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Three complexes of formula [C~~(Fdmen)(X)](ClO,)~-nH~0 were synthesized. Fdmen- is the binucleating ligand deriving from 
the condensation of 1 mol of 2,6-diformyl-4-methylphenol with 2 mol of 1,l-dimethylethylenediamine. X is OH- ( l ) ,  1,1-N3- (2), 
and 1,l-OCN- (3). The three crystal structures were refined. Compound 1: space group P2, /c ,  a = 9.124 (2) A, b = 30.950 
(8) A, c = 9.174 (5) A, p = 99.01 (3)", 2 = 4. Compound 2: space group P21 c, a = 8.797 (3) A, b = 31.84 (2) A, c = 9.253 

(4)", Z = 4. In 1-3, the copper(I1) ions of the binuclear unit are bridged by the phenolic oxygen atom and by the X exogenous 
ligand in the plane of the macrocycle and by two perchlorato groups above and below this plane. In 2, NC bridges in an end-on 
fashion, and in 3, OCN- bridges by its oxygen atom. It is the first time that this kind of coordination for OCN- is structurally 
characterized. The magnetic properties of 1-3 were investigated. In the three compounds, the copper(I1) ions are antiferro- 
magnetically coupled with singlet-triplet energy gaps of -367 cm-l for 1, -86.5 cm-' for 2, and -3.8 cm-' for 3. The X-band EPR 
spectra of 2 and 3 are typical of triplet states with axial zero-field splitting parameters larger than the incident quantum. A first 
attempt of rationalization of the magnetic properties is proposed. 

(5) A, 0 = 98.97 (3)", Z = 4. Compound 3: space group P2,/c, a = 8.814 (2) k , b = 31.645 (6) A, c = 9.233 (5) A, p =  81.19 

Introduction 
The understanding of the mechanism of the interaction between 

paramagnetic centers in polymetallic compounds has made great 
strides recently.2 This is particularly true when the interacting 
centers have only one unpaired electron like copper(I1). The 
magnetic properties of a large number of copper(I1) binuclear 
complexes can be qualitatively interpreted in the frame of the 
active-electron approximation.3 In this approximation, the sin- 
glet-triplet (S-T) energy gap J arising from the interaction be- 
tween two local doublets may be expressed as the sum of an 
antiferromagnetic contribution JAF and a ferromagnetic contri- 
bution JF. If the natural magnetic orbitals 4A and 4B are utilized 
to describe the unpaired electrons, then JAF appears to vary as 
S2 and JF a s j  where S is the overlap integral (4A(1)/~B(l)) and 
j the two-electron-exchange integral ( 4A( 1) 4B(2)/r,2-1/4A(2) 

Recently, it has been shown that the active-electron approxi- 
mation can become invalid when a bridging ligand has highest 
occupied molecular orbitals (HOMO) close in energy to the 
magnetic  orbital^.^ This occurs, for instance, with the end-on 
azido bridge, which has been found to favor a ferromagnetic 
i n t e r a ~ t i o n , ~ - ~  of which the origin has been attributed to a spin 
polarization e f f e ~ t . ~  

Another difficulty8a9 arises when two copper(I1) ions are bridged 
by a t  least two nonsimilar ligands with a network of the type 

1 ) )  between the magnetic  orbital^.^,^ 

X 
cu ' 'cu X Z Y  

'Y' 

The question at  hand is then the following: is it possible to 
decompose the observed interaction into contributions arising from 
each of the CuXCu and CuYCu linkages? The goal of this paper 
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is to approach this problem. For that, three compounds noted 
[ Cu2( Fdmen)(X)] (C104)2 of the type 

with X = OH- (l) ,  l,l-N3- (2), and 1,I-OCN- (3) have been 
synthesized, their crystal structure solved, and their magnetic 
properties investigated. The complex 3 is the first one containing 
an end-on cyanato bridge bound by the oxygen atom. 

Several copper( 11) complexes designed from 2,6-diformyl-4- 
methylphenol and containing an exogenous bridge X in addition 
to the endogenous phenolato bridge have already been report- 
ed,1*20 and in some cases the magnetic properties have also been 
investigated. This work, however, is the firit one where three 
structurally characterized complexes that only differ by the nature 
of X are compared. 

Experimental Section 
mol 

sample of 1,l-dimethylethylenediamine was added to IO-) mol of 2,6- 
diformyl-4-methylphenol in 50 mL of methanol. Then, were successively 
added lo-' mol of LiOH, 2 X mol of copper(I1) perchlorate, and 
finally lo-' mol of LiOH for 1, NaN, for 2, or NaNCO for 3. The 
mixture was stirred and filtered. Single crystals of 2 were simply ob- 
tained by slow evaporation. For 1, a microcrystalline powder precipitated 
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formula 
cryst color 
cryst size, mm 
Pmcosd, kg 
p(Mo Ka), cm-' 
cryst syst 
space group 
0,  A 
b, A 
c. A 
f l ,  deg v, A3 
-7 
L 

diffractometer 
monochromator 
radiation (A, A) 
temp, 'C 
scan type 
scan range, deg 
28 range, deg 
scan speed, deg min-' 
bkgd 
no. of std reflcns 
reflcns measd 
no. of reflcns collcd 
no. of independents reflcns merged 
no. of reflcns kept for refinement 

Table 11. Structure Refinements 

dark green dark green dark green 
0.44 X 0.15 X 0.13 0.7 X 0.4 X 0.03 
1.66 x 103 1.74 x 103 
20.04 20.0 20.19 
monoclinic monoclinic monoclinic 

9.124 (2) 8.797 (3) 8.814 (2) 
30.950 (8) 31.84 (2) 31.645 (6) 
9.174 (5) 9.253 (5) 9.233 (5) 
99.01 (3) 98.97 (3) 81.19 (4) 
2558.7 2560 2544 
4 4 4 
Nonius CAD4 Philips PW 1 100 Nonius CAD4 
graphite graphite graphite 
Mo Ka (0.7 10 70) 
21 20 21 
8-28 8-28 8-28 
1.0 + 0.345 tan 8 
3-43 3-50 3-40 
depending upon reflcn 0.6 depending upon reflcn 

3, megd every 100 reflcns 
hkl ,  hkl; 2 octants 
3469 2646 2804 
2707 2218 2430 
2090 (F > 3u(F)) 

0.52 X 0.16 X 0.03 
not measd (1 cryst obtained) 

P2dC P2I/C p21/c 

MO Ka (0.71070) Mo Ka (0.71070) 

0.9 + 0.3 tan 8 1.1 + 0.345 tan 8 

half of scan time, in two parts; before and after every scan, in fixed position 
3, mcasd every 2 h 
hkl, hkl; 2 octants 

