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Three new p-oxamido-bridged heterodinuclear copper (II)-
chromivm ( ) complexes formulated [ Cu(Me,oxpn)Cr-
(L), ]1(NOs)3, where Me,oxpn denotes N, N'-bis(3-amino-2,

2-dimethylpropyl) oxamido dianion and L represents 5-methyl-
1,10-phenanthroline (Mephen), 4, 7-diphenyl-1, 10-phenan-
‘throline (Phyphen) or 2,2’-bipyridine (bpy), have been syn-
thesized and characterized by elemental analyses, IR and elec-
tronic spectral studies, magnetic moments of room-tempera-
ture and molar conductivity measurements. It is proposed that
these complexes have oxamido-bridged structures consisting of
planar copper (II) and octahedral chromium (III) ions. The
variable temperature magnetic susceptibilities (4.2—300 K)
of complexes [ Cu(Me,oxpn) Cr(Ph,phen), ] (NO;); (1) and
[Cu (Meyoxpn) Cr (Mephen ), ] (NO;); (2) were further
measured and studied, demonstrating the ferromagnetic inter-
action between the adjacent chromium (III) and copper (II)
jons through the oxamido-bridge in both complexes 1 and 2.

Based on the spin Hamiltonian, H = - 2J8; - §,, the ex-
change integrals J were evaluated as +21.5 cm™ for 1 and +

22.8 em! for 2.

Keywords p-Oxamido-bridge, copper ( I1)-chromium (IIT),
heterodinuclear complexes, magnetic properties, synthesis

Introduction

The synthesis and magnetic investigations of het-
erodinuclear complexes propagated by multiatom bridges
are of current interest, not only for gaining insight into
the pathways of electron transfer in biological systems,
but also for obtaining information about designing and

Received March 7, 2000; accepted October 23, 2000.

synthesizing molecular-based ferromagnets and for inves-
tigating the spin-exchange mechanism between paramag-
netic metal ions.!? So far, much effort has been devoted
to the design of high-spin molecules and several strate-
gies have been proposed along this line.*™* The strict or-
thogonality of magnetic orbital can be attained by choos-
ing an appropriate combination of paramagnetic metal
ions, and hence the design of ferromagnetic complexes
based on the concept of strict orthogonality seems
promising. !> Tt is known that a combination of
chromium(1IT) and copper(II) ions can give rise to such
strict orthogonality of magnetic orbitals.*'1"!! The feasi-
bility of the strategy has been revealed by magnetic anal-
yses for some of copper (II)-chromium (III) complex-
es.* 1911 However, as far as we are aware, examples of
such heteronuclear complexes are still few, comparative-
ly, little attention has been given to the systems in which
the chromium (III) and copper(II) ions are propagated
by oxamide bridges' although the oxamide bridge has
been shown to be an excellent multiatom bridge for
studying magnetic properties and many polynuclear com-
plexes with bridging oxamide have been synthesized and
magnetically characterized.®*"!**' Taking into account
above facts, it is of considerable interest to synthesize
and study chromium-( IIT)-copper(II) polynuclear com-
plexes with bridging oxamide in order to gain some in-
sight into the molecular magnetism of this kind of com-
plexes. In this paper, three new heterometal dinuclear
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complexes, [ Cu ( Meyoxpn) Cr ( L),] (NO;); (L=
Mephen, Phyphen, bpy) have been synthesized and
N, N’-bis(3-amino-2,2-
[ abbreviated as
Cu(Meyoxpn) ] as bridging ligand and the cryomagnetic
properties of the complexes [ Cu(Meyoxpn)Cr-
(Phyphen ), 1 (NOy); (1) and [Cu(Meyoxpn)Cr-
(Mephen), ](NO3)3; (2) have been measured and stud-

ied in the temperature range of 4.2—300 K to examine

characterized by  using

dimethylpropyl) oxamidocopper( IT)

the effect of the oxamido bridge upon the magnetic inter-
action between copper(II) and chromium(III) ions. The
main result of this investigation is that the copper(II)
and chromium (III) ions are coupled in a ferromagnetic
fashion through the oxamido bridge.

