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3.4.6 The proposed stereochemistry of [Cu;{(dpyam),(u-O,CH)(u-OH)(u-CD)](BF,) (VI)

3.4.6.1 The stoichiometry and IR spectrum

The stoichiometry of the complex [Cuy(dpyam),(u-O,CHYn-OH)p-CH(BF,) (VI)
has been characterized by microanalyses. The infrared spectrum of VI (Appendix IIIC)
exhibits a broad band at 3455 cm™, which can be assigned to the bridging OH vibrations of
the hydroxo group. A broad and intense band at 1562 cm™ corresponds to the v, (COO")
vibration and a medium broad band at 1356 cm’ corresponds to the v(COQ") vibration, the
difference A [A = v(COO") - v(COO"); 206 cm™] is close to that for NaO,CH (201 cm™) as
expected for the triatomic bridging coordination mode of the formate group. The spectrum
also displays a broad and intense band at approximately 1090-1083 cm™, consistent with the
characteristic peak of BFy anion. This spectrum is comparable to those of IV and V
suggesting the comparable functional groups in these complexes except that of the ClO4 and

PFs in IV and V, respectively.

3.4.6.2 The ¢lectronic diffuse reflectance spectrum

The electronic diffuse reflectance spectrum of VI (Fig. 15) displays a broad
asymmetric band at ca. 11.56-12.76 kK, centered at 12.74 kK, corresponding to the distorted
trigonal bipyramidal copper(Il) stereochemistry: This feature is assigned to be the d,2 2, dy,

dy., dy; — d;2 transition.

T 12. 74
]
-
x
£
[T
2
L
<
1 1 1| L L T LI
16 14 12 10
Energy (kK)
Figure 15 The electronic diffuse reflectance spectrum of [Cu{dpyam);(p-O,CH)(u-OH)
(u-CDI(BF,) (VI)
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3.4.6.3 The EPR spectrum

The X-band polycrystalline EPR spectra of VI (Appendix 111D) at room temperature
and liquid nitrogen temperature (77 K) are either very weak and display an isotropic copper
(II) signal at 2.09 and 2.10, respectively. These spectra give no information regarding to the

ground state (Appendix I{ID).

Taken together, microanalysis and infrared spectrum suggest the stoichiometry of
[Cux(dpyam),(pu-O,CHYpu-OH)(p-CDJ(BF,) (VI) which is consistent with the formato
complex. The electronic properties of VI are consistent with a distorted trigonal bipyramidal
geometry. The isotropic-type EPR spectra give no information regarding to the electronic
ground state. Consequently, the possible stereochemistry for VI is suggested as shown in Fig.

16.
H

|
O/C\O
N\(\:u /CI\C { /N
N/ \O/ N

Figure 16 Suggested possible stereochemistry of [Cuy(dpyam)(p-O,CHYp-OHYp-CI)J(BF,) (VI)

3.4.6.4 Magnetic properties and superexchange mechanism

The effective magnetic moment (u.q) of VI measuring by the Faraday method at
room temperature is 2.43 pig, which is close to the normal value (2.45 yg) of the uncoupied d°
copper(Il) ions suggesting noninteraction between the copper(Il) centers in a dimeric unit at
room temperature. However, the ferromagnetic behavior is expected for this complex at low

temperature which occurs via the Cu-O-Cu pathway similar to those of the closely related
complexes, [Cux(dpyam){p-O,CHY(u-OH)(u-OCH3)I(CIO,) (@), [Cux(dpyam)y(u-O,CH)
(1-OOCH)(1-OH)[(PF¢) (IT), [Cux(dpyam)y(pt-0,CH)(p-OH)(-CH)(CIO,)-0.5H,0 (IV) and
[Cu(dpyam)(p-O;CH)(p-OH)(p-C)I(PFs) (V).

BRG4680012 100 flunAu 2549



3.5 Conclusions

The triply-bridged dinuclear copper(Il) carboxylato complexes [Cux(dpyam){u-
0,CH)Y(u-OH)(u-OCH3)](CIO) (X), [Cux(dpyam)y(p-0,CH)A{p-OH)J(PFs) (IID), [Cuy(dpyam)
Ap-0CHY(u-OH)(i-ChH](C10,)-0.5H,0 (IV) and [Cuy(dpyam)y(p-0:CH)(p-OH)(u-C1)](PFe)
(V) have been synthesized from their components by the mole ratio method. The crystal
structures of all four complexes were determined by X-ray crystallography in this laboratory.
All complexes involve the five coordinate distorted trigonal bipyramidal copper(ll} ion
stereochemistry. The copper(Il) environment in I and III are similar with CuN,O;
chromophore, while IV and V display the CuN,0,Cl chromophore. The formato bridging
ligands in I, IV and V are in a familiar didentate syn,syn n': n'; p,-bridging mode. Whereas
two formato ligands in III exhibit different coordination modes, which one formato ligand is
in a familiar didentate syn,syn n': 1)': p,-bridging mode and the other is in the monoatomic
bridging mode.

All complexes have the magnetic d,2 orbitals with lobe directed toward the bridging
hydroxo group, which is positioned in the apical site of each trigonal bipyramidal copper(Il)
chromophore. This feature should cause the superexchange pathway that can occur through
this bridging ligand contributing to a ferromagnetic interaction between two copper(II} ions.

Complex VI has been characterized by spectroscopy and microanalysis to be the
triply-bridged dinuclear copper(Il} formato complex, [Cuy(dpyam){(p-O,CH)(u-OH)(p-Cl)]
(BF,) (VI). The suggested coordination environment around copper(Il) ion involves a
distorted trigonal bipyramidal geometry. The expected magnetic behavior is ferromagnetic
interaction due to the Cu-OH-Cu superexchange pathway.

The magnetic properties of compounds I and TV mutually show a very similar
behaviour with the singlet-triplet energy gaps (J) of +62.5 and +79.1 cm’, respectively and
the very similar structure is also found I and V with J values of +30.8 and +36.7 cm™. The
ferromagnetic interaction in the latter two compounds is smaller than that of the former two
compounds, resulting in the conclusion that the bigger the bridging Cu-O(H)-Cu angle and
the longer the Cu-Cu distance, the smaller the ferromagnetic interaction is found. It is noted
that the 1 values in the studied ranges do not affect the magnitude of exchange interaction.
The coordination geometry around each copper(Il) ion of I, IIL IV and V is distorted trigonal
bipyramidal, which the unpaired electron resides primarily in d,2 orbital with orientation
along the apical hydroxo bridging ligand. In this case a major ¢ pathway via (Cu-OH-Cu) is
possible for the electron delocalization via the d,2 magnetic orbitals, corresponding to the

weak or strong ferromagnetic interaction. The unpair electron of first copper ion couples with
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an electron in p-orbital of oxygen atom and the unpair electron of second copper ion couples
with an electron in the other p-orbital of oxygen atom resulting in the existence of two parallel
unpair electrons, each from different p-orbitals. A strong magnetic interaction requires both
good o ori:entation of the magnetic orbitals and good superexchange properties of the bridging
atom(s). Therefore, these complexes contribute a moderate ferromagnetic exchange. It should
be noted that when the copper(Il) geometry is close to regular square pyramidal, an often
strong antiferromagnetic interaction will be predominant, but a reduction of an
antiferromagnetic contribution will be observed when the geometry becomes closer to
trigonal bipyramidal. Compound II exhibits the distinct copper(Il) environment, a distorted
square pyramidal geometry, as compared to other complexes which the unpaired electron is
located in a d,2.,2 type orbital. The d,2.,2 magnetic orbital in II is directed toward both
hydroxo bridges, the Cu-O-Cu angles of 95.8 and 96.0°. For these bridging angles, a moderate
antiferromagnetic coupling (J = -122.54 cm™) should be expected following Hodgson and
Hatfield’s linear relationship which is usually applied successfully for the planar dihydroxo-

bridged complexes.
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APPENDIX 1A
Crystal and Refinement Data for

[Cux(dpyam)4(u-C204)] X2, X = BF, (I), C1O4” (IT) and PF¢ (11I)
and [Cuz(dpyam)y(u-C:04)Y1], Y = NO;* DMSO (IV),
NOy DMF (V), CI (VI) and Br’ (VII)



Table 1 Crystal and refinement data for complexes I-V

Complexes

Molecuiar formula

Molecular weighi
1K)

Crystal system
Space group
a(A)

b(A)

c(A)

a(®)

B(®)

(%)

Ve gl )

z

Dearc (g cm”)

H (mm)

F {000)

Crystal size (mm)

Reflection collected
Unique reflections

Observed ref,
[1>20(1}]
Data/restraints
/parameter
Goodness-of-fit
Final R indices
[1>26(D)]

R indices (all data)

Largest difference
peak and hole (e A™)

I

[Cux(dpyam),
(u-C,04)]
(BF3)(H,0);
1126.5
293(2)
Triclinic

P-1

9.629(2)
11.170(2)
12.381(2)
73.81(2)
78.15(2)
76.59(2)
1229.7(2)

|

1.516

(0.956

569
0.33x0.45
x0.75

9078

7711

(Rin =0.0179)
6519

7711/3/679

1.020

R1 =0.0464,
wR, = 0.1401
R1 = 0.0547,
wR,=0.1497

0.946 and —
0.455

H

[Cuz(dpyam),
(u-C>04)]
(Cl04)x(H:0h
1152.8
293(2)
Triclinic

P-1

9.599(2)
11.206(2)
12.480(3)
73.22(3)
77.84(3)
76.88(3)
1236.5(4)

I
1.542

1.046

588

0.30 x 0.42

x 0.45

4834

4834

(Riy, = 0.0000)
4349

4834/3/694

1.076

R1=10.0383,
wR, = 0.1079
R1=0.0442,
wR;=0.1170

0.854 and —
0.472

I

[Cux(dpyam),
(1-C204)](PF¢)2
(H20),
1223.86
293(2)
Monoclinic
P2,/c
8.5712(2)
11.3170(2)
25.8680(5)
90
82.6150(10)
90

2488.39

2

1.633

1.025

1236

0.25x 0.30

x 0.43

17857

7076

(Rin: = 0.0487)
7695

7076/2/474

1.139

R1 =0.06006,
wR; = 0.1480
R1 =0.0878,
wR;=0.1614

1.058 and —
0.424

R=JJF S JFWEIF i Ru=[EwWlF|-[FfFrwiF ST’
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v

[Cux(dpyam),
(n-Cz04)NOs),
((CH;):S0),]
837.76
297.76
Triclinic

P-1

8.719()
3.980692)
11.421(0)
68.58(0)
77.79%0)
80.58(0)
808.87(1)

1

1.720

3.495

428
0.35x0.35
x0.22

317

25964

{Rint = 0.0281}
2828

2964/0/228

1.247
R1=0.0512,
wR; =0.1363
Rl =
0.060747,
wR,=0.1615
0.968 and —
0.554

v

[Cuz(dpyam),
(H-C04)(NOs),
{CH;);NCOH),]
412.85

293(2)
Triclinic
P-1
$.353(2)
9.100(2)
12.245(3)
72.035(4)
75.228(4)
78.552(4)
848.8(4)

2

1.615

1.330

422

0.303 x 0.253
x 0.106

7532

3939

(Rim = 0.0150)
6045

3939/0/373

1.061

R1 =0.0407,
wR;=0.1120
R1=0.0459,
wR; = 0.1161

0.676 and —
0.494
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APPENDIX IB
Selected Bond Lengths (A) and Angles (°) for
[Cuz(dpyam)s(u-C204)]1X2, X = BF4 (I), C1O4 (II) and PF¢ (III)
and [Cuz(dpyam):(u-C204)Y:], Y = NO3; DMSO (IV),

NO;™ DMF (V), CI' (VI) and Br' (VII)



Table 2

Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of

[Cux(dpyam)s(C,04)1(BF4)2(H;0)s (D) and [Cux(dpyam)s(C,04)1(C104)(H,0); (1)

Bond lengths
Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-N(4)
Cu(1)-N(5)
Cu(1)-0(1)
Cu(1)-0(2)
Cu(2)-N(7)
Cu(2)-N(8)
Cu(2)-N(10)
Cu(2)-N(11)
Cu(2)-0(3)
Cu(2)-0(4)
Cu(1)-Cu(2)

Bond angles
N(1)-Cu(1)-N(4)
N(2)-Cu(1)>-0(1)
N(5)-Cu(1)-0(2)
N(2)-Cu(1)-N(5)
O(1)-Cu(1)-0(2)
N(7)-Cu(2)-N(10)
N(8)-Cu(2)-0(3)
N(11)-Cu(2)-0(4)
N(8)-Cu(2)-N(11)
0(3)-Cu(2)-0(4)

BRG4680012

()

2.008(8)
2.111(7)
2.024(6)
2.134(8)
2.229(8)
2.252(8)
2.021(8)
2.145(7)
2.006(7)
2.094(6)
2.208(9)
2.189(8)
5.745(3)

173.43)
170.7(3)
166.0(2)
97.1(3)
74.8(2)
175.5(3)
166.1(2)
170.1(3)
97.6(3)
73.9(3)

119

I

2.020(9)
2.136(8)
2.000(8)
2.095(8)
2.141(10)
2.305(9)
2.010(9)
2.141(9)
2.025(8)
2.107(8)
2.225(9)
2.229(8)
5.752(3)

175.4(3)
165.8(3)
171.4(3)
97.5(3)
74.7(3)
173.2(4)
168.9(3)
166.8(3)
97.3(3)
73.73)
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Table 3 ,
Sele.cted bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cua(dpyam)s(C204)](PFe)2(H,0), (IIT)

Cu(1)}N(4)  1.992(10) Cu(1)-N(2)  1.995(9)

Cu()-O(1)  2.029(9) Cu(1)-N(5)  2.049(7)
Cu(1)N(1)  2.191(6) Cu(1)}0Q2)  2.424(6)
Cu(2)}N(8)  1.979(9) Cu(2)-0(4)  2.025(8)
Cu)}N(7)  2.027(7T) Cu(2)-N(11)  2.098(8)
Cu(2)-N(10)  2.249(8) Cu(2)-0(3)  2.448(8)
Cu(1)...Cu(2) 5.737(2)

N(4)-Cu(1)-N(2) 93.0(4) N(4)-Cu(1)-O(1) 174.7(3)
N(2)-Cu(1)-0(1) 86.6(4) N(4)-Cu(1)-N(5) 87.1(3)
N(2)-Cu(1)-N(5) 170.4(3) O(1)-Cu(1)-N(5) 92.5(3)
N(4)-Cu(1)-N(1) 96.8(3) N(2)-Cuf1)-N(1) 87.4(3)
O(1)-Cu(1)-N(1) 88.4(3) N(5)-Cu(1)-N(1) 102.1(3)
N(4)-Cu(1)-0(2) 99.7(3) “N(2)-Cu(1)-0(2) 88.6(3)
O(1)-Cu(1)-0(2) 75.003) N(5)-Cu(1)-0(2) 82.0(3)
N(1)-Cu(1)-0(2) 163.1(3) N(8)-Cu(2)-O(4) 90.9(3)
N(8)-Cu(2)-N(7) 88.7(4) O(4)-Cu(2)-N(7) 173.8(3)
N(8)-Cu(2)-N(1)1 171.5(4) 0(4)-Cu(2)-N(11) 89.4(3)
N(7)-Cu(2)-N(11) 90.1(3) N(8)-Cu(2)-N(10)  101.5(3)
O(4)-Cu(2)-N(10) 87.2(3) N(7)-Cu92)-N(10) 98.9(4)
N(11)-Cu(2)-N(10) 87.0(3) N(8)-Cu(2)-0(3) 79.9(4)
O(4)-Cu(2)-0(3) 75.0(2) N(7)-Cu(2)-0(3) 98.8(3)
N 1D-Cu(2)-0(3) 91.9(3) N(10)-Cu(2)-0(3) 162.2(3)
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Table 4

Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cux(dpyam);(C;04)(NOs):((CH3),SO),] (IV)

Bond lengths

Cu(1)-N(1) 1.986(2) Cu(1)»-N(2) 2.002(2)
Cu(1)-0(1) 1.998(2) Cu(1)-0(2) 1.994(2)
Cu(1)-0(3) 2.331(2) Cu(1)-O(4) 2.502(2)
Cu(1)}-Cu(tA) 5.220¢2)

Bond angles

N(1)-Cu(1)-0(2) 92.3(2) N(1)-Cu(1)-O(1)
O(2)-Cu(1)-0(1) 82.2(7) N(1)-Cu(1)-N(2)
O(2)-Cu{1)-N(2) 170.9(3) O(1)-Cu(1)-N(2)
N(1)-Cu(1)-0(3) 88.2(6) 0O(2)-Cu(1)-0(3)
O(1)-Cu(1)-0(3) 93.5(5) O(4)-Cu(1)-N(1)
O(4)-Cu(1)-N(2) 85.5(7) O(4)-Cu(1)}-0(1)
0O(4)-Cu(1)-0(2) 87.7(7) 0(4)-Cu(1)-0(3)

Symmetry code: A= -x, -y+l, -z.

