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Abstract

The synthesis and X-ray diffraction study of the
title copper(II) complex have been carried out. The
crystal is monoclinic with the space group P2,/n,
Z=4,a=12.646(2), b=9.369(1), c=10.619(2) A,
B=108.69(1)". Full matrix least-squares refinements
have led to a final R value of 0.052 for 2996 reflec-
tions. The ligand coordinates to the copper atom so
as to form three five-membered chelate rings. The
copper atom is in a trigonal-bipyramidal geometry,
ligated by a nitrogen atom, a carboxylato oxygen
atom, two hydroxyl oxygen atoms and a carboxylato
oxygen atom of the neighboring unit. The complex
forms a one-dimensional polymer chain through the
carboxylato group and is charged positively. The
perchlorate ion does not coordinate to the copper
atom and is located within a bundle of the polymer
chains of the complex. Some properties of the
complex are discussed.

Introduction

Among the studies of the copper(Il} complexes
with amino acids and N-substituted amino acids are
included some syntheses and structure determinations
which have been carried out by the present authors
[1-3]. This investigation is part of that program. In
N,N-bis(2-hydroxyethyl)glycine (Hbheg), two
hydroxyl oxygen atoms coordinate to the copper
atom, in addition to a nitrogen atom and carboxylato
oxygen atoms. In fact, it has been reported that in its
halogeno complexes [CuCl(bheg)] and [CuBr(bheg)]
the copper atom is surrounded by five ligating atoms
so as to form a trigonal-bipyramid [4,5]. A
carboxylato oxygen atom and two hydroxyl oxygen
atoms form a triangle around the copper atom, and a
halogen atom and a nitrogen atom are at the apical
positions.

In that case, the halide ion is coordinated to the
copper atom, in addition to its original purpose of
neutralizing the charge of the complex. So we were
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motivated to investigate the effects on coordination
to the copper atom due only to the N,N-bis(2-
hydroxyethyl)glycinate anion (bheg™).

There are at least two ways to achieve this. One is
the synthesis and the investigation of [Cu(bheg),]. It
has already been reported that [Cu(bheg),] is a
normal hexa-coordinate complex ligated by two
nitrogen atoms and four oxygen atoms [6]. The
other way is the synthesis of [Cu(bheg)]X (X: any
counter jon). In this case, we used a perchlorate ion
as the negatively charged counter ion, because it
usually does not coordinate to a metal ion in aqueous
solution [7].

In this work, the structure of [Cu(bheg)]ClO,-
H,0 was determined by X-ay diffraction. The
behavior of the ligand is discussed in detail. In addi-
tion, this structure and other physical properties are
compared with those of [CuCl(bheg)] samples previ-
ously studied in our laboratory.

Experimental

Preparation of the Sample

The samples for the X-ray diffraction study were
prepared as follows. Equimolar amounts of Cu-
(Cl04),°6H,0 and Hbheg were mixed in aqueous
solution, then each sample was condensed at 60~
70 °C for several hours until it became syrupy. Pale
blue crystals were obtained from this solution by
keeping it for several days. Anal. Found: C, 21.05;
H, 3.95; N, 4.13; Cl, 10.34. Calc. for Cu(C4H;,NO,)-
Cl04-H,0: C, 21.00; H, 4.11; N, 4.08; Cl, 10.33%.
The results of the elemental analyses alone, however,
give no evidence whether a perchlorate ion and a
water molecule coordinate to the copper atom or not.

X-ray Measurements and Structure Determination
The crystal data are given in Table 1. The reflec-
tions were collected by the w—28 scan technique
(20 < 70°) on a Rigaku AFC-5 automated four-circle
diffractometer, with graphite monochromated Mo Ka
radiation (A=0.71073 A). The 2996 intensities
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TABLE 1. Crystal data

Cu(bheg)C104-H,0
Formula weight = 343.18
Monoclinic

P2y/n

a=12.646(2) A
b=9.369(1) A
¢c=10.619(2) A
8=108.69(1)°

Z=4

V=1191.7(3) A3

Dy =1.901(1) g em™3
Dy=1912gcm3
p(Mo Ka) =21.0 cm™!

(|F,] > 30(]F,4l)) were corrected for Lorentz and
polarization factors, but not for absorption, because
of the low magnitude of ur(<<1.0).