Experimental
Materials

All of the reagents used in the synthesis were of
analytical grade. Cr(NOj3);+9H,0 and the terminal lig-
ands, 2,2'-bipyridine (bpy), 5-methyl-1, 10-phenan-
throline ( Mephen), 4, 7-diphenyl-1, 10-phenanthroline
(Phyphen) were used as commercially obtained. The
starting material [ Cu(Me,oxpn) ] was synthesized by the
literature method %1

Syntesis of [ Cu(Me,oxpn) Cr( Phyphen), ] (NO3); (1)

To a suspension of [Cu(Mezoxpn)] (0.320 g, 1
mmol) stirred in absolute ethanol (5 mL) were added
successively a solution of Cr(NO;)3+9H,0 (0.440 g,
1.1 mmol) in absolute ethanol (10 mL) and a solution
of ethyl orthoformate (9 mL) . The stirring was continued
at room temperature until the mixture became limpid.
Then this solution was filtered. To the filtrate was added
a methanol solution (20 mL) of Phyphen (0.665 g, 2
mmol) . The color of the solution turned from violet to
dark-brown immediately and a small amount of precipi-
tate formed. After stirring for 8 h, the dark-brown mi-
crocrystals were filtered off, washed several times with
ethanol, water and diethyl ether and dried over P,Os un-
der reduced pressure. Recrystallization was carried out
from DMF/ethanol (1:1) mixture. Yield, 1.076 g
(88%), mp, 315.2 C . Anal. CrCuCg Hss Nij Oy
(M.W. 1222.71). Caled. : C, 58.94; H, 4.62; N,
12.60; Cu, 5.20; Cr, 4.25. Found; C, 58.82; H,

4.55; N, 12.43; Cu, 5.01; Cr, 4.06.
Synthesis of [Cu(Mezoxpn)Cr(Mephen)zj(NO3)3 2)

This complex was obtained as brown microcrystals
by the same procedure and the same amount of reagents
as above but by using Mephen (0.388 g, 2 mmol) in-
stead of Phyphen. It was recrystallized from an acetoni-
trile solution. Yield, 0.757 g (80% ), mp, 311.8 C.
Anal. CrCuCsyHy Ny O (M. W, 946.37). Caled. :
C, 48.23; H, 4.69; N, 16.28; Cu, 6.71; Cr,
5.49. Found: C, 48.12; H, 4.75; N, 16.39; Cu,
6.56; Cr, 5.30.

Synthesis of [ Cu(Me,oxpn)Cr(bpy),1(NOs); (3)

This red-brown compound was prepared as de-
scribed for complex 1, except that bpy (0.312 g, 2
mmol) was used instead of Phyphen. Yield, 0.609 g
(70%); mp, 299.1 C. Anal. CrCuCs; Hy Ny; Oy
(M.W. 870.27). Caled.: C, 44.16; H, 4.63; N,
17.70; Cu, 7.30; Cr, 5.97. Found; C, 44.01; H,
4.49; N, 17.55; Cu, 7.14; Cr, 5.72.

Physical measurements

Carbon, hydrogen and nitrogen elemental analyses
were performed with a Perkin-Elmer elemental analyzer
Model 240. The metal contents were made on a Shi-
madzu AA-680 atomic absorption/flame emission spec-
trophotometer. IR spectra were recorded with a NICO-
LET FT-IR 5DX spectrometer using KBr pellets. The
electronic spectra (acetonitrile solution) were measured
on a Perkin-Elmer Hitachi-240 spectrophotometer. Molar
conductances were measured with a Shanghai DDS-11A
conductometer. Magnetic susceptibility measurements at
room temperature were carried out by Gouy’ s method us-
ing Hg[ Co(SCN), ] as the calibrant. Variable tempera-
ture magnetic susceptibilities (4.2—300 K) were mea-
sured at the Institute of Physics, Chinese Academy of
Sciences, using a vibrating magnetometer Model CF-1
(sensitivity m = 10* emu.) vibrating sample magne-
tometer made by Neel Laboratory de CNRS, France.
Diamagnetic corrections were made with Pascal’ s con-
stants” for all the constituent atoms and effective mag-
netic moments were calculated by the equation g4 =

2.828(XMT)V 2 where Yy 18 the molar magnetic sus-
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ceptibility corrected for diamagnetisms of the constituting
atoms.