BRG4680012

121

174.3(8)
93.3(2)
91.8(7)
93.5(7)
86.6(7)
91.7(7)
74.8(7)
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Table 5

Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cux(dpyam)y(pu-C204)NO3 ), ((CH3),NCOH),] (V)

Cu(1)N@2)  1.979(7) Cu(1)-N(1)  1.990(6)
Cu(1)-0(2)  2.005(6) Cu()-0(1)  2.012(6)
Cu(1)-0(5)  2.254(7) Cu2N@)  1.956(7)
Cu(1)-O(10B) 2.786(2) Cu(1)-O(8B)  2.679(2)
Cu2)N(S)  1.973(7) Cu(2)-0(4)  1.978(5)
Cu(2)-0(3)  2.002(6) Cu(2)-0(6)  2.295(7)
Cu(1)...Cu(2) 5.212(2)

N(2)-Cu(1)-N(1) 90.8(3) N(2)-Cu(1)-0(2)
N(1)-Cu(1)-0(2) 92.1(2) N(2)-Cu(1)-0(1)
N(1)-Cu(1)-0(1) 170.4(3) O(2)-Cu(1)-0(1)
N(2)-Cu(1)-0(5) 89.2(3) N(1)-Cu(1)-O(5)
O(2)-Cu(1)-0(5) 96.8(2) O(1)-Cu(1)-0(5)
N(4)-Cu(2)-N(5) 92.1(3)  N(4)-Cu(2)-0(4)
N(5)-Cu(2)-0(4) 92.8(2) N(4)-Cu(2)-0(3)
N(5)-Cu(2)-0(3) 169.2(3) O(4)-Cu(2)-0(3)
N(4)-Cu(2)-0(6) 90.0(3) N(5)-Cu(2)-0(6)

O(4)-Cu(2)-0(6) 97.8(2)

Symmetry code: B=x, y, z-1

BRG4680012

0(3)-Cu(2)-0(6)

122

173.1(3)
93.2(2)
82.9(2)
92.7(3)
96.1(3)

170.6(3)
91.0(3)
82.8(2)
93.03)
97.4(3)
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APPENDIX IC
The Infrared Spectra for
[Cuz(dpyam)y(u-C204)]X>, X = BFy (I), C104 (II) and PF¢ (II1)
and [Cuz(dpyam):(u-C204)Y:], Y = NO;* DMSO (1V),
NO3;” DMF (V), CI' (VI) and Br" (VII)



Transmittance (,,, )

20 -
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09 val C-0) 5(0-C-0)
1649\, T 838
v{C-0) vs(BFy) 1083,1011
Piridine rins 1638 e-0) B
f T T T T

4600 3000 2000 1500 1000 500 wave number (cm™}

(a}  The IR spectrum of [Cuy{dpyam)y(u-C>04)](BF4}.3H:0 (I)
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>
¥
g
E
g
g 10
=

v C-0) 1653
wi(ClO,) 1118, 1101
ol | | > l

4000 3000 2000 1500 1000 500 wave number {cm™)

b) The IR spectrum of [Cux{dpyam)s(u-Cy04):](C10O4),.3H,0 (II)
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(c) The IR spectrum of [Cuy(dpyam)s(u-C504),](PFs),.2H,0 (III)
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(d) The IR spectrum of [Cuy(dpyam),(n-C20)(NO:s)((CH3):50):).] (V)
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(e) The IR spectra of [Cuy(dpyam }2{p-CrO4}NO;3)2(CH;3}:,NCOH),] (V)
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{2) The IR spectrum of [Cuy(dpyam),(p-C204)(Br),] (VII)
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APPENDIX ID
The EPR Spectra for
[Cuz(dpyam)y(pu-C204)1X5, X = BF, (I), C104 (II) and PF; (1II)
and [Cuy(dpyam)(n-C,0,)Y3], Y = NO3;” DMSO (1V), NO; ' DMF (V),
CI' (V]) and Br (VII)



500- g=19%4

Intensity

0 250 500 750 Field (mT)

(a) The EPR spectrum at room temperature of [Cuy(dpyam),(p-C,04),J(BF4):.3H,O (I)

500-
z
oy
=
o
=

0

-5004

I |' I T

100 150 200 250 Field (mT)

(b) The EPR spectrum at 77 K of [Cuy(dpyam){pt-C2O04),}(BF4),.3H,0 (1)
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(c) The EPR spectrum at room temperature of [Cuy(dpyam}4(u-C;0,),}(C10,4),.3H,O (II)
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(d) The EPR spectrum at 77 K of [Cuy(dpyam)4(u-C;04),1(C104),.2H,0 (II)
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(e) The EPR spectrum at room temperature of [Cux(dpyam),(u-C;04);[(PF)2.2H,0O (IH)
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(f) The EPR spectrum at 77 K of [Cux(dpyam),(p-C,04)](PF¢)..2H,0 (III)
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{g) The EPR spectrum at room temperature of [Cux(dpyam )2(C,0)(NO;)({CH3):(SO),] (IV)
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(h) The EPR spectrum at 77 K of [Cux(dpyam)x(C:04(NO3)((CH;)(SO),] (IV)
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(i) The EPR spectrum at room temperature of [Cus(dpyam);(p-C,0,)(NO; ¥ (CH;3),NCOH),] (V)
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(i) The EPR spectrum at 77 K of [Cuy(dpyam),(u-C2C4}NO3)(CH;3):NCOH),] (V)
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(k) The EPR spectrum at room temperature of [Cuy(dpyam},(n-C,04)Cly] (VI)
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(1) The EPR spectrum at 77 K of [Cuy(dpyam),{pu-C,04)Cl;] (V)
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APPENDIX ITA
Crystal and Refinement Data for
{[Cus(dpyam)s(us,n’*-HPO,)(t3,n*-PO,)(H,0)| (PF4)-3H; 0}, (I)
{Cu(dpyam)(p2,n’*-HPOy)], (11),
[Cu(dpyam)(pz,n’-H:PO4)(H,POY)]2 (11D),
[Cus(dpyam)a(pan’-HPO,)2(n-C1);}(CD)26H20 (IV),
[Cuy(dpyam)s(pa,n*-HPO4)2(p-Br);](Br)6H0 (V) and
[Cug(dpyam)(s,n’-HPO,)2(NO3)2(H,0)2](NO3)22H20 (V1)
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APPENDIX IIB
Selected Bond Lengths (A) and Angles (°) for
{[Cus(dpyam)s(s,n*-HPO)(3,m*-PO)(H,0)](PF)-3H;0}, (T)
[Cu(dpyam)(u2,m*-HPO,)], (I1),
[Cu(dpyam)(pz,n’-H;PO4)(HzPO,)}; (TID),
[Cuy(dpyam)(pe,n*-HPO )2(u-C1);] (Cl)26H,O (IV),
[Cu4(dpyam)4(p.4,1'|3-HP04)2(|.t-Br)2](Br)2-6H20 (V) and
[Cus(dpyam)s(p3,n’*-HPO)2(NO3):(H,0),](NOs),-2Hz0 (V)



Table 2 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
{[Cus(dpyam)s(pts,n*-HPO)(u3,n*-POYH,0))(PF4)-3H;0},, ()

Cu(3)-0(4A) 1.908(2) Cu(3)-0(5) 1.924(2)
Cu(3)-N(8) 1.976(3) Cu(3)-N(7) 1.985(3)
Cu(2)-0(2A) 1.920(2) Cu(2)-0(7) 1.929(2)
Cu(2)-N(5) 1.978(3) Cu(2)-N(4) 1.991(3)
Cu(1)-0(6) 1.942(2) Cu(1)-0(1) 1.957(2)
Cu(1)-N(1) 2.008(3) Cu(1)-N(2) 2.027(3)
Cu(1)-0(1W) 2.191(3) P(2)}-0(6) 1.515(2)
P(2)-0(8) 1.541(2) P(2)-0(5) 1.547(2)
P(2)-0(7) 1.560(2) P(1)-0(2) 1.516(2)
P(1)-0(4) 1.523(2) P(1)-0(1) 1.524(2)
P(1)-0(3) 1.601(2)

O(4A)-Cu(3)-0(5) 91.3(1) O(4A)-Cu(3)}-N(8)  148.0(1)
O(5)-Cu(3)-N(8) 94.4(1) O@AY-Cu(3)»-N(T)  94.9(1)
O(5)-Cu(3)-N(7) 155.8(1) N(8)-Cu(3)-N(7) 92.7(1)
O(2A)-Cu(2)-0(7) 98.7(1) OQA)-Cu(2)-N(5)  91.6(1)
O(7)-Cu(2)-N(5) 150.7(1) O(2A)-Cu(2)-N(4)  140.3(1)
O(7)-Cu(2)-N(4) 97.1(1) N(5)-Cu(2)-N(4) 92.1(1)
O(6)-Cu(1)-0(1) 97.3(1) 0(6)-Cu(1)-N(1) 91.9(1)
O(1)-Cu(1)-N(1) 166.9(1) 0(6)-Cu(1-N(2)  132.8(1)
O(1)-Cu(1)-N(2) 91.6(1) N(1-Cu(1)}-N(2) 89.0(1)
O(6)-Cu(1)-0(1W) 119.1(1) O(D)-Cu(1)}-0(1W)  85.4(1)
N(1)-Cu(1)-0(1W) 82.0(1) N@)-Cu()-0(1W)  107.7%(1)
0(6)-P(2)-0(8) 111.2(1) 0(6)-P(2)-0(5) 108.9(1)
O(8)-P(2)-0(5) 108.8(1) O(6)-P(2)-0(7) 110.4(1)
O(8)-P(2)-0(7) 107.6(1) O(5)-P(2)-0(7) 109.9(1)
0(2)-P(1)-0(4) 113.0(1) 0(2)-P(1)-0(1) 112.4(1)
O@)-P(1)-0(1) 114.3(1) O(2)-P(1)-0(3) 102.6(1)
O(4)-P(1)-0(3) 105.1(1) O(1)-P(1)-0(3) 108.3(1)
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Table 3 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of [Cu(dpyam)
(k2n’-HPO,)), (ID)

Cu(1)-0(4) 1.919(1) Cu(1)-0(1) 1.946(1)
Cu(1)-N(1} 1.969(1) Cu(1)-N(2) 1.994(1)
P(1)-O(3) 1.510(1) P(1)-0(1) 1.519(1)
P(1)-O(4)A 1.531(1) P(1)-0(2) 1.588(2)
Cu(1)-0(2)A 2.719( 3) Cu(1)-Cu(1)A 5.955(2)
O(4)-Cu(1)-0(1) 101.6(1) O(4)-Cu(1)-N(1) 149.7(1)
O(1)-Cu(1)-N(1) 91.4(1) O(4)-Cu(1)-N(2) 93.6(1)
O(1)-Cu(1)-N(2) 142.6(1) O(1)-Cu(1)}N(2) 92.0(1)
0(3)-P(1)-0(1) 111.7(1) O(3)-P(1)-O(4)A 111.1(D)
O(1)»-P(1)-O(4)A 111.6(1) O(3)-P(1)-0(2) 110.7(1)
O(1)-P(1}-0(2) 109.3(1) O(4)A-P(1)-0(2) 101.9(1)

Symmetry code: A = —x+ty+1, -x+1,z+1/3
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Table 4 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cu(dpyam)(2,n’-HaPO,}(H2PO)], (11D

Cu(1)-O(8A) 1.964(1) Cu(1)-0(5) 1.987(1)
Cu(1)-N(1) 1.991(1) Cu(1)-N(2) 1.997(1)
Cu(1)-0(1) 2.271(1) P(1)-0(1) 1.512(1)
P(1)-0(3) 1.519(1) P(1)-0(4) 1.558(1)
P(1)-0(2) 1.581(1) P(2)-O(8) 1.506(1)
P(2)-0(5) 1.518(1) P(2)-0(7) 1.558(1)
P(2)-0(6) 1.564(1) Cu(1)-Cu(1)A 5.136(2)
O(B)A-Cu(1}-0(5) $9.7(1) O(8)A-Cu(1)-N(1) 89.0(1)
O(5)-Cu(1)}-N(1)  174.1(1) O(8)A-Cu(1)-N(2) 167.0(1)
O(5)-Cu(1)-N(2)  91.8(1) N(D-Cu(1)-N(2) 88.1(1)
O(8)A-Cu(1)-0(1} 96.0(1) 0(5)-Cu(1)-0(1) 91.9(1)
N(I1)-Cu(1)-0(1)  94.1(1) N(2)-Cu(1)-0(1) 96.8(1)
O(1)-P(1}-0(3)  115.1{1) O(1)-P(1)-0(4) 112.2(1)
0(3)-P(1)-0(4)  106.9(1) O(1)-P(1)}-0(2) 109.2(1)
OG)-P(1)-0(2)  108.5(1) O()-P(1)-0(2) 104.1(1)
O(8)-P(2)-0(5)  115.6(1) 0(8)-P(2)-0(7) 109.6(1)
OG)-P@)-O(T)  105.9(1) O(8)-P2)-0(6) 112.6(1)
O(5)-P(2)-0(6)  105.6(1) O(T)-P2)-0(6) 106.8(1)
P(2)}-0(5)-Cu(l)  130.9(1) P(1)-0(1)-Cu(1) 122.9(1)

Symmetry code: A= -x+1, -y+1, -z+1
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Table 5 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cui(dpyam)y(pe,n’-HPO)2(u-C1)1(Chy 6H:0 (IV)

