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and mainly indicates that the methyl group is displaced slightly 
out of the ligand plane. In fact, the nonbounding interactomic 
distance between the methyl group and the nearest carbon 
atom of the benenzoid ring for PdTMTAA is 2.925 A, about 
0.2 A shorter than the corresponding distance in the man- 
ganese compound. Thus, in PdTMTAA there exists com- 
paratively little warping of the macrocyclic ligand, and the 
methyl groups tilt slightly from the plane of the macrocycle 
as they get closer to the benzenoid rings. Table VI1 also 
presents a comparison of some selected bond lengths. The 
bond lengths of the PdTMTAA molecule are similar to those 
of some of the previously characterized TMTAA’s. The 
average C-N distance in the six-membered ring in PdTMTAA 
shows more double bond character. The average C-C distance 
in the six-membered chelate rings is comparable in all seven 
compounds. The average C-N distance on the five-membered 
chelate ring shows more single bond character in all seven 
compounds. 

Thus, it has been shown that palladium coordination to the 
TMTAA ligand yields a unique geometry. The strain gen- 
erated by this pseudoplanar geometry is not alleviated by 
increased bond lengths or warping. Only the slight dis- 
placement of the methyl groups out of the plane and the 
angular increase may account for this planarity. Such an effect 
might be explained in terms of an especially strong palladium 
coordination sphere. In order to maximize such interactions, 
the tetramethyltetraazaannulene ring distorts from its usually 
stable saddle shape. First-row transition-metal complexes of 
the TMTAA ligand exhibit this saddle shape. Perhaps ex- 
tended interactions by the larger palladium d orbitals force 
the ligand into its pseudoplanar configuration. 
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Crystal Structure and Magnetic Susceptibility of 
Di-p-chloro-bis[chlorobis( tetramethylene sulfoxide)copper(II)], Cu2C14( C4H8S0)4: An 
Antiferromagnetic Dimer 
DUANE D. SWANK,* GREGORY F. NEEDHAM, and ROGER D. WILLETT 
Received July 13, 1978 

Crystals of C U ~ C ~ ~ ( C ~ H ~ S ~ ) ~  belong to the monoclinic space group P&/c (CZh5) with lattice constants a = 9.205 (1) A, 
b = 14.614 (9) A, c = 9.660 (4) A, 0 = 84.629 (3)O, Z = 4, Dcald = 1.76 g/cm3 and Dmeasd = 1.77 (2) g/cm3. A 
room-temperature, single-crystal X-ray diffraction study was performed along with a study of the magnetic susceptibility 
from 4 up to 110 K. The structure was solved by direct methods and refined by full-matrix least-squares techniques to 
R(F,,) = 0.049 for 1544 unique reflections. The copper ion in each t r a n s - C ~ C l ~ ( C ~ H ~ S 0 ) ~  monomer has a significant 
tetrahedral distortion from planarity. Long Cu-C1 interactions between monomer units create discrete bibridged dimeric 
species. The copper-chlorine-copper bridging geometry is asymmetric with one long bond (3.020 A) and one short bond 
(2.270 A); the bridging angle is 88.5’. Magnetic susceptibility measurements over the temperature range 4-1 10 K show 
the salt is antiferromagneticallv couoled ( J l k  = -12 K l  Similarly, EPR measurements indicate weak interdimer interactions - I . . ,  
( J ’ / k  = 0.1 K) also exist. 

Introduction 
Interest in the role of ligand characteristics such as size and 

geometry in determining magnetic interactions between metal 
*To whom correspondence should be addressed at Washington State 

University. 

