra were obtained by slow
diffusion of hexane into a chloroform–methanol (4:1, v/v) solu-
tion at room temperature for several weeks.  Anal. Calcd for
C46H56N6CuO4: C, 67.34; H, 6.68; N, 10.24%.  Found: C, 67.34;
H, 6.93; N, 10.26%.

Preparation of trans-[CuL2(R-phenea)(S-phenea)] (4).    
Blue violet prismatic crystals 4 (meso diastereomer) suitable for
polarized crystal spectra were prepared according to the
literature17 and these had a satisfactory analysis.  Anal. Calcd for
C46H44N6CuO4: C, 68.34; H, 5.49; N, 10.40%.  Found: C, 68.34;
H, 5.53; N, 10.29%.

Preparation of trans-[CuL2(R-phenea)2][CuL2(S-phenea)2]
(5).    Violet prismatic crystals 5 (racemic crystal) suitable for po-
larized crystal spectra were prepared according to the literature17

and these had a satisfactory analysis.  Anal. Calcd for
C46H44N6CuO4: C, 68.34; H, 5.49; N, 10.40%.  Found: C, 68.14;
H, 5.56; N, 10.40%.

Electronic Spectra.    The single crystal polarized absorption
spectra were measured at room temperature on a Hitachi model
ESP-3T spectrometer and specially designed micro-spectroscopic
equipment.  The light beam was passed thorough a Rochon quartz
polarizer and was condensed by two concave mirrors onto a pin-
hole (0.1 mm in diameter) in an indium plate where a thin crystal
was placed.  The polarized crystal spectra were determined with
the electronic vector parallel and perpendicular to the crystallo-
graphic b axis on the well-developed (100) face for 1 and (001)
face for 2, 3, 4, and 5.  The orientation of the crystal axes of the
samples mounted was characterized by oscillation X-ray photo-
graphs.  Crystals with dimensions of 0.10 (thickness) mm for 1,
0.40 � 0.25 (face) � 0.11 (thickness) mm for 2, 0.40 � 0.20 �
0.09 mm for 3, 0.30 � 0.18 � 0.028 mm for 4, and 0.78 � 0.40 �
0.03 mm for 5 and were used for the measurement.  The pinhole
was covered completely by the sample crystal.  The reference
beam was appropriately attenuated so that the absorbance was ad-
justed to zero.  Baseline correction was made from the corre-
sponding diffuse reflectance spectra.

Crystal Structure Determination.    The X-ray diffraction in-
tensity data were collected using ω-2θ scan techniques on a
Rigaku AFC-5R diffractometer with graphite monochromated
MoKα (λ � 0.71069 Å) for 1 and nickel-filtered CuKα (λ �
1.5418 Å) for 2 and 3 and calculations were carried out on an SGI
O2 workstation with a teXsan20 software package for each com-
plex.  Empirical absorption corrections based on Ψ scans were ap-
plied for 1, 2, and 3 (transmission factors 0.6459–1.0000, 0.8099–
0.9987, and 0.9333–0.9992, respectively).  No significant decay in
the intensity of the three standard reflections was observed
throughout the data collection.  The structures were solved by us-
ing SIR 9221 and expanded by Fourier techniques.  The structures

dx y2 2–

dz2
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of 1 and 2 were refined on F by full-matrix least-squares methods
anisotropically for non-hydrogen atoms.  The carbon atoms of 3 as
the members of phenyl and cyclohexyl groups such as C(4)
through C(9), C(10) through C(15), C(18) through C(23), C(27)
through C(33), C(34) through C(38), and C(41) through C(46)
were refined isotropically under constraint restrictions.  The other
atoms of 3 were refined anisotoropically.  After the final cycle of
the least-squares refinement, noticeable large displacement param-
eters were found and the maximum shift/error values still did not
indicate to be convergent completely because of considerable ther-

mal motion of the carbon atoms of cyclohexyl and phenyl groups.
Further attempts of refinement using fixed parameters did not re-
sult in improvement of the models.  The hydrogen atoms H(12),
H(13), H(40), and H(41) of 3 were located from difference Fourier
syntheses and the residual ones were located at geometrically cal-
culated positions.  Two hydrogen atoms connected to crystalline
solvent O(3) of 1 could not be found and the atoms were omitted
from the analysis.

