
1116 G. A. MELSON, P. T. GREENE, AXD R. F. BRYAX Inorganic Chemistry 

present model, the latter is always the ground level. 
Moreover, the coefficients of the free-ion orbitals in 
the two sets of e orbitals differ from those for the 
octahedral eg and t Z g *  orbitals, a result which is also a 
feature of the Dad distorted model but which has 
previously been n e g l e ~ t e d . ~ , ~  

The energy levels calculated for the explicit set of 
bond angles found for the Ti(OC(NH2)2)63+ ion, i.e., 
with the 5.6" "twist" away from an octahedron, are 
in terms of Dq: al, -4Dq; e(l) ,  -3.95Dq; e(2), 
5.95Dq; or with Dq = 1700 cm-l: al, -6800 cm-l; 
e(l) ,  -6720 cm-l; e(2), 10,120 cm-l. The ground 

state for this geometry is therefore 2A1, a result which 
a t  first sight is a t  variance with the single-crystal 
polarization measurements.26 There is then a small 
splitting -100 cm-l of the t z e  set, but this, together 
with the change in "composition" of the e(1) orbitals, 
is sufficient to cause a marked change in magnetic 
properties from those calculated for the 2Tze term. A 
more complete discussion of the influence of this type of 
distortion for configurations other than d1 and on the 
magnetic properties of this and other trigonally dis- 
torted molecules will be discussed in detail elsewhere. 19 

(26) R. Dingle, J. Chrm. Phys. ,  60, 545 (1969). 
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A three-dimensional crystal structure analysis using 2483 counter-diffractometric measurements has been carried put for 
ethanolatotetra-p-thiobenz:ato-dinickel(II), [Ni(CsHsCOS)z]zCzHaOH. The cell constants were a = 10.44 (2) A, b = 
11.66 (2)  A, c = 12.69 (2) A, CY = 91" l', p = 92" 55', y = 93" 0' (all I t5 ') ,  d,, = 1.54, do = 1.535 g/cm3, space group Pi, 
and 2 = 2. The two nickel atoms 
in the complex are bridged by the four thiobenzoate residues so that one metal atom is surrounded by four sulfur atoms in a 
square-planar fashion and the other by four oxygen atoms in a similar manner. Thc two planes are twisted about the Si-Ni 
axis by some 23" from an eclipsed configuration. The fifth coordinadion site of the second nickel atom is occupied by the oxy- 
gen atom of the ethanol moiety. The hTi-S +stances, 2.221-2.230 (5) A, are characteristic of square-planar, low-spin complexes 
while the Ni-0 distances, 2.010-2.058 (7) A, are compatible with those found in high-spin complexes. It is concluded that  
the observed magnetic moment of the dimer, 2.40 BM/nickel(II) ion, arises from the presence of two unpaired electron spins 
on the nickel ion of Cdv symmetry and that, despite a Ni-Ni separation of only 2.503 (4) A, the metal-metal in5eraction is 
probably quite weak. In  the crystal the molecules are held together by weak axial Si-S interactions, 2.814 (5) A, between 
the dimers so 5s to  form centrosymmetric tetramers. These are further linked together by weak 0-H . . .O hydrogen bonds 
of length 2.86 A involving the ethanol hydroxyl group as donor to an in-plane oxygen of a neighboring molecule. 

R ,  after least-squares refinement with individual isotropic thermal parameters, is 0.053. 

Introduction 
As part of a study of reactions between sulfur donor 

ligands and transition metal ions' we have synthesized 
nickel(I1) compounds of the general formula Ni- 
(RCOS)2.0.5C2H50H, where K is CH3, C2Hj, or CsH:. 

These complexes show temperature-independeilt 
magnetic moments in the range 2.3--2.4 BiLI/nickel( 11) 
ion, Measurement of the molecular weights of the 
compounds in chloroform solution suggests the preseilce 
of binuclear species. To establish the structure of 
these molecules a single-crystal X-ray diffraction study 
of the thiobenzoate complex, R = C G H ~ ~  has been 
carried out. 

Measurement of Crystal and Intensity Data 
Recrystallization of the complex from anhydrous 

ethanol gave fragile purple-red prisms with the bound- 
ing faces (loo),  (OlO), and (001) developed. The 
lattice parameters, measured a t  room temperature, 

(1) G. A. Melson, N. P. Crawford, and R. J. Geiirles, Inoug. Chenz.,  9, 
1123 (1970). 

were derived from 25 * precession photographs taken 
with Zr-filtered Mo Koc radiation (A 0.7107 A) and 
are a = 10.44 A, b = 11.66 A, c = 12.69 A, a = 
91" l', p = 92" 55', and y = 93" 0'. The errors 
in the cell edges may be taken as the 1 part in (io0 
commonly associated with the precession method and 
imposed by uncertainty in the centering of the crystal. 
In the measured angles the error is +5'. The unit 
cell volume is 1540 A3 and the calculated density on 
the assumption of two dimeric units of formula Ni2- 
C2eH,oO& per unit cell is 1.335 g/cm3, in agreement 
with the value of 1.54 It 0.01 g/cm3 measured by 
pycnometry of an ethyl iodide-benzene mixture. F- 
(000) = 732. 