0020-1669/79/1318-0761$01.00/0 

ions has increased in recent years. The role of the ligand in 
determining bond angles and distances in bridging moieties 
and interchain exchange pathways lead to the investigation 
of a series of compounds of copper chloride with dimethyl 
sulfoxide ( (CH3)&30) and tetramethylene sulfoxide ((C- 
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Table I. Atomic Parameters for CuzCl,((CH,),SO),a~b 

Swank, Needham, and Willett 

atom X Y z B ,  1 Bzz B33 BIZ B,, B 2 3  

CU 0.8504 (1) 0.4719 (1) 0.6376 (1) 0.0107 (1) 0.0033 (1) 0.0081 (1) -0.0010 (1) -0.0032 (1) 0.0009 (1) 
C11 0.9224 (2) 0.6151 (1) 0.5669 (1) 0.0123 (2)  0.0030 (1) 0.0098 (2) -0.0007 (1) -0.0027 (1) 0.0008 (1) 
C12 0.6946 (2) 0.3889 (1) 0.7842 (1) 0.0138 (2) 0.0056 (1) 0.0103 (2) -0.0019 (1) -0.0006 (2) 0.0018 (1) 
S1 1.0459 (2) 0.3617 (1) 0.7935 (1) 0.0120 (2) 0.0033 (1) 0.0075 (2) 0.0006 (1) -0.0026 (1) -0.0002 (1) 
S2 0.7049 (1) 0.3580 (1) 0.4424 (1) 0.0105 (2) 0.0037 (1) 0.0086 (2) -0.0008 (1) -0.0026 (1) 0.0003 (1) 
01 1.0038 (4) 0.4618 (2) 0.7630 (3) 0.0126 (5) 0.0032 (2) 0.0091 (4) -0.0002 (2) -0.0038 (4) 0.0006 (2) 
0 2  0.7280 (4) 0.4589 (2) 0.4852 (3) 0.0114 (5) 0.0034 (2) 0.0089 (4) -0.0002 (2) -0.0039 (4) -0.0000 (2) 
C1 1.2758 (9) 0.3986 (6) 0.9317 (8) 0.0156 (12) 0.0075 (5) 0.0163 (10) -0.0004 (6) -0.0071 (9) 0.0005 (6) 
C2 1.0233 (7) 0.3529 (4) 0.9816 (6) 0.0167 (11) 0.0041 (3) 0.0079 (7) 0.0017 (5) 0.0018 (7) 0.0009 (4) 
C3 1.2414 (7) 0.3670 (5) 0.7894 (7) 0.0114 (9) 0.0064 (4) 0.0111 (8) 0.0021 (5) 0.0002 (7) 0.0001 ( 5 )  
C4 1.1727 (8) 0.3503 (5) 1.0352 (7) 0.0209 (13) 0.0066 ( 5 )  0.0095 (8) 0.0007 (6) -0.0048 (8) -0.0002 (5) 
C5 0.5114 (7) 0.3493 (5) 0.4302 (7) 0.0102 (9) 0.0076 (5) 0.0122 (9) -0.0034 (5) -0.0000 (7) -0.0014 (5) 
C6 0.7429 (7) 0.3589 (5) 0.2564 (6) 0.0126 (10) 0.0059 (4) 0.0080 (6) -0.0005 (5) 0.0005 (7) -0.0018 (4) 
C7 0.6014 (18) 0.3662 (15) 0.1945 (12) 0.0174 (15) 0.0244 (19) 0.0092 (11) -0.0020 (13) -0.0055 (11) 0.0023 (10) 
C8 0.4829 (13) 0.3719 (9) 0.2891 (13) 0.0101 (13) 0.0298 (19) 0.0160 (13) 0.0031 (14) -0.0045 (11) 0.0050 (15) 

atom X Y Z B, A z  atom X Y Z B, Az 

C l H l  1.224 (10) 
C1H2 1.373 (11) 
C2H1 0.951 (10) 
C2H2 0.969 (10) 
C3H1 1.260 (11) 
C3H2 1.275 (11) 
C4H1 1.168 (10) 
C4H2 1.207 (10) 

0.460 (7) 
0.491 (6) 
0.405 (7) 
0.305 (6) 
0.315 (7) 
0.396 (7) 
0.379 (6) 
0.276 (7) 

0.958 (9) 
0.955 (9) 
0.914 (9) 
1.004 (9) 
0.779 (10) 
0.711 (10) 
1.126 (10) 
1.020 (9) 