Cu(6)-N(17) 1.962(4) Cu(6)-N(16) 1.965(4)
Cu(6)-0(9) 2.011(3) Cu(6)-0(12) 2.021(3)
Cu(6)-CI(4) 2.604(3) Cu(6)-Cu(6A) 2.802(3)
Cu(5)-0(10) 1.947(3) Cu(5)-0(13) 1.966(3)
Cu(5)-N(14) 1.993(4) Cu(5)-N(13) 2.012(4)
Cu(5)-CI(3) 2.560(3) Cu(4)-N(10) 1.970(4)
Cu(4)-N(11) 1.982(4) Cu(4)-0(7) 2.012(3)
Cu(4)-0(3) 2.026(3) Cu(4)-CI(2) 2.592(3)
Cu(3)-N(8) 1.971(4) Cu(3)-N(7) 1.981(4)
Cu(3)-0(7) 2.012(3) Cu(3)-0(3) 2.030(3)
Cu(3)-Cl(2) 2.598(3) Cu(3)-Cu(4) 2.816(3)
Cu(2)-0(6) 1.950(3) Cu(2)-0(2) 1.969(3)
Cu(2)-N(5) 1.996(4) Cu(2)-N(4) 2.009(4)
Cu(2)-CK(1) 2.556(3) Cu(1)-0(5) 1.948(3)
Cu(1)-0(1) 1.965(3) Cu(1)-N(1) 1.993(3)
Cu(1)-N(2) 2.001(4) Cu(1)-CK1) 2.551(3)
P(3)-0(11) 1.565(4) P(3)-0(10) 1.509(3)
P(3)-0(9) 1.553(5) P(4)-0(12) 1.558(4)
P(4)-0(13) 1.512(3) P(2)-0(6) 1.503(3)
P(4)-0(14) 1. 587(5) P(2)-O(7) 1.560(3)
P(2)-0(5) 1.504(3) P(1)-0(2) 1.499(3)
P(2)-0(8) 1.580(3) P(1)-0(3) 1.563(3)
P(1)-0(1) 1.501(3) Cu(5)-Cu(5A) 3.917(3)
P(1)-0(4) 1.584(3) Cu(6)-Cu(6A) 2.802(1)
Cu(1)-Cu(2) 3.882(3) Cu(5A)-Cu(6A) 5.232(3)
Cu(3)-Cu(4) 2.8163(6) Cu(2)-Cu(4) 4.027(3)
N(17)-Cu(6)-N(16) 91.4(2) O(10)-Cu(5)-0(13) 91.8(2)
N(16)-Cu(6)-0(9) 171.7(2) 0(10)-Cu(5)-N(14) 164.02)
N(I7)»-Cu(6)-0(12) 172.9(2) O(13)-Cu(5)-N(13) 162.5(2)
0(9)-Cu(6)-0(12) 78.9(2) N(14)-Cu(5)-N(13) 87.4(2)
N(10)-Cu(4)-N(1 1) 90.6(2) 0(6)-Cu(2)-0(2) 91.6(2)
N(11)-Cu(4)-0(7) 171.6(2) 0(6)-Cu(2)-N(5) 162.6(2)
N(10)-Cu(4)-0(3) 173.3(2) 0(2)-Cu(2)-N(4) 164.8(2)
O(7)-Cu(4)-0(3) 79.0(2) N(5)-Cu(2)-N(4) 87.3(2)
N(8)-Cu(3)-N(7) 91.3(2) 0(5)-Cu(1)-0(1) 91.6(2)
N(7)-Cu(3)-0(7) 171.7(2) O(5)-Cu(1)-N(1) 164.5(2)
N(8)-Cu(3)-0(3) 173.4(2) O(1)-Cu(1)}N(2) 161.3(2)
O(7)-Cu(3)-0(3) 78.9(2) N(1)-Cu(1)-N(2) 87.1Q2)
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Table 6 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cus(dpyam)a(pug,n’-HPO,)(p-Br),](Br)y6H,0 (V)

Br(4)-Cu(6)
Cu(6)- N(16)
Cu(6)- N(17)
Cu(6)- 0(12)
Cu(6)- O(9)
Cu(6)- Cu(6A)
Cu(5)- 0(10)
Cu(5)- 0(13)
Cu(5)- N(14)
Cu(5)- N(13)
Cu(5)- Br(3)
Cu(4)- N(10)
Cu(4)- N(11)
Cu(4)- O(7)
Cu(4)- O(3)
Cu(4)- Br(2)
Cu(4) Cu(3)
Cu(1)- O(1)
Cu(1)-O(5)
Cu(1)- N(1)
Cu(1)- N(2)
Cu(1)- Br(1)
Cu(2)- 0(2)
Cu(2)- O(6)
Cu(2)- N(5)
Cu(2)- N(4)
Cu(2)- Br(1)
Cu(3)- N(®)
Cu(3)- O(7)
Cu(3)- N(7)
Cu(3)- 0(3)
Cu(3)- Br(2)
P(4)- O(13)
P(4)- O(12)
P(4)- O(14)
P(3)- O(10)
P(3)- (9)
P(3)- O(11)
P(2)- O(5)
P2)- O(6)
P(2)- O(7)
P(2)- O(8)
P(1)- O(1)
P(1)- O2)
P(1)- O(4)
P(1)- O(3)
N(17)- Cu(6)- O(12)
N(16)- Cu(6)- O(9)
O(13)- Cu(5)- N(14)
BRG4680012

2.766(2)
1.960(9)
1.977(9)
2.039(8)
2.045(7)
2.834(2)
1.937(9)
1.974(9)
2.008(10)

2.019(10)
2.7077(19)
1.981(10)
1.998(10)
2.005(7)
2.029(8)
2.7450(19)
2.8507(17)
1.974(7)
1.988(8)
2.003(10)
2.021(10)
2.7154(19)
1.970(8)
1.979(8)
1.987(10)
2.023(9)
2.719%(19)
1.984(10)
1.993(7)
2.005(10)
2.033(8)
2.7577(18)
1.506(8)
1.555(11)
1.612(12)
1.523(8)
1.529(11)
1.544(14)
1.475(8)
1.492(8)
1.589(9)
1.629(10)
1.497(7)
1.510(7)
1.533(10)
1.599(10)
173.1(4)
173.2(4)
165.0(4)

O(10)- Cu(5)- N(13)
O(13)- Cu(5)- N(13)
N(14)- Cu(5)- N(13)
N(10)- Cu(4)- N(11)
N(10)- Cu(4)- O(7)
N(11)- Cu(4)- O(7)
N(10)- Cu(4)- O(3)
N(10)- Cu(4)- Cu(3)
N(11)- Cu(4)- Cu(3)
O(5)- Cu(1)- N(1)
O(1)- Cu(1)- N(2)
0(2)- Cu(2)- O(6)
O(2)- Cu(2)- N(5)
O(6)- Cu(2)- N(5)
0(2)- Cu(2)- N(4)
N(8)- Cu(3)- O(7)
N(8)- Cu@3)- N(7)
O(7)- Cu(3)- N(7)
N(8)- Cu(3)- O(3)
0(7)- Cu(3)- 0(3)
N(7)- Cu(3)- O(3)
N(8)- Cu(3)- Cu(4)
O(7)- Cu(3)- Cu(4)
N(7)- Cu(3)- Cu(d)

"O(3)- Cu(3)- Cu(4)

Cu(4)- Br(2)- Cu(3)
0(13)- P(d)- O(13A)
O(13)- P(4)- O(12)
O(13)- P(4)- O(14)
0(12)- P4)- O(14)
O(10)- P(3)- O(10A)
0(10)- P(3)- O(9)
0(10)- P(3)- O(11)
O(9)- P(3)- O(11)
O(5)- P(2)- O(6)
0(5)- P(2)- O(7)
O(6)- P(2)- O(T)
O(5)- P(2)- O(8)
0O(6)- P(2)- O(8)
0(7)- P(2)- O(8)
O(1)- P(1)- O(2)
O(1)- P(1)- O(4)
O(2)- P(1)- O(4)
0(2)- P(1» O(3)
0(4)- P(1)- O(3)

149

163.3(4)
87.9(4)
87.5(4)
90.9(4)
97.2(4)

170.8(4)

174.2(4)

132.8(3)

130.6(3)

165.3(4)

162.3(4)
91.8(4)
88.6(4)

164.5(4)

164.9(4)
97.4(4)
90.9(4)

170.8(4)

175.1(4)
78.6(3)
92.9(4)

132.8(3)
44.7(2)

130.003)
45.4(2)

62.40(5)

115.3(7)

111.3(4)

108.0(5)

101.9(7)

115.8(7)

109.8(4)

110.3(4)
99.8(8)

116.7(6)

111.4(4)

110.6(5)

107.1(5)

106.3(5)

103.7(5)

117.9(5)

109.6(5)

109.5(5)

108.2(5)

102.3(6)
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Table 7 Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cus(dpyam)y(p3,1°-HPO),(NO3)2(H,0),]J(NO; ) 2H,0 (V)

Cu(1)-0(6) 1972(2) Cu(1)-0(4) 1.968(2)
Cu(1)-N(1) 1.967(2) Cu(1)-N(2) 2.001(3)
Cu(1)-0(7) 2.497(2) Cu(2)-0(7) 1.933(2)
Cu(2)-N(5) 2.013(3) Cu(2)-N(4) 1.979(3)
Cu(2)-0(10) 2.145(2) Cu(2)-0(11) 2.152(3)
Cu(2)-0(9) 2.743(2) Cu(1)...Cu(2) 4.136(2)
Cu(1)...Cu(24A) 4.895(2) Cu(1)...Cu(1A) 4.560(2)
Cu(2)...Cu(2A) 7.833(2) P(1)-0(7) 1.525(2)
P(1)-O(4A) 1.526(2) P(1)-0{(6) 1.542(2)
P(1)- O(5) 1.574(2) N(8)-0(8) 1.233(4)
N(8)-0(9) 1.249(4) N(8)-0(10) 1.283(3)
N(1)-Cu(1)-0(6) 161.7(1) O(4)-Cu(1)-N(2) 142.4(1)
0(6)-Cu(1)-N(2) 95.3(1) O(7)-Cu(2)-N(5) 90.6(1)
N(5)-Cu(2)-N(4) 89.6(1) O(7)-Cu(2)-0(10) 91.8(1)
N(5)-Cu(2)-0(10) 137.5(1) N(4)-Cu(2)-0(10) 95.5(1)
O(7)-Cu(2)-0(11) 86.4(1) N(5)-Cu(2)-0(11) 131.1(1)
N(@)-Cu(2)-0(11) 84.7(1)

A, x+2, -y, -z+1
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APPENDIX IIC
The Infrared Spectra for

{[Cus(dpyam)s(us,n’-HPO4)(u3,n *-POYH,0)|(PF¢)3H;0},, (I)
[Cu(dpyam)(pz,n’*-HPOy,)], (II),
[Cu(dpyam)(uz,n’-H:PO4)(H2PO,)]: (ITD),
[Cus(dpyam)(pe,n*-HPO,)o(1-C1)) (C1)26H0 (IV),
[Cu4(dpyam)4(p4,n3-HPO4);(|.1-Br)2](Br)z'GHzO (V) and
[Cua(dpyam)y(ps,n’-HPO4)2(NO3)2(H20):](NO3)22H0 (VT)



8(P-O(H)) out - of plane
deformation 883
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3419 1100 - 1056
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(a) The infrared spectrum of {[Cu3(dpyam)3(p.3,n3-HPO4)(1.13,n‘1-PO4)(I-I;,,O)](PF6)-3H20},1 (I
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(b} The IR spectrum of [Cu(dpyam)(u,n’-HPOy)], (IT)
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(d) The infrared spectrum of [Cu4(dpyam)4(u4,r|3-HPO¢)2(p-Cl)2](CI)2-6H20 (Iv)
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(e) The IR spectrum of [Cuy(dpyam)s(pe,n’*-HPO,)2(u-Br),](Br)y6H,0 (V)
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(f) The IR spectrum of [Cm(dpyam)4(;.L3,1'|3-HPO4)2(N03)2(H20)2](NO3)2-2H20 (VI-)
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APPENDIX IID

The Thermal Analysis for

{ICus(dpyam)s(u3,n -HPO) (3,1 *-PO)(H20)}(PFe)-3H0} » (1)

[Cu(dpyam)(uzn*-HPO,)]., (II),

[Cu(dpyam)(p2,n*~H2PO4)(H,POL)): (1TD),

[Cus(dpyam)q(pus,n’-HPO)2(-Ch2](C2-6H20 (IV),

[Cus(dpyam)s(pe,n>-HPO4)2(p1-Br)2](Br)26H;0 (V) and
[Cuy(dpyam)y(us,n’*-HPO)2(NO3)2(H,0)2](NO3)2-2H20 (VT)



DTA uV

T = T T T
200 400 600 800 1000 Temperature (°c)

(a) The TG-DTA curve of {[Cu3(dpyafn);(p;,n3-HPO4)(p3,n4-P04)(H20)](PF6)-3HgO},, 1))
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(b) The TG-DTA curve of [Cu(dpyam)(u.,n’*-HPOQ], (ID
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(d) The TG-DTA curve of [Cus(dpyam)s(is,n°-HPO)2(1-Cl)}(C1)-6H,0 (IV)
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APPENDIX IIE
The EPR Spectra for
{{Cus(dpyam);(us,n’-HPO) (3,1 *-PO)(H,0)}(PF,)-3H, 0}, (1)
[Cu(dpyam)(uz,n’-HPOY)],» (IT),
[Cu(dpyam)(p2,n*-H;PO)(HPOY)); (I1T),
[Cuy(dpyam)y(pe,n’-HPO)2(p-C1)2](CH'6H,0 (IV)
[Cug(dpyam)y(jue;n’-HPO,)2(u-Br)](Br)26H,0 (V) and
[Cus(dpyam)y(ps,n°~HPO4)2(NO3)2(H20):} (NO3)2H, O (VI)



Intensity

-500 N\

I I T
0 200 400 Field (mT)

(a) The EPR spectrum at room temperature of {[Cus(dpyam)s(ps,n’-HPO,)(ps,n*-PO,)XH;0)]
(PFe)3H,04, (D)

(b)
500 g=2.121
 g=2004
z o :
E
£ 4
-500 N
= B T
0 200 400 Field (mT)