2, mejasd every 100 reflcns 
hkl, hkl; 2 octants 

1984 (F > 3u(F)) 1485 (F > 3u(F)) 

comod 3 c o m d  2 comDd 1 
computing program 
diffusion factors 
minimized function 
secondary extinction 
abs cor 
weighting scheme w = 0.26/u2(F) 

NrefINw! params 8.3 
final residuals 

Rw = [E ,Wf( lFO - 

av shift/esd (last cycle) 0.08 

R 0.046 
RW 0.041 

SHELX 16 
b 

none obsd 
not applied 

w = 2.68/u2(F) 
0.03 0.09 
7.5 4.2' 

. F c 1 ) 2 / ~ , w , F ~ ] 1 / z ,  with wf = l / u  

w = 0.71/u2(F) 

0.056 
0.049 

0.049 
0.041 

"This w o r  value is due to the fact that only one small crystal was obtained. *International Tables for  X-ray Crystallography; Kynoch: Bir- 
mingham, England, 1974; Vol. IV. 

that was filtered, dried, and redissolved in 100 mL of cold water. Very 
slow evaporation gave single crystals suitable for X-ray work. For 3, 
again a microcrystalline powder precipitated that was filtered, dried, and 
redissolved in 20 mL of a 50/50 mixture of tetrahydrofuran and aceto- 
nitrile. Slow evaporation gave the single crystal used for the structure 
determination. Anal. Calcd for Ci7H29,6N40io,sC12C~z (1): C, 30.90; 
H, 4.51; N, 8.48; 0, 26.15; CI, 10.73; Cu, 19.23. Found: C, 30.6; H, 
4.54; N, 8.23; 0, 26.05; CI, 10.05; Cu, 18.98. Calcd for Ci7H27N709- 

Found: C,30.46;H,4.16;N,14.40;0,20.83;C1, 10.12;Cu,19.3. Calcd 
for C18H27NSOIOC12C~2 (3): C, 32.20; H, 4.05; N, 10.43; 0, 23.83; CI, 
10.56; Cu, 18.93. Found: C, 31.91; H, 4.15; N, 9.94; 0, 23.65; CI, 10.44; 
Cu, 18.2. 

Crystallographic Data Collections and Refinement of Structures. The 
structures of complexes 1-3 have been solved by x-ray diffraction. 
Preliminary Laue and precession photographs led to monoclinic unit cells 
for the three compounds; the space group P21/c was established from 
systematic absences. Cell dimensions were obtained by least squares from 
the setting angles of 20 reflections for 1 and of 25 reflections for 2 and 
3. General crystallographic information is given in Tables I and I1 for 
the three compounds. Anomalous dispersion was corrected. Concerning 
absorption, no correction was carried out due to the flat shape of $ scan 
in the three cases. 

Compound 1. The centrosymmetric direct method of SHELX 76 showed 
two copper atoms, two bridging oxygen atoms, and the four nitrogen 
atoms belonging to copper environments. Successive Fourier syntheses 
and refinements led to R = 0.1 I O  with isotropic thermal parameters and 
0.059 with anisotropic thermal parameters for all atoms other than hy- 
drogens. The Fourier difference map showed two supplementary peaks 
corresponding to two water molecules, 0, and 04, which were refined 
isotropically. Systematic refinements of their occupation factors for 
several fixed U values led to the following best values of occupation 

C I ~ C U ~  (2): C, 30.41; H, 4.05; N, 14.60; 0, 21.45; CI, 10.56; CU, 18.93. 

factors: 0.5 for 0, ( V  = 0.12) and 0.3 for 0, (U = 0.12). The 27 
hydrogens were added in calculated positions and allowed to shift ac- 
cording to the movement of the parent atoms with a refinable overall 
isotropic thermal parameter. The CH3 groups were refined as rigid 
groups with the AFIX option of SHELX program. A last Fourier difference 
map then showed a hydrogen atom of the O3 water molecule; it was 
refined with fixed coordinates and a variable isotropic temperature factor. 
Atomic parameters and thermal parameters are shown in Tables 111 and 
XIII,21 and main distances and bond angles in Tables IV and V. 

Compound 2. A three-dimensional Patterson map showed copper and 
chlorine atoms. Successive Fourier syntheses and refinements dropped 
R to 0.129 with isotropic temperature factors and to 0.078 with aniso- 
tropic temperature factors for the 37 atoms other than hydrogens. Hy- 
drogen atoms were added in the same way as for 1. The atomic param- 
eters and the thermal parameters are given in Tables VI and XIV,2i and 
main distances and bond angles in Tables VI1 and VIII. 

Compound 3. The centrosymmetric direct method of SHELX 76 showed 
35 atoms. After refinement of their coordinates, a successive Fourier 
map showed the last carbon atoms. Refinements led to R = 0.098 with 
isotropic thermal parameters and 0.064 with anisotropic thermal param- 
eters for the 37 atoms other than hydrogens. The 27 hydrogens were 
added in the same way as previously. R dropped to 0.053. At this stage 
of the refinement, we focused our attention on the cyanato group; is it 
coordinated to copper atoms through its nitrogen or through its oxygen? 
Attempts have been carried out in both possible cases. The following 
results have been obtained: R slightly lower for OCN (0.0490) than for 
NCO (0.0495); thermal parameters B and (I, more realistic for OCN 
(Bcs = 5.35 for 0 and 8.70 for N, U,,,"= 0.063 for 0 and 0.094 for N) 
than for NCO (Bcs = 3.8 for N and 10.96 for 0, U,,, = 0.038 for N and 

(21) Supplementary material. 
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Table 111. Atomic Parameters" for 1 (OH Bridge) 
atom x l a  vlb ZIC Bi,, A2 
CUI 
cu2 
0, 
0 2  
NII 
N 1 2  

C I I  
CI2 
c13 

c14 

c16 

c17 

N2I 
N 2 2  
c21 

c22 
c23 

c24 

c25 

c26 

c27 
C,  

0.26206 (9) 
0.45261 (8) 
0.2751 (4) 
0.4393 (5) 
0.2459 (8) 
0.0956 (6) 
0.094 (2) 
0.034 (1) 
0.252 (1) 
0.347 (3) 
0.0460 (7) 
0.1009 (6) 
0.0433 (7) 
0.6328 (6) 
0.4490 (6) 
0.6871 (9) 
0.5577 (9) 
0.7478 (9) 
0.590 (1) 
0.3786 (8) 
0.2669 (7) 
0.2071 (7) 
0.2164 (6) 

c; 0.0954 (7 j  
C3 0.038 (1) 
0, 0.533 (2) - 
O4 0.667 (3) 
C1, 0.1386 (2) 
0 1 1  0.2504 (6) 
0 1 2  0.1022 (6) 
01, 0.0095 (8) 

C12 0.6109 (2) 
0 2 1  0.4638 (5) 
0 2 2  0.6088 (7) 
0 2 3  0.6720 (8) 