The structure was solved by the direct method and
refined by a block diagonal least-squares method,
except for the last 5 cycles. For these last 5 cycles,
it was refined by the full matrix least-squares method.
The positions of the water molecule and hydrogen
atoms were obtained by difference-Fourier syntheses.
In the anisotropic temperature factors for all non-
hydrogen atoms, all the parameter shifts were less
than one-third of the corresponding standard devia-
tions. The final R = [(Z||F,l — |F )/ ZIF,] and
R, = [ZW(|Fol — |F DY ZW|Fo2]Y?  values were
0.052 and 0.072 respectively.

All calculations were carried out on a Hitachi
M-682H computer at the Computer Center of the
University of Tokyo, using UNICS III [8], MULTAN
[9] and ORTEP [10]. The scattering factors were
taken fromref. 11,

Powder Diffuse Reflection and Electronic Spectra

These spectra were obtained from 800 to 1400
nm with a Jasco UVIDEC-590 spectrophotometer.
The spectra from 370 to 800 nm were obtained
with a Hitachi 624 digital spectrophotometer. Both
spectrophotometers were equipped with a standard
reflection attachment for powder diffuse reflection
spectra. The electronic spectra of the aqueous solu-
tion were also measured.

Infrared Absorption Spectra

Infrared absorption spectra from 4000 to 400
cm™ were measured using a Jasco IR-810 spectro-
photometer. Samples were prepared as KBr disks.

Magnetic Study

The magnetic moment of this complex was ob-
tained for the solid samples by the Gouy method,
using Hg[Co(SCN),;] as the calibration standard at
229°C.
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Results and Discussion

Structure of [ Cu{bheg)]ClO4H,0

The final atomic parameters are listed in Table 2,
the interatomic distances in Table 3, and the bond
angles in Table 4. The crystal structure of the
complex is shown in Fig. 1.

As shown in Fig. 1, neither the perchlorate ion nor
the water molecule coordinate to the copper atom.
So the perchlorate ion is a counter ion and the water
is water of crystallization. As a result of the X-ray
diffraction study, the exact molecular formula of the
complex was determined to be [Cu(bheg)]C104°H,0;
thus the complex charges positively.

TABLE 2. Final positional parameters (x10%) and equivalent
isotropic temperature factors, Beq (A?), with estimated
standard deviations in parentheses

Atom  x y z Beq (A%)
Cu 1773.7(3) 2462.84) 2501.9(5) 2.5
Oo(1) 1986(3) 1459(4) 4421(3) 39
02) 605(2) 1295(3) 1158(3) 3.2
03) 2420(2) 4424(2) 2803(3) 2.9
0o4) 1851(2) 6693(2) 2597(3) 3.1
N 474(2) 3395(3) 2866(3) 2.5
c) 679(4) 3272(4) 4325(5) 3.6
C(2) 1032(5) 1794(5) 4819(5) 4.0
C(3) —578(3) 2668(4) 2071(4) 3.1
C@) —430(3) 2062(5) 832(5) 3.6
C(5) 508(3) 4907(3) 2488(5) 32
C(6) 1691(3) 5365(3) 2667(4) 2.5
Cl 2350(1) 3041(1) —-910(1) 3.6
o) 2289(6) 1556(5) -944(1) 105
0(C12) 1676(4) 3620(5) ~166(5) 6.5
0O(Cl13) 3441(4) 3463(6) —245(6) 8.0
0(C14) 1991(6) 3597(9) —2208(5) 10.1
ow) 1934) 9003(4) 23134) 4.6

TABLE 3. Selected bond lengths, ! (A) with estimated
standard deviations in parentheses

Cu-0(1) 2.181(4) C(1)-C(2) 1.494(7)
Cu—-0(2) 2.016(3) C(3)-C(4) 1.497(T)
Cu-0Q3) 1.995(3) C(5)-C(6) 1.508(5)
Cu—0@)! 1.916(3) 0(1)-H(01) 0.80(7)
Cu-N 2.003(3) 0(2)-H(02) 0.70(6)
O(1)-C2) 1.434(8) Cl-0(CI1) 1.399(5)
0(2)-C@)  1.434(5) Cl-0(C12) 1.439(6)
0(3)-C(6) 1.251(4) C1-0(C13) 1.388(4)
04)-C6)  1.265(4) Cl-0(Cl4) 1.403(6)
N-C(1) 1.491(6) ow)I---H(02) 1.92(6)
N-C(@3) 1.493(4) ow)i1---0(2) 2.603(5)
N-C(5) 1.478(4)

Key to symmetry operations: I, —;— —-Xx, — % +y, —;— —z; 11,
X, —1+y,z.