Results and discussion

Syntheses and coordination environment of the binuclear
complexes

One of the best strategies to design and synthesize
heterometal polynuclear complexes is the use of mononu-
clear complexes as ligands, i.e., “complex ligands”
that contain a metal and can function as ligands to a sec-
ond metal ion.3"® It is known that complexes N, N'-bis-
(alkylaminoalkyl ) examidocopper( IT)*¢ would be suitable
candidates of “complex ligands” because they can coor-
dinate to another metal ion through the oxamido oxygens
to afford polynuclear species and the remarkable efficien-
cy of the oxamidate bridge to transmit electronic effects
between the metal ions, and hence this family of “com-

4,7-diphenyl-1, 10-phenanthroline ( Phyphen) and 2,2'-
bipyridine (bpy) were used as the terminal ligands, re-
spectively. Indeed, elemental analyses indicate that the
reaction of [Cu(Mezoxpn)] with Cr(NO3)3*9H,0 and L
(L = Phyphen, Mephen, bpy) in ca. 1:1:2 mole ratio
yielded the heterodinuclear complexes of the general for-
mula [ Cu (Meyoxpn) Cr(L),] (NO;);, as expected.
These complexes are the first examples of Cu(1D)-
Cr(II) heterodinuclear complexes bridged by N, N’-
bis( 3-amino-2 , 2-dimethylpropyl ) oxamido-copper(1I) .
On the basis of the conduectivity and room-temperature
magnetic measurements, spectroscopic characterization
(Table 1) and magnetic analyses (vide infra) these
complexes are presumed to have the coordination envi-
ronment as shown in Fig. 1.

Me Me

N

~

plex ligands” has played an important role®:!0:12:16:23:24 HZN\ /N /O\ /N

in molecular magnetism. In this study, we have adopted /Cu\\ N /C"\ N0
this strategy to synthesize Cu(I1)-Cr(III) heterodinucle- H,N N 0 N

ar complexes. For this purpese, mononuclear complex Y J

N, N'-bis ( 3-amio-2, 2-dimethylpropyl ) oxamidocopper- N

(I, [Cu(Mezoxpn)] , was chosen, because it can co-
ordinate to another metal ion through the oxamido oxy-
gens to afford di- and tri-nuclear complexes.?"® Simul-
taneously, S-methyl-1, 10-phenanthroline (Mephen),

Me Me

(-

Fig. 1 Plausible coordination environments of the complexes

(m\l = Phyphen, Mephen, bpy) .

Table 1 Physical data for the complexes

IR uv

Complex Hetf Ay (em) v (10° cm'l)/emx(L/(mol'cm))
(B.M.) (1 (em?/mol))
v(NH,) w(C=0) w(N=C) w(Cr—N) vw(C—0) w(NO; ) dd CT
[ Cu( Me,oxpn) ] 3285 1605 16.5

1 4.34 398 3285 1640 1540 490 575 1380 18.5 14.3 23.5 29.5
(215) (22) (18) (23500)
2 4.35 405 3285 1658 1535 485 580 1385 18.0 14.0 23.7 29.8
(205) (25) (20) (27500)
3 4.40 402 3285 1650 1532 488 578 1382 18.3 14.2 23.8 29.6
(200) (24) (21) (24800)

1: [ Cu(Meyoxpn) Cr(Phyphen), ](NOs )5, 2: [ Cu{Me,oxpn) Cr( Mephen ), 1{NO;);,
¢ Values for 1 x 10° mol/L acetonitrile solution.

3. [Cu( Mezoxpn) Cr( bpy)z] (NO;);.

Molar conductance and general properties of the dinuclear
complexes

All the Cu(II)-Cr(III) dinuclear complexes are

sparingly soluble in water, ethanol, carbon tetrachlo-
ride, chloroform and benzene, but soluble in acetoni-
trile, DMF and DMSO to give stable solutions at room
temperature. In the solid state all of the complexes are
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fairly stable in air so as to facilitate physical measure-
ments. For the three Cu(II)-Cr(III) dinuclear complex-
es, the molar conductance values (1 x 10 mol/L ace-
tonitrile solution) fall in the expected range for 1:3 elec-
trolytes® (see Table 1), indicating that the three nitrate
anions are situated outside the metal coordination
sphere. The structure of the dinuclear complexes were
further supported on the basis of the spectroscopic char-