014 0.188 (1) 

02, 0.6954 (9) 

0.09950 (3) 
0.13838 (3) 
0.1529 (1) 
0.0867 (2) 
0.0477 (2) 
0.1218 (2) 
0.0503 (4) 
0.0899 (3) 
0.0069 (3) 
0.0515 (6) 
0.1601 (3) 
0.1956 (2) 
0.2367 (3) 
0.1263 (2) 
0.1946 (2) 
0.1694 (3) 
0.1982 (3) 
0.1019 (4) 
0.1013 (3) 
0.2279 (2) 
0.2283 (2) 
0.2685 (2) 
0.1909 (2) 
0.2732 (2) 
0.3181 (3) 

-0.0012 (6) 
0.0419 (9) 
0.06269 (6) 
0.4072 (2) 
0.4305 (2) 
0.4303 (3) 
0.4797 (2) 
0.33398 (7) 
0.3417 (2) 
0.3207 (2) 
0.2997 (3) 
0.3713 (3) 

0.69751 (9) 
0.50503 (9) 
0.5870 (5) 
0.6170 (5) 
0.8245 (7) 
0.7800 (6) 
0.857 (2) 
0.872 (1) 
0.752 ( 1 )  
0.956 (2) 
0.7695 (8) 
0.6913 (7) 
0.71 12 (8) 
0.4101 (7) 
0.4125 (6) 
0.377 (1) 
0.310 (1) 
0.507 (1) 
0.273 (1) 
0.4440 (8) 
0.5414 (7) 
0.5677 (7) 
0.6066 (7) 
0.6522 (8) 
0.683 (1) 
0.536 (2) 8.0 (4) 
0.832 (3) 7.4 (6) 
1.3293 (2) 
0.8025 (6) 
0.9733 (6) 
0.7233 (7) 
0.817 (1) 
0.3860 (2) 
0.4108 (6) 
0.2380 (6) 
0.4806 (8) 
0.414 (1) 

"Standard deviations on the last significant figures are given in par- 
entheses. 

Table IV. Main Interatomic Distances (A)" for 1 

Cu-Cu Distance 

C u  Surroundings 
cu,-ol 1.951 (4) C~2-0, 1.942 (4) 
CU1-O2 1.922 (5) CU~-02 1.915 (5) 
Cul-Nl i  2.000 (6) C U ~ - N ~ I  2.013 (6) 
CUi-NI2 1.928 (6) C~2-N22 1.933 (6) 

Cu,-Cu, 2.924 (1) in binuclear unit 

C ~ j * * * 0 , 2  2.505 (6) C U ~ * * . O I ~  2.787 (6) 
C U I * * * O ~ ~  3.07 (1) C ~ 2 * * * 0 2 2  2.693 (6) 

Bridging Phenolato Ligand 

cI-c16 1.41 1 (9) C2-C27 1.38 (1) 
I 7-c I 6  1.40 (1) c26-c27 1.394 (9) 

c2-c I7 1.37 ( 1 )  cI-c26 1.411 (9) 
c2-c3 1.53 (1) c26-c25 1.46 (1) 

16-c I5 1.44 (1) C25-N22 1.272 (9) 
I 2-c I 5  1.27 (1) N22-C22 1.47 ( I )  

N 12-c I 2  1.47 (1) C22-C21 1.52 (1) 
C,2-C,, 1.36 (2) N21-C21 1.47 (1) 
CI I-N 1 I 1.47 (2) N21-C23 1.47 (1) 
CI3-Nll 1.43 (1) N21-C24 1.47 (1) 
C14-N11 1.40 (2) 

Perchlorate Ions 
Cll-011 1.432 (6) C12-021 1.416 (5) 
c1,-012 1.428 (6) C12-022 1.415 (6) 
c11-013 1.423 (6) C12-023 1.430 (8) 
cll-ol 4 1.396 (8) C12-024 1.390 (8) 

OI-CI 1.319 (8) 

'Standard deviations on the last significant figures are given in par- 
entheses. 

0.124 for 0). Therefore, it appears that the cyanato group is coordinated 
through its oxygen atom. The last refinements then were performed with 

86.2 (2) 
81.9 (2) 

101.7 (2) 
90.3 (2) 

97.4 (2) 
99.3 (2) 

129.9 (4) 
104.4 (5) 
110.4 (6) 
105.1 (7) 
112.4 (5) 
120.0 (6) 
125.0 (7) 
124.0 (6) 
119.6 (6) 
122.2 (6) 
120.4 (7) 
120.4 (6) 
117.9 (7) 

Perchlorate Ions 
Oll-CI,-O12 109.7 (4) 021-C12-022 109.5 (3) 
01l-CII-013 108.6 (4) 02i-Cl2-023 108.6 (4) 

01~-ClI-Ol4 109.4 (5) 023-(212-024 110.7 (5) 
Oll-Cll-O14 110.6 (5) 021-Cl2-024 110.0 (5) 

012-Cll-013 108.8 (4) 022-C12-023 108.2 (4) 
OI2-Cll-Ol4 109.7 (5) 022-C12-024 109.9 (5) 

"Standard deviations on the last significant figures are given in par- 
entheses. 

Table VI. Atomic Parameters" for 2 (N, Bridge) 
atom x l a  y l b  Z I C  

Cu, 0.2535 (1) 
Cu2 0.4478 (1) 
OP 0.2660 (5) 
N p I  0.4429 (8) 
N p 2  0.552 (1) 
Np3 0.662 (1) 
Nil 0.2317 (9) 
N 1 2  0.0839 (7) 
CI I  0.065 (1) 
CI2 0.022 (1) 
C13 0.335 (1) 

CIS 0.0330 (9) 

C17 0.0316 (9) 

N 2 1  0.6260 (8) 

C14 0.261 (1) 

c16 0.0897 (9) 

C l  0.2077 (9) 

N2, 0.4412 (8) 
C2I 0.604 (2) 

C2, 0.770 (1) 
C22 0.554 (1) 

C24 0.620 (1) 
C25 0.369 (1) 
C26 0.256 (1) 
c27 0.196 (1) 
c2 0.083 (1) 
c3 0.025 (1) 
CI l  0.5971 (3) 
0 1 ,  0.4433 (7) 

013 0.6869 (8) 
OI4 0.6605 (8) 
c12 0.1450 (3) 
O,, 0.2512 (7) 
02, 0.1015 (7) 

0 2 4  0.215 (1) 

"Standard deviations on the 

0 1 2  0.5956 (8) 

02, 0.011 (1) 

entheses. 