Despite the very poor quality of the crystals, the crystal struc-
ture analyses provided sufficiently satisfactory results for the pur-

Table 1. Crystallographic Data for 1, 2 and 3

1 2 3

Formula C16H20N4CuO10Rb2 C46H56N6CuO4 C46H56N6CuO4

Molecular weight 662.84 820.53 820.53
Crystal system Monoclinic Monoclinic Monoclinic
Space group C2/m (#12) P21/c (#14) P21 (#4)

a/Å 16.279(4) 8.485(2) 8.472(2)
b/Å 8.382(3) 9.7854(8) 9.803(2)
c/Å 8.297(3) 26.334(4) 26.331(6)
β/˚ 93.13(3) 92.83(1) 92.67(2)

V/Å3 1130.4(6) 2183.8(5) 2184.6(8)
Z 2 2 2

Dc/g cm�3 1.947 1.248 1.247
F(000) 2616 870 870
µ/cm�1 211.84 10.90 10.89

(Mo Kα) (Cu Kα) (Cu Kα)
2θmax/˚ 55.0 119.9 119.9

Crystal dimensions/mm 0.30 � 0.30 � 0.20 0.25 � 0.20 � 0.10 0.20 � 0.20 � 0.20
Temperature/K 296 298 298

No. of measured reflections 1485 3140 2916
No. of unique reflections 1393 2878 2652

No. of reflections used in refinement 1027 2323 2190
[I > 3.0σ(I)] [I > 2.0σ(I)] [I > 2.0σ(I)]

No. of parameters 86 260 335
g.o.f. 1.64 4.95 4.08
Ra) 0.030 0.068 0.080

Rw
b) 0.033 0.076 0.074

a) R � Σ||Fo| � |Fc||/Σ|Fo|.  b) Rw � (Σw(|Fo| � |Fc|)2/Σw|Fo|2)1/2.  Weighting scheme: w � 1/(σ2(Fo))

Table 2. Selected Bond Distances (Å) and Angles (˚)

1a) 2a) 3a) 4b) 5b)

Bond Distances Bond Distances
Cu(1)–N(1) (imidate) 1.996(4) Cu(1)–N(1) (imidate) 1.980(4) 2.02(1) 1.988(3) 2.009(4)
Cu(1)–N(2) (imidate) 1.970(3) Cu(1)–N(1) (amine) 2.022(4) 2.05(1) 2.012(3) 1.993(3)

Cu(1)–N(4) (imidate) 1.97(1) 1.997(3) 1.993(3)
Cu(1)–N(6) (amine) 2.01(1) 2.019(3) 2.030(4)

Bond Angles Bond Angles
N(1)–Cu(1)–N(2) 91.6(2) N(1)–Cu(1)–N(3) 90.8(2) 90.7(6) 91.9(2) 93.2(2)
N(1)–Cu(1)–N(2*) 88.4(2) N(1)–Cu(1)–N(6) 89.2(5) 92.4(2) 92.7(2)

N(3)–Cu(1)–N(4) 89.6(5) 92.6(2) 89.4(2)
N(1*)–Cu(1)–N(3) 89.2(2)
N(4)–Cu(1)–N(6) 90.6(6) 91.8(2) 88.5(2)
N(1)–Cu(1)–N(4) 178.2(6) 154.9(2) 166.6(2)

N(1)–Cu(1)–N(1*) 180.0 N(1)–Cu(1)–N(1*) 180.0
N(3)–Cu(1)–N(6) 176.6(6) 159.8(2) 163.2(2)

N(2)–Cu(1)–N(2*) 180.0 N(3)–Cu(1)–N(3*) 180.0

a) This work.  b) Ref. 17.
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pose of the present study.
Crystallographic data have been deposited at the CCDC, 12

Union Road, Cambridge CB2 1EZ, UK and copies can be ob-
tained on request, free of charge, by quoting the publication cita-
tion and the deposition numbers 157849–157851.

Results and Discussion

Crystal Structures.    The crystallographic data for 1, 2,
and 3 are summarized in Table 1.  The crystal structures of 4
and 5 have been determined previously.17  Selected bond dis-
tances and angles are listed in Table 2.  The molecular and
crystal structures are depicted in Figs. 1–5.  The list of atomic
coordinates, anisotropic thermal parameters, and bond distanc-
es and angles are deposited as Document No. 74028 at the Of-
fice of the Editor of Bull. Chem. Soc. Jpn.