The possible triclinic space groups are P1 and Pi.  
No tests were made for pyroelectric or piezoelectric 
effects but with 2 = 2 the centrosymmetric space 
group was chosen as the more likely, a choice justified 
by the outcome of the analysis. This space group 
requires no symmetry within the dimeric units but 
the association of these dimers into tetramers in the 
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crystal by virtue of the weak Ni-S interactions found 
leads to a crystallographic center of symmetry being 
imposed on the larger unit. 

Diffraction data were collected from a single-crystal 
plate measuring 0.1 X 0.2 X 0.5 mm parallel to a,  b,  
and c, respectively. Because of their fragility the 
crystals could not be cut to a more uniform shape. 
The crystal was mounted so as to have the reciprocal 
c*  axis horizontal a t  x = 90' on a Picker four-circle 
diffractometer operated during the measurement of 
intensity data under the control of an SDS Sigma 2 
computer. For the complex the absorption coefficient 
for Mo Ka! radiation is 13 cm-l. No absorption cor- 
rections were made though these could have been 
substantial for some orientations of the crystal. A 
study of the final agreement between the observed 
structure amplitudes and calculated structure factors, 
however, shows no indication of any serious systematic 
error arising from this source despite the fact that 
only isotropic thermal parameters have been used. 
Neglect of the corrections is not expected to have 
introduced any significant error in the positional pa- 
rameters found. 

Intensity data were collected using Mo Ka! radiation 
made monochromatic by Bragg reflection from the 
(002) plane of a highly oriented graphite crystal 
mounted in the Picker incident-beam monochromator 
assembly. At 46 kV and 16 mA the scattered intensity 
a t  a reciprocal lattice point using this device was 
about 40% of that  derived from the same direct beam 
filtered through 0.003 in. of Zr foil. 

A takeoff angle of 3" was used on the direct beam. 
Detection of scattered radiation was by scintillation 
counting with pulse height discrimination. Receiving 
apertures on the counter were 4 mm2 and to reduce 
background the counter was placed 30 cm from the 
crystal. The crystal was shown to be of suitable 
mosaicity by w scanning. Intensity measurements 
were made using the 8-28 scanning technique with 
scan rate 1'/min and symmetrical 2' scans for all 
reflections. Background measurements were made for 
10 see a t  both the beginning and the end of the scan 
range by the stationary crystal-stationary counter 
method. True background was assumed to be linear 
between these limits. Linearity of counter response 
was confirmed up to the higest count rates observed 
during the experiment. 

The overall stability of the system was checked by 
monitoring the intensity of the (200) and (0,10,0) 
reflections after every 99 measurement cycles. The 
average deviation from the mean intensity in each 
case was less than 1% and random individual deviations 
enabled a single scale factor to be used throughout. 

Over 5600 independent reciprocal lattice points were 
surveyed up to 28 = 50", of which 4720 yielded in- 
tensities significantly above background as defined 
by the background-corrected peak count exceeding 
three times the square root of the total number of 
counts involved in the measurement. 

U- The reflection data were weighted as follows: 

( F o 2 )  = Lp[TC -I- (P(CT))2]1'2 where Fo2 = (CT)(Lp), 

(Ls/Lb)(Cbl + cb2)1 and C, and cbd are the counts 
accumulated during scan and background measure- 
ments occupying times t, and tb, respectively, Lp 
is the Lorentz-polarization factor, in this case given 
by (sin 2e)(l + cos2 28,)/(cos2 28 + cos2 28,)) 28,,, 
being the Bragg angle for the monochromator crystal, 
here 12". P is an uncertainty factor2 to allow for 
effects of a nonstatistical nature and to avoid too 
high a weight being given to strong reflections. A 
value of 0.04 was used. 

This function was applied to all reflections with 
lFoI greater than 30 on the experimental scale (18 
on the absolute scale or =2.5y0 of F(000)). To yield 
an adequate yet manageable set of observations, re- 
flections having less than this amplitude were given 
zero weight. The final ratio of observations to  param- 
eters was better than 18: 1 with 2483 reflections having 
nonzero weight. 

Solution and Refinement of the Structure 
All calculations described were carried out using 

ptograms written in this laboratory for the 16K SDS 
Sigma 2 computer. 