0.10069 (4) 
0,13728 (4) 
0.1517 (2) 
0.0892 (3) 
0.0680 (3) 
0.0472 (3) 
0.0499 (2) 
0.1244 (3) 
0.0502 (3) 
0.0938 (3) 
0.0543 (4) 
0.0087 (3) 
0.1613 (3) 
0.1942 (3) 
0.2336 (3) 
0.1886 (3) 
0.1240 (3) 
0.1902 (3) 
0.1520 (5) 
0.1946 (3) 
0.1302 (5) 
0.0804 (5) 
0.2223 (3) 
0.2247 (3) 
0.2641 (3) 
0.2705 (3) 
0.3138 (3) 
0.1735 (1) 
0.1655 (2) 
0.1836 (3) 
0.1377 (2) 
0.2078 (2) 
0.0650 (1) 
0.0972 (2) 
0.0708 (2) 
0.0678 (4) 
0.0260 (3) 

last significant figur 

0.2519 ( 1 )  
0.0485 ( 1 )  
0.1376 (6) 
0.1751 (9) 
0.239 (1) 
0.302 (1) 
0.3744 (9) 
0.3386 (7) 
0.395 (1) 
0.433 (1) 
0.517 (1) 
0.308 (1) 
0.3229 (9) 
0.2414 (9) 
0.2567 (9) 
0.1520 (9) 

-0.0452 (8) 
-0.0577 (8) 

-0.178 (2) 
-0.152 (1) 

0.037 (1) 
-0.120 (2) 
-0.0196 (9) 

0.0847 (9) 
0.1074 (9) 
0.197 (1) 
0.226 (1) 
0.4255 (3) 
0.4495 (7) 
0.2746 (7) 
0.4610 (8) 
0.5115 (8) 

-0.1134 (3) 
-0.1401 (7) 

0.0291 (7) 
-0.2158 (9) 
-0.116 (1) 

'es are given in par- 
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Table IX. Atomic Parameters“ for 3 (OCN Bridge) 

C U I - 0 ,  
Cu,-N,, 
Cul-Nll 
Cul-Nl2 
CUI.. .o,, 
CUI.. ‘022 

Np1-NF.2 

cI-c16 

c16-c17 

c17-c2 

c2-c3 
c2-c27 

c27-c26 
c26-c1 
c26-c25 

C2S-N22 

N22-C22 
c22-c21 

c~l-oll 

Ch-012 
c11-013 

c11-014 

Cu-Cu Distance 
CuI-Cu2 2.972 (2) in binuclear unit 

Cu Surroundings 
1.951 (5) Cu2-0, 
1.947 (8) Cu2-NPl 
2.001 (8) Cu2-N21 
1.954 (7) CUZ-N~~ 
3.074 (7) C~2***021 
2.468 (6) C~2***012 

Azido Bridge 

Bridging Phenolato Ligand 
1.24 (1) Np2-Np3 

Op-Cl 1.30 (1) 
1.44 (1) C21-N21 
1.37 (1) N21-C23 

1.41 (1) N21-C24 

1.51 (1) 16-c 15 

1.40 (1) cl SbN I2 

1.39 (1) N12-C12 
1.41 (1) cl2-cII 
1.49 (1) CII-NII 
1.25 (1) c 1 I-N 1 1 

1.46 (2) NlI-Cl4 
1.51 (1) NII-C13 

Perchlorate Ions 
1.429 (7) C12-021 
1.432 (7) C12-022 
1.397 (8) C12-023 
1.414 (8) C12-024 

1.966 (5) 
1.933 (8) 
2.022 (8) 
1.892 (8) 
2.595 (6) 
2.720 (7) 

1.24 (1) 

1.42 (2) 
1.44 (1) 
1.50 (2) 
1.42 (1) 
1.26 (1) 
1.47 (1) 
1.50 (1) 
1.51 (1) 
1.51 (1) 
1.49 (1) 
1.49 (1) 

1.436 (7) 
1.443 (7) 
1.398 (8) 
1.38 (1) 

atom x l a  Y l b  Z I C  

CUI 0.2611 (2) 0.10058 (4) 0.7530 (2) 
CU, 0.4536 (1) 0.13746 (5) 0.9527 (2) 
0 0.447 (i) 
C 0.569 (4) 
N 0.686 (2) 
0, 0.2727 (8) 
N,,  0.241 (1) 
N12 0.093 (1) 
CII 0.077 (2) 
Cl2 0.032 (1) 

c14 0.344 (2) 
CIS 0.042 (1) 

C13 0.269 (2) 

c16 0.098 (1) 
C17 0.037 (1) 
N21 0.633 (1) 
N22 0.448 (1) 

C22 0.559 (2) 
C23 0.624 (3) 
C24 0.776 (2) 
C25 0.374 (1) 

c27 0.201 (1) 

CZl 0.629 (3) 

c26 0.263 (1) 

Cl 0.213 (1) 
c2 0.091 (1) 
c3 0.032 (2) 
c1 I 0.1542 (4) 
0 1  I 0.254 (1) 

01, 0.028 (2) 
0 1 2  0.107 (1) 

0.0884 (3) 
0.0660 (8) 
0.0455 (5) 
0.1518 (2) 
0.0491 (3) 
0.1235 (3) 
0.0503 (4) 
0.0933 (4) 
0.0083 (5) 
0.0549 (5) 
0.1607 (4) 
0.1945 (4) 
0.2346 (4) 
0.1243 (4) 
0.1918 (4) 
0.156 (1) 
0.1947 (5) 
0.0833 (9) 
0.1265 (9) 
0.2244 (4) 
0.2253 (4) 
0.2648 (4) 
0.1890 (4) 
0.2712 (4) 
0.3142 (4) 
0.0634 (1) 
0.0961 (3) 
0.0705 (3) 
0.0624 (7) 

. ,  
0.832 (1) 
0.751 (3) 
0.687 (2) 
0.8673 (8) 
0.630 (1) 
0.665 (1) 
0.608 (2) 
0.568 (2) 
0.698 (2) 
0.489 (2) 
0.679 (1) 
0.760 (1) 
0.743 (1) 
1.057 (1) 
1.048 (1) 
1.160 (4) 
1.151 (2) 
1.127 (3) 
0.960 (2) 
1.016 (1) 
0.917 (1) 
0.892 (1) 
0.849 (1) 
0.804 (1) 
0.776 (2) 
1.1160 (4) 
0.147 (1) 

-0.023 (1) 
0.223 (1) 

OI4 0.235 (2) 0.0256 (4) 0.110 (2) 
c12 0.6049 (4) 0.3275 (1) 0.0753 (3) 
0 2 1  0.4512 (9) 0.1647 (4) 0.549 (1) entheses. 
0 2 2  0.604 (1) 0.1824 (4) 0.726 (1) 

Table VIII. Main Bond Angles (deg)” for 2 023 0.695 (1) 0.1363 (3) 0.537 (1) 
0.665 (1) 0.2069 (4) 0.488 (1) 