Complex 1 with four succinimidates affords a square planar
[CuN4] coordination geometry.  The imidate Cu(1)–N(1) and
Cu(1)–N(2) bond distances are 1.996(4) and 1.993(4) Å, re-

spectively.  These values are equal within experimental errors
and similar to analogous complexes.14,23  The coordination
numbers of Rb(1) and Rb(2) are eight and six, respectively.
Rb(1) is coordinated by eight carbonyl groups of succinimi-
date ligands (O(1) and O(2)), whereas Rb(2) is coordinated by
four carbonyl groups (O(1)) and two crystalline waters (O(3)).
The Rb–O bond distances are as follows: Rb(1)–O(1) �
3.042(3), Rb(1)–O(2) � 3.028(3), Rb(2)–O(1) � 2.888(3),
and Rb(2)–O(3) � 2.992(6) Å.

Complexes 2 and 3 afford a square planar [CuN4] coordina-
tion geometry, which is a common feature for trans-[Cu(imi-
date)2(amine)2] complexes.  The imidate and amine Cu–N
bond distances fall in the range 1.97(1) to 2.02(1) Å and
2.01(1) to 2.05(1) Å, respectively.  These are equal within ex-
perimental errors and in agreement with the average Cu–N
bond distances found in CSD22 (1.97 and 2.03 Å for imidate
and amine, respectively).  The imidate and amine trans-N–Cu–
N bond angles are 180.0 ˚ for 2, and 178.2(6) and 176.6(6) ˚
for 3, so the square planar [CuN4] chromophores can be treated
in point group D2h.

On the other hand, 4 and 5 afford a distorted square planar
[CuN4] coordination geometry.  The tetrahedral distortion of 4
is larger than that of 5 by the difference in chirality of 1-phe-
nylethylamine ligands.17  The imidate and amine Cu–N bond

Fig. 1. Molecular structure of Rb2[Cu(succim)4]•2H2O (1)
[above], and crystal structure of 1 viewed down the crystal-
lographic a axis [below].

Fig. 2. Molecular structure of trans-[CuL2(R-chea)(S-
chea)] (meso) (2) [above], and crystal structure of 2 viewed
down the crystallographic a axis [below].
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distances fall in the range from 1.988(3) to 2.009(4) Å and
1.993(3) to 2.030(4) Å, respectively.  No noticeable differenc-
es in Cu–N bond distances are observed regardless of distor-
tion.  The imidate and amine trans-N–Cu–N bond angles are
154.9(2) and 159.8(2) ˚ for 4 and 166.6(2) and 163.2(2) ˚ for 5,
so that the effective symmetry is point group C2v.

In this way, these four complexes vary their [CuN4] coordi-
nation geometries from square planar (2 and 3) to distorted
square planar (4 and 5).  In order to describe the degree of dis-
tortion of [CuN4] chromophores, distortion angles θim and θam

are defined with a molecular coordinates as illustrated in Fig.
6.  The molecular x axis is a projection of the Cu–N(imidate)
vector onto the [CuN4] mean plane, the molecular y axis is a
projection of the Cu–N(amine) vector onto the [CuN4] mean
plane, and the molecular z axis is normal to both x and y axes.
Distortion angles θim and θam using AOM calculations are 0.0 ˚
and 0.0 ˚ and for 2 and 3, 12.5 ˚ and 10.1 ˚ for 4, and 6.6 ˚ and
8.4 ˚ for 5.  Since effective symmetry D2h are applied for 3,
slight deviation from square planar (θim � 1.6 ˚ and θam � 1.0
˚) can be negligible for AOM calculations.  Since two distor-

tion angles are θim � 0.0 ˚, 1 can be treated in point group D4h.
As shown in Figs. 1–5, crystallographic axes are not in

agreement with molecular coordinates generally.  The projec-
tions of electric vector of polarized light onto the molecular
coordinates will be considered to resolve the misalignment of
these two coordinate systems.

Electronic Spectra.    The polarized crystal spectra are
shown in Fig. 7.  The spectra of 1 were determined in the (100)
face.  The E ⊥ b spectrum exhibits a band maximum at about
20000 cm�1 with a shoulder around 16000–17000 cm�1, how-
ever, the E // b spectrum shows the peak at about 20000 cm�1

only.  The spectra of 2 and 3 measured in the (001) face with E
// b and E ⊥ b polarized light include a band maximum at
about 20000 cm�1 with a shoulder around 16000–17000 cm�1.
The polarized spectra of 4 were measured in the (001) face,
and the E // b spectrum included a weak band at about 16000
cm�1, while the E ⊥ b spectrum included an intense band at
about 18000 cm�1.  The spectra of 5 measured in the (001)
face with E // b and E ⊥ b polarized light included a broad
peak at about 18000 cm�1.