8.0 C5H1 0.521 (11) 0.375 (7) 
8.0 C5H2 0.524 (10) 0.287 (7) 
8.0 C6H1 0.697 (11) 0.314 (7) 
8.0 C6H2 0.678 (10) 0.397 (7) 
8.0 C7H1 0.604 (22) 0.359 (13) 
8.0 C7H2 0.605 (11) 0.389 (7) 
8.0 C8H1 0.522 (17) 0.394 (9) 
8.0 C8H2 0.386 (11) 0.386 (6) 

0.487 (10) 8.0 
0.449 (9) 8.0 
0.285 (10) 8.0 
0.254 (9) 8.0 
0.156 (17) 8.0 
0.090 (10) 8.0 
0.270 (16) 8.0 
0.265 (9) 8.0 

a Uncertainties in last digit are given in parentheses. Thermal parameters are defined by T = e x p [ - ( B l , h Z  t B,,kZ + B,,lZ + 2B1,hk + 
2B,,hI + 2Bz3kl)]. 

H2)$O) as ligands. These produce low-symmetry complexes 
with unusual coordination geometries. In addition, the ex- 
istence of Cu-L-Cu bridges produces systems with interesting 
magnetic properties. In particular, the CuCl,.(CH,),SO and 
CuCl2.(CHJ4SO salts are the first examples of spin 
Heisenberg linear-chain magnetic systems. 1,2 I n  these salts, 
two Cu-C1-Cu bridges (one symmetrical and one asym- 
metrical) and one asymmetric Cu-0-Cu bridge exist., Thus 
the sulfoxide is coordinated to two metal centers with one short 
Cu-0 distance (1.9 A) and one very long 0-0 distance (3.1 
A). With the tetramethylene sulfone ((CH,),SO,) ligand in 
C U ~ C ~ ~ ( H ~ O ) ~ - ~ ( C H ~ ) $ O ;  only one weak Cu-0 interaction 
occurs; the other oxygen of the sulfone group is hydrogen 
bonded to the water molecule. Finally, in CuX2.2(CHJ2S0 
(X = C1, Br)5,6 a distorted five-coordinate geometry is obtained 
about the copper ion, the geometry being intermediate between 
square pyramidal and trigonal bipyramidal. In order to further 
probe the variations of these systems, we have undertaken a 
structural and magnetic investigation of C U C ~ , . ~ ( C H ~ ) ~ S O .  

Experimental Section 
Structural Data. The compound was prepared by adding tetra- 

methylene sulfoxide ((CH2),SO) to SO mL of 1-propanol at 70 'C. 
Then anhydrous CuC1, was added in a 1.2 mole ratio. The resulting 
solution was heated for 2 h and then cooled slowly. The crystals were 
filtered and washed with cold 1-propanol. Anal. Calcd: C, 28.03; 
H,  4.70. Found: C, 27.75; H, 4.60. 

Systematic extinctions for the monoclinic crystal (h01, 1 = 2n + 
1, and OkO, k = 2n + 1) indicated the correct space group to be P2,/c. 
The density, based on flotation techniques, is 1.76 g/cm3. The 
calculated density for Z = 4 is 1.77 g/cm3. The crystal selected for 
data collection was shaped into a sphere with a diameter of 0.37 mm. 
Intensity data were collected on an automated Picker full-circle 
diffractometer with Zr-filtered Mo Ka radiation. A total of 1544 
unique reflections were collected in the range 5' I 28 54.5' using 
a 8-28 scan with a scan width of 2.4' with 20 steps/deg and 2.0 s/step. 
Background was counted on each side of the reflection for 10 s. The 
standard deviation of each reflection was calculated by cr2(I) = TC 
+ BG + 0.03,12, corrected for counting time, where TC = total counts, 
BG = background counts, and I = TC - BG. The intensities of three 
reflections were monitored every 80 reflections to check for crystal 
decomposition, etc. The standards deviated only 1% throughout the 
data collection. Absorption corrections were not made ( p  = 24.5 cm-I). 

Figure 1. Illustration of the Cu2Cl4.4(CH,),SO dimer unit. 