acterization and magnetic studies.
Infrared spectra

In order to clarify the mode of bonding, the IR
spectra of the mononuclear fragment [ Cu ( Meyoxpn) ]
and the Cu(II)-Cr(1II) heterodinuclear complexes were
studied and assigned on the basis of a careful comparison
of the latter with the former. The most relevant IR ab-
sorption bands from the IR spectra of the complexes
along with their assignments are shown in Table 1. We
will only discuss here selected infrared bands. In the IR
spectra of the three dinuclear complexes the carbonyl
stretching vibration at 1605 c¢m™! for mononuclear frag-
ment [ Cu ( Mezoxpn)] is significantly shifted towards
higher frequencies (ca. 30—350 em?) . Therefore, in
general, when the deprotonated amide nitrogen is coordi-
nated to the metal ion, its amide I band shifts consider-
ably towards lower wavenumbers. In the case of an ox-
amide dianion coordinated to two metal ions as a bridging
ligands, the amide I band reverts to near its original po-
sition (in the protonated species).’'® Although the
amide I band is the result of a composite N-C = O vibra-
tion, it can essentially be seen as v(C=0). It is likely
that the bond order of C = O (carbonyl) in the dinuclear
complexes is higher than that in the corresponding
mononuclear complex, [ Cu(Meyoxpn)]. This shift has
often been used as a diagnostic indicator for oxamido-
bridged structures . > 16 On the other hand, the C = O de-
formation at 715 cm’ of the ligand complex, [ Cu-
(Mezoxpn) 1, disappeared but the -NH, vibration at
3285 em’! for mononuclear complex [Cu(Mezoxpn)] is
still present in the spectra of all the dinuclear complex-
es. These facts may be atiributed to the coordination of
the carbonyl oxygens in mononuclear fragment [ Cu-
(Mezoxpn)] to the Cr(III) ion.””® The coordination
mode of the oxamido group has been supported by the
crystal structures of analogous complexes.!"® The ap-
pearance of a new band at 580—575 em! due to v(Cr—

0) further confirms the coordinated nature of the car-
bonyl oxygens in these dinuclear complexes. Further-
more, the -N = C- stretching vibration for the terminal
ligands (bpy, Phyphen, Mephen) was found in the cor-
responding dinuclear complexes (see Table 1), suggest-
ing that the N atoms of the terminal ligands be coordinat-
ed with the Cr(IT) ion. The additional band observed at
around 485—498 cm™ due to v(Cr—N) further supports
this view. In addition, a strong sharp band centered at
1380 cm’!, typical for a non-coordinated nitrate group®’
was observed for all the dinuclear complexes. This is
consistent with the conductance data of the dinuclear
complexes.

Electronic spectra

The electronic absorption spectral data for these
complexes (acetonitrile solutions) are given in Table 1.
As shown in Table 1, the electronic spectra of the com-
plexes are similar to each other. For all three dinuclear
complexes, three d-d bands in the visible and infrared
range are observed (see Table 1). The two weak bands
observed in the (23.5—23.8) x 10° cm™ and (14.0—
14.3) x 10° cm™ regions are due to the 44,—>*T| and
4A;~>2T, +*E transitions of Cr(III) and are character-
istic of an octahedral configuration around chromium-
(II),” whilst the strong band at (18.0—18.5) x 10°
em! may be attributed to the d-d transition of the “in-
side” copper(Il) in a square-planar environment. The
frequency is higher than that for the mononuclear copper-
(I1) complex [ Cu(Meyoxpn) ] (16.5 x 10° cm™) . Such
a blue shift of copper(Il) ion in the d-d band may be at-
tributed to the increased ligand field strength for the
[ CuN, ] chromophore on forming a dinuclear complex
with a chromium (III) ion.®>?® In addition, a stronger
absorption in the short wavelength range (see Table 1)
may be attributable to the charge-transfer absorption
bands, which may be due to the spin-exchange interac-
tion between the copper (II) and chromium (III) ions
through the w-path orbital set up by an oxamido
bridge. !¢ Further investigation of these and similar sys-
tems is required in order to obtain more detailed assign-
ment for charge transfer.

All our efforts to grow crystals of these copper(1I)-
chromium (III) dinuclear complexes suitable for X-ray
structure determination so far have been unsuccessful.
However, based on the composition of these complexes,
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their IR and electronic spectra, conductivity measure-
ments, magnetic studies (vide infra) and the crystal
structure of analogous complexes,’”"? these complexes
are proposed to have an oxamido-bridged structure and to
contain a chromium (III) jon and a copper (II) ion,
which have an octahedral environment and a square-pla-
nar environment, respectively, as shown in Fig. 1. The
plausible structure is further characterized by the follow-
ing magnetic study.