Molecular Projections.    The polarized crystal spectra
were measured along the crystallographic axes, while the se-

Fig. 3. Molecular structure of trans-[CuL2(R-chea)2] (opti-
cally active) (3) [above], and crystal structure of 3 viewed
down the crystallographic a axis [below].

Fig. 4. Molecular structure of trans-[CuL2(R-phenea)(S-
phenea)] (meso) (4) [above], and crystal structure of 4
viewed down the crystallographic a axis [below].
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lection rules of electronic dipole transition should be treated in
molecular axes.  In general, the crystallographic axes (a, b, c)
are not in agreement with the molecular coordinates (x, y, z) of
[CuN4] chromophores.  The squares of molecular projection
(squares of cosine of electric vectors onto the molecular coor-
dinates averaged over two molecules in monoclinic system)
are described:

1 (100) 0.8085 x2 � 0.1915 y2 � 0.0000 z2 (E ⊥ b)
0.0000 x2 � 0.0000 y2 � 1.0000 z2 (E // b)

2 (001) 0.0755 x2 � 0.1506 y2 � 0.7739 z2 (E ⊥ b)
0.7142 x2 � 0.1148 y2 � 0.1710 z2 (E // b)

3 (001) 0.0712 x2 � 0.01611 y2 � 0.7677 z2 (E ⊥ b)
0.7141 x2 � 0.1154 y2 � 0.1705 z2 (E // b)

4 (001) 0.8781 x2 � 0.1218 y2 � 0.0001 z2 (E ⊥ b)
0.0007 x2 � 0.0025 y2 � 0.9968 z2 (E // b)

5 (001) 0.0972 x2 � 0.5185 y2 � 0.3843 z2 (E ⊥ b)
0.0104 x2 � 0.4543 y2 � 0.5353 z2 (E // b)

It should be noted that the squares of molecular projections
were considerably z-polarized for 1 and 4, which suggested
that the b crystal axis was parallel to the molecular z axis.

Selection Rules.    Here we discuss selection rules for elec-

tric dipole transition in order to assign individual transitions.
Since 1 (D4h), 2 and 3 (D2h) are centric, d–d transitions are for-
bidden by Laporte rules and they occur by vibronic mechanism
coupled by ungerade normal vibrations.  On the other hand, d–
d transitions can be allowed by orbital symmetry for 4 and 5
(C2v).  Selection rules for D4h, D2h, and C2v are summarized in
Table 3.  Generally, d–d transitions for acentric chromophores
are dominated by orbital symmetry rather than vibronic cou-
pling mechanism.  If 4 and 5 are treated in vibronic coupling
for C2v, all four transitions will be allowed in any polarization,
and both E ⊥ b and E // b spectra will be similar to each other.
However, this is in conflict with the results that the spectra in-
dicate dichroism with E ⊥ b and E // b polarizations.  There-
fore, intensity of 4 and 5 (C2v) is not obtained by vibronic cou-
pling, but orbital symmetry is considered for the analyses.

As for 1 (D4h), three transitions,  → , dxy →
, and dyz, dzx → , are vibronically allowed in x and

y polarizations (E // b), while two transitions,  → 
and dyz, dzx → , are vibronically allowed in z (E ⊥ b).
Therefore the pronounced shoulder at 16000–17000 cm�1 can
be assigned to be dxy →  transition.  Since four nitrogen
atoms are located on the x and y axes, the lowest are degener-
ated dyz, dzx orbitals.

All four transitions are vibronically allowed in both E // b
and E ⊥ b polarized spectra for 2 and 3.  Since four nitrogen
atoms were located on the molecular x and y axes, the

(a1g) orbital should be the ground state.  Whether the
shoulder is dxy(b1g) or (a1g) is still uncertain at present.  In
this way the spectra are expected to consist of four compo-
nents, dxy → ,  → , dzx → , and dyz →

.
For 4 (C2v), dxy →  transition is forbidden in x, y, and

z polarizations.  The molecular projections imply that the elec-
tric vector of E // b spectrum is almost parallel to the molecular
z axis, while the electric vector of E ⊥ b spectrum lies on a

Fig. 5. Molecular structure of trans-[CuL2(R-phe-
nea)2][CuL2(S-phenea)2] (racemic) (5) [above], and crystal
structure of 5 viewed down the crystallographic a axis [be-
low].