(b) The EPR spectrum at 77K of {[Cug(dpyam)3(u3,1]3-HPO4)(u;,n‘-PO4)(H20)}(PF6)- 3H,O, (I)
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{c) The EPR spectrum at room temperature of {Cu(dpyam)(uz,n3-HP04)],, (II)
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(d) The EPR spectrum at 77K of [Cu(dpyam)}(pz,n°-HPO,)], (IL)
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(e) The EPR spectrum at room temperature of [Cu(dpyam)(pg,n2-H2P04)(H2P04)]2 (1)
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(f) The EPR spectrum at 77K of [Cu(dpyam)(pg,nz—HzPO4)(H2PO4)]2 (IIT)
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APPENDIX IIIA
Crystal and Refinrement Data for
[Cuy(dpyam),(1-0,CH)(p-OH)(u-OCH,)[(CIO,) (1)
[Cuy(dpyam),(p-O,CH}p-OH), |(Ci0,4)-H,0 (II)
[Cux(dpyam);(p-O,CH)(u-OOCH)(u-OH) |(PF,) (11D
[Cux(dpyam);(1-0,CH)(u-OH)(p-CH(CIO,)-0.5H;0 (IV)
and [Cuy(dpyam);(1-0,CH)(u-OH)(p-CDI(PFy) (V)
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APPENDIX IIB
Selected Bond Lengths (A) and Angles (°) for
[Cuy(dpyam);(p-O,CH)(p-OH)(p-OCH,)|(CIO) (D)
[Cu;(dpyam),(u-0,CH)(u-OH),|(CI10,)-H,O (II)
[Cuy(dpyam),(p-O.CH)Y(u-OOCH)(u-OH)|(PF) (IL)
[Cux(dpyam);{(p-O,CH)(u-OH)p-C)J(CLO,)-0.5H, 0 (IV) and
[Cu(dpyam),(1-0,CH)(p-OH)(u-CD](PFs) (V)



Table1  Selected bond lengths (A) and angles (°) with es.d.s. in parentheses for
[Cus(dpyam),(u-O;CHY(p-OH)(p-OCH;)](CIO,) (1)

Cu(1)-N(1) 1.961(4) Cu(1)-0(2) 2.169(5)
Cu(1)-N(2) 2.010(4) Cu(1)-0(3) 2.175(3)
Cu(1)-0(1) 1.918(4) Cu(1)-Cu(1A) 3.023(1)
0(2)-C(12) 1.196(1) O(3)-C(11) 1.257(4)
O(1)-Cu(1)-0(2) 81.9(2) N(t)-Cu(1)-Cu(1A) 138.2(1)
O(1)-Cu(1)-0(3) 88.5(2) N(1)-Cu(1)-N(2) 91.1(2)
O(1)-Cu(1)-N(1) 173.8(1) N(2)-Cu( )-0(2) 133.0(3)
O(1)-Cu(1)-N(2) 93.7(2) N(2)-Cu(1)-0(3) 135.7(2)
O(1)-Cu(1)-Cu(1A) 38.0(1) N(2)-Cu(1)-Cu(1A) 125.3Q1)
0(2)-Cu(1)-0(3) 91.1(2) Cu(H-0(1)-Cu(1A) 104.0(3)
0(2)-Cu(1)-Cu(1A) 45.8(1) Cu(1)-0(2)-Cu(1A) 88.3(2)
0(3)-Cu(1)-Cu(1A) 79.7(1) C(11)-0(3)-Cu(l1) 126.5(3)
N(1)-Cu(1)-0(2) 95.6(2) 0(3)-C(11)-0(3A) 126.6(6)
N(1)-Cu(1)-0(3) 86.9(2)

Symmetry code: A=-x,y, z
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Table 2 Selected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cux(dpyam),

{(H=0,CH)}pu-OH),LJ(CIO,).HO (1)

Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-0(1)

O(1)-Cu(1)-0(2)
O(1)-Cu(1)-0(3)
O(1)-Cu(1)-N(1)
O(1)-Cu(1)-N(2)
0(2)-Cu(1)-0(3)
C(1-0(3)-Cu(1)

Cu(1)-0(1)-Cn(1A)

" Symmetry code: A = -x+2,y,z

2.003(3)
2.005(3)
1.955(3)

79.55(13)
89.07(15)
95.88(13)
172.20(13)
100.62(14)
124.4(3)
95.89(17)

Cu(1)-0(2)
Cu(1)-0(3)
Cu(1)-Cu(1A)

N(1)-Cu(1)-0(2)
N(1)-Cu(1)-0(3)
N(1)»-Cu(1)-N(2)
N(2)-Cu(1)-0(2)
N(2)-Cu(1)-0(3)
O(3)-C(11)-0(3A)
Cu(1)-0(2)-Cu(1A)

1.952(3)
2.345(3)
2.9027(10)

156.04(16)
102.81(13)
91.92(15)
93.28(13)
89.25(13)
127.6(6)

96.09(17)

Table 3 Selected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cux(dpyam),
(n-OCH)(u-OOCH)Yu-OH))(PFs) (1)

Cu(1)-N(1)
Cu(1)-N(2)
Cu(1)-0(1)
Cu(1)-0(3)

O(1)-Cu(1}-0(2)
O(1)-Cu(1)}-0(4)
O(1)-Cu(1)-N(1)
O(1)-Cu(1}-N(2)
0(2)-Cu(1)-0(4)
C(12)-0(4)-Cu(1)

Cu(1)-O(1)-Cu(1A)

Symmetry code: A =-x+2,y,z

BRG4680012

1.972(4)
2.029(4)
1.934(5)
2.246(5)

78.2(2)
96.6(2)
173.6(2)
93.3(2)
89.7(3)
127.4¢4)
107.2(4)

178

Cu(1)-0(2)
Cu(1)-0(4)
Cu()-Cu(1A)

N(1)-Cu(1)-0(2)
N(1)-Cu(1)-0(4)
N{1)-Cu(1)}-N(2)
N(2)-Cu(1)-0(2)
N(2)-Cu(1)}-0(4)
O(4)-C(12)-0(4A)
Cu(1)-0(2)-Cu(1A)

2.144(6)
2.200(3)
3.113(5)

100.5(2)
87.2(1)
91.7(1)
138.3(3)
130.9(1)
127.5(7)
93.1(4)
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Table 4 Selected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cux(dpyam),
(1-0,CH)(u-OH)(p-CD](C10,)-0.5H;0 (IV)

Cu(1)}-N(1) 1.975(1) Cu(1)-0(1) 1.916(2)
Cu(1)-N(2) 2.027(2) Cu(1)-0(2) 2.158(1)
Cu(1)-CI(1) 2.478(2) Cu(1)-Cu(1A) 3.036(1)
O(1)}-Cu(1)-N(1) 173.8(1) N(D-Cu( 1)-CH( 1) 96.4(1)
O(1)-Cu(1)-N(2) 94.1(1) N(1)-Cu(1)-Cu(1A) 138.0(1)
O(1)-Cu(1)-0(2) 88.1(1) N(2)-Cu(1}-0(2) 133.6(1)
O(1)-Cu(1)-CI(1) 82.5(1) N(2)-Cu(1)-Ci(1) 119.K(1)
O(1)-Cu(1)-Cu(1A) 37.6(1) N(2)-Cu( 1)-Cu(1A) 126.3(1)
0(2)-Cu(1)-CI(1) 107.2(1) Cu(1)-0(1)-Cu(1A) 104.8(1)
0(2)-Cu(1}-Cu(1A) 79.4(1) Cu(1)-CI(1)-Cu(1A) 75.6(1)
N(1)»-Cu(1}-N(2) 91.7(1) C(11)-0¢2)-Cu(1) 126.8(1)
N(1)-Cu(1)-0(2) 86.4(1) 0(2)-C(11}-0(2 A) 127.13)

Symmetry code: A= -x+2, v,z

Table 5 Sclected bond lengths [A] and angles [°] with e.s.d.s. in parentheses of [Cuy(dpyam)(u-
O;CH)(p-OH)(u-CH](PFs) (V) )

Cu(1)-N(1) 2.031(3) Cu(1)-0(1) 2.183(2)
Cu(1)-N(2) 1.983(2) Cu(1)-0(2) 1.918(2)
Cu(1)-CI(1) 2.451(1) Cu(1)-Cu(1A) 3.061(5)
O(1)-Cu(1)-N(1) 130.6(1) N(1)-Cu(1)-CI(1) 124.1(1)
O(1)-Cu(1)-N(2) 86.7(1) N(2)-Cu(1)-0(2) 173.8(1)
O(1)-Cu(1)-0(2) 87.3(1) N(2)-Cu(1)-Ci(1) 97.7(1)
O(1)-Cu(1)-CK1) 104.8(1) Cu(1)-02)-Cu(1A) 105.9(1)
O(2)-Cu(1)-CI(1) 82.3(1) Cu(1)-CI(1)-Cu(1A) 77.2(1)
N(1)-Cu(1)-N(2) 91.8(1) C(11)-0(1)-Cu(1) 127.52)
N(1)-Cu(1)-0(2) 93.2(1) O(1)-C(1 1)-O(1A) 126.5(4)

Symmetry code: A= -x+1,y,2
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APPENDIX IIIC

The infrared spectra for
[Cua(dpyam)y(p-O,CH)Y(p-OH)(p-OCH3)]|(C104) (I)
[Cuz(dpyam):(p-O:CH)(u-OH),[(C104)-H,O (II)
[Cuz(dpyam):(p-O,CH)(p-OOCH)(u-OH)|(PF¢) (JII)
[Cux(dpyam):(p-O0,CH)(p-OH)(u-ChH(C104)-0.5H20 (1V)
[Cux(dpyam);(u-O2CH)(u-OH)(p-ChI(PFe) (V) and
[Cuz(dpyam);(p-0CH)(u-OH)(u-CD](BF4) (VI)
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APPENDIX IIID
The EPR spectra for
[Cuz(dpyam)s(u-O,CH)(p-OH)(1-OCH;3)|(CIO5) (1)
[Cuz(dpyam);(1-O,CH)(u-OH),](C10,)-H,0 (IT)
[Cux(dpyam)s(1-O,CH)(p-OOCH)(-OH)|(PF) (I11)
[Cux(dpyam);(1-O;CH)(p-OH)(i-CH|(C104)-0.5H;0 (IV)
[Cuz(dpyam),(p-OCH)(u-OH)(p-CDH](PFs) (V)
and [Cu;(dpyam);(1-0:CH)(u-OH)(p-CD|(BF,) (V1)
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(b) The EPR spectrum at 77 K of [Cuz(dpyam),(u-O,CH)(u-OHY p-OCH;3)I(C104) (I)
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Abstract

The syntheses and characterization of a series of dinuclear p-oxalato copper(Il}) complexes of the general type [(NN); o
SCUC00Cu(NN), 4, o *, where NN = didentate dpyam (di-2-pyridylamine) ligand, are described. The crystal structures of three
representative complexes have been determined. The dinuclear-oxalate bridged compounds [Cu(dpyam}q(C>04))(C104)2(H:0), (1)
and [Cuy(dpyam)4(C-04))(BF4),(H,0)s (2) crystallize in the non-centrosymmetric triclinic space group £1 which are isomorphous
and isostructural. The compound [Cuxdpyam),(C,0,)(NO3).({CH;),80),] (3) crystallizes in the centrosymmetric monoclinic space
group P1 with all Cu-oxalate contacts in the equatorial plane. All three complexes contain six-coordinate copper centres bridged by
planar bis-didentate oxalate groups from the equatorial position of one chromophore to the equatorial position of the other one.
Both chromophores in 1 and 2 exhibit the compressed octahedral Cu(lI) geometry, while 3 displays an elongated octahedral Cu(EI)
environment. The IR, ligand field and EPR measurements are in agreement with the structures found. The magnetic susceptibility
measurements, measured from 5 to 280 K, revealed a very weak ferromagnetic interaction between the Cu(II) atoms for compound 1
and 2, with a singlet—triplet energy gap (J) of 2.42 and 3.38 cm !, for compounds 1 and 2, respectively. Compound 3 has a strong
antiferromagnetic interaction with a J of —305.1 cm™", in agreement with coplanarity of the magnetic orbitals.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Copper(1]) complexes; Crystal structures; p-Oxalato dimers; Magnetic properties; EPR

1. Introduction characterized [2-36]. Eight different bridging modes
(Scheme ) have been observed for the oxalato group in
In the past decades, there has been a great deal of the oxalato copper(1l) complexes [1-4].

interest in the magneto-structural studies of transition A number of dinuclear copper complexes with an
metal atoms [1—40] with polyatomic bridging ligands oxalato bridge, generally formulated as [(NN)Cu(p-
both in the experimental and theoretical points of view. Cy04)Cu(NN)]X,,, where NN is a chelating ligand,
The oxalate ion is well known to be an appropriate and X is a counter anion or a solvent molecule, have
bridging ligand to design magnetic materials and many been structurally characterized [5-14.36}. Analysis of
oxalato-bridged complexes have been prepared and the structural factors that influence the magnitude of the

magnetic interactions allowed to tune the value of the
singlet—triplet energy gap (J values) in oxalato-bridged
* Corresponding author. Fax: +66-43-243-338. dinuclear Cu(Il) complexes from approximately 0 to
E-mail address: sujittra@kku.ac.th (S. Youngme). approximate —400 cm ™' by playing on the nature of

0020-1693/03/% - see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/50020-1693(03)00207-X
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Scheme ). Different coordination modes of oxalate ligands known for
oxalato copper (II) complexes.

the terminal ligand (tridentate and/or didentate nitrogen
doners) or of the counter ions, taking advantage of the
plasticity effect of the Cu(ll) coordination sphere
[5,19.21]. Previous theoretical and experimental works
[5.6,16-21] have revealed that the exchange interaction
between the copper ions propagated through the oxalate
bridge is strongly dependent on the geometry around the
copper ions, sensitive to the orientation of the magnetic
orbital of each Cu(JI) relative to the oxalate plane and
the bridging mode of the oxalate group. The actual role
of this ligand modification is to realign the metal
magnetic orbital relative to the oxalate ¢ orbital as the
magnetic exchange pathway is dominated by interac-
tions between the metal d orbitals and the oxalate o
orbitals.

In most cases, the copper tons present a square-
pyramidal structure with two oxygen atoms of oxalate
bridge and two nitrogen atoms of the diamine occupying
the base of the pyramid and the counter anion or a
solvent molecule occupying the axia! position. Some
compounds present an additional bond to X, giving rise
to elongated octahedral coordination. In the literature
compounds have been reported which have a square-
pyramidal and elongated oclahedral geometries in which
one of the oxalate oxygen atoms is in the basal plane

ai—y?

and the other oxygen is apical [4.5,10,12-14,19]
others having a trigonal-bipyramidal geometry arount
the copper atoms [15).
It is extremely difficult 1o control the
structural parameters during the synthetic p
great difficulties are faced to establish the
structural correlation. In order to extend the i
tion by modifying the terminal ligand to
flexible, nitrogen donor didentate dpyam ligand
describe the synthesis, the crystal structure,
magnetic properties of three new p-oxalato C
complexes,  [Cuz(dpyam)s(C20)HCI0,)H(H;0); ¢
[Cuz(dpyam)e(C,00)[(BF)x(H;0); (2) and
pyam);(C204)(NO1)2((CH3),50),] (3). The ligand
pyam has been selected primarily because of the |
that it also has a N-H H-bond donor function
might interfere with the oxalate bridging ligand.

2. Experimental

2.1, Reagents and physical measurements

All reagents are commercial grade materials and
used without further purification. Elemental analyss
H, N) were performed by the Microanalytical §
Science and Technological Research Equipment C
Chulalongkorn University on Perkin—Elmer (
CHNS/O Analyzer. Copper conlent was determis
on atomic absorption spectrophotometer.