Structure Solution and Refinement. The noncarbon and nonhy- 
drogen atoms were located by the program MULTAN.' The carbon 
positions were located from a Fourier map, and the hydrogen positions 
were calculated. Refinement was completed using first isotropic and 
then anisotropic thermal parameters on all nonhydrogen atoms. The 
thermal parameters on the hydrogens were fixed at 8.0 A*. The 
refinement converged to a value of R2 [=[Cw(lFol - I F ~ ~ ) * / C W I F ~ ~ ~ ] ' / ~ ]  
of 4.9%. Rl  [=CIIFol - IFcll/CIFol], omitting reflections whose 
intensities were less than 3a, was 3.7%. Maximum parameter shifts 
on the last cycle of refinement were less than their estimated errors. 
Scattering factor tables for Cu2+, Cl-, S, 0, C, and H were taken from 
ref 8. Computer programs used were part of a local l i b r a r ~ . ~  Final 
parameters are given in Table I, and bond distances and angles are 
given in Table I1 and illustrated in Figure 1. 

Results and Discussion 
Crystal Structure. The structure consists of discrete copper 

dimers composed of two t rans-C~Cl,((CH,) ,S0)~ monomer 
moieties. One of the chlorine atoms, C1( l) ,  in each monomer 
interacts with the adjacent copper to form the asymmetric 
bibridged dimer unit shown in Figure 1. The CuzC12 bridging 
unit is characterized by Cu-C1 distances of 2.280 and 3.020 
A and a Cu-C1-Cu angle of 88.5'. The resultant copper 
coordination geometry is best described as square pyramidal, 
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Figure 2. Stereoscopic view of the unit cell of Cu2CI4.4(CHz).$O. The origin of the unit cell is a t  the center of the figure, with the b axis 
ve;tical and the c axis receding into the paper 

Table 11. Interatomic Distances (A) and Bond Angles (deg) 
for Cu,Cl,(C,H,SO), 

(a) Distances around the Copper Atom 
Cu-Cl(1) 2.280 (2) C ~ - 0 ( 2 )  1.945 (4) 
Cu-Cl(2) 2.270 (2) Cu-Cl(1') 3.020 (2) 
Cu-O(l) 1.951 (4) CU-CU" 3.737 (2) 

(b) Angles around the Copper Atom 
Cl(l)-CU-Cl(l') 91.5 (1) Cl(l)-C~-0(2) 92.1 (1) 
Cl(l)-CU-Cl(2) 145.7 (1) Cl(l')-C~-0(2) 83.0 (1) 
Cl(l')-C~-C1(2) 122.8 (1) C1(2)-Cu-0(1) 91.4 (1) 
Cl(l)-Cu-O(l) 92.8 (1) C1(2)-Cu-0(2) 92.5 (1) 
Cl(la)-Cu-O(l) 82.9 (1) O(l)-C~-0(2)  165.2 (1) 

(c) S-0 Distances in the Sulfoxide Groups 

(d) Cu-0-S Angles in the (CH,),SO Groups 

S(1)-0(1) 1.548 (4) S(2)-0(2) 1.551 (4) 

CU-O(l)-S(l) 113.5 (2) Cu-O(2)-S(2) 113.5 (2) 

(e) Distances within the Sulfoxide Kings 
S(l)-C(2) 1.814 (6) S(2)-C(5) 1.800 (7) 
S(1)-C(3) 1.798 (7) S(2)-C(6) 1.798 (6) 
C(l)-C(3) 1.51 (1) C(5)-C(8) 1.45 (1) 
C(l)-C(4) 1.49 (1) C(6)-C(7) 1.49 (2) 
C(2)-C(4) 1.52 (1) C(7)-C(8) 1.36 (2) 

(0 Angles within the Sulfoxide Rings 
C(2)-S(l)-C(3) 92.6 (3) C(5)-S(2)-C(6) 92.1 (3) 
S(l)-C(3)-C(l) 106.7 (5) S(2)-C(5)-C(8) 108.2 (6) 
C(3)-C(l)-C(4) 106.9 (6) C(5)-C(8)-C(7) 114.4 (10) 
C(l)-C(4)-C(2) 107.5 (6) C(8)-C(7)-C(6) 114.4 (9) 
C(4)-C(2)-S(l) 108.8 (4) C(7)-C(6)-C(2) 107.9 (7) 