Fig. 6. Definitions of distortion angles θim and θam showing
the molecular coordinate systems (x, y, z).  Molecular x
axis is a projection of the Cu–N(imidate) vector onto the
[CuN4] mean plane, the molecular y axis is a projection of
the Cu–N(amine) vector onto the [CuN4] mean plane, and
the molecular z axis is normal to both x and y axis.  The
distortion angles θim and θam describe angles between the
Cu–N(imidate) vector and the x axis and the Cu–N(amine)
vector and the y axis, respectively.
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molecular xy plane.  The weak band at about 16000 cm�1 in
the E // b spectrum can be assigned to be a  →  tran-
sition, because only this is allowed and the others are forbid-

den in z polarization.  The  →  and dxy → 
transitions are absent in the E ⊥ b spectrum, because the in-
tense band at about 18000 cm�1 in E ⊥ b spectrum may be as-
signed to be dzx →  and dyz →  transitions which
are allowed in x and y polarizations, respectively.  In summary,
the spectrum of 4 contains three bands:  →  of the
lowest energy among allowed ones, and dzx →  and dyz

→  transitions.
Three transitions:  → , dzx → , and dyz →

, are allowed for 4 with both E // b and E ⊥ b polariza-
tions.  Selection rules for C2v make dxy →  transition for-
bidden in any polarization.

The spectra are deconvoluted by Gaussian function into sev-
eral band components24 estimated by selection rules.  Details
of deconvolution by Gaussian curve fitting are summarized in
Table 4.

Assignment of d–d Transitions.    Table 5 gives the transi-
tion energy resulting from the deconvolution of the spectra and
the transition energy calculated by AOM.  Calculated transition
energies reproduce deconvoluted transition energy, and these
are not in conflict with the assignments discussed on the basis
of selection rules.

For trans-[Cu(imidate)2(amine)2] complexes (2, 3, 4, and 5),
distortion angles θim and θam from crystal structures (Fig. 6) are
used for AOM.25  The rotation angles (ψ) around the Cu–N(im-
idate) bond axes are fixed at 90˚.

As for ligand field strength, the eσ
im and eσ

am parameters are
related to σ-bonding interaction along the Cu–N coordination
bond for imidates and amines, respectively, while the eπ

im pa-
rameter is related to the π-bonding character of Cu–N coordi-
nation bonds formed by a lone pair perpendicular to the imi-
date ring.  Transferability of AOM parameters can be accepted,
in other words, the same ligands of the different complexes are
described by the same values of parameters similarly to assign-
ment I for Cu(acac)2 complexes.5  These values are optimized
to reproduce the transition energy by Gaussian deconvolution.
The optimized eσ

im and eπ
im values are 7200 cm�1 and 1700

cm�1 for 5,5-diphenylhydantoinate and 7100 cm�1 and 1500
cm�1 for succinimidate, respectively.  As for eσ

am parameter,
the optimized values eσ

am � 6300 cm�1 and 6700 cm�1 are
used for 1-phenylethylamine and 1-cyclohexylethylamine, re-
spectively.

An eds parameter used for ds-mixing, the configuration in-
teraction between 3  (a1g) and 4s (a1g) orbitals (for D4h), is
difficult to estimate, because the transition energy of  →

 is hard to separate in polarized crystal spectra.  Fortu-
nately, the band assigned to  →  transition was ob-
served separately in the E // b spectrum of 4 in z polarization
for the first time, and the eds parameter is determined to be
2900 cm�1 using the rest parameters of the identical constant
values.  The ds-mixing is especially effective for the square
planar complexes and tetrahedral distortions weaken this inter-
action.  In fact, less distorted square planar complex 5 is de-
scribed by eds � 4000 cm�1, and as for square planar complex-
es, eds � 4500 cm�1 for 1 and eds � 6300 cm�1 for 2 and 3.

In this way, we have obtained calculated transition energies
and established assignment of d–d transitions given in Table 5.
The optimized AOM parameters used for the calculations are
listed in Table 6.  The agreements between experimental and

Fig. 7. The electronic polarized crystal spectra of 1 (a), 2
(b), 3 (c), 4 (d), and 5 (e).
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calculated values are excellent for each complex.

 

3d Electronic States and Bonding Properties.    

 

Here we
confirm the present assignments in view of their physical
meanings.  The primary difficulty in assignment of square pla-
nar copper(II) complexes is the  →

 

  transition related
to ds-mixing parameters.  In the case of [CuCl

 

4

 

]

 

2

 

�

 

 chro-
mophores, the band due to  →

 

  transition lies in the
highest energy region separately, which enables the band to be
assigned.