IR spectra were recorded with a Biorad FIS
FTIR spectrophotometer as KBr pellets/and or
mulls in the 4000—450 cm ~* spectral range. So
{diffuse reflectance) electronic spectra were record
polycrystalline samples on a Perkin—Elmer
spectrophotometer over the range 8000-18000 cm
X-band powder EPR spectra were obtained on
RE2x electron spin resonance spectrometer using DFf
(g =2.0036) as a standard. Magnetic susce]
measurements (5-280 K) were carried out
Quantum Design MPMS-5 5T SQUID magnetom
(measurements carried out at 1000 Gauss). Dala w
corrected for magnetization of the sample holl
for diamagnetic contributions, which were es
from the Pascal constants.

2.2, Syntheses

Caution! Although the perchlorate salt describet
this work do not appear to be sensitive to sho
material, like all perchlorate salts can be po
explosive with organic sclvents. Only a small am
material should be prepared, and it should be hand
with caution.



S. Youngme et al I Inorganica Chimica Acta 353 (2003) 119-128 21

2.2.1. [Cuz(dpyam)  p-C304) J(ClO4)( H,0) 3 (1)

Compound 1 was prepared by adding a hot methanol
solution (40 ml) of dpyam (0.342 g, 2.0 mmol) to a hot
aqueous solution (60 ml) of Cu(ClO4), (0.371 g, 1.0
mmol). The mixture was heated at approximately 70 °C
with continuous stirring for 10 min, then solid Na,C,Oy4
(0.134 g, 1.0 mmol) was added. The resulting hot
solution was filtered off to remove any impurities, After
standing at room temperature (r.t.) for a week, green
needle-like crystals of | were obtained. Yield approxi-
mately 75%. Anal. Calc. for C42H42C12CU2N120]5: C,
43.76; H, 3.67; Cu, 11.03; N, 14.58. Found: C, 43.69; H,
3.60; Cu, 11.10; N, 14.61%.

2.2.2. [Cuz{dpyam) (u-C20,) J(BF,)2(H;0) 3 (2)

A solution containing dpyam (0.342 g, 2.0 mmol) in
ethanol (20 ml) and Na;C,0, (0.068 g, 0.5 mmol) in
water (10 ml) was added to a solution of Cu(BF,),
(0.237 g, 1 mmol) in water (10 ml). The resulting green
solution was allowed to evaporate at r.t, After 2 weeks,
green crystals of [Cux(dpyam)y(p-C204)I(BFy4)2(H20);
{2} were obtained which were filtered off, washed with
water and were dried in air. Yield approximately 60%.
Anal. Calc. for C42H42B2CL12F3N1207: C, 4474, H, 3.76;
Cu, [1.27; N, 14.90. Found: C, 44.82; H, 3.68; Cu, 11.33;
N, 14.85%.

2.2.3. [Cuyldpyam);(p-Cr04)(NO3)z((CH3):50);]
(3)

Compound 3 was prepared by adding a hot dimethyl-
sulfoxide (10 ml) of dpyam (0.342 g, 2.0 mmol) to hot
aqueous solution containing Cu{NQO;).(H;0); s (0.465 g,
2.0 mmol} and H,C;04 (0.126 g, 1 mmol) in dimethyl-
sulfoxide (23 ml). The green solution was allowed to
evaporate at r.t. After a week, green crystals of
[Cux{dpyam),(p-CrO{NO3)(dmso),] (3) formed which
were filtered off, washed with mother liquor and air-
dried. Yield approximately 95%. Anal. Calc. for
ngHgoCUzNgOuSz: C, 3727, H, 361, Cu, 1517, N,
13.37. Found: C, 37.34; H, 3.55; Cu, 15.12; N, 13.44%,

2.3, Crystallography

Reflection data for 1 were collected using an Enraf—
Nonius MACH3 diffractometer with Mo Ko
radiation(4 =0.70183 A) at 298 K. An absorption
correction was petrformed by using the Psi-scan pro-
gram, which resulted in transmission coefficients ran-
ging from 0.917 to 1.000. The structure was solved by
direct methods using SHELXs-97 [40] and refined by the
least-squares method F2, using SHELXL-97 [41]. The
non-hydrogen atoms were located on the E map or
successive Fourier difference syntheses and anisotropi-
cally refined. All other hydrogen atoms were geome-
trically fixed and allowed to ride on the attached atoms
except the water hydrogen atoms, which could not be

located at all. One of the perchlorate groups showed
disorder which was resolved in two sets with occupan-
cies of 0.5 for both conformers.

Reflection data for 2 were collected at 298 K on a {K
Bruker SMART CCD area—detector diffractometer
using graphite monochromated Mo Ka radiation {1 =
0.71073 A} at a detector distance of 4.5 cm and swing
angle of —35°, A hemisphere of the reciprocal space was
covered by combination of three sets of exposures; each
set had a different ¢ angle (0, 88, 180°) and each
exposure of 10 s covered 0.3° in w. Data reduction and
cell refinements were performed using the program
SAINT [42]. An empirical absorption correction by using
the SaDABs [43] program was applied, which resulted in
transmission coefficients ranging from 0.659 to 1.000.
The structure was solved by direct methods and refined
by full-matrix least-squares method on F5 with aniso-
tropic thermal parameters for all non-hydrogen atoms
using the SHELXTL-PC V 5.03 software package [44]. All
hydrogen atoms were geometrically fixed and allowed to
ride on the attached atoms. Two BF; ™ groups and
three water molecules are disordered with site occupan-
cies of 0.5 for both conformers. The hydrogen atoms of
the lattice water molecules could not be located at all.

A crystal of compound 3 was selected and mounted to
a glass fiber using the oil-drop method. Data were
collected on a Rigaku AFC-78 diffractometer (graphite-
monochromated Mo Ka radiation, w-20 scans). The
intensity data were corrected for Lp, for absorption (psi-
scan absorption correction) and extinction. The struc-
tures were solved by direct methods. The programs
TEXSAN [45], SHELXs-97 [50], SHELXL-97 [41] were used
for data reduction, structure solution and structure
refinement, respectively. Refinement of F° was done
against all reflections. The weighted R factor, wR, and
goodness of fit § are based on F°. Conventional R
factors, R, are based on F, with F set to zero for
negative F°. All non-H atoms were refined anisotropi-
cally. The H atoms were introduced in calculated
positions and refined with fixed geometry with respect
to their carrier atoms.

The molecular graphics were created by using
SHELXTL-PC [44]. The crystal and refinement details
for compounds 13 are listed in Table 1.

3. Results and discussion

3.1 DESCF!pﬁOﬂ of[Cuz(dpyam);(CzO.,)]Xz(H;O)j
(X=(ClO,4) (1) and (BF,) (2))

The structures of 1 and 2 are made up of oxalate
bridged non-centrosymmetric  difiuclear  cations
[(dpyam)2Cu(C204)Cu(dpyam)2]2+, non-coordinating
ClO4 -~ and BF, ~ anions and water molecules of
crystallization. The structures are depicted in Figs. !
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Table 1
Crystal and refinement data for complexes 1, 2 and 3
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Complex 1

—

Molecular formular

Molecular weight 1152.8
T(K) 293(2)
Crystal system triclinic
Space group P,

a (A) 9.599(2)

b (A) 11.206(2)
c (A 12.480(3)
a (") 73.22(3)
B 77.84(3)

T (%) 76.88(3)

¥ (A% 1236.5(4)
FA 1

Do {gem™h 1.542

# (mm) 1.046

F (000} 588
Crystal size (mm) 0.30 x 0.42 x 045
Reflection collected 4834
Unique reflections 4834 (R;,, = 0.0000)
Observed ref. [f > 24(1)) 4349
Data/restraints/parameter 4834/3/694
Goodness-of-fit 1.076

Final R indices {F > 20 (7))
R indices (all data)
Largest difference peak and
hole (e A~

R, =0.0383, wR;=0.1079
Ry =0.0442, wR; = 0.1170
0.854, —0.472

- Ry = 0.0464, wR; =0.1401
R, = 0.0547, wRy = 0.1497
0.946,

2 3
[Cuax(dpyam)y{C:04)I(ClO)HH10)  [Cua(dpyam)o(CaO4)|(BFa)2(H:0)3  [Cus(dpyam)s(Cr04NOy)2((CH;3)50);

1126.5 B37.76

293(2) 297.76

triclinic triclinic

P, PT

9.629(2) B.7H9(0)

11.170(2) 8.980(%)

12.381(2) 11.421{0)

T381(2) 68.58(0)

78.15(2) 77,790}

76.59(2) 80.58(0)

1229.7(2) 808.87(1)

t 1

1.516 1.720

0.956 3.495

569 428

0.33 x 0.45 x 0,75 0.35 x0.35 x 0.22

9078 3T

7711 (R = 0.0179) 2964 (Rig, = 0.0281)

6519 2828

T71113/679 2964/0/228

1.020 1,247

Ry =0.0512, wR; =0.1363
Ry =0.060747, wR; =0.1615

—0.455 0.968, —0.554

and 2 together with the numbering scheme. Selected
bond distances and angles are listed in Table 2,
Compounds T and 2 are found to be isomorphous and
isostructural, the copper coordination spheres in both
complexes display a identical environment. Each copper
atom in 1 and 2 has a compressed rhombic octahedral
coordination geometry with the equatorial plane formed
by two nitrogen atoms from a dpyam ligand and two
oxalate—oxygen atoms (Cu—N distances vary from
2.095(8) to 2.141(9) A and from 2.094(6) to 2.145(7)
A, for 1 and 2 respectively, while Cu~O distances vary

Fig.
pyam)u(C20)(CI04)(H;0); (1)

I. orTEP 50% probability plot of the cation in [Cu{d-

Fig. 2. ORTEP 50% probability plot of the cation in [Cuy(d-
pyam)o{CON(BF),(H;0); (2)

from 2.141(10) to 2.305(%9) and from 2.189%(8) to 2.252(8),
for 1 and 2, respectively). The axial positions are
occupied by the other nitrogen atoms of the dpyam
ligand {Cu-N distances vary from 2.000(8) to 2.025(8)
and from 2.006(7) to 2.024(6) A, for 1 and 2, respec-
tively), resulting in the rather unique CuN,O,N, " (4 +2)
chromophore. This axially-compressed octahedral (2+
4) geometry is uncommon as most of other dinuclear p-
oxalatedicopper(II} complexes found in literature have
five-coordinate geometries. This geometry has only been
previously observed in the dinuclear oxalato-bridged
Cu" complexes with a tetradentate terminal ligand [11].
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Table 2
Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses of
[Cux(dpyam){ C204)[(Cl04)2(H0) (n and [Cua(d-
pyam}y(Cy0.)(BF)»(H,0), (2)

m (¢4]
Bond lengths
Cu(l}-N(1) 2.02((9) 2.008(8)
Cu(1)-N(2) 2.136(8) FANNI
Cu(1)-N(4} 2.006(8) 2.024(6)
Cufl)-N(5} 2.095(8) 2.134(8)
Cuf1)-O(1) 2.141(10) 2.229(8)
Cu(l)-O(2) 2.305(9) 22528
Cu(2)-N(7) 2.010(9) 2.021(8)
Cu(2)-N(8) 21419 2.145(7)
Cu(2)-N(10) 2.025(8) 2.006(7)
Cu(2)-N(1) 2.107(8) 2.094(6)
Cu(2)—0(3) 22259 2.208(9)
Cu(2)-0(4) 2.229(8) 2.189(8)
Cu(1)-Cu(2) 5.752(3) 5.745(3)
Bond angles
N(1)-Cu(1)-N(4) 175.4(3) 173.4(3)
N(2)-Cu(1)-0O(1) 165.8(3) 170.7(3)
N(5)-Cu(1)~-O(2) 171.4(3) 166.0(2)
N(2)—Cu(1)-N(5) 97.5(3) 97.1(3)
O(1)-Cu(1)-0G(2) 74.7(3) 74.8(2)
N{N-Cu(2)-N(10) 173.2(4) 175.5(3)
N(8)-Cu(2)-X3) 168.9(3) 166.1¢2)
N(11)-Cu(2)-4) 166.8(3) 170.1(3)
N(8)-Cu(2)-N(I1) 97.3(3) 97.6(3)
(3 —Cu(2)-0(4) 73.7(3) 73.9(3)

This geometry arise due to the flexible nature of the
dpyam ligand compared to the bpy, phen or other
didentate chelate ligands which are found to have a
square-pyramidal structure with the counter anion or
solvent molecule occupying the axial position and the
general formula of [(NN)Cu(p-C04)Cu(NN)X,, ( in
which X =counter anion or solvent molecule} [5-14].
Some compounds of this formula present an additional
bond to X, giving rise to an axially-clongated octahedral
geometry [5-10]. In addition, the compounds 1 and 2
are two rare examples of 244 compressed rhombic
coordination resulting from a pseudo Jahn—Teller
effect. As in almost all the cases of observed Jahn—
Teller compression examined in detail to date, the
apparent compression is due to dynamic interconversion
between two of the possible axial elongations [51,52].

For compound 1, the lattice is similarity further
stabilized by hydrogen bonding between the amine-N
and Ocioq (N --O distances 3.059-3.334 A) and Oya00r
(N- - -O distances 2.828—2.843 A) and between the O,qcr
and Ocyo4 (O- - -O distance 3.094 A) and Ogyaiaee (OO
distance 3.002 A).

For compound 2, the lattice is stabilized by hydrogen
bonding between the amine-N and Fggy (N---F dis-
tances 2.974-3.189 A) and Oy, (N---O distances
2.750-2.923 A)

3.2. Description of
[Cusfdpyam j;( C20,4)}(NQ3)2((CH3)280):] (3)

The structure of 3 consists of centrosymmetric
[Cuz(dpyam)a(u-C;04)(NO;3)x((CH3),50),]  molecules.
This unit is depicted in Fig. 3 together with the
numbering scheme. Selected bond distances and angles
are listed in Table 3.

The geometry around the copper atom can be
considered as an elongated tetragonal octahedral envir-
onment with the equatorial plane formed by two
nitrogen atoms of dpyam ligand and two oxygen atoms
of the oxalate bridge (Cu—-N/Q distances vary from
1.986(2) to 2.002(2) A), with the axial sites occupied by
an oxygen atom of the nitrato group {Cu—0O 2.502(2) A)
and the oxygen atom of the dimethylsulfoxide group
(Cu-0 2.331(2) Al. The copper—copper distance is
5.220(2) A. The axial O-NO—Cu-0S(CH;); angle is
174.8(7)° and the four donor atoms on the equatorial
plane are not perfectly planar, showing a small tetra-
hedral distertion, with a dihedral angle of 7.2° formed
between the O-Cu-O and N-Cu-N planes. The
copper atoms are displaced by 0.0770 A from the basal
planes toward O(4).

The lattice is further stabilized by hydrogen bonding
between the amine-N and an Opngs of a neighbouring
unit with a distance of 2.8551 A, resulting in a polymeric
chain.