‘Standard deviations on the last significant figures are given in par- 

Cu Surroundings 
80.5 (3) Npl-C~2-Op 
90.7 (3) OP-Cu2-N22 

102.6 (3) NpI-Cu2-N2l 
86.1 (3) N ~ I - C U ~ - N ~ ~  

Binuclear Unit 
80.5 (3) CUI-O,-CU~ 
80.4 (3) CUI-N,,-CU~ 

Azido Bridge 
Npi-Np2-Np3 179 (1) 

Phenolato Bridging Ligand 
116.7 (8) C12-CII-NII 
121.7 (8) CII-N~I-CUI 
122.7 (9) Ci3-Nll-Cl4 
125.2 (9) C26-C25-N22 
119.2 (8) C ~ S - N ~ ~ - C U ~  
122.1 (9) C25-N22-C22 
123.5 (9) N22-C22-C21 
126.9 (8) C22-C21-N21 
126.5 (6) C~I -N~I -CU~ 
122.0 (8) C*)-NZI-C24 
110.0 (9) 

Perchlorate Ions 
109.0 (4) 021-C12-022 
109.5 (5) 021-CI2-023 

110.5 (5) 021-CI2-024 
108.6 (5) 022-C12-024 
109.8 (4) 023-(712-024 

109.4 (5) 022-Cl2-023 

80.4 (3) 
90.9 (3) 

102.8 (3) 
86.2 (3) 

98.7 (2) 
100.0 (4) 

108.9 (8) 
104.3 (5) 
109.3 (8) 
125.2 (9) 
128.5 (7) 
117.0 (8) 
105.6 (9) 
117 (1) 
103.4 (7) 
109.5 (9) 

109.8 (4) 
109.9 (5) 
107.2 (5) 
109.7 (6) 
108.1 (5) 
112.1 (7) 

“Standard deviations on the last significant figures are given in par- 
entheses. 

Table X. Main Interatomic Distances (.&)a for 3 

Cu-Cu Distance 

Cu Surroundings 
cu,-0 1.928 (9) C U ~ - 0  1.92 (1) 
CUI-0, 1.945 (7) CUI-0, 1.938 (7) 
Cul-Nll 2.009 (9) C U ~ - N ~ I  2.017 (9) 
Cu1-N I 2  1.937 (9) CUZ-N~~ 1.93 (1) 

Cul-Cu2 2.933 (2) in binuclear unit 

C U ~ . . * O I ~  2.483 (9) CU~***OII 2.655 (9) 
C~l***O21 3.08 (1) C~2***022 2.71 (1) 

Bridging Cyanato Ligand 
0-c 1.40 (4) C-N 1.28 (4) 

Bridging Phenolato Ligand 
Op-C1 1.31 (1) 

1.41 (1) I-c26 1.41 (1) 
1.39 (2) c26-c27 1.40 (2) 
1.41 (2) c2-c27 1.37 (2) 
1.49 (2) c26-c25 1.44 (2) 

N22-C25 1.28 (1) 1.44 (2) 
1.26 (1) N22-Czz 1.47 (1) 
1.47 (1) C22-C21 1.37 (3) 
1.48 (2) N2rC21 1.39 (2) 
1.49 (1) N21-C23 1.45 (2) 
1.48 (2) N21-C24 1.43 (2) 
1.48 (2) 

“Standard deviations on the last significant figures are given in par- Perchlorate Ions 
entheses. Cll-011 1.42 (1) c12-02, 1.430 (9) 

c1,-012 1.427 (9) C12-022 1.42 (1) 
the 0-bonded cyanato group. Atomic parameters and thermal parame- c11-013 1.37 (1) c12-023 1.41 (1) 
ters are shown in Tables IX and XV,2’ and main interatomic distances c1,-0,4 1.39 (1) c12-024 1.41 (1 )  
and bond angles in Tables X and XI. 

Magnetic Measurements. They were carried out with a Faraday type 
magnetometer equipped with a He continuous-flow cryostat. Independ- 

“Standard deviations on the last significant figures are given in par- 
entheses. 
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Table XI. Main Bond Anales (dea)" for 3 

Mallah et  al. 

Cu Surroundings 
85.8 (4) N ~ I - C U ~ - N ~ ~  

91.3 (4) N22-Cu2-0, 
101.9 (4) N ~ ~ - C U ~ - O  

Binuclear Unit 
81.0 (4) CUI-O,-CU~ 
81.4 (3) CUI-O-CU~ 

Cyanato Ligand 
122 (1) cu2-0-c 
175 (2) 

Phenolato 
128.5 (6) 
103.3 (7) 
111 (1) 
108 (1) 
112.7 (8) 
120.9 (9) 
127 (1) 
123 (1) 
120 (1) 
123 (1) 
122 (1) 
122 (1) 
115 (1) 

Ligand 
c,-o,-cu2 
CU2-N21-C21 
N21-C21-C22 
C21-C22-N22 
C22-N22-Cu2 
C22-N22-C25 

N22-C2S-C26 
c25-c26-c1 
c 1-c26-c27 
c26-c27-c2 

c3-c2-c27 

op-c I-c26 
I 6-c I-c26 

Perchlorate Ions 
110.0 (8) 021-(212-022 
109.5 (8) 021-Cl2-023 
107.6 (8) 021-C12-024 
11 1 (1) 023-Cl2-024 
109.7 (8) 022-C12-023 
108.8 (8) 022-C12-024 

86.2 (4) 

90.7 (3) 

98.1 (3) 
99.3 (4) 

102.0 (4) 

129 (1) 

129.4 (6) 
103.7 (9) 
124 (2) 
110 (1) 
112.2 (8) 
121 (1) 
126 (1) 
124 (1) 
120 (1) 
124 (1) 
122 (1) 
121.0 (9) 
117 (1) 

109.6 (6) 
109.5 (7) 
108.6 (7) 
109.4 (7) 
110.2 (8) 
109.5 (8) 

r? Standard deviations on the last significant figures are given in par- 
entheses. 