 

1

 

  In contrast, [CuO

 

4

 

] or [CuN

 

4

 

] complexes appear as
a single broad band containing all the four transitions.  Our
strategy to separate the band and to assign the transition is low-
ering the effective symmetry by gradual distortion.  Fortunate-
ly, with this strategy it was possible to limit the number of al-
lowed transitions appropriately, in fact, the spectrum of 

 

4

 

 with

 

E

 

 // 

 

b

 

 polarization the  →

 

  transition appear separate-
ly, because of appropriate crystal packing with approximately
agreement between the 

 

b

 

 crystal axis and 

 

z

 

 molecular axis.  On
the basis of such a reliable assignment for 

 

4

 

, square planar
complexes (

 

2

 

 and 

 

3

 

) could be also assigned with gradual and
slight distortion of [CuN

 

4

 

] chromophores.  The ratios of 

 

e

 

ds

 

/

 

e

 

σ

 

im

 

 are 0.63 for 

 

1

 

, 0.88 for 

 

2

 

 and 

 

3

 

, 0.40 for 

 

4

 

, and 0.56 for 

 

5

 

,
which also implies that ds-mixing is effective for square planar
complexes.

For all the present complexes, the same ligands could be de-
scribed reasonably by the identical AOM parameters.  The
variation of geometrical distortion of the [CuN

 

4

 

] chro-
mophores and the combination of imidates and amines, name-

ly, 

 

trans

 

-[Cu(imidate)

 

2

 

(amine)

 

2

 

] and M

 

2

 

[Cu(imidate)

 

4

 

], could
be described consistently.  The present 

 

e

 

σ

 

am

 

 parameters for 1-
phenylethylamine (6300 cm

 

�

 

1

 

) and 1-cyclohexylethylamine
(6700 cm

 

�

 

1

 

) are consistent with the value for general primary
amine (6400 cm

 

�

 

1

 

) reported by Comba et al.,

 

26

 

 which may also
support the transferability of AOM parameters.

In this context, it is reasonable that two imidate ligands are
described by similar 
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im

 

 and 
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 values and that the ratio of
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/
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 4.24 and 4.73 for 5,5-diphenylhydantoinate and
succinimidate, respectively.  The 

 

e

 

π

 

im

 

 parameters correspond to
a lone pair being perpendicular to imidate ring.  The lone pair
of imidates forms 

 

π

 

-bonding being oriented at d

 

xy

 

 orbital and
in-plane of [CuN

 

4

 

] coordination plane which lowers the d

 

xy

 

 →

 

 transition energy.  The increase of two imidates be-
tween 

 

trans

 

-[Cu(imidate)

 

2

 

(amine)

 

2

 

] and M

 

2

 

[Cu(imidate)

 

4

 

] re-
sults in remarkable shoulder in the spectra of 

 

1

 

.  This feature is
in agreement with the comparison of the spectra of
[Cu(deen)

 

2

 

](NO

 

3

 

)

 

2

 

 (four amine nitrogens) and Cs

 

2

 

[Cu(suc-
cim)

 

4

 

]•2H

 

2

 

O reported by Walsh and Hathaway.
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Concluding Remarks

 

Copper(II) complexes, Rb
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have been prepared and the crystal structures have been deter-
mined.  The electronic polarized single crystal spectra were de-
termined for 

 

1

 

, 

 

2

 

, 

 

3

 

, 

 

trans

 

-[CuL

 

2

 

(
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-phenea)(
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and 
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Table 3. Selection Rule of Vibronic Coupling and Orbital Symmetry Mechanism
〈

 

φ
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|
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|
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 means direct product of wave functions for ground (

 

φ

 

g

 

) and excited (

 

φ

 

c

 

) state and
direction of electric dipole moment (

 

r

 

i

 

; i 

 

�

 

 x, y, and z).  The transition of which product
contains totally symmetry representation is allowed in terms of orbital symmetry.  As for
centrosymmetric point group (

 

D

 

4h

 

 and D2h), the transitions are allowed by coupling with
ungerade vibrations in the polarization of the direction of electronic dipole moment.