From an unsharpened three-dimensional Patterson 
filnction the coordinates of the two nickel atoms were 
found. Approximate positions for the remaining non- 
hydrogen atoms were found from two successive ap- 
proximations to the three-dimensional electron-density 
fuhction calculated using the heavy-atom method of 
phase determination. These positions when included 
in a structure factor calculation with an overall thermal 
parameter B = 3.5 A2 gave a conventional R factor 
of 0.13. 

Refinement of the parameters was by least-squares 
methods using the block-diagonal approximation. Ma- 
trices of dimensions 3 X 3 were used for the positional 
parameters of each atom, 1 X 1 matrices were used 
for the isotropic thermal parameters, and a 2 X 2 
matrix was used for the single scale factor and overall 
thermal parameter. 

Atomic scattering functions for the neutral atoms 
were used,3 with a correction of 0.37 e- being made 
to the form factor for nickel to take account of the 
real part of the correction for anomalous dispersion.4 

w 
being taken as 4 F 0 2 / u z ( F o 2 ) .  Damping factors of 
0.5 were applied to all parameter shifts calculated 
to ensure steady convergence. A total of 165 param- 
eters were varied, three positional and one isotropic 
thermal parameter for each atom and a single scale fac- 
tor. Convergence was complete after ten cycles with the 
final shifts calculated in no case exceeding 0 . 3 ~ .  The 
discrepancy factors R1 = Z / / F o /  - ~ F c ~ ~ / Z ~ F o ~  and 
R2 = [Zw(lF,/ - ~F,~)2 /ZwFo2]" '  were 0.058 and 
0.066, respectively. 

TC = C p  -I- [).5(La/&)(CbI f Cb2), CT = Cp - 0.5. 

The function minimized was Zw(lFol - 

(2) W. R. Busing and H. A. Levy, J. Chem. Phys . ,  26, 563 (1957). 
(3) H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman, Acla Cryst.,  17, 

(4) D. T. Cromer, ibid., 18, 17 (1965). 
1040 (1964). 



TABLE I 
ATOMIC 1’AKAMETERS AND T H E I R  STANDARD D E V I a I I O N S  AS OBTAISED PROM THE F I S A L  CYCLE O P  LEAS I -SQUARES ~ < E l X N E M E A l ”  

x / a  

458 (1) 

213 (3) 

653 (2) 
2292 (2) 

-704 (1) 

- 1421 (2) 

- 1549 (6) 
-2149 (6) 

209 (6) 
738 (6) 

-1713 (6) 
- 1075 (9) 
-2413 (9) 

559 (9) 
1844 (9) 

-2977 (11) 
-3600 (11) 
-1726 (10) 
-2894 (12) 
-3581 (15) 
-3086 (16) 
- 1841 (18) 
-1151 (15) 
-3689 (9) 
-3939 (13) 
-5174 (15) 
-6099 (13) 
-5809 (13) 
-4633 (11) 

938 (9) 
1476 (12) 
1881 (14) 
1781 (13) 
1236 (11) 
806 (11) 

2843 (9) 
3931 (10) 
4818 (11) 
4609 (12) 

2660 (10) 
3529 (11) 

y l b  

418 (1) 
462 (1) 

2278 ( 2 )  
22 ( 2 )  

864 (2) 
1895 (6) 

-538 (5) 
-963 (5) 

- 1459 (2) 

1473 (5) 
506 (5) 

2559 (8) 
-581 (8) 

-1702 (8) 
1522 (8) 
961 (10) 
883 (10) 

3667 (9) 
3812 (11) 
4780 (13) 
5645 (15) 
5556 (16) 
4520 (13) 

- 1105 (8) 
-1432 (12) 
- 1920 (13) 
-2055 (1%) 
- 1772 (12) 
- 1270 (10) 
-2840 (8) 
-3636 (11) 
-4657 (13) 
-4899 (12) 
-4083 (10) 
-308% (9) 

2168 (8) 
2707 (9) 
3380 (10) 
3463 (11) 
2913 (10) 
2267 (9) 

Z/G 

1433 (1) 
3109 (1) 
1199 (2) 
557 (2) 

1653 (2) 
2361 (2) 
2564 (5) 

3619 ( 5 )  
3796 (5) 

1914 (8) 
1460 (7) 
2970 (8) 
3488 (7) 
4425 (9) 
5456 (9) 
1739 (9) 
2155 (10) 
1949 (12) 
1339 (14) 
979 (15) 

1141 (13) 
1069 (8) 

2421 (5) 

4459 (5) 

33 (11) 
-290 (12) 

421 (11) 
1485 (11) 