Cu(ll) Complexes of Amino Acids

TABLE 4. Selected bond angles, ¢ (°) with estimated
standard deviations in parentheses

O#)!—Cu-N 171.4(1) 0(1)-C(2)—C(1) 106.6(5)
0(1)-Cu—0(2) 105.6(1) O@2)—C4)-C(3) 109.8(3)
0(1)-Cu-0(3) 109.0(1) O(3)-C(6)-C(5) 118.5(3)
0(2)-Cu—0(3) 141.5(1) 0O(3)-C(6)-0(4) 125.0(3)
0(1)-Cu—N 82.5(1) O@4)—C(6)-C(5) 116.4(3)
0(2)-Cu-N 85.0(1) N-C(1)-C(2) 111.6(4)
0(3)-Cu—-N 83.5(1) N-C(3)-C(4) 109.3(4)
Cu-0(1)-C(2) 108.5(3) N-C(5)-C(6) 110.6(3)

Cu—-0(Q2)-C(4) 107.7(3)- O(2)—H(02)---O(W) 170(6)
Cu-0(3)-C(6) 112.5(2)
Cu—-O0®I-c6)! 125.003)

Cu—N-C(1) 106.8(2)
Cu—-N-C(3) 109.3(2)
Cu—N-C(5) 105.6(3)

Key to symmetry operation: I, —;— - X, - % +y, % —2z.

Fig. 1. The crystal structure of [Cu(bheg)]Cl04-H,0.

+

The structure of the complex ion [Cu(bheg)]
and the numbering scheme of the atoms, except for
the hydrogen atoms bonding to the carbon atom, are
shown in Fig. 2. The form shown in Fig. 2, without
O(4)!, is considered as one unit of the complex in
this discussion. As shown in Fig. 2, the copper atom
is surrounded by five atoms: one carboxylato oxygen
atom, two hydroxyl oxygen atoms, one nitrogen
atom and one carboxylato oxygen atom of the
neighboring unit. O(1), O(2), O(3) and N are ligating
to the same copper atom so as to form three five-
membered chelate rings. Each ring consists of one
copper atom, one carboxylato or hydroxyl oxygen
atom, one nitrogen atom and two carbon atoms. In
addition, since O(4)" is coordinating to the copper,
the complex forms a trigonal-bipyramid. In other
words, the ligand is coordinating to two copper atoms
as a pentadentate ligand.
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Fig. 2. The molecular structure of [Cu(bheg)]* and the
numbering scheme of the atoms. Key to symmetry opera-
tion: I,%—x,—%+y,—;-—z.

0(1), O(2) and O(3) form a triangle around the
copper atom. The copper atom is 0.22 A above the
plane(1) formed by those three oxygen atoms. N and
O(4)! are at the apical positions. The angle O(4)'—
Cu—N is 171.4(1)°. The angle between the vector
from O(4)! to N and plane(1) is 82.94° And the
vector from N to Cu is almost vertical (88.17°). So
the trigonal-bipyramidal geometry is slightly dis-
torted. The bond lengths of all C—C bonds and of
the two O(hydroxyl)-H bonds are slightly shorter
than the usual values. These are the same trends as
those found for [CuCl(bheg)] and for the free ligand
[12].

The Cu—O and Cu—N distances of [Cu(bheg)]*
and [CuCl(bheg)] are listed in Table 5. The Cu—
O(carboxylato) distances (1.995 and 1.916 A) are
shorter than those of Cu—O(hydroxyl) (2.181 and
2016 A). But the differences between Cu—0(2)
(2.016 A) and Cu—0(3) (1.995 A) are quite small.

In general, Cu—Ofcarboxylato) distances are
significantly shorter than Cu—Q(hydroxyl) distances
because of the difference between the electron
density of hydroxyl oxygen (neutral) and that of
carboxylato oxygen (rather ionic).