(g) Oxygen-Sulfur-Carbon Angles in the Sulfoxide Groups 
O(l)-S(l)-C(2) 104.5 (2) 0(2)-S(2)-C(5) 104.2 (3) 
O(l)-S(l)-C(3) 102.9 (3) 0(2)-S(2)-C(6) 103.9 (3) 

(h) Intermolecular Contacts 
S(l)-Cl(lb) 3.869 (3) O(l)-S(l)-Cl(lb) 167.1 (2) 
S(2)-C1(2') 3.923 (3) 0(2)-S(2)-C1(2c) 170.7 (1) 

(i) Intradimer Contacts 
Cu-CUa 3.736 (2) C(l)-C(7") 3.78 (2) 
0(1)-0(2a) 3.477 (5) C(l)-C(6") 3.99 (1) 
0(l)-C(6a) 3.502 (8) C(3)-C(6a) 4.03 (1) 
0(2)-C(3') 3.668 (8) 

a Symmetry transformation: 2 - x ,  1 - y ,  1 - z. b Symmetry 
transformation: 2 - x ,  '1, - y ,  3/2 -2. symmetry transforma- 
tion: x ,  I / ,  - y ,  + z. 

although the basal group shows a significant distortion toward 
a tetrahedral configuration. The basal Cu-Cl distances are 
2.270 and 2.280 A, while the Cu-0 distances are 1.945 and 
1.95 1 A. However, unlike typical square-pyramidal com- 
plexes, the Cu ion does not sit above the basal plane. Rather 

Table 111. Comparison of Coordination Geometry in 
CUCI, .2(CH,),SO and CuCl, .2(CH,),SO 

cu-0,  a 1.948 1.955 
Cu-Cl(t),a a 2.280 2.284 
Cu-Cl(b), A 2.27 0 2.290 
Cu-Cl(b), a 3.020 2.702 
0-Cu-0, deg 165.2 173.0 
Cl(t)-Cu-Cl(b), deg 145.7 146.1 
Cl(t)-Cu-Cl(b), deg 122.8 11 2.7 
Cl(b)-Cu-Cl(b), deg 91.5 101.2 

" t designates terminal chlorine; b denotes bridging chlorine. 

the cis Cl-Cu-0 angles (91.4-92.8') are all larger than 90°, 
indicating the presence of a tetrahedral distortion. This 
tetrahedral distortion yields a Cl-Cu-Cl angle of 145.7' and 
an 0-Cu-0  angle of 165.2' as seen in the stereoscopic il- 
lustration in Figure 2. The fifth atom nominally within the 
coordination sphere, C1( 1) from the adjacent monomer, is at 
a distance of 3.02 A. At this distance, all contacts of this 
bridging chlorine with atoms in the basal plane are greater 
than the sum of the van der Waals radii. 

The most significant intradimer contacts are given in Table 
11. These dictate the long Cu-C1 distance between monomers 
and therefore prevent the monomers from approaching each 
other more closely. This, in turn, allows the CuCl,((C- 
H2)4SO)2 moiety to distort toward tetrahedral geometry. This 
type of 4 + 1 geometry exists in [(CH3)2CHNH3]2C~C14,10 
but its significance was not recognized. It is also present, 
although to a lesser extent, in the C U X ~ - ~ ( C H ~ ) ~ S O ~ - '  salts 

Cu-Br' = 2.777 A) and in [ C ~ ( e n ) & ~ ( C u ~ C l  )C12.2H20 
(Cl-Cu-Cl = 145.3 and 172.6', Cu-Cl' = 2.703 Thus, 
we can use these data to visualize a pathway for the interaction 
of a chloride ion with a tetrahedral C U C ~ ~ ~ -  ion to form the 
trigonal-bipyramidal CuClS2- species. The usual picture of 
formation of the trigonal-bipyramidal CuClS3- ion starts with 
square-planar CuC142- and proceeds through a square-py- 
ramidal intermediate. In contrast, on the basis of the structure, 
we can start with a normal "tetrahedral" CuC14*- ion with a 
trans Cl-Cu-C1 angle near 130'. The approach of the fifth 
chloride ion forces one angle toward 180'. Simultaneously, 
the other trans angle opens up toward the commonly observed 
angle near 145'. Then, as the Cu-C1' bond shortens toward 
the equatorial length of 2.4 A, Cl-Cl repulsion forces the latter 
back to 1 20°, giving the trigonal-bipyramidal geometry. 