C 

Figure 1. Perspective view of [C~~(Fdmen) (oH) ] (C l~)~  (1). 

ence of the magnetic susceptibility vs. the magnetic field was checked at 
room temperature. Diamagnetic corrections were estimated at -304 X 
10" cm3 mol-' for 1 and -290 X 10" cm3 mol-] for 2 and 3. The EPR 
spectra were recorded with a Bruker ER 200 D spectrometer equipped 
with a He continuous-flow cryostat, a Hall probe, and a frequency meter. 
Description of the Structures 

Each unit cell contains four binuclear [Cu,( Fdmen)(X)I2+ 
cations and eight perchlorate anions, with 3.2 water molecules 
in addition for compound 1. Both copper atoms of the binuclear 

3 

0, 4 3  

Figure 2. Perspective view of [C~~(Fdmen)(N~)](C10,)~ (2) 

Figure 3. Perspective view of [C~~(Fdmen)(0CN)](Cl0~)~ (3). 

unit are connected by a double bridge: oxygen of the phenolato 
ligand and coordinated atom of the second bridging group, i.e. 
nitrogen for the azido group, oxygen for the hydroxo and cyanato 
groups. The (Cu,, Cuz, two bridging atoms) networks are roughly 
planar, with dihedral angles of 179 ( l ) ,  174 ( l ) ,  and 176 ( 1 ) O  

for compounds 1-3, respectively. In the three compounds, the 
copper(I1) ions are in 4 + 2 surroundings. Each basal plane 
includes the two bridging atoms and two nitrogen atoms of the 
ligand. The apical positions are occupied by oxygen atoms of the 
two perchlorate anions, which build two additional bridges between 
Cul and Cuz. The perspective views of the structures with the 
labeling of the atoms are given in Figures 1-3. We discuss now 
some details for each structure. 

Compound 1. The mean deviations of C U ~ N ~ ~ N ~ ~ ~ ~ ~ ~  and 
C u 2 N 2 , N 2 2 0 1 0 2  with regard to the mean planes are only 0.029 
and 0.025 A, respectively. Moreover, these planes are almost 
coplanar with a dihedral angle of 1.5". The Cu-0 apical bond 
lengths are in the range 2.5-3.1 A. The CuOCu bridging angles 
are 97.4 (2)' on the phenolato side and 99.3 (2)" on the hydroxo 
side. The Cu, -Cuz  separation is 2.924 (1) A. 

The crystallographic analysis shows that there is 0.8 water 
molecule per binuclear unit. Three-tenths of a molecule occupies 
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Figure 4. Experimental and calculated temperature dependences of the 
molar powder magnetic susceptibility for [C~~(Fdmen)(OH)](Cl0~)~. 

site O4 and 0.5 molecule occupies the two sites of O3 related by 
symmetry center 0, I /2 .  A hydrogen bond occurs either with 
the OI4 atom of a perchlorate group or with the 014 atom of the 
symmetry-related perchlorate group, the 03-014 distance being 
2.75 A. 

Compound 2. The two mean planes are again almost coplanar 
with a dihedral angle of 1.9'. The C u - O  apical bonds are  all 
larger than 2.46 A. The CuOCu bridging angle is 98.7 (3)', and 
the CuNCu bridging angle is 100.0 (4)'. The Cul-CuZ separation 
is 2.972 (2) A. 

The three nitrogen atoms of the azido group are as expected 
collinear, and the two N -Np2 and Np2-Np, bond lengths are 

of the CuONCu bridging network but makes an angle of 43.8' 
with this plane. A similar situation had been found in 
[ Cu,Fdmen) (N,) ( C H $ 0 0 ) ]  PF6.I' 

Compound 3. The two basal planes around Cu, and Cu2 are 
coplanar within standard deviations. All the Cu-O apical distances 
are larger than 2.48 A. By far, the most important feature of 
this compound is the coordination of the cyanato group by the 
oxygen atom. In several cases, such a coordination had been 
postulated from spectroscopic but, to our knowledge, had 
never been characterized by X-ray diffraction data. On the 
contrary, all the X-ray investigations gave evidence of terminal 
cyanato groups bound by the nitrogen atom.1s*t2,z5 The arguments 
were lower R values and more reasonable temperature factors for 
the N-bound case with regard to the 0-bound case. When NCO- 
bridges in an end-to-end fashion, the problem oxygen vs. nitrogen 
also exists. Duggan and HendricksonZ6 solved it by comparing 
the temperature factors obtained in both situations and by cal- 
culating the Fourier peak electronic density. In the present case, 
we think that the use of the Fourier peak heights is not perfectly 
straightforward. Indeed, the shape of the thermal ellipsoids 
suggests some electronic delocalization, making the correct 
evaluation of the peak height quite debatable. Nevertheless, a 
careful observation of Fourier peaks shows a higher electronic 
density for the bonded atom (4.6 e A-3) than for the terminal atom 
(3.2 e A-3). We  also looked a t  the R,  Beq, and U,,, values. For 

0.8H2O (1.0.8H20). 

found equal to 1.24 (1) I;' . The azido group is not in the plane 

(22) Burmeister, J. L.; Deardorff, E. A.; Van Dyke, C. E. Inorg. Chem. 1969, 
8, 170. 

(23) Burmeister, J. L.; Deardorff, E. A,; Jensen, A,; Christiansen, V. H. 
Inorg. Chem. 1970, 9, 58. 

(24) Anderson, S. J.; Brown, D. S.; Finney, K. 3. J. Chem. Sac., Dalton 
Trans. 1979, 152. 

(25) Anderson, 0. P.; Marshall, J. C. Inorg. Chem. 1978, 17, 1258. 
(26) Duggan, D. M.; Hendrickson, D. N. Inorg. Chem. 1974,13,2056,2929. 
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Figure 5. Experimental and calculated tempeature dependences of the 
molar powder magnetic susceptibility for [C~~(Fdmen)(N~)](Cl0,)~ (2). 
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Figure 6. Experimental and calculated temperature dependences of the 
molar powder magnetic susceptibility for [Cu,(Fdmen)(OCN)] (ClO,), 
(3). 

3, those three tests lead to the same conclusion, namely 0 coor- 
dination. In the case of [Cu2(Fdmen)(NCO)(CH3COO)]PF6, 
the same tests led to the opposite conclusion, namely N coordi- 
nation. Recently, we solved the crystal structure of a novel p- 
phenolato, p-cyanato copper(I1) complex in which NCO- is again 
O - b o ~ n d . ~ '  The CuOCu bridging angles are 98.1 (3)' on the 
phenolato side and 99.3 (4)' on the cyanato side. The Cul-.Cuz 
separation is 2.933 (2) A. 

The three atoms of OCN'. in 3 are almost collinear with a N C O  
angle of 175'. The 0-C length is longer than the C-N one, 1.40 
(4) and 1.28 (4) A, respectively. The cyanato group makes a r  
angle of 28.4' with the CuOzCu bridging network. Moreover, 
the longest axis of the thermal vibration ellipsoid of the middle 
carbon atom runs along the C-0 and C-N bonds; this elongation 
is much more pronounced than in the azido group of 2. 