Therefore the strength of the bond Cu-0(3) is
weaker than that of the usual one. This fact is due
to the presence of the bond between Cu(neighboring
unit) and 0(4). In [CuCl(bheg)], the coordination of
the O(4) is impossible, because the presence of the
chlorine atom prevents O(4) from coordinating to
the copper atom. In this complex, the Cu—0(4)
distance is shorter than the Cu—Q(3) distances. The
interesting thing is that the bond bridging to the
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TABLE 5. Cu—O bond distances, ! (A) of [Cu(bheg)]* and [CuCl(bheg)}

Complex Cu-0(1) Cu-0(2) Cu-0(3) Cu-o@#)! Cu-N
[Cu(bheg)]* 2.181 2.016 1.995 1.916 2.003
[CuCl(bheg)] 2.140 2.078 1.963 2.007

Key to symmetry operation: I, 1_ X, — —;— +y, % —z.

neighboring copper atom (Cu—0(4)) is stronger than
the chelating bond (Cu—O(3)). There is a similar
example in the copper(Il) complex of nitrilotriacetic
acid [13]. In that complex, the Cu—O distances
bonding to the neighboring copper are 1.958 and
1.989 A, and those in the chelate rings are 2.351 and
2.297 A, respectively. The strength of the bond
Cu—0(4) may correspond to that of the bond Cu-—
O(3) of [CuCl(bheg)]; the former bond is also
shorter. This trend is responsible for the lower
repulsion at the apical site above the copper atom.
Because the copper atom is slightly above the triangle
plane(1) formed by three oxygen atoms, the repul-
sions from these oxygen atoms are weaker. Thus the
site occupied by O(4) is more stable for coordination
than the site of O(3). But the bond length of O(4)~
C(6) (1.265 A) is longer than that of O(3)—C(6)
(1251 A). The structure of the complex cation
consists of a one-dimensional polymer chain bridged
by the carboxylato group with syn- and anti-
geometry. This polymer chain is parallel to the b
axis, as shown in Fig. 3. There are two polymer
chains through a unit cell. One direction bonding
to the neighboring unit is the reverse of the other.

Fig. 3. The polymer chain of [Cu(bheg)]*.

The perchlorate ion and water molecule are
located within the bundle of polymer chains. As there
are no definite bonds between the perchlorate oxygen
atoms and any specific atoms of the polymer chain,
the bond between the chain and the perchlorate ion is
ionic. In addition to this fact, there is no attraction
similar to hydrogen bonding between these chains.
In other words, the polymer chains are bundled
together due only to the ionic bonds between the
positive charges of the chains of the complex and the
negative charges of the perchlorate ions.

The perchlorate oxygen atoms are disordered and
have high temperature factors. There is only one

hydrogen bond between the water molecule and
H(02).

Powder Diffuse Reflection and Electronic Spectra

The reflection spectrum shows a broad band at
about 900 nm. This wavelength differs slightly from
that of [CuCl(bheg)] (1000 nm). The difference
between [Cu(bheg)]™ and [CuCl(bheg)] may be due
to the difference of the kind of ligating atoms. The
ligating atoms of this complex are four oxygen atoms
and one nitrogen atom, and those of [CuCl(bheg)]
are one chlorine atom, three oxygen atoms and
one nitrogen atom.

The electronic spectrum of aqueous solution
shows a band at 760 nm. This is the same as that of
[CuCl(bheg)] and is similar to that found for octa-
hedral configurations. Therefore these complexes
seem to have similar structures or the same structure
in aqueous solution, where the water molecule as
well as the ligating atoms of Hbheg coordinate to the
copper atom.

Infrared Absorption Spectra

A strong broad band is found at 3021 ¢cm™: this
is assigned to the OH stretching vibration, because
[CuCi(bheg)] has a band at the same region (3025
em™') which disappears on deuteration. This band is
observed at a lower frequency region than that of
the free ligand.