D4h Symmetry

Transitions 〈φe|ri|φg〉 Vibration Modes
i � z x, y A2u B2u Eu

 → B2u Eu — z x, y

dxy → A1u Eu — — x, y

dyz, dzx → Eu A1u � A2uB1u � B2u x, y x, y z

D2h Symmetry

Transitions 〈φc|ri|φg〉 Vibration Modes
i � x y z B1u Au B3u B2u

 → B3u B2u B1u z — x y

dxy → B2u B3u Au — z y x

dyz → Au B1u B2u y x — z

dzx → B1u Au B3u x y z —

C2v Symmetry

Transitions 〈φe|ri|φg〉 Vibration Modes
i � x y z A1 A2 B1 B2

 → B1 B2 A1 z — x y

dxy → B2 B1 A2 — z y x

dyz → A2 A1 B2 y x — z

dzx → A1 A2 B1 x y z —
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Table 4. Components (Maximum Wave Numbers (cm�1), Absorbance, and Half Width (cm�1)) 
by Gaussian Curve Fitting of the Polarized Crystal Spectra

Polarization Wave number/cm�1 Absorbance Half width/cm�1

1 E ⊥ b 15800 0.47 2500
19000 0.81 2600
21000 1.36 3300

E // b 18700 0.19 3200
20900 0.14 3700

2 E ⊥ b 17300 0.35 2700
19800 0.36 3100
20900 0.27 3200
21300 0.27 3200

E // b 17400 0.28 2700
19800 0.30 3300
20900 0.23 3200
21300 0.23 3200

3 E ⊥ b 17200 0.54 2800
19800 0.57 3500
20900 0.33 3300
21300 0.33 3300

E // b 17300 0.28 2600
19800 0.30 3300
20900 0.24 3200
21300 0.24 3200

4 E ⊥ b 17900 0.88 4700
18400 0.88 2900

E // b 16100 0.78 3800

5 E ⊥ b 17500 0.09 4000
18500 0.18 3200
19500 0.18 5000

E // b 17500 0.10 3000
18500 0.27 4300
19500 0.30 3500

Table 5. Transition Energy (cm�1) Deconvoluted by Gaussian Curve Fitting of Polarized 
Crystal Spectra and Calculated Transition Energy (cm�1) by AOM

D4h dyz,dzx →  → dxy → 

1 E ⊥ b 21000 19000 15800
E // b 20900 18700 —
AOM 21300 18700 15300

D2h dzx → dyz →  → dxy → 

2 E ⊥ b 21300 20900 19800 17300
E // b 21300 20900 19800 17400

3 E ⊥ b 21300 20900 19800 17200
E // b 21300 20900 19800 17300
AOM 21300 20900 20200 17500

C2v dzx → dyz →  → 

4 E ⊥ b 18400 17900 —
E // b — — 16100
AOM 18900 17700 16100

5 E ⊥ b 19500 18500 17500
E // b 19500 18500 17500
AOM 19800 18900 17500
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into account for molecular projections of electric vectors, one
can deconvolute these spectra according to selection rules by
means of Gaussian curves.  By means of selection rules and
AOM calculations, 3d orbital orders can be assigned as fol-
lows:  > dxy >  > dyz,dzx for 1,  > dxy >  >
dyz >dzx for 2 and 3, and  > dxy >  > dyz > dzx for 4 and
5.  The  →  transition could be observed separately
in z polarization for 4 for the first time, and that enabled us to
establish a reliable assignment for the present [CuN4] com-
plexes.  Distortion of [CuN4] chromophore resulted in decreas-
ing the peak wave number of the spectra, and the detailed fea-
tures were explained by individual orbital levels for 2, 3, 4, and
5.
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tute for Protein Research, Osaka University) for the use of a
diffractometer and his help with aspects of the X-ray studies.
They also thank Dr. Takashi Komorita (Department of Chemis-
try, Graduate School of Science, Osaka University) for provid-
ing FORTRAN programs for angular overlap calculations,
AOM 38 and Gaussian curve fitting, GA3.

References

1 a) M. A. Hitchman and P. J. Cassidy, Inorg. Chem., 17,
1682 (1978).  b) M. A. Hitchman and P. J. Cassidy, Inorg. Chem.,
18, 1979 (1979).  c) R. G. McDonald and M. A. Hitchman, Inorg.
Chem., 25, 3273 (1986).

2 a) R. G. McDonald, M. J. Riley, and M. A. Hitchman, In-
org. Chem., 28, 752 (1989).  b) R. G. McDonald, M. J. Riley, and
M. A. Hitchman, Inorg. Chem., 27, 894 (1988).  c) M. J. Riley, D.
Neill, P. V. Bernhardt, K. A. Byriel, and C. H. L. Kennard, Inorg.
Chem., 37, 3635 (1998).