3365 (8) 
2678 (10) 
3096 (12) 
4170 (11) 
4835 (9) 
4427 (9) 
4166 (8) 
3737 (8) 
4414 (9) 
5499 (10) 
5903 (9) 
5249 (8) 

1799 (9) 

1O*B, 

222 (2) 

299 ( 5 )  
246 (4) 
262 (4)  
266 (5) 
292 (13) 
254 (12) 
261 (12)  
260 (12)  
255 (12) 

213 (16) 
268 (18) 
297 (16) 
373 (22) 
386 (22) 
323 (20) 
441 (25) 
604 (33) 
721 (39) 
810 (44) 
620 (34) 
247 (17) 
528 (29) 
613 (33) 
510 (28) 
509 (28) 

264 (18) 
446 (25) 
575 (31) 
505 (31) 
397 (23) 
355 (21) 

206 (2) 

252 (17) 

375 (22) 

250 (17) 
250 (17) 
389 (22) 
450 (25) 
366 (22) 
283 (18) 

Coordinates of the Atoms of the Phenyl Rings 
Ideal@d to Regular Hexagons of Side 1.395 & 
0.01 A in Their Least-Squares Mean Planes. 

Derivations from above in Parentheses 
Atom x / a  Y / b  S I C  

C(11) -1724 (2) 3671 (4) 1764 (25) 
C(12) -2936 (32) 3801 (11) 2174 (19) 
C(13) -3588 (7) 1781 (1) 1959 (10) 

C(l5)  - 1835 (6) 5487 (69) 927 (52) 
C(14) -3044 (42) 5630 (15) 1333 (6) 

C(l6)  -1160 (9) 4508 (12) 1137 (4) 
C(21) -3681 (8) -1111 (6) 1074 ( 5 )  
C(22) -3959 (20) -1438 (6) 13 (20) 

C(24) -6113 (14) -2086 (31) 414 (7) 
C(23) -5163 (11) -1921 (1) -317 (27) 

C(25) -5836 (27) -1761 (11) 1465 (20) 
C(26) -4622 (11) -1272 (2) 1809 (10) 
C(31) 931 (7) -2844 (4) 3377 (12) 
C(32) 1459 (17) -3621 (15) 2691 (13) 
C(33) 1883 (2) -4649 (8) 3082 (14) 
C(34) 1780 (1) -4898 (I) 4153 (17) 
C(35) 1248 (12) -4103 (20) 4819 (16) 
C(36) 818 (12) -3071 (11) 4444 (17) 
C(41) 2854 (11) 2169 (1) 4162 (4) 
C(42) 3914 (17) 2706 (1) 3722 (15) 
C(43) 4813 (5) 3363 (17) 4363 (51) 
C(44) 4636 (27) 3473 (10) 5442 ( 5 7 )  
C(45) 3567 (38) 2929 (16) 5876 (27) 
C(46) 2675 (15) 2276 (9) 5234 (15) 

Coordinates of the Hydrogen Atomsb 
H(12) -3348 3132 2664 
H(13) -451% 4894 2267 
H(14) -3543 6407 1152 
H(15) -1396 6163 426 
H(16) -223 4397 823 
H(22) -3208 - 1309 - 566 
H(23) -5373 - 217.5 -1147 
H(24) -7046 - 2460 161 
H(25) -6574 - 1889 2035 
H(26) -4400 - 1020 2615 

H(33) 2302 - 5275 2560 

H(35) 1161 -4289 5665 

H(42) 4060 2623 2868 
H(43) 5654 3789 4012 

H(32) 1545 -3434 1850 

H(34) 2113 - 5704 4456 

H(36) 408 - 2457 4956 

H(44) 5356 3998 5950 
H(45) 3434 3020 6732 
H(46) 1843 1854 5576 
H(’/l) -2889 1873 419% 
H(6/y) -3589 477 3812 
H(‘//I) -4558 1248 5364 
H(G/l) -3005 1380 6055 
H(‘/a) -3704 - 16 5676 
H ( l )  -1344 185 5119 

a Coordinates are given as fractions of the cell edges X l o 4 ;  the standard errors are given in parentheses and apply to  the units 
column of the appropriate parameter. b The number denotes the carbon atom to which the hydrogen atom is attached. 

A three-dimensional difference electron-density func- 
tion calculated a t  this time showed no evidence of 
significant anisotropy of thermal vibration of the atoms 
but indicated that the structurally most important 
features remaining were the hydrogen atoms. These 
atoms were more clearly identified by the calculation 
of general plane difference syntheses in the planes 
of the four phenyl groups and in the planes appro- 

priate to the ethanol residue. All atoms were clearly 
recognizable except for the hydroxyl hydrogen. 