The planes of the (CHZ)$O rings are approximately 
perpendicular to the plane of the copper dimers (dihedral 

(X-CU-X 146', 0 -CU-0 173', CU-Cl' = 2.702 A, 
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Table IV. Magnetic Susceptibility Data for Cu,Cl,(C,H,SO), 

Swank, Needham, and Willett 

T 10zx/mola T 1 O*x/mol 

4.126 
4.512 
4.673 
5.356 
5.382 
5.881 
6.344 
6.391 
7.045 
7.252 
7.259 
7.716 
8.302 
8.952 
9.356 

10.529 
11.960 
12.990 
12.600 
13.676 
14.438 
15.515 
16.498 
17.051 

0.167 17.630 
0.162 18.635 
0.215 19.672 
0.314 20.314 
0.333 21.245 
0.364 22.640 
0.445 24.170 
0.478 25.503 
0.598 27.251 
0.681 29.631 
0.658 31.255 
0.759 34.474 
0.848 35.335 
0.955 38.557 
1.015 43.110 
1.159 46.813 
1.234 53.119 
1.313 60.402 
1.305 66.959 
1.345 73.860 
1.358 83.729 
1.376 89.856 
1.366 90.112 
1.332 101.167 

1.350 
1.346 
1.281 
1.302 
1.309 
1.223 
1.161 
1.125 
1.093 
1.025 
1.004 
0.941 
0.922 
0.867 
0.800 
0.751 
0.677 
0.602 
0.550 
0.501 
0.450 
0.422 
0.421 
0.379 

a In cgsu. 

angles are 80.38 and 86.09'). The (CH2)4S0 groups occupy 
cis positions with respect to the dimer plane. This is in contrast 
to the trans configuration predicted to minimize steric hin- 
drance. The C4S ring associated with S( 1) has normal dis- 
tances and angles. However, it is clear from the amplitudes 
of thermal motion and the small deviation from planarity of 
the ring associated with S ( 2 )  that it is disordered. The av- 
eraging of the two forms of the ring conformations leads to 
shortened C-C distances and enlarged C-C-C angles. 

The unit cell, illustrated in Figure 2, is composed of dimers 
located at  the origin and the body center. The dimers are 
displaced from each other in the cell such that the (CH2)4S0 
ring of one dimer lies above the Cu-Cl rectangle of the central 
dimer. The interdimer C1-S distances (Le., the approximate 
separation of the dimer and the (CH,),SO ring) are 3.869 and 
3.923 A. 

Magnetic Susceptibility and ESR Measurements. Magnetic 
susceptibility measurements were made on a 105.4-mg sample 
with a PAR vibrating-sample magnetometer over the tem- 
perature range 4-1 10 K. A field of 5094 Oe was used and 
the temperature was measured with a carbon-glass resistance 
thermometer. Details of temperature calibration will be 
published later. ESR measurements were made a t  9 and 36 
GHz.  The susceptibility data, corrected for diamagnetic and 
TIP contributions, are tabulated in Table IV. 

In light of the structural results, the susceptibility data were 
analyzed in terms of the Heisenberg dimer model. As seen 
in Figure 3, this gives a very satisfactory fit with an anti- 
ferromagnetic coupling, 2J/k  = -24 K. The largest deviation 
between theory and experiment lies in the temperature regime 
where x is a maximum. Unfortunately, the uncertainties in 
a rather large background moment were a maximum at these 
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Figure 3. Plots of the susceptibility, x (right-hand ordinate), and of 
XT (left-hand ordinate) vs. T. 

temperatures and account for the discrepancy. This leads to 
an uncertainty of 2 J / k  of f l  K. 