(27) Malah, T.; Gouteron, J.; Jeannin, S.; Jeannin, Y.; Kahn, O., unpublished 
result. 
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Table XII. Parameters Obtained by Least-Squares Fitting of 
Magnetic Data 

J/cm-l g P 1 0 5 ~ 0  

1 -361 2.05 0.042 5 
2 -86.5 2.06 0.048 4 
3 -3.8 2.04 0.026 9 

‘R is defined as E(xMobsd - xMcalcd ) /E3(XMo”d)2 

Magnetic Properties 
The temperature dependences of the molar powder magnetic 

susceptibility, xM, for compounds 1-3 are shown in Figures 4-6. 
For 1 and 2, xM exhibits a rounded maximum characteristic of 
an intramolecular antiferromagnetic interaction. This maximum 
occurs around 276 K for 1 and 66 K for 2. For both compounds, 
xM shows a Curie tail in the low-temperature range due to the 
presence of a small proportion p of uncoupled copper(I1). In 
contrast, the magnetic susceptibility of 3 continuously increases 
upon cooling down. However, the product xMT, T being the 
temperature, is constant and equal to 0.78 cm3 mol-’ K down to 
40 K and then decreases below 40 K and reaches 0.54 cm3 mol-’ 
K at  4.2 K, which shows that a very weak antiferromagnetic 
interaction occurs. For the three compounds, xM may then be 
expressed as 

where the symbols have their usual meaning. Least-squares fittings 
of the experimental data lead to the J ,  g and p values of Table 
XII. The S-T energy gap is equal to -367 cm-I in 1, -86.5 cm-I 
in 2, and -3.8 cm-’ in 3. 

The powder EPR spectra of the three compounds have been 
recorded. Only that of 2 is rather well resolved. At 77 K, it 
exhibits four features at 1244,4400, 5667, and 7124 G that vanish 
upon cooling down to 4.2 K. This spectrum is typical of a triplet 
state with an axial zero-field splitting parameter D larger than 
the value of the incident quantum. If the g and D tensors were 
coincident, their principal values could be deduced from the re- 
sonant fields by using Wasserman’s equatiom6 These equations 
lead to g, = 2.03, gv = 2.04, g, = 2.16, 101 = 0.336 cm-I, and IEl 
= 0.047 cm-I. However, the agreement between observed and 
calculated resonant fields is far from being excellent, which in- 
dicates that g and D are actually not coincident. The EPR 
spectrum of 3 at 4.2 K, although poorly resolved, is again that 
of a triplet with features covering all the magnetic field range up 
to 8000 G. This confirms that the magnetic behavior of this 
compound is due to a weak intramolecular antiferromagnetic 
interaction. 
Discussion 

The first problem to approach in this section is that of the 
eventual additivity of the contributions to the observed interaction 
arising from the CuXCu and CuYCu linkages in the network. 
For that, we may express the S and j integrals defined in the 
introduction as 

with 

p(i) = $‘A(i) $‘B(i) (4) 
p ( i )  is the overlap density between the magnetic orbitals.28 It 
has been shown that in bibridged copper(I1) complexes where the 
direct metal-metal interaction is negligible, this overlap density 
is nonvanishing only around the X and Y  bridge^,*^,^^ so that we 
may write 

A i )  P X ( ~  + p d i )  ( 5 )  

(28) Kahn, 0.; Charlot, M. F. Nouc. J .  Chim. 1980, 4 ,  567. 

% p = 4 p B  +B 

Figure 7. Magnetic orbitals @A and @B and overlap density p in a dis- 
symmetrical bibridged copper(I1) complex with Sx > 0 and Sy < 0 (see 
text). 

where p x ( i )  and py(i) are the contributions to the total overlap 
density around the X and Y bridges, respectively. From (2), (3), 
and (5), it comes out 

(6) s = sx + sy 
P X ( 4  P Y W  

d7(i) d7G) (7) 
i = ix + iY + 2 J- Lace ‘ij 

with 

and identical relations for Sy and j y .  Relations 6 and 7 allow 
us to answer the question concerning the additivity. For that, we 
must distinguish the J A F  and JF terms: (i) JAF varies as S2. It 
follows that two situations may occur: if Sx and S y  are of the 
same sign, J A F  will be larger (in absolute value) than the sum of 
the contributions along each linkage; if Sx and Sy are of opposite 
sign, JAF will be weaker (in absolute value) than this sum. This 
latter situation is schematized in Figure 7, where around the X 
bridge the positive lobes of the overlap density prevail over the 
negative lobes and around the Y bridge the opposite situation 
holds. Consequently, Sx is positive and Sy negative. Such a 
situation with an antisynergic effect of the two linkages could 
eventually occur if one of the bridging angles was larger and the 
other one smaller than the value corresponding to the accidental 
orthogonality of the magnetic orbitals (Sx = S y  = O).28 A similar 
problem has already been discussed by Reed and co-workers8 and 
by Kida and c o - w ~ r k e r s , ~  who introduced the concept of count- 
ercomplementarity. (ii) JF varies as j ,  and in (7) jx and j y ,  which 
are quasi-one-center integrals, are much larger than the last 
integral, so that the ferromagnetic contributions arising from each 
of the linkages are roughly additive. It is important to notice here 
that these results are valid only in the active-electron approxi- 
mation. When the nature of at  least one of the bridges is such 
that it is necessary to go beyond this approximation, it does not 
seem possible to conclude anything as far as the additivity is 
concerned. Maybe the best attitude is then to examine a large 
number of experimental data. This paper is a first step along this 
line. 

The three compounds 1-3 exhibit an antiferromagnetic inter- 
action, of which the magnitude strongly depends on the nature 
of the exogenous bridge X. For X = OH-, the singlet state is 
strongly stabilized; for X = l,l-N3-, it is more weakly stabilized 
and for X = l,l-OCN-, it is very weakly stabilized. Before trying 
to rationalize these results, we must recall the following points 
concerning the magnetic properties of planar bibridged copper(I1) 
complexes: 

(i) In planar bis(phydroxo) copper(I1) dimers, the S-T energy 
gap varies in a continous way vs. the value of the bridging angle 
with a S-T accidental degeneracy for a bridging angle close to 
97.5’, a singlet ground state for larger angles, and a triplet ground 
state for smaller angles.29 The same trend was obtained for the 

(29) Crawford, W. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.; 
Hatfield, W. E. Inorg. Chem. 1976, 15> 2107. 
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mono(1-hdyroxo) copper( 11) complexes. In this latter case, 
however, CuOCu is always found larger than 110’ and the in- 
teraction is always a n t i f e r r ~ m a g n e t i c . ~ ~  

(ii) In bis(p-phenolato) copper(I1) dimers, the interaction is 
always strongly antiferromagnetic with S-T energy gaps in the 
range 400-700 cm-1.31-32 Although, to our knowledge, no clear 
dependence of the magnitude of the interaction vs. the value of 
the bridging angle has been reported so far, a trend similar to that 
observed with hydroxo-bridged compounds may be expected. 