To obtain the best positions for the hydrogen atoms 
the phenyl rings were adjusted in their least-squares 
mean planes to regular hexagons 1.395 f 0.01 A 
on a side and sites were chosen on the extension of 
the appropriate diagonals to give C-H distances of 
1.1 A. The five identifiable hydrogen atoms of the 
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ethanol residue were placed in positions giving a rea- 
sonable fit between the observed locations and idealized 
tetrahedral geometry. The sixth was placed in the 
plane of the heavy atoms to give a C-0-H angle of 
120'. No attempt was made to refine the parameters 
of the hydrogen atoms. 

A final structure factor calculation was performed 
using these hydrogen positions (thermal parameters 
corresponding to those of the atoms to which the hy- 
drogens were attached), the idealized positions of the 
atoms of the phenyl rings, and the positions of the 
remaining atoms as given in the final cycle of least- 
squares refinement. The values of R1 and R2 were 
0.057 and 0.078 for the 2483 reflections involved in 
the refinement. R1 was 0.087 for the complete set 
of observed reflections. The standard deviation of 
an observation of unit weight was 3.4. Inspection 
of the agreement between observed structure am- 
plitudes and calculated structure factors showed no 
signs of significant error due to extinction. 

Except in the immediate vicinity of the nickel and 
sulfur atoms, a final difference electron-density syn- 
thesis showed no peaks higher than one-third of the 
maxima associated with hydrogen atoms. Around 
the heavier atoms the largest positive peak, 1.1 e-/A3, 
occurred between the two nickel atoms. The other 
peaks could be interpreted as indicating a very slight 
anisotropy of thermal vibration of the sulfur atoms 
with the major principal axis of the thermal ellipsoid 
more or less perpendicular to the plane of the nickel 
and sulfur atoms in each case. 

The positional and thermal parameters of the atoms 
as given in the final least-squares cycle are given, to- 
gether with their corresponding standard errors as 
derived from the inverse matrices, in Table I. Also 
listed are the idealized positional parameters for the 
phenyl ring carbon atoms. The average difference in 
coordinate between these two sets of values is about 
1.3 times the average standard deviation in coordinate 
or 0.017 A. In Table I1 are listed the values of 10IFoj 
and 10F, as given by the final structure factor calcula- 
tion. 

Description of the Structure and Discussion 

An overall view of the structure showing the num- 
bering scheme adopted is shown in Figure 1. It is 
seen that the thiobenzoate groups act as chelating 
ligands to bridge the two nickel atoms one of which 
is surrounded, in a square-planar manner, by the 
four sulfur atoms, the other being surrounded by 
the four oxygen atoms of the acid residues. These 
two planes are twisted about the Ni-Ni axis by about 
23" from a fully eclipsed configuration presuniably 
to accommodate the bite of the ligand to the metal- 
metal separation. The oxygen-coordinated metal atom 
has the vacant coordination site occupied by the oxygen 
atom of an ethanol molecule while the other nickel 
atom takes part in a weak interaction with a sulfur 
atom of a neighboring dimeric unit so that the struc- 
tural unit in the crystal is a centrosymmetric tetramer. 

Figure 1.-View of the crystal structure showing two dimeric 
units of the complex. Unprefixed atoms are carbon. The 
weak Ni-S interactions linking the dimers together are indicated 
by the broken lines. 

Selected intramolecular distances, angles, and torsion 
angles are given in Table 111, together with their esd's, 
as derived from the data of Table I. Correlation 
between the parameteis of different atoms has not 
been taken into account in deriving these error es- 
timates though the standard errors of the cell param- 
eters have been. 

In the discussion, and in deriving intermolecular 
contact distances, the phenyl rings have been treated 
in terms of their idealized representations. The equa- 
tions of their least-squares mean planes are given in 
Table IV together with similar equations for planes 
involving other groups of atoms. There are varied 
degrees of twist of the phenyl rings about the C-C 
axes linking them to the thiocarboxylate groups, most 
probably to achieve an efficient packing of molecules 
in the crystal. 

Excluding the weak Ni-S interaction, the closest 
approach between molecules involves the ethanol oxygen 
atom and O(23) in location 8, TI 1 - 2. This distance 
is 2.86 (1) A and although no positive identification 
of the hydrogen atom of the ethanol moiety could 
be made, the geometry of the situation is such that a 
weak hydrogen bond is almost certainly formed be- 
tween these atoms. Thus, the angles Ni(2)-O(1)-0- 
(23') and 0(23')-0(1)-C(5) are 117 and 115" with 
the angle 0(23')-0(1)-H(l) being 33". O(23') lies 
1.58 A from the plane of the ethanol residue. 

Other intermolecular contacts correspond to normal 
van der Waals interactions. Those less than 3.8 A 
which are of most interest are listed in Table V. 