In this complex, the bands at 1576 and 1400 cm™*
are assigned to the COO™ antisymmetric and sym-
metric stretching vibrations, respectively. Both bands
shift to a lower frequency region than those of free
ligand (1639 and 1401 ¢cm™). The frequency separa-
tion of these two bands is 176 cm™, which is smaller
than that of the free ligand. This value is almost the
same as that of [CuCl(bheg)] (172 cm™) and is in
good agreement with those of bridging complexes
with acetic acid [14]. As for [Cu(bheg)]* the two
C--0 bond lengths of the carboxylato group, which
behaves as a bidentate group, are the same as those
of [CuCl(bheg)]. In [CuCl(bheg)], the bond lengths
of C-—O(coordinated and non-coordinated) in the
carboxylato group are almost the same, though this
group works as a unidentate one. This result for the
carboxylato group in [CuCl(bheg)] is due to the
two hydrogen bonds with the non-coordinated
carboxylato oxygen atom in a neighboring mole-
cule.
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The four strong bands (1144, 1113, 1089 and
1052 cm™) are assigned to C1—O stretching vibrations
of the perchlorate ion by comparing with the spectra
of Cu(ClO4);*6H,0 and other references [15], as
their intensities are strong and similar to each other.
Few such splits have been observed, because the per-
chlorate ion is out of coordination and generaily has
Td symmetry [15]. In this case the four Cl-O
distances (1.399, 1.440, 1.388 and 1.403 A) are
considerably different from each other because of
the effect of the crystailine state and the disorder in
the oxygen atoms of the perchlorate ion. These facts
are enough to lower the Td symmetry [16]. No
hydrogen bond whose distance is shorter than 2.2 A
can be found around the perchlorate ion.

Magnetic Moment

The magnetic moment of this complex is 1.84 BM.
This value corresponds to that of a normal bivalent
copper complex, and is close to that of [CuCl(bheg)]
(191 BM) and [CuBr(bheg)] (1.88 BM). So there
seems to be no magnetic interaction between copper
atoms.

Supplementary Material

Observed and calculated structure factors, aniso-
tropic thermal parameters, hydrogen-atom coordinate
and the deviation of atoms from least-squares planes
are available from the authors on request.

Acknowledgement

The authors wish to express their thanks to Dr
F. S. Howell of Sophia University for correcting this
manuscript.

221
References

1 S. Itoh, Y. Yukawa, Y. Inomata and T. Takeuchi, Bull.
Chem. Soc. Jpn., 60 (1987) 899.

2 S. Nakagome, K. Aoyagi, Y. Yukawa, Y. Inomata and
T. Takeuchi, 52nd National Meeting of the Chemical
Society of Japan, Kyoto, April 1986, Abstr. no.
4K27.

3 Y. Inomata, T. Takeuchi and T. Moriwaki, Bull. Chem.
Soc. Jpn., 49 (1976) 1568.

4 H. Yamaguchi, M. Nagase, Y. Yukawa, Y. Inomata
and T. Takeuchi, Bull. Chem. Soc. Jpn., 61 (1988)
2763.

5 H. Yamaguchi, M. Nagase, Y. Yukawa, Y. Inomata and
T. Takeuchi, 37th Symposium on Coordination
Chemistry, Tokyo, Japan, October 1987, Abstr. no.
2BP42.

6 N. N. Anan’eva, N. I. Samus, T. N. Polynova, M. A.

Porai-Koshits and N. D. Mitrofanova, Zh. Strukt. Khim.,

16 (1975) 480.

M. R. Rosenthal, J. Chem. Educ., 50 (1973) 331.

T. Sakurai and K. Kobayashi, Rep. Inst. Phys. Chem.

Res., 55 (1979) 69.

9 P. Main, M. M. Woolfson and G. Germain, MULTAN,
a computer programme for the automatic solution of
crystal structures, Universities of York, U.K. and
Louvain, Belgium, 1972.

10 C. K. Johnson, ORTEP, ORNL 3794, Oak Ridge National
Laboratory, TN, 1965.

11 International Tables for X-Ray Crystallography, Vol. IV,
Kynoch Press, Birmingham, 1974.

12 V. Cody, J. Hazel and D. Langs, Acta Crystallogr., Sect.
B, 33 (1977) 905.

13 S. H. Whitlow, Inorg. Chem., 12 (1973) 2286.

14 K. Nakamoto, Infrared and Raman Spectra of Inorganic
and Coordination Compounds, Wiley, New York, 4th
edn., 1986, pp. 232-233,

15 K. Nakamoto, Infrared and Raman Spectra of Inorganic
and Coordination Compounds, Wiley, New York, 4th
edn., 1986, pp. 251-253.

16 N. M. N. Gowda, S. B. Naikar and G. K. N. Reddy, Adv.
Inorg. Radiochem., 28 (1984) 255.

[N