3.3. Structure comparisons

The compounds 1 and 2 are found to be isomorphous
and isostructural, and have compressed rhombic octa-
hedral CulN,O,N ; chromophores. The most similarity
to the stereochemistry of both complexes are found in
the oxalato-bridged dimers [Cuy(bispicen)(C04)]-

Fig. 3. orTRP 50% probability plot of {Cux{dpyam)(C04}{NG,).-
({CH4):50),] (3} Atoms with an “A’ are generated by an inversion
centre.
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Table 3
Selected bond lengths (A) and angles (°) with e.s.d.s. in parentheses for
[Cu;(dpyam):(C;0,KNO3):((CH;),80),] (3)

Bond lengths

Cu(1)-N(1} 1.986(2) Cu(l)-N(2) 2.002(2)
Cu(1)-0(1) 1.998(2) Cu(1)-0{2) 1.994(2)
Cu(1)-0(3) 2.331(2)  Cu(D)-O4) 2.502(2)
Cu(1)-Cu(1A) 5.220(2)

Bond angles

N(1)~Cu(1)-2) 92.3(2) N()-Cu(l)-O(1) 174.3(8)
O2)-Cu(1}-0(1) 82.2(7)  N(I)-Cu(l)-N(2) 93.3(2)
O{2)-Cu(l)-N(2) 1709(3) O{I)-Cu(1)-N(2) 91.8(7)
N()-Cu(1)-O(3) 88.2(6) O(2)-Cu(1)-O(3) 93.5(7)
O{1)-Cu(1)-0(3) 93.5(5) O{4)-Cu({1)-N(1) 86.6(7)
O{4)-Cu(1)-N(2} 85.5(7  O4)-Cu{l}-O(I) LT
O{4)-Cu(1)-0(2) 87.7( O{4)-Cu(i)-O(3) 14.8(7)

Symmetry code: A= —x, —p+1, —=z.

(Cl04); (9), [Cup(bispicMezen)(C;04))(Cl04), (10),
which have the compressed octahedral CuN,O;N ;
chromophores (see Table 4). Related complexes are
[Cua(bpy)a(C204)(NO3)(Ho0)]  (4),  [Cuz{mpym),-
{C204)(NO;)2(H20)] (&) {Cuy(deen)y(Cy04)-
(Cl04)2(H20),] (6),and [Cuy(tacn);(C;0s0Cl04);] (7)
(Table 4), which have an e¢longated octahedral
CuN;0,0'0" and CuN;0;0 chromophores, respec-
tively, similar to the CulN,0,0’0” chromophore geo-
metry of 3. There is some similarity to other dinuclear p-
oxalato dicopper(IT) complexes which exhibit a square-
pyramidal structure with two oxygen atoms of oxalate
bridge and two nitrogen atoms of the diamine occupying
the base of the pyramid and the counter anion or a
solvent molecule occupying the axial position [12-14].
There are some differences to the elongated octahedral
complex [Cu2(bpca)z(CZO.;)(Hzo)z](Hzo)z (8) involving
the oxalato-bridged occupying axial and equatorial
coordination sites and the trigonal bipyramidal complex
[CuxEtsdien),(C,04))(BPhy),] (in which FEtsdien is
1,1,4,7,7-pentaethylenetriamine) [15].

The coordination around the Cu ion of 1, 2 can be
best described as an axially-compressed octahedral (2+
4) geometry [11], and differs from those of 3, 4, 5, 6, 7
which have an axially-elongated octahedral (4+2)
geometry [5-10].

3.4. IR and electronic spectra

3.4.1. IR spectra

The IR spectra of 1 and 2 display characteristic bands
of the asymmetric oxalate bridging ligand [6.8-10): vyym
(c—0) at 1647s, vyym (c.0) at 1375m and do-c—o) at 843m
cm ™! for 1; Vagym (C-0y at 16428, vym (c_oy at 1370m and
do-c_o) at 845m cm~' for 2. The ClO4 ~ group
vibration near 1100 cm™' splitting into three sharp
peaks at 1090s, 1116s and 1142s cm ! and the BF, ~
group vibration near 1100 cm ™' splitting inte a sharp

Table 4

Structural data and magnetic properties for 10 selected oxalato-bridged Cu(ll) complexes

deu-cu (A)  Dihedral angle® Mode of magnetic interaction  J (cm™') Ref.

Oxalato-bridged Coordination

Geometry®

Donor set

Compound”

this work
this work
this work

5]
G|
8]
9

U U M g g &4 @ O o U

5.176

5.631
5.608
5494

egq-eq
eq~eq
eq-eq

com. Oct
com. Oct
ong. Oct
ong. Oct

ong. Oct

“  elong. Oct
ong. Oct

ong. Oct

m. Oct

com. Oct

0.N,N;
OZNZNZ'
;N0
OyN,0

Cux{dpyam)z(Cy0.)(NO;),(DMSO0),] (3)
Cuy(bpyi{C04)(NO;)2(H,0);] (4)
Cux(mpym)(C;04)(NO,)2(H,0)] (5)
Cux{deen)(C20,CHO4)2(H20);] (6)

Cuz{tacn ) C2040(C104);] (N
Cu(bispicMesen){CL0(Cl04); (10)

Cux{dpyam)a(C100HClON(H20); (1)
Cux{dpyam)s(C,04){BF,),(H200: (2)
Cus{bpca)s( C204XH;0);](H,0); (8)
Cujy(bispicen)y(C,0)](CI0,); (9)

deen = N, N-diethylethane-1,2-diamine; tacn = 1 4,7-triazacyclononane; bpea = bis(2-pyridylmethyt)1-3,3-propanedia-

N,N’-bis(2-pyridylmethyl)-N-N-dimethyl-1,2-cthanediamine.

meripirizole;

2,2’-dipyridine; mpym
N N -bis(2-pyridylmethyl}-1,2-ethanediamine; bispicMe2en

com.Oct = compressed octabedral; elong. Oct = elongated octahedral.
¢ Dihedral angle between the basal and oxalate

9 Not reported.

di-2-pyridylamine; bpy

* dpyam
mine; bispicen

planes.

b
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peak at 1075 cm~' and a shoulder at approximately

1055 em ™', indicates ClO, ~ ions in 1 and BF, ~ ions
in 2 involved hydrogen bonding [46,47).

Compound 3 displays the characteristic bands of the
symmetric oxalate bridging ligandv,symc—o) at 1650s,
Viymec.oy AL 1370m and 0 ¢ oyt 840m cm ™} . The
bands observed at 1380s, 1320s,1080m cm ™' suggest
monodentate coordination of the nitrate ion [6] and the
SO stretching appear at approximately 1023w cm ™',
indicative ol the presence of the dimethylsulfoxide

ligand in 3 [48].

3.4.2. Electronic spectra

The electronic reflectance spectra of 1 and 2 consist of
two clearly resolved peaks at 14050 and 8800 cm ! for
1 and 13970 and 8700 cm ™' for 2. These spectra are
consistent with the compressed rhombic octahedral
stereochemistry and assigned to be the d,_;—d.. and
the d,., d,,, d,. —»d.; transitions. That of 3 has a broad
peak center al 14700 cm ™!, with a poorly resolved
shoulder 1o low energy at approximately 10600 cm ™',
corresponding to the elongated octahedral geometry,
This suggests the assignment of the bands as the d,.,

d,.,d,, »d, . andd_;—d,._. transitions, respectively.

- — J_'

3.5. EPR and Magnetic properties

The room temperature X-band powder EPR specira
of compounds 1 and 2 display a broad absorpticn
centered around g of 2.14. At the high-field side (g =
approximately 1.94) a small shoulder is observed which
is due to a signal from the triplet state with a very small
zero-field splitting. No half-field signal was observed at
RT.

Both compounds were also measured as solids at 77
K, in which cases the signal appears as more resolved
with non-split signals at g, =2.10, g, =2.27 for 1 and
g1 =210, gy =2.33 for 2, corresponding to the pattern
of Cu(ll) in an elongated geometry, g4 > g >2.0 with
the d,._. ground state. This suggest that the apparent
compressed geometry at room temperature could be
caused by a dynamic Jahn—Teller effect [51.52]. This is
because compounds I and 2 adopt the time averaged
structure found crystallographically which arise due to
the short time scale of the X-ray technique, but the EPR
spectra at 77 K are related to the underlying static axial
elongated chromophore [51.52]. Also the half-field
signal at approximately 1600 G, corresponding to
AM = +2 transition was observed, which indicates
that indeed a weak interaction between two Cu(Il)
ions within these compounds is present.

Compound 3, measured as a powdered solid displays
at RT an asymmetric broad resonance with a center at
g=2.12. The observed triplet signal is not resolved,
apparently due to exchange narrowing resulting from
nearby triplet molecules in the lattice. At 77 K a weak

resolved signal is observed, with bands assigned for H,,
at 2691 G, Hyyy at 3014 G, Hyoys at 3218 G and H; at
3316 G. On the low field side of the AM = +1 signal of
compound 3 a seven-line Cu hyperfine resonance
centered at g =2.44, with an average spacing of 88 G,
is observed. The seventh line of this pattern is obscured
by the intense signal of the perpendicular component.
Such a seven-line pattern, is evidence for the parallel
AM = +1 transition and indicative for a small zero-figld
splitting parameter, D {49.50,53-56]. No half-field
signal was observed in this case. So the observed signal
is typical for triplet Cu(Il) dinuclear in an isolated state
with D = approximately 0.03 cm ™' [49,50].

From the magnetic susceptibility (vide infra) at 77 K
the compound is almost diamagnetic, so the observed
resonances are likely to originate from a smali para-
magnetic impurity and a small amount of triplet signal
thermally accessible at 77 K.

The exchange interaction between the copper ions via
the oxalate bridge is known to be strongly dependent on
the geomeiry around the Cu ions, the orientation of the
magnetic orbitals in respect to the oxalate plane and the
bridging mode of the oxalate group, which favours the
antiferrothagnetic interaction {5,6.16-21]. This interac-
tion is weakened by structural distortions, such as the
displacement of the copper atom out of the basal plane,
the non-planarity of the Cu—ox—Cu framework and the
tetrahedral distortion of the basal plane.

In compounds 1 and 2 the short Cu-L bonds result in
magnetic orbitals that do not coincide with the oxalate
ligand plane and therefore any significant antiferromag-
netic interaction is not present. Instead a weak ferro-
magnetic interaction is seen and this agrees well to
related systems from literature {10.11].

The magnetic susceptibility of the powdered com-
pounds were measured from 5 to 280 K. At 280 K pris
2.62 ug for 1 (2.64 pp for 2) which agrees well with the
spin-only value of Cu(lI) calculated for two uncoupled
spin = 1/2 centres. Upon cooling these values are staying
almost constant between about 2.64 and 2.61 pp until at
about 50 K it raises gradually to reach 2,77 ug at 5K for
1 (2.80 uy for 2). This is typical for a very weak
ferromagnetically coupled Cu(Il) dinuclear compound.
To reproduce this behaviour the theoretical expression
of the magnetic susceptibility of spin = 1/2 dimer, arising
from the hamiltonian i = —J 5;-8,, has been consid-
ered, including possible intermolecular interactions, in
the molecular-field approximation ([53], p. 132} ym =
QN KT —(2 213 +exp(—=JITIN] =" [3+exp(—J/
kT~ " (1 —p)+ xpp where J is the singlet—triplet energy
gap (negative value for antiferromagetic and positive
value for ferromagnetic interaction) and NV, g, §, & and
T have their usual meanings. The parameter p denotes
the molar fraction of paramagnetic impurity in the
sample ([S3], p. 107) and zJ’ the interaction between
neighbouring dinuclear identities.
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Minimisation of the expression R = Z(Zous— Xcalc) /X
%, Tesulted in the best-fit parameters J =242 ecm™ !,
g=2.12 and zJ' and p=0 with R=4.8x107* for
compound 1 (see Fig. 4(a)) and J=3.38cm ™!, g =2.10
and zJ and p =0 with R =2.8 x 107 for compound 2
(see Fig. 4(b)), which confirms the ferromagnetic type of
the intradimer interaction.

The dinuclear unit is slightly folded in a chair from
and the dihedral angles between the basal and the
oxalate planes and the Cu—Cu distance are 5.752 A in
1 and 5.745 A in 2. The magnetic orbitals are perpendi-
cular to the oxalate plane, so the overlap of the Cu(ll)
orbitals do not coincide with the oxalate o orbitals. This
situation is corresponding to the coordinate mode ¢
(Scheme 2) and consequently (as in fact the value of the
exchange coupling (J) in a Cu(Il} dimer is decomposed
in two terms, of which one is antiferromagnetic (J4r)
and the other is ferromagnetic (Jg) according to J=
Jap+Je)} when the antiferromagnetic term is almost
zero, the ferromagnetic term is predominant, which is
confirmed by the susceptibility measurements presented
above.

The temperature dependence of the molar magnetic
susceptibility yp of 3, measured on a powdered sample,
is shown in Fig. 5 down to 5 K. At 280 K, y», is equal to
1.6 x 1072 em® mol~! and decreases when cooling
down and reaches almost zero at about 40 K. From
40 to 5 K the yy increases a little to 0.4 x 10~ cm?
mol ™', The susceptibility data were fitted using the
formula mentioned earlier with minimisation of the
expression R = X(yops~ xc,k)zlz zﬁ and resulted in the
best-fit parameters J=—-305cm™ ', g=2.14and zJ =
007 and p=1x 10~ 2 with R =0.6%, which confirms
the strong antiferromagnetic type of the interaction. The
measurements were repeated several times, but special in
the high temperature area the fit is not so good, resulting
in a somewhat high R value.

Compound 3 exhibits an elongated octahedral geo-
metry and in this case the Cu(Il) orbitals interact with
the oxalate o orbitals, which is consistent with the
coordinated mode a (Scheme 2) and a strong antiferro-

25 — T T v

{a) T

(b}

N N (©)

Scheme 2. Three models predicting the magnetic interactions in
oxalate-bridged Cu(li) complexes (X—O (1) or N {2)).
0.03201

009154

nomoﬁ

Chi (em* oty

0.0005 -

0.0000

T T T
50 100 150 0 50

Fig. 5. Temperature dependence of yp vs. T for compound 3. The
solid lines represent the calculated curve (see text).

magnelic interaction is expected, which is confirmed by
the magnetic susceptibility measurements presented
above and also with similar cases known in the literature
[5.8).

2604

L) 0O

Fig. 4. Temperature dependence of pq vs. T for compound 1 (a} and compound 2 (b). The solid lines represent the calculated curve (see text).
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4. Conclusions

Three new Cu{Il) dinuclear oxalate bridged com-
pounds are presented in this study with the ligand
dpyam together with their spectroscopic and magnetic
results. Compounds 1 and 2 display a compressed
thombic octahedral geometry, with asymmetrically
bound oxalato ligands and have a weak ferromagnetic
interaction between the Cu(Il} atoms. On the other hand
compound 3 has an elongated tetragonal octahedral
geometry with a symmetric oxalato bridge and displays
a strong antiferromagnetic interaction.