The ESR spectrum of single crystals of CuCl2.2(CHJ4SO 
at both 9 and 36 GHz  consists of a single exchange-narrowed 
resonance line in all orientations. It is not a typical dimer 
spectrum and, in particular, no A S  = f 2  line is observed a t  
half-field. Thus, significant interdimer coupling exists. The 
EPR line widths are not the same at  9 and 36 GHz.  In 
principle, the frequency dependence can be used to estimate 
the magnitude of the interdimer coupling, J', since this 
coupling averages the g tensors of magnetically inequivalent 
ions and the effective averaging will depend on the ratio ( H I  
- H2)/J ' ,  where H1 and H2 are the resonance fields of the 
inequivalent ions. However, we see a frequency dependence 
in the ac plane, where all ions are equivalent. Thus, other 
processes are contributing to the observed frequency depen- 
dence. We have made no attempt to analyze this phenomenon 
at  this time, but we consider it likely that J '= (Ag/g)fzw or 
J ' /k  = 0.1 K. It was also impossible to estimate this from 
the x data because of the strong coupling between J ' a n d  g.  
The source of this interdimer interaction is probably the S-C1 
contacts of 3.9 A. This order of magnitude of exchange is 
reasonable in light of the unfavorable orientation of the C1. 
atoms with respect to the sulfur lone pairs (0-S-C1 = 170'). 
In C U C I ~ . ( C H ~ ) ~ S O  and C U C ~ ~ . ( C H ~ ) ~ S O ,  interchain S-S 
contacts of 3.67 A with more favorable orientation (0-S-S 
= 120') give values of J ' / k  = 1 K. 

Comparison of Structural and Magnetic Data. Hatfield ha5 
recently summarized much of the known magnetic data on 
salts containing asymmetrical Cu-C1 bridges.12 Table V 
compares Cu2C14((CH2),SO), with other dimers. In  contrast 
to the symmetrical hydroxy-bridge s p e ~ i e s , ' ~  no clear struc- 
tural-magnetic correlations exist. This is not surprising since 
we are  not dealing with a one-parameter problem (the 
Cu-L-Cu bridging angle, 8); in addition to 8, J depends upon 
such variables as the axial Cu-Cl distance, the Cu-Cu dis- 
tance, and the distortions of the coordination geometry from 
planarity. It is worthwhile making the following observations. 
The bridging geometry in CuC12.2(CHJ4S0 is almost identical 
with that in the CuCI2.2py linear chain (Cu-C1 = 2.30 A, 

- 

cu-c1-cu, Cu-C1 bond, A cu-cu 
complex 2.J cm-' structure deg in-plane out-of-plane dist, A 

[(guaninium)CuCl,] .2H,O -82.6 trigonal-bipyramidal 98 2.45 2.29 3.58 
[Cu,Cl,] '- anion -14.6 trigonal-bipyramidal 95.2 2.70 2.33 3.72 
[(2-Mepy),CuC1$ a -7.4 square-p yramidal 101.4 2.26 3.37 4.41 
[(DMG)CuCl,I t 6 . 3  square-pyramidal 88 2.24 2.70 3.44 
CUCI, .2(CHz),S0 -16.0 square-pyramidal 88.5 2.28 3.02 3.74 

2-Mepy = 2-methylpyridine. DMG -- dimethylgloxime. 
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Cu-Cl = 3.02 A, 0 = 91.5’). Since J is not expected to be 
extremely sensitive to 8, we can reasonably compare the two 
exchange constants, -12 and -13.4 K, respectively, based only 
on the coordination geometry. Thus, the distortion from planar 
coordination present in CuC12-2(CH2),S0 (but not in 
CuC12.2py) causes a decrease in the antiferromagnetic cou- 
pling. This is not surprising since, with the lobes of the d,z-+ 
orbital not pointing directly at  the chlorine atoms, lower 
electron density is anticipated at the bridging chlorine and thus 
less exchange of spin information. Likewise, the dimethyl- 
glyoxime complex [(DMG)CuC12 has nearly identical 