Magnetic studies

The observed magnetic moment per dinuclear com-
plex at room temperature, shown in Table 1, is slightly
higher than the spin-only value (4.24 B.M.) for the
magnetically noninteracting of Cu(1I)-Cr(1II) (S¢, =1/
2; Sc=3/2) heterodinuclear complexes. This suggests
a ferromagnetic spin-exchange interaction in these com-
plexes.? In order to obtain further information on the
structure of the complexes, the magnetic data have been
used to deduce the indicated binuclear structure. Thus,
variable-temperature molar susceptibility (4.2—300 K)
data  were  collected for  complexes [ Cu-
(Mezoxpn)Cr(thphen)z](NO3)3 (1) and
[ Cu(Me,oxpn) Cr(Mephen), ] (NO3); (2) and the re-
sults are shown in Fig. 2 in the form of plots of 7y, vs.
T and py vs. T, where ¥, per and T denote molar
susceptibility, effective magnetic moment and absolute
temperature, respectively. From Fig. 2 it is evident that
the magnetic behaviors of the two complexes are similar.
As the temperature is lowered, the effective magnetic
moments increasing gradually from 4.34 B.M. for 1 and
4.35 B.M. for 2 at 300 K, reach a maximum value of
48 B.M. at 14.6 Kfor1 and4.87 B.M. at 15.1 K
for 2, and then sharply decrease to 4.35 B.M. (1) and
4.37 B.M. (2) at 4.5 K. The maximum values (4.85
and 4.87 B.M.) are comparable to the spin-only value
4.90 B.M. for the spin-stateS = 2, which should arise
from a ferromagnetic spin-coupling of the spin system Cr
(MD)-Cu(Il) (S, =372, Scu=1/2). Thus, the ob-
served magnetic behavior clearly demonstrates a ferro-
magnetic spin-exchange interaction between copper (11)
and chromium (II[) ions through the oxamido-bridge
withinthe each dinuclear unit.!! This is consistent with

the room-temperature magnetic moment data of the com-
plexes. The rapid decrease of the magnetic moments at
very low temperature may be attributed to an intermolec-
ular antiferromagnetic interaction. In order to understand
quantitatively the magnitudes of spin-exchange interac-
tion, the magnetic analysis for the complexes was carried
out with the susceptibility Eq. (1) which includes a pa-
rameter 0 to correct for the contribution from an inter-
molecular magnetic interaction based on the Heisenberg
spin-exchange operator H=- 2J5,-85,.

NB*g*> [10 + 2exp(— 4]/kT
Xm = k(ﬁ_ge)[ 5 :Sex}f((- 4JJ/kkT))] + Ne

(1)
where each symbol has its usual meaning. As shown in
Fig. 2, good least-square fits to the experimental data
were attained with Eq. (1). The magnetic parameters
thus determined are J = +21.5 em’!, g=2.01,0= -
0.71K, Na=100x 10® cm’/mol for 1, and J = +
22.8 em!, g=2.00, 6= -0.75 K, Noa =100 x 10®
em’/mol for 2. The agreement factors F, defined here
as F = 2[(XM)0}DS' - (XM)calcd' ]2/(XM)01)S' , are then
equal to 1.7 x 10° (1), 2.8x10° (2), respectively .
The results have confirmed that the spin coupling be-
tween chromium (II1) and copper (II) ions through an
oxamido-bridge is ferromagnetic. The ferromagnetic spin-
exchange interaction between chromium(IIl) and copper-
(IT) ions within the each complex may be explained by
several models which have so far been proposed.** Ac-
cording to these models, strict orbital orthogonality re-
sults in ferromagnetism (J >0), otherwise antiferromag-
netic coupling ( J < 0) should be involved in the sys-
tem. For the present complexes, if the whole molecular
symmetry is considered to be C,,, the 3d metallic or-
bitals of copper(II) and chromium(IIT) ions transform™
as a;(d? and d2_2), a(dy,), b(d,) and by(d,).
Around the copper(II) ion, there is just one unpaired
electron which occupies the b; orbital, and around
chromium(III) there are three unpaired electrons which
populate the a;, a;, and b, orbitals. According to group
theory, because there is no orbital interaction to be fea-
sible between the magnetic orbitals of the metal centers,
namely <bjla;> =0, <bjlay> =0, <b;lby> =
0, hence, the ferromagnetic exchange interactions
should be observed in the complexes.
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Fig. 2 Temperature variation of XM(lower curve) and pg
(upper curve) for the complexes [ Cu(Meyoxpn)Cr-
(thphen)z] (NO;); (1) and [Cu(Mezoxpn) Cr-
(Mephen), ](NO; )3 (2). The curves are based on
Eq. (1) using the parameters given in the text.
(@), experimental data; ( — ) (calculation curves
as described in the text.
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