5. Supplementary material

Crystallographic data (excluding structure factors) for
the structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No.
19497274 for structures 1, 2 and 3, respectively. Copies
of the data can be obtained free of charge on application
to The Direclor, CCDC, 12 Union Rgad, Cambridge
CB2 1EZ, UK (fax: (internat.} +44-1223-336-033,
e-mail: deposit@ccdc.cam.ac.uk  or www: hup/f
www .ccdc.cam.ac.uk).
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Abstract

Two dinuclear Cu" complexes of formula [Cux(dpyam)s(-C20)(PFe)x(H20)2 (1) and [Cus(dpyam)s(u-
Cr04)(NO;)(DMF),} (2) (dpyam = di-2-pyridylamine) have been synthesized and their spectroscopic and
magnetic properties characterized. Complex (/) crystallizes in the non-centrosymmetric monoclinic space group
Pc, while {2) crystallizes in the non-centrosymmetric triclinic space group P1. Compound (7) involves the
compressed octahedral Cu" environment, whereas {2} exhibits an elongated octahedral Cu'' geometry. Both
complexes contain six-coordinate metal centers bridged by planar bis-didentate oxalate group. The geometry,
spectroscopic properties and the effective magnetic moment of (7} are very close to those of the recently published
[Cux(dpyam)y (1-C204)](C10,4)2(H20): and [Cus(dpyam)a(p-Co04)HBF4):(H;0);. Thus (1) is expected to exhibit a
very weak ferromagnetic interaction between the Cu'' centers which is confirmed by EPR spectrum. Those of (2)
are comparable to those of the recently published {Cux(dpyam),(u-C704XNQ;):{DMSO);]. Therefore a strong
antiferomagnetic interaction is expected. The effective magnetic moment at room temperature of (/) was measured
to be 2.55 BM/dimer, which agrees with the spin only value of Cu", 2.45 BM calculated for two uncoupled
spin = 1/2 centers. In {2) the room temperature effective magnetic moment of 2.16 BM/dimer indicates the partial
spm paring by antiferromagnetic couphng This is confirmed by the e.p.r. spectrum and is explained as a result of
the magnetic interaction between the coplanar d,2_,z orbitals on the two copper atoms.

Introduction

It is now well-known that oxalato bridges can propagate
magnetic exchange interactions between paramag-
netic metal ions. A number of dinuclear copper com-
plexes with an oxalato bridge, generally formulated as
E(INN); or 2Cu{p-CrO4)Cu(NN), 5 21X, where NN is a
chelating ligand, and X is a counter anion or a solvent
molecule, have been structurally characterized [I-11] in
the past decades.

The previous paper describes the crystal structure,
spectroscopic properties and magneto-structural corre-
lation of complexes [Cux(dpyam)s(u-Co0)KCIOg);
(H20)3, [Cuz(dpyam)s(u-CyO4))(BF4)2(Hx0); and [Cu,
(dpyam)s{p-Cy0,4)(NO3):(DMS0),] [12]. The exchange
interaction between the copper ions via the oxalate

* Author for correspondence

bridge is known to be strongly dependent on the
geometry around the copper ions, which sensitive to
nature of counter anions and terminal ligands. In order
to extend the investigation by modifying to other
counter ions, this paper reports the synthesis, the results
of the structure determination and the magnetic prop-
erties of two new g-oxalato copper(ll) complexes,
{Cua(dpyam) (u-Co0))PF¢)a(H20) (1) and [Cux(dp
yam)x{u-C;0,MNO3}(DMF);] (2).

Experimental
Materials and physical measurements
All reagents are commercial grade materials and were

used without further purification. Elemental analyses
(C. H, N) were performed by the microanalytical Service



of Science and Technological Research Equipment
Center, Chulalongkorn University on Perkin-Elmer
PE2400 CHNS/O Analyzer. The copper content was
determined on an atomic absorption spectrophotometer.

Lr. spectra were recorded with a Spectrum One
Perkin-Elmer .FTIR spectrophotometer as KBr pellets
and, or as Nujol muils in the 4000-450 cm™" spectral
range. Solid-state (diffuse reflectance) electronic spectra
were recorded as polycrystalline samples on a Perkin-
Elmer Lambda2S spectrophotometer over the 8000—
18,000 cm™' range. X-band powder e.p.r. spectra were
obtained on a JEOL RE2x electron spin resonance
spectrometer using DPPH (g = 2.0036) as a standard.
The room temperature magnetic susceptibility measure-
ments were carried out on a Faraday-type microbalance.
The apparatus was calibrated with Hg[Co(NCS),]. Data
were corrected for magnetization of the sample holder
and for diamagnetic contributions, which were esti-
mated from the Pascal constants and the temperature
independent paramagnetism was estimated to be
60 % 107® cm® mol ™! per copper(l1} ion.

Synthesis of complexes (1) and (2)

Complex (1)

Method A. Compound (7} was prepared by adding a~
solution (10 cm?) of oxalic acid (0.063 g, 0.5 mmol) to a
suspension of CuCo; (0.221 g, 1.0 mmol) in H,O
(10 ¢m?). The mixture was added to 2 solution contain-
ing di-2-pyridylamine (0.342 g, 2.0 mmol) in EtQOH
(20 cm?) and potassium hexafluorophosphate (0.184 g,
1.0 mmol) in H;O (10 cm?). The resulting blue solution
was filtered to remove impurities. After two weeks,
green crystals of (/) were obtained. They were filtered
off, washed with mother liquor and were dried in air.
Yield approximately 60%. (Found: C, 41.4; H 3.4; Cu,
i0.3; N, 13.7. C42H40P2CU2F|2N|20(, caled. C. 41.15;
H, 3.3; Cu, 10.4; N, 13.7%)

Method B. Compound (!} was prepared by adding an
aqueous solution (25 cm?) of CuSO45HO (0.249 g,
1.0 mmol) to a solution of hexafluorophosphate
(0.184 g, 1.0 mmol) in H,O (20 cm?), followed by a
solution of sodium oxalate (0.124 g,  mmol) in H,O
(10 cm®) and a solution of di-2-pyridylamine (0.171 B,
1.0 mmol) in MeOH (20 cm®). The resulting green
solution was allowed to stand at room temperature for
two weeks to produce green crystals of (7). The crystals
were separated by filtration and washed with the mother
liquor. Yield ca. 50%. Caled.: C42H40P2CU3F|2N|206I
C, 41.15; H, 3.29; Cu, 10.37: N, 13.71%. Found: C,
41.26; H 3.41; Cu, 10.20;'N, 13.65%.

Complex (2}

A solution containing di-2-pyridylamine (0.342 g,
2.0 mmol) in dimethylformamide (10 cm®) was added
to a solution containing Cu(NGh),-3H,0 (0.482 g,
2.0 mmol) in DMF (20cm” and sodium oxalate

341

(0.068 g, 0.5 mmol) in H,;O (10 cm®). Then DMF
(30 cm®) was added to the resulting green solution
which was filtered to remove impurities. After 4 months,
green crystals of {2) were obtained, which were filtered
off, washed with the mother liquor and air-dried. Yield
ca. 70%. Caled.: ngH;zCH;NmO]z: C, 40.6; H, 3.9; Cu,
15.35; N. 16.92. Found: C, 40.5; H, 3.8; Cu, 15.3; N,
16.8.

Found: C, 40.5; H, 3.8; Cu, 15.3; N, 16.8 Cy3H;,Cu,.
N0, caled.: C, 40.5; H, 3.9; Cu, 15.35; N, 16.9%.

Crystallographic data collection and structure determi-
nation of complexes (1} and 12}

Reflection data for (1) were collected at 298 Kona l K
Bruker SMART CCD area-detector diffractometer
using graphi.lc monochromated MoK, radiation
(A=0.71073 A) at a detector distance of 4.5 cm and
swing angle of —35°. A hemisphere of the reciprocal
space was covered by a combination of three sets of
exposures; each set had a different ¢ angle (0°, 88°, 180°)
and each exposure of 30 S covered (.3° in w. Data
reduction and cell refinement were performed using the
program SAINT [13]. An empirical absorption correc-
tion by using the SADABS [14] program was applied,
which resulted in transmission coefficients ranging from
0.5054 to 1.0000. The structure was solved by direct
methods and refined by full-matrix least-squares method
on F2 with anisotropic thermal parameters for all non-
hydrogen atoms using the SHELXTL-PC V 6.1 software
package [15]. All hydrogen atoms were geometrically
fixed and allowed to ride on the attached atoms. One of
the hydrogen atoms of each lattice water molecule could
not be located and the hexafluorophosphate groups are
well ordered.

Reflection data of (2} were collected on a 4 K
Bruker SMART APEX CCD areca-detector diffracto-
meter with graphite monochromated MoK, radiation
(A = 0.71073 A) (at a detector distance of 6.0 cm and
swing angle of —28°) using SMART program. Raw
data frame integration was performed with SAINT
[13], which also applied correction for Lorentz and
polarization effects. Absorption corrections were ap-
plied using SADABS [14), provided an empirical
absorption correction and put the standard deviations
of measured intensities onto absclute scale. The struc-
tures were solved by direct methods. The software
package SHELXTL V 6.12 [15] was used for structure
solution and structure refinement. All non-H atoms
were refined anisotropically except the nitrate-O atoms
and the methyl-C atoms of DMF. The H atoms were
introduced in calculated positions and refined with
fixed geometry with respect to their carrier atoms. The
nitrate groups are disordered with site occupancies of
0.48 and 0.52 for both conformers. Both methyl groups
of the DMF ligands are also disordered with site
occupancies of 0.44 and 0.56 for both conformers and
some of the methyl hydrogen atoms could not be
located.
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The molecular graphics were created by using SHEL-
XTL-PC [15). The crystal and refinement details for
compounds (1) and (2} are listed in Table 1. Selected
bond lengths and angles are given in Table 2.

Crystallographic data for the structures in this paper
have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication
CCDC No. 227148 and 227149 for structures | and 2,
respectively. Copies of the data can be obtained free of
charge from The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44-1223-336033;
e-mail: deposit@ccde.cam.ac.uk, www:htip:/fwww.ccde.
cam.ac.uk).

Result and discussion

Crystal structure of [Cuy(dpyam )} Cr04) ] PFg)>
(H:0}: (1}

The structure of (/) consists of a noncentrosymmetric
dinuclear [(dpyam);Cu(C04)Cu(dpyam).)**  cation,
two non-coordinated PFg anions and two crystalliza-
tion water molecules. An ORTEP plot, together with the
numbering scheme of the compound is shown in
Figure 1, with relevant distances and angles in Table 2.

The chromophore of (/} is very similar to the recently
published compounds [Cuy(dpyam)y(C;04)KClO0,):
(H:0); and [Cux(dpyam)(C;04))(BFs}:(H0); [12).
The two copper(ll) ions of the complex cation are

Table 1. Crystal and refinement data for complexes (/) and (2)

linked through an oxalato bridge, leading to a Cu...Cu
distance of 5.737(2) A. The copper atoms are involved
in the rather unique CuN;O;Nj (4 + 2) chromophore,
and lie in the uncommon compressed rhombic octahe-
dral environment. The equatorial coordination positions
are occupied by two oxalate oxygen atoms and two
nitrogen atoms of the dpyam ligand (Cu—0 and Cu—N
distances range from 1.992 to 2.448 A) and the other
two nitrogen atoms from each dpyam ligand in axial
positions (Cu—N bond lengths in the 1.979-2.098 A
range). There is a very slight tetrahedral distortion of the
equatorial planes [dihedral angles between CuN, and
CuQ, planes =3.2° and 1.2° for Cu(l) and Cu(2)
centers, respectively], therefore both four-donor atoms
basal planes are planar [r.m.sd’s=0.0263 and
0.0028 A) and the copper atoms are displaced by
0.0350 and 0.0t168 A from the basal pianes toward
N(5) and N(11) atoms for the Cu{1) and Cu(2) centers,
respectively. The two basal planes are parallel to each
other with dihedral angle of 1.4°. The oxalate divalent
anion is planar (r.m.s.d = 0.0132) and it bridges the two
copper atoms in the nearly symmetric mode of coordi-
nation. The copper atoms deviate by 0.2339, —0.1947 A
for the Cu(!) and Cu(2), respectively, from the oxalate
plane. The dimeric entity is slightly folded in a chair
form, the basal planes make the angles of 7.2° and 5.7°
and with the oxalate mean plane.

The lattice is similarly further stabilized by hydrogen
bonding between amine-N and Fppg (N—O distances
3.075-3.391 A) and Ouuer (N—O distances 2.952-

Complexes (1} (2)

Molecular formula [Cua(dpyam}{(u-C;0.)] [Cux{dpyam)(¢-Cy0,)
(PFg), (Hy0), (NO3 ) CH3 R NCOH)]

Molecular weight 1226.86 §29.73

TK) 293(2) 293(2)

Crystal system Monoclinic Triclinic

Space group Pc Pl

a (.:\) 8.5712(2) 8.353(2)

b ({\) 1131772 9.100(2)

c(A) 25.8680(5) 12.245(3)

a (™ 90 72.035(4)

B 82.6150(10) 75.228(4)

¥ (°J_ 90 78.554(4)

V(A% 2488.39 848 8(4)

z 2 1

Doy (g cm™) 1.637 1.623

# {mm) 1.025 1.330

F (000) 1238 426

Crystal size (mm) 0.25 x 0.30 x 0.43 0303 x 0.253 x 0.106

Reflection collected 17.865 7532

Unique reflections 10.999 (Rin = 0.0407) 6784 (Riny = 0.0101)

Observed ref. [ > 20(/)] 7695 6045

Data/restraints/parameter 10,999/2/707 6784/3/534

Goodness-of-fit 1.035 1.063

Final R indices [/ > 2a(D)]
R indices (all data) )
Largest difference peak and hole (¢ A™%)

Rl = 00657, wRy; = 0.1686
Rl = 0.0944, wRy = 0.1921
1.093 and —0.665

R = SIF~IFITIRoll Ru = {Tw{IFot—iF PiwiFe®"2.