88’) except for the 0.3-A shortening of the long Cu-Cl bond. 
Yet this shortening has the effect of changing the interaction 
from antiferromagnetic to ferromagnetic ( J / k  = -12 vs. +4.4 
K)! Finally, we note that the linear-chain arrangement in 
C U C ~ , . ~ ( C H ~ ) ~ S O  leads to weak antiferromagnetic interaction 
( J / k  = -4.8 K).’, In this salt, a monobridged superexchange 
pathway exists, with 0 = 144.6’. 
Summary 

We have shown that discrete Cu2C1,(C4H8SO), dimers exist 
in the solid state in the 2:l (CH2),SO-CuC12 salt. The co- 
ordination geometry, approximately square pyramidal, contains 
three chlorine and two oxygen atoms. Copper atoms within 
the dimer are linked by a pair of asymmetrical Cu-Cl-.bridges, 
leading to antiferromagnetic coupling with a singlet-triplet 
separation of 24 K. 
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The complex [Co(~-Pyala)~]NO~-’ /~H~0 was prepared by reaction of Co(I1) or Co(II1) with o-H2NCH(CH2C5H4N)COC, 
D-Pyala-, the tridentate analogue of histidine. It was established by an X-ray crystal study of the complex that of the three 
possible isomeric forms, the most stable was that in which the carboxylate groups of the two ligands are mutually trans. 
This structure contrasts with that of the predominant isomer of the histidinate complex Co(L-his)2C, in which the imidazole 
groups are mutually trans. Infrared, ‘H NMR, visible, ORD, and CD spectra of @o(D-Pyala)2+ are discussed and are 
entirely consistent with the solid-state structure. 

Introduction 
The  synthetic amino acid P-(2-pyridyl)-a-alanine, 

+H3NCH-(CH2C,H4N)C0y (PyalaH), is a tridentate ana- 
logue of histidine with a pyridine group in place of the im- 
idazole. In earlier work, it was shown that Pyala- binds to 
transition-metal ions to form M ( P ~ a l a ) ~  with some enan- 
tioselectivity depending upon the chirality of the Pyala- ligand. 
Where the ligand is present as only one enantiomer, e.g., 
D-Pyala-, the octahedral M(D-Pyala)2 complexes may exist in 
three geometric isomeric forms (Figure 1). In the present 
study, we prepared the Co(II1) complex Co(~-Pya la )~+  for the 
purpose of establishing the most stable isomer of this complex. 

All three isomers of the Co(ligand)2+ complexes have been 
isolated for the tridentate ligands ~-histidinate*J, ~-2,3-di-  
amin~propionate,~ and ~-2,4-diaminobutyrate.~ The trans- 
imidazole isomer was the major structural form of Co(L-his)2t. 
It was suggested that because of steric hindrance the imidazole 
groups prefer to occupy trans positions in octahedral M(his);! 

0020-1669/79/1318-0765$01.00/0 

complexes.6 Because of the similarity of Pyala- to his-, 
Co(D-Pyala)2+ might be expected to prefer the trans-pyridyl 
structure. However, as reported herein, the trans-carboxylate 
structure is the most stable form. This complex was fully 
characterized by its IR, ‘H N M R ,  visible, ORD, and CD 
spectra. 
Experimental Section 

Materials. Racemic (3-(2-pyridyl)-a-alanine (PyalaH) was prepared 
and resolved as described previ~us ly .~  [ C O ( N H ~ ) ~ C O ~ ] N O ~ , ~ ~  
[Co(NH,),] and Na3[C~(C03)3] .3H208C were prepared 
according to literature methods. 

Preparation of Bis[~-~-(2-pyridyl)-a-alaninato]cobalt(III) Nitrate 
Hemihydrate, [ c ~ ( D - ~ r a ~ ) ~ ~ O , . ’ / ~ H ~ o .  [CO(NH~)~CO, ]NO~ (0.75 
g, 3.0 mmol) and D-PyalaH (1.00 g, 6.0 mmol) were dissolved in 40 
mL of distilled water, and 0.3 g of activated charcoal was added. The 
solution was stirred at 85 OC for 20 h. The charcoal was filtered from 
the hot solution and washed with boiling water. The filtrate and wash 
solution were combined and evaporated to dryness. The glassy solid 
that formed was redissolved in a minimum of 80:20 MeOH-H20 and 
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