Before discussing the bond distances we may observe 
that there is a high degree of internal consistency 
in the values found for chemically equivalent bond 
types, with the exception of what appear to be signifi- 
cant, and not unexpected, differences among the Ni-0 
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TABLE I1 
OBSERVED STRUCTURE A4MPLITUDES AND CALCULATED STRUCTURE FACTORS OW 10 TIMES THE ABSOLUTE SCALE .IS DERIVED P R O M  TIIE 

FINAL STRUCTURE FACTOR CALCULATIOS. COLUMX I ~ E A D I N G S  ARE k ,  I ,  10/FoI, A N D  lOF, 
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TABLE I1 (Continued) 
2 0 219 - 2 7 4  
2 J 151 151 
2 + 159 114 
2 5 X I  Id9 
2 6 2bJ '257 
2 7 168 -319 
2 1 1  201 221 
I 6 m5 .a5 
1 I 20s 171 
1 1 191 199 
I -1 236 -225 
I -1 121 -531 
1 -5 11) IJ) 
3 -1 489 -0, 
3 - 1 0  191 'l61 
I -T XI2 -16) 
t -5 178 191 
8 - 4  180 -1*2 
b b 111 F)6 
b 6 %6 -149 
5 6 1 1  -281 
5 115 129 
5 2 211 2.t 
5 0 121 -1b1 
5 -2 ZIT I ? ,  
5 - t  202 1P1 
5 -5 250 ZJ1 
5 - 2  515 -499 
5 '8 2118 -210 
6 -8 1Y '111 
6 -I 16T -111 
6 -5 276 2!6 
6 201 195 
6 -1 132 -51, 
6 0 290 -Ml 
6 1 111 119 

TABLE I11 TABLE IV 
INTRAMOLECULAR INTERATOMIC DISTANCES (A), ANGLES (DEG), 

A N D  TORSION ANGLES (DEG) WITH THEIR ASSOCIATED STANDARD 
ERRORS As CALCULATED FROM THE PARAMETERS OF TABLE I 

DIRECTION COSINES FOR LEAST-SQUARES MEAN PLANES 
THROUGH CERTAIN GROUPS OF ATOMS. THE COEFFICIENTS ARE 
APPLIED TO CARTESIAN COORDINATES FOR THE ATOMS OBTAINED 

Ni(l)-Ni(2) 
N i ( l ) -S ( l l )  
Ni  (1 )-S (1 2) 
Ni(l)-S(13) 
Ni(l)-S(14) 
Ni(lI-S(l2') 
Ni(2)-0(21) 
Ni(2)-0(22) 
Ni(2)-0(23) 
Si(2)-0(24)  
Ni(2)-0(1) 
C(5)-C(6) 
S(11). ' .0(21)  
S(12) ' ' . 0 (22 )  
S(13). . . 0 (23 )  
S(14) ' .  'O(24) 

Si( l ) -Ni(2)-0(21)  
Ni(l)-Ni(2)-0(22) 
Ni(l)-Ni(2)-0(23) 
Ni  (1) -Ni (21-0 (24) 
0(21)-Ni(2)-0(22) 
0(22)-Ni(2)-0(23) 
0(23)-Ni(2)-0(24) 
0(24)-Ni(2)-0(21) 
0(21)-Si(2)-0(23) 
0(22)-Ni(2)-0(24) 
0(2l)-Ni(2)-0(1)  
0(22)-hTi(2)-0(1) 
0(23)-Ni(2)-0(1) 
0 (24)-Ni(2)-0( 1) 
S i  (2)-0 (2 1)-c  (1) 
Ni(Z)-O(ZZ)-C(2) 
Si(2)-0(23)-C(3) 
Ni (2 ) -0 (24) -~ (4 )  
S(1l)-c (1)-0(2l) 
S(12)-C(2)-0(22) 
O(21)-c ( l ) -C(l  I ) 
0(22)-C(Z)-C(21) 
0(23)-C(d)-C(31) 
0(24)-C(4)-C(41) 

Distances 
2.503 (4) S ( l l ) - C ( l )  
2.221 (5) S(12)-C(2) 
2 . 2 2 7  (5) S(13)-C(3) 
2.230 (5) S(14)-C(4) 
2.228 (5) 0(21)-C (1) 
2.814 (5) O(ZZ)-C(Z) 
2.044 ( 7 )  0(23)-C(3) 
2 .010(7)  C( l ) -C( l l )  
2.056 (7) C(Z)-C(21) 
2.015 ( 7 )  C (3)-C (31) 
2 .058 (7)  C(4)-C(41) 
1 .493 (17) C(5)-0(1) 