3 D. W. Smith, Inorg. Chem., 22, 107 (1977).
4 a) C. E. Schaffer and C. K. Jørgensen, Mol. Phys., 9, 401

(1965).  b) C. E. Schaffer, Struct. Bonding (Berlin), 5, 68 (1968).
c) E. Larsen and G. N. L. Mar, J. Chem. Educ., 51, 633 (1974).

5 M. A. Atanasov and M. A. Hitchman, Inorg. Chem., 32,

3973 (1993), and references herein.
6 J. Ferguson, J. Chem. Phys., 34, 1609 (1961).
7 a) R. L. Belford and J. W. Carmichael. J. Chem. Phys., 46,

4515 (1967).  b) F. A. Cotton and J. Wise, Inorg. Chem., 6, 917
(1967).

8 M. A. Hitchman and R. L. Belford, Inorg. Chem., 10, 984
(1971).

9 a) B. J. Hathaway and D. E. Billing, Coord. Chem. Rev., 5,
143 (1970).  b) B. J. Hathaway, Struct. Bonding (Berlin), 57, 55
(1987).

10 B. W. Brown and E. C. Lingafelter, Acta Crystallogr., 17,
254 (1964).

11 A. Walsh and B. J. Hathaway, J. Chem. Soc. Dalton Trans.,
1984, 15.

12 H. C. Freeman, J. E. W. L. Smith, and J. C. Taylor, Acta
Crystallogr., 14, 407 (1961).

13 a) R. Boca, M. Hvastijova, J. Kozisek, and M. Valko, Inorg.
Chem., 35, 4794 (1996).  b) J. Kozisek, M. Hvastijova, and J.
Kohout, Inorg. Chim. Acta, 168, 157 (1990).

14 T. Tsukihara, Y. Katsube, K. Fujimori, and T. Ito, Bull.
Chem. Soc. Jpn., 45, 2959 (1972).

15 a) S. Yamada and S. Miki, Bull. Chem. Soc. Jpn., 36, 680
(1963).  b) S. Miki and S. Yamada, Bull. Chem. Soc. Jpn., 37, 1044
(1964).  c) N. Kuno, A. Miyamoto, K. Fujimori, T. Tsukihara, and
Y. Katsube, Rep. Fac. Eng., Tottori Univ., 4, 64 (1974).

16 H. Shimomura, S. Komorita, H. Kuma, and Y. Kushi, In-
org. Chim. Acta, 206, 201 (1993).

17 T. Akitsu, S. Komorita, Y. Kushi, C. Li, N. Kanehisa, Y.
Kai, and H. Tamura, to be submitted.

18 a) T. Akitsu, S. Komotira, Y. Kushi, C. Li, N. Kanehisa, and
Y. Kai, Bull. Chem. Soc. Jpn., 70, 821 (1997).  b) T. Akitsu, S.
Komotira, and Y. Kushi, Bull. Chem. Soc. Jpn., 72, 447 (1999).

19 L. Tschugaeff, Chem. Ber., 40, 1973, (1907).
20 teXsan; Crystal Structure Analysis Package, Molecular

Structure Corporation (1985 & 1992).
21 A. Altomare, M.C. Burala, M. Camalli, G. Cascarano, C.

Giacovazzo, A. Guagliardi, and G. Polidori, J. Appl. Cryst., 27,
435 (1994).

22 CSD; Cambridge Structural Database System, Cambridge
Crystallographic Data Centre, University Chemical Laboratory,
Cambridge, UK.

23 T. Tsukihara, Y. Katsube, K. Fujimori, K. Kawashima, and
Y. Kan-nan, Bull. Chem. Soc. Jpn., 47, 1582 (1974).

24 T. Komorita and Y. Shimura, Bull. Chem. Soc. Jpn., 52,
1832 (1979).

25 T. Komorita AOM38, a fortran program for AOM calcula-
tions, Osaka University, Japan, 1981. Translated for an SGI Indy
work station by T. Akitsu, 1998.

26 P. Comba, T. W. Hambley, M. A. Hitchman, and H.
Stratemeier, Inorg. Chem., 34, 3903 (1995).

 

Table 6. List of the AOM Parameters for the Com-
plexes

1 2, 3 4 5

θim/˚ 0.0 0.0 12.5 6.6
θam/˚ — 0.0 10.1 8.4

eσ
im/cm�1 7100 7200 7200 7200

eπ
im/cm�1 1500 1700 1700 1700

eσ
am/cm�1 — 6300 6700 6700

eds/cm�1 4500 6300 2900 4000
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