(iii) In the two copper(I1) complexes reported so far6*7.33 with 
two end-on azido bridges, the triplet state has been found to be 
the ground state, its stabilization with regard to the singlet state 
being of the order of 100 cm-l. In addition, a w-hydroxo, w- 
1,l-azido complex has also been described, in which the triplet 
state is stabilized by more than 200 cm-l with regard to the singlet 
state.s These results clearly indicate that the end-on azido bridge 
has quite a remarkable ability to favor a ferromagnetic interaction. 
This property has been attributed to a spin polarization effect. 

From the considerations above, one qualitatively understands 
the nature and the magnitude of the interaction in 1. The two 
CuOCu linkages favor the pairing of the electrons. Indeed, on 
the hydroxo side, the CuOCu angle is 99.3’. Since the values 
of the two bridging angles are of the same order of magnitude, 
there is no antisynergic effect. Likely, the stabilization of the 
singlet state would be more pronounced if the bridging angle on 
the phenolato side was larger. 

(30) Thompson, L. K., private communication. 
(31) Lambert, S. L.; Hendrickson, D. N. Inorg. Chem. 1979, 18, 2683. 
(32) Galy, J.; Jaud, J.; Kahn, 0.; Tola, P. Inorg. Chim. Acta 1979, 36, 229. 
(33) Comarmond, J.; Plumere, P.; Lehn, J. M.; Agnus, Y . ;  Louis, R.; Weiss, 

R.; Kahn, 0.; Morgenstern-Badarau, I. J .  Am. Chem. SOC. 1982, 104, 
6330. 

(34) Kahn, 0. Commenrs Inorg. Chem. 1984, 3, 105. 

More interesting is the situation in 2. The antiferromagnetic 
contribution due to the phenolato bridge may be expected to be 
larger than in 1 due to the fact that the CuOCu angle is signif- 
icantly larger (98.7’ instead of 97.4’). On the other hand, the 
end-on azido bridge exerts a ferromagnetic contribution, so that 
altogether the singlet state is much less stabilized than in 1 with 
J = -86.5 cm-l. 

In 3, finally, the two CuOCu linkages apparently exert almost 
opposite contributions. On the phenolato side, the antiferro- 
magnetic contribution may be expected to be intermediate between 
those occurring in 1 and 2 since CuOCu is 98.1 ’ instead of 97.4’ 
in 1 and 98.7’ in 2. The cyanato-0 bridge appears to be at  least 
as efficient as the azido one to favor a ferromagnetic interaction. 

In the abstnce of additional experimental data, it does not seem 
reasonable to go farther in the interpretation of the magnetic 
properties. We  may anticipate however that the angle between 
the plane of the bridging network and the group N,- or OCN- 
plays an important role in the magnitude of the interaction. New 
results dealing with the same kinds of bridging networks will be 
presented in the near future. 

Safety Notes. Perchlorate salts of metal complexes with organic 
ligands are potentially explosive. In general, when noncoordinating 
agents are required, every attempt should be made to substitute 
anions such as the fluoro sulfonates for the perchlorates. If a 
perchlorate must be used, only small amounts of material should 
be prepared and this should be handled with great caution. 

Registry No. 1, 103001-54-3; 2, 101661-17-0; 3, 102920-55-8; 1,l- 
dimethylethylenediamine, 8 1 1-93-8; 2,6-diformyl-4-methylphenol, 

Supplementary Material Available: Listings of atomic parameters for 
hydrogen atoms and anisotropic thermal parameters for non-hydrogen 
atoms (Tables XIII-XV) (3 pages). Ordering information is given on 
any current masthead page. 
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The synthesis, X-ray structure, and preliminary electronic spectra of the title complex, the first stable Cu(I1)-aliphatic thiolate 
compound, are presented. Crystals of CUSO~N,C,~H,-~CH~OH are monoclinic, space group P21/n, with a = 14.003 (2) A, b 
= 13.683 (2) A, c = 14.548 (4) A, j3 = 91.85 (2)’, Z = 4, and RF ( R w ~ )  = 0.051 (0.058) for 2276 reflections. The structure 
contains neutral Cu(I1) monomers with distorted-trigonal-bipyramidal N4S ligand donor sets. Equatorial ligation is provided by 
the sulfidopropionate S atom (Cu-S = 2.314 (2) A) and two amine N atoms from the tet b ligand (Cu-N = 2.153 (4), 2.169 
(4) A), while two shorter axial Cu-N(tet b) bonds (2.031 (4), 2.001 (4) A) complete the coordination. The macrocyclic tet b 
ligand is folded in its lowest energy conformation, and the carboxylate group is stabilized by hydrogen bonding to the tet b and 
solvate molecules. Electronic absorptions at -27 800 and -23 800 cm-I are assigned as S - Cu(I1) LMCT while additional 
spectral features in the 12 000-1 7 OOO-cm-l range are assigned as ligand field transitions. Spectroscopic comparisons are presented 
between the title complex and a structurally similar Cu(tet b) complex of the aromatic thiolate o-sulfidobenzoate. 

Introduction 
The scope of stable Cu(I1) aliphatic thiolate complexes has been 

limited to the type 1 sites in “blue” copper metalloproteins,’ 
Cu(I1)-doped liver alcohol dehydrogenase,* and the Cu, site in 

(1) (a) Colman, P. M.; Freeman, H. C.; Guss, J. M.; Murata, M.; Norris, 
V. A.; Ramshaw, J. A. M.; Venkatappa, M. P. Nature (London) 1978, 
272, 319. (b) Adman, E. T.; Stenkamp, R. E.; Sieker, L. C.; Jensen, 
L. H. J .  Mol. Biol. 1978, 123, 35. (c) Solomon, E. I . ;  Hare, J. W.; 
Dooley, D. M.; Dawson, J. H.; Stephens, P. J.; Gray, H. B. J .  Am. 
Chem. SOC. 1980, 102, 168. (d) Dooley, D. M.; Rawlings, J.; Dawson, 
J. H.; Stephens, P. J.; Andreasson, L.-E.; Malmstrom, B. G.; Gray, H. 
B. J .  Am. Chem. Soc. 1979, 101, 5046. 
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cytochrome c oxidase.) There has been considerable interest in 
identifying the contributions of the Cu(I1) aliphatic thiolate 
subunit of both biological and synthetic chromophores to their 
electronic spectral and vibrational features. While it has been 
clear for some time that the prominent absorption a t  - 16 000 
cm-’ exhibited by type 1 Cu(I1) systems must be due to u(thiolate) - Cu(I1) LMCT,’ the identification and origins of the expected 

(2) Maret, W.; Dietrich, H.; Ruf, H. H.; Zeppezauer, M. J .  Inorg. Biochem. 
1980, 12, 241. 

(3) Stevens, T. H.; Martin, C. T.; Wang, H.; Brudvig, G. W.; Scholes, C. 
P.; Chan, S. I .  J .  Biol. Chem. 1982, 257, 12106. 
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