2 .605 (8) O(22). . , O(23) 
2.621 (8) O(23) .  . . 0 ( 2 4 )  
2.613 (8) 0 ( 2 4 ) . . . 0 ( 2 1 )  

2.617 (8) O(21)' ' . 0 (22 )  

Angles 
8 7 . 6  ( 2 )  Ni(Z)-Ni(l)-S(ll) 
90.0 (2) Ni(Z)-Ni(l)-S(lZ) 
90 .3  ( 2 )  Si(Z)-Ni(l)-S(13) 
90 .1  ( 2 )  Ni@-Ni ( l ) -S ( l4 )  
9 0 . 3  (3) S(l l ) -Ni( l ) -S( lZ)  
90.8 (3) S( l2)-Ni( l ) -S( l3)  
89.6 (3) S( l3)-Ni( l ) -S( l4)  
89 .4  (3) S( l4)-Ni( l ) -S( l l )  

177.6 (3) S(l l ) -Ni( l ) -S( l3)  
179.7 (12) S(l2)-Ni(l)-S(l4) 
91 .2  (3) Ni( l )+(l2)-Ni( l ' )  
88 .7  (3) C(6)-C(5)-0(1) 
91 .0  (3) C ( 5 ) - 0 ( 1 ) - ~ i ( 2 )  
91.2 (3) Si( l ) -Ni@)-O(l)  

124.3 (6) Ni(1)-S(l1)-C(1) 
123.9 (6) Ni(l)-S(lZ)-C(2) 
121.0 (6) Ni(l)-S(l3)-C(3) 
123 .5  (6) Ni(l)-S(l4)-C(4) 
124 .5  ( 7 )  S(13)-C(3)-0(23) 
122.9 ( 7 )  S(14)-C(4) O(24) 
116 .6  (8) S ( l l ) -C( l ) -C( l l )  
118.7 (8) S(12)-C(2)-C(21) 
119.1 (9) S(13)-C(3)-C(31) 
117.1 (8) S(14)-C(4)-C(41) 

Torsion Andes 

1.702 (10) 
1 .718 (10) 
1 , 7 0 7  (11) 
1.709 (10) 
1.244 (12) 
1.236 (11) 
1 .262 (12) 
1 .506 (14) 
1 .493 (13) 
1 .492 (14) 
1 ,484  (13) 
1.446 (13) 
2.873 (10) 
2.895 (10) 
2.867 (10) 
2 .855 (10) 

91.46 (13) 
88.67 (16) 
88.25 (13) 
89.15 (16) 
89.50 (15) 
8 9 . 1 1  (14) 
92 .33  (15) 
89 .06 (15)  

178.58 (26) 
177.35 (19) 
97.50 (16) 

112.9 (9) 
119.6 (6) 
178.2 (2 )  
103.8 (4) 
105.7 (3) 
106.9 (4) 
105.0 (3) 
123.2 ( 7 )  
124 .3  ( 7 )  
118.8 ( 7 )  
118.2  (7) 
117 .7  ( 7 )  
118.6 ( 7 )  

22.7 
6 6 . 8  

155.9 
111.7 
2 3 . 5  
65 .7  

158 .0  
112.9 

25 .1  
6 7 . 3  

156 .3  
114 2 
2 2 . 3  
6 6 . 7  

156.2 
114.6 

distances. This suggests that  the error estimates given 
are realistic. 

The geometry of the structure shows some interest- 
ing features which allow a plausible interpretation 
of the bonding and magnetic properties of the complex. 

FROM THE FRACTIONAL COORDINATES OF TABLE I BY APPLICATION 
OF THE MATRIX 

10,43600 -0.61221 -0.64686 
0.00000 11.64292 - 0.25870 
0.00000 0.00000 12. 67185 

7- Plane 7 

a b C d 

Sulfur atoms= -0,5304 0.0314 0.8471 1.3858 
Oxygen atomsb -0.5409 0.0218 0.8408 3,8252 
Ethanol residuec 0.3463 0.8986 0.2695 1 ,2184 
Phenyl 1 0.3765 0.4366 0.8171 2.8680 

Phenyl 3 0.8772 0.4336 0.2061 0.2223 
Phenyl 4 0.5551 -0.8152 0.1656 0.3328 
Thiocarboxyl Id 0.5552 0.4078 0.7248 2.1739 
Thiocarboxyl Zd -0.5119 0.8561 0.0708 0.8383 
Thiocarboxyl 3d 0.9259 0.3427 0.1585 0.3498 
Thiocarboxyl 4d 0.2183 -0.8280 0.5165 1.2399 

S(11), 0.019; S(12), -0.019; 9(13), 0.018; 
S(14), -0,018; Ni(l) ,  -0.024. * Deviations (A): 0(21),  
0.020; 0(22), -0.019; 0(23),  0.019; 0(24), -0.030; Ni(2), 
0.019. Deviation: 0(23'), 1.58 I%. The angles of tilt  of 
the four thiocarboxyl groups with respect to the planes of 
the phenyl rings to which they are attached are 168, 162, 173, 
and 152", respectively. 