Rl = 00377, wR;y; = (.1011
Rl = 0.0434, wRy = 0.1067
0.365 and —0.389




<

843

Table 2. Selected bond lengths (A) and angles (°) with e.5.d.s. in parentheses of (/) and (2

[Cux(dpyam)(u-CrO)HPF4)(H20: (1)

Cu({1)—N(4) 1.992(10) Cu(1—N(2)
Cu(1)~N(5) 2.049(7) Cu{1)—N(1)
Cu(2}—N(8) 1.979%(9) Cu{2—(4)
Cu(2)—N(11) 2.098(8) Cu(2—~N(10)
Cu(1)...Cu(?) 5.737(2)

N(4—Cu{1-N(2} 93.0(4) N{—Cu(1—X1)
N2)—Cu()-O(1) 86.6(4) N(&)—Cu(1}-N(5)
NE2-Cu(1-N(5) 170.4(3) O(1)—Cu(1)—~N(5)
N(@—Cu{1)—N(1} 96.3(3) N(2—Cu(13~N(1)
O —Cu(1)—N(1) 88.4(3) N(S—Cu(1-N(1)
N{4—Cu({1y—0(2) 99.7(3} N{Z~Cu(1—{2)
O{1)—Cu(i)—O(2) 75.0¢3) N{S—Cu( 1)—0(2)
N()—Cu(1)—~0{2) 163.1(3) N(8)y~Cu(2—0(4}
NE—Cu2y—N(T) 88.7(4) O{4)—Cu(2—N(7}
NGBICu(2-N(I}I  171.5(4) O{4—Cu(2—N(1 1)
N(H—Cu2-N(I1)  90.1(3) N{8)—Cu(2—N(10}
O(4—Cu(2N(10)  87.2(3) N(7T—Cu92)—N(10}
N{1)—Cu(2—N(10)  87.0(3) N{B—Cu(Z—0(3)
O(@—Cu(2—0(3) 75.0(2) N(T—Cu(2)-O(3)
N(UCu2—0(3)  91.%3) NEIOY—Cu(2—0(3)
[Cuy{dpyam{p-Cr0MNO3)A(CH ) NCOH)} 12,

Cu(—N(2) 1.97%(7) Cu(1)—N(l}
Cu(1)—0¢(1) 2.012(6) Cu(1—0(5)
Cu{1y—0(10B) 2.786(2) Cu(i—O(8B)
Cu(2y—O(4) 1.978(5) Cu(2—0(3)
Cu(h)...Cu(2) 5.212(2) .
N(2—Cu(1)—N(1) 90.8(3) N2—Cu(1—0(2)
N(I—Cu{1 —{2) 92.1(2) NE—Cu(1-01)
N()—Cu( 1 —0(1) 170.4(3) O2—Cu(t}—O(1)
N2—Cu{(1—0(%) 89.2(3) N(1—Cu(1y—0(5)
O(2—Cu(l)—0O{5) 96.8(2) Oy —Cu(ty—O(5)
N(4—Cu(2}—N(5) 92.1(3} N{4—Cu(2y—-O4)
N{S—Cu{2)—0{4) 92.8(2) N{4)—Cu{2—(3)
N(S—Cu(2—0(3) 169.2(3) O{4—Cu(2)—0(3)
N{4)y—Cu(2—X6) $0.0(3) N(S—Cu(2)—6)
O4r-Cu(2—(6) 97.8(2) O3 r—Cu(2y-0(6)

2.029(9)
2.424(6)
202U7)
2.448(8)

Cu(1y—0(1)
Cu(1—(2)
Cu(2—N(T
Cu(2—0(3)

1.995(9)
2.191(6)
2.025(8)
2.249(8)

174.7(3)
87.13)

92.5(3)
87.4(3)
102.1(3)
88.6(3)
82.003)
90.9(3)
173.8(3}
89.4(3)
101.5(3)
98.9(4)
79.9%(4)
98.8(3)
162.2(3)

2.005(6)
1.956(7)
L9TXTY
2.295T)

Cu(1—0(2)
Cuf2-N(4)
Cu(2)—N(5)
Cu{2y-0(6)

1.950(6)
2.254(7)
2.679(2)
2.002(6)

173.143)
93.2(2)
82.9(2)
92.7(3)
96.1(3}
170.6(3)
91.¢3)
82.8(2)
93.0(3)
97.4(3)

Symmetry code: 8 x, y. 2—1.

2.965 A) and between the Oyyer and Fpgpq (O—F
distance 3.088 A) and Opyatae (0—0 distances 2.956~
3.348 A).

Crystal structure of [ Cus(dpyam ) (pu-C:04) (NOy) ;
{C3HNO )5} (2)

The asymmetric unit consists of a non-centrosymmetric
dinuclear [Cuy(dpyam)(C0 X NG3)(CisH7NO),] mole-
cules. A drawing of the dimeric structure showing the
labeling scheme is given in Figure 2. Selected bond
lengths and angles are reported in Table 2.

Compound (2} has two copper centers bridged by a
planar bis(didentate) oxalate ligand. The geometry
around each copper(ll) ton is considered as an elongated
octahedral environment with two nitrogen atoms of
dpyam and two oxygen atoms of oxalate bridge (Cu—N/
O distances 1.956(7)-2.012(6) A) in the equatorial plane
CuN;O,, with the axial sites occupied by an oxygen atom
of the DMF group [Cu—0 2.295(7) and 2.254(7) A] and
the.oxygen atom of the nitrato group [Cu—O 2.786 and

2.679 A}, giving an approximately CuN,0,0’0” chro-
mophore (Figure 2). The four basal atoms are not
coplanar, showing a slight but significant tetrahedral
distortion with dihedral angles of 10.2° and 12.4° formed
between the O—Cu—QO and N—Cu—N planes for Cu(l)
and Cu(2) centers, respectively. _Thc copper atoms are
displaced by 0.1259 and 0.1530 A from the basal planes
toward O(5) and O(6) atoms for Cu(1) and Cu{2) centers,
respectively in the opposite side. The dimeric entity is
slightly folded: the equatorial planes make the angles of
12.5° and 15.4° with the mean plane of the oxalate
ligand. As a result, the dinuclear compliex displays a
chairlike structure. However, because of the copper
atoms, the central Cu—OX—Cu corc is planar (see
Figure 2). The copper—copper separation across the
oxalate bridge is 5.212 A. The axial C3;H,NO—Cu—0-
NO, angles are 165.9° and 168.6°. The copper atoms
deviate by —0.2651 and 0.2570 A for the Cu(l) and
Cu(2), respectively from the oxalate planes.

The lattice structure is stabilized by hydrogen bonding
between the amine-N and the nitrate-O of a neighboring
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Fig. I. ORTEP 50% probability plot of the cation in [Cux{dpyam){u-CoO N PFeY(H2Q) £ 7).

Fig. 2. ORTEP 30% probability plot of [Cuy(dpyam)y{u-C3Q4)(NO,)((CH,)NCOTY] (2).

unit with distances of 2.803-3.164 A, resulting in a
polymeric chain.

Structure comparisons

The chromophore of (1) is very similar to the recently
published compounds [Cuy(dpyam}4(Cy0,)(Cl04)
(H,0)3 (3) and [Cuy(dpyam)y(C;0a)[(BF 4)x(H,0)5 (4)
{12], Table 3 which exhibit the compressed octahedral
CuN,O;N; chromophore. The axially compressed octa-
hedral (2 + 4) geometry was rarely found in dinuclear-
p-oxalatodicopper(ii) compiexes. This geometry has
only been previously observed in the dinuclear oxala-

to-bridged copper (II) complexes with a tetradentate-
terminal ligand [7] and differs {rom compounds (2}, and
{5-10) (Table 3) which exhibit axially-elongated (4+2)
structure. The compounds (7], {3) and (4) are three
rare examples of 2 + 4 compressed rhombic coordina-
tion with a didentate-terminal ligand resulting from a
pseudo Jahn-Teller effect. As in almost all the cases of
observed Jahn-Teller compression examined in detail to
date, the apparent compression is due to dynamic
interconvertion between two of the possible axial
elongation [16, 17]. There is some similarity to other
dinuclear-y-oxalatodicopper(ll) complexes which exhi-
bit a square-pyramidal structure with two oxygen atoms
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Table 3. Structural data and magnetic properties for /2 selected oxalato-bridged Cu(ll) complexes

Compounds* Donor set Geometry® Oxalato- dewcu ¢4y Dihedral  Mode of Jem ') Ref.

bridged angle® magnetic

Coordination interaction
[Cusdpyam)(u-CsO)(PF); - 2H,0 (1) O,;N;N;  comp. oct eq—eq 5737 7.16/573 ¢ - This work
[Cuxdpyam)a(u-C20,{NO1)(DMF)) 12) O;N.0'O elong. oct eq-eq 5213 99/128 a - This work
[Cux{dpyam)y(u-C200HC10): - 3H,0 (3) 0NN, comp. ot eq—eq 5.7152 1L3/11.3 ¢ 2.42 [12]
[Cu{dpyam)u-C:O0)NBFah-3H0 (4} O,NoN,  comp. oct eq-og 5.745 114110 < 3.38 12
[Cux(dpyam){u-CrONNO;)(DMSOY,] (5} O:NO'O  elong. oct  eqeq 522 7.0 a -305 12
[Cua{bpy)(p-C20 K NOa):(H20)4) (6) 0.N;0'0” elong. oct  eq—eq 5.143 4.6 a ~382 f1]
[Cug(mpym)(u-CrO(NO,{H,0)] (7) O,N0°0” elong. oct  eq—eq 5217 d a —142 3
{Cuz{deen)y(i-CrO0XCIO)(H0),] (&) O0,N, 00" elong. oct eq-eq d 3.88 a —300 [4]
[Cuz(tacn)o(4-CoOXClOL)) (9) O;N;O°  elong. oct eq—eq 5.176 d a —4] 5]
|Cu;(bpca)2(,u-C204)(H;0)z](l'l10)2 r1a) 01N30’ clcmg. oct ax—eq 5.631 d b 1.1 6]
[Cua(bispicen)(p-C203KCI10L): (1]) 0.N,N}  comp. oct eg-eq 5.608 d c 2.3 M
[Cua(bispicMeen){u-CoO)(CIOL), (12) O;N:N,  comp. oct eq-eq 5.494 d c 214 71

*dpyam - di-2-pyridylamine; bpy - 2,2"-dipyridine; mpym — meripirizole; deen — N,N-diamine; tacn - 1,4,7-triazacyclonone; bpca — bis{2-
pyridylmethyl}1-3,3-propanediamine; bispicen -~ N, A-bis(2-pyridylmethyl)-1.2-ethanediamine: bispicMezen - N, N -bis(2-pyridylmethyl)-N-N-

dimethyl-1,2-ethanediamine.

* comp.oct — compressed octahedral: elong. oct — elongated octahedral.

¢ Dihedral angle between the basal and oxalate planes.
9 Not reported.

of oxalate bridge and two nitrogen aloms of the diamine
occupying the base of the pyramid and the counter
anion or a solvent molecule occupying the axial position -
[1-10).

Spectroscopic properties

The clectronic diffuse reflectance spectirum of (1)
consists of two clearly resoived peaks at 14.49 and
8.90 x 10° cm~'. This spectrum is consistent with the
compressed rhombic octahedral stereochemistry and
assigned 1o be the d,:_,» — d:and thed,.d,,. d; — d:
transitions. Compound (2} shows a broad band at
1422 x 10° em™', corresponding to the d.:, d,. dy.
d,: — d,;:_,» transition of the elongated octahedral
stereochemistry. The ir. spectrum of (/) displays
characteristic bands of the oxalate bridging ligand [2,
4-6]: vyeym (C—0O) at 16555 and v, ,(C—O) at 1356 m. A
weak signal of the §(0—C—0O) bending at 850 m cm ™ is
superimposed by the strong band at ca. 849 cm™' of the
F—P-F stretching mode of the PF; groups. That of (2)
shows the characteristic bands of the oxalate bridging
ligand: vu5ym{C—0) at 1653s, vy;m(C—0) at 1356 m and
3(0—C—0) at 823 m cm™' and the absorption frequen-
cies at 1384, 1332 and 1034 cm™' suggesting monoden-
tate coordination of the nitrate ion.

The polycrystalline powder e.p.r. spectrum at room
temperature of compound (7) displays a broad absorp-
tion centered around g of 2.09. No half-field signal was
observed at room temperature. Complex (/) was also
measured as solids at 77 K, in which the signal appears
as more resolved at g, = 2.05, g;, = 2.21, corresponding
to the pattern of Cu(ll) in an elongated geometry,
8: > g1 > 2.0 with the d._,» ground state. This
suggests that the apparent compressed geometry at
room temperature could be caused by a dynamic Jahn—
Teller effect [16, 17). This is because compound (/)

adopts the time averaged structure found crystallo-
graphically which arises due to the short time scale of
the X-ray technique, but the e.p.r. spectra at 77 K are
related to the underlying static axial elongated chromo-
phore [16, 17]. Also the half-field signal at approxi-
mately 1600 G, corresponding to AM = +2 transition
was observed, which indicates that indeed a weak
interaction between two Cu(Il) ions within these com-
pounds is present. The effective magnetic moment at
room temperature of compound (/) was measured to be
2.55 BM/dimer, which is comparable to the values of
(3)(2.62 BM) and (4) (2.64 BM) [12]. These values are
close to the spin only value of 2.45 BM expected for two
noninteracting d° Copper(I1) ions.

The structure, structural distortions, electronic and
EPR specira and the effective magnetic moment of
compound (/) are very comparable to those of the
recently published compounds (3) and (4). The mag-
netic orbitals (d.) are perpendicular 1o the oxalate
plane, so the overlap of the oxalate ¢ orbitals. This
situation is corresponding to the coordination mode C,
Scheme 1 and consequently a very weak ferromagnetic
interaction is expected for {7), based on the previously
reported singlet-triplet energy gap (J) of 2.42 em™' for
(3) and +3.38 cm™’ for (4) [12].

The room temperature e.p.r. spectrum of {2) appears
to be an asymmetric broad resonance with a center at
g = 2.10. The observed triplet signal is not resolved,
apparently duec to exchange narrowing, resulting from
nearby triplet molecules in the lattice. That of (2)
recorded at 77 K is better resolved than the room-
temperature and shows resolved hyperfine resonances on
the low field side of the AM = 1 signal due to the
coupling of the unpaired clectrons with two equivalent
copper nuclei and is indicative for a small zero-field
splitting. So the observed signal is typical for triplet
copper (II) dinuclear in an isolated state [18, 19] with a
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Scheme 1. Three models predicting the magnetic interaction in
oxalato-bridged Cu(Il) complexes [X = O (I) or N (2)].

small amount of triplet signal thermalily accessible at
77 K. The weak signals resolved are observed with g, ca.
2.37 and g, ca. 2.07, are likely to originate from a small
paramagnetic impurity. The room temperature magnetic
moment of (2) is 2.16 BM/dimer, which is smaller than
the value of 2.45 BM expected for two noninteracting d°
Cu(Il) ions and is expected to become almost diamag-
netic as confirmed by the EPR spectrum at 77 K.

The structure of (2) displays an elongated tetrago-
nal octahedral, which is very similar to that of
the recently published [12] compound [Cux(dpyam),
(C304)(NO;):(DMSQ),] (5). In this case the copper(1])
magnetic orbital (d._,») interacts with the oxalate ¢
orbital, which consistent with the coordination mode a,
Scheme I. Compound (5) was found to display a strong
antiferromagnetic interaction with a singlet-triplet
gap(/) of —305.1 em~'. Therefore compound (2) is
expected to exhibit a strong antiferromagnetic interac-
tion between copper(Il) ions of a dimeric unit, which is
confirmed by the effective magnetic moment and e.p.r.
spectrum.

Conclusions

Dimeric copper (II) complexes of the form [(dpyam), o 2
Cu(u-C,04)Cu(dpyam); o 2)]X2, have been character-
ized by spectroscopic and magnetic results, Compound
(!) displays the compressed octahedral copper(ll)
geometry with asymmetrically bound oxalate ligand,
which is similar to those the recently published com-
pounds [Cux(dpyam)s(C204))(CI04)2(H50)s (3) and
[Cux(dpyam)s(C04))(BF4)2(H20)3 (4). Thus (1) is
expected to exhibit a very weak ferromagnetic interac-
tion. On the other hand compound (2) has an elongated
tetragonal octahedral gecometry with a symmetric oxalate
bridge which is very similar to the recently characterized
compound [Cuy(dpyam);(C204)(NO;):(DMSO),] (5).
Therefore a strong antiferromagnetic interaction is

expected for the compound (2). These conclusions have
been confirmed structurally and spectroscopically as well
as the efficient magnetic moment. This work confirms
that the exchange interaction between the copper(11) ions
propagated through the oxalate bridge is strongly
dependent on the geometry around the copper ions,
sensitive to the orientation of the magnetic orbital of
each copper(ll), relative to the oxalate plane and the
bridging mode of the oxalate group.
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