Phenyl 2 0.3559 -0.9156 0.1872 0.0971 

a Deviations (A):  

TABLE V 
SELECTED INTERMOLECULAR CONTACTS (A) LESS THAX 3.8 A 

(1) Contacts between Asymmetric Units" 

S(11). . .S(l2) 3 .77  S(12)*..S(13) 3.40 
S(11).. .S(13) 3.78 S(14). . .C(22) 3.61 

Nl(1).  . .S(12) 2.81 S ( ld ) . . .S ( l2 )  3 .35  

( 2 )  Contacts between Neighboring Molecules in Different Cells 
S(12)...C(24) 21100 3.79 0 (24) . . . 0 (1 )  12001 3.39 
S(13). . .C(25) 11100 3.72 0(24) . . .C(36)  12001 3.41 
C(6). . .C(43) 22100 3.66 C ( 4 ) . . . 0 ( 1 )  12001 3 .55  
C(6). . .C(44) 22100 3.62 C(5) . . .C(36)  12001 3 .49  
C( lS) . . .C(23)  21100 3.64 0 ( 1 ) . . . C ( 3 6 )  12001 3 .34  
C(34). . .C(41) 22010 3.66 O(1).  . .C(46) 12001 3 .38  
S(14) . . .C(6)  12001 3.72 C(26). . .C(45) 12001 3.70 
O(P3). . .0(24) 12001 3.53 C(6 ) . . .C(6 )  12701 3.62 
O(23). . * C(6) 12001 3 .67  C(34) * * . C(35) 12011 3.6% 
0(23) . . . 0 (1 )  12001 2.86 C(35)***C(35)  120T1 3.31 
O(23). . .C(46) 12001 3.68 

a The first atom is a t  x,  y, z ,  as given in Table I ;  the second is a t  
e,  9 ,  i .  The five-digit code specifies the actual contact as 
follows: e.g , 21107, the first atom is a t  symmetry position 2, 
2, 9, i ,  in the basic unit cell; the second is a t  symmetry position 
1, r,  y, z ,  in the cell at x + 1, y ,  z - 1. 
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The metal-metal interaction is apparently sufficiently 
strong to induce the observed twist of the Ni-S and 
Ni-0 planes about the Ni-Ni axis needed to accommo- 
date the bite of the ligand. ( I t  is possible, but less 
likely, that this is simply the best solution to the pack- 
ing requirements.) However, although the Ni-Ni sep- 
aration is only slightly greater than that found in 
nickel metal,6 2.492 (<1) A, we believe that i t  cor- 
responds to only a weak interaction in this compound. 
We are led to this conclusion by the following p' ieces 
of evidence. First, the equatorial Ni-S bond distances 
are in the range of those found for square-planar 
complexes of nickel( 11) containing negatively charged 
sulfur donor all of which are low-spin 
complexes. Second, the fifth, axial, Ni-S interaction 
linking the dimers into tetramers in the crystal is 
clearly very weak being possibly no more than a di- 
pole-dipole attraction. Thus, its length is greater 
than those found for similar weak Ni-S interactions 
in bis(dithiobenzoato)nickel(II),6 2.77 ( I )  A, and in 
tetra(thiourea)nickel(II) thiosulfate, l2  2.72(4) -&. 111 
addition, it does not appear to survive in solution 
where molecular weight measurements indicate only 
dimers to be present. 

While the Xi-S distances indicate an effectively 
square-planar configuration for that  nickel atom, the 
Ni-0 distances are characteristic of high-spin octahe- 
dral or square-pyramidal nickel(I1) complexes. 13-17 

The complex has an observed temperature-inde- 
pendent magnetic moment of 2.40 BX/nickel(II) ion 
(0 = -1-0 o ) corresponding to the presence of two 
unpaired electron spins in the dimeric unit. It is 
clear from the geometry of the complex that the t w  
nickel atoms exist in quite different environments. If 
we assume that the two metal atoms interact only 
weakly with one another, then it is possible to ratio- 
nalize the magnetic behavior. We conclude that the 

( 5 )  W. B. Pearson, "Laitice Spacings and Structures of Metals and Al- 

(6) M. Bonamico, G. Dessy. and V. Fares, Chem. C o n i n z x ? ~ . ,  321 (196r3). 
( 7 )  G. F. Gasparri, 1'1. Kardelli, and A .  Villa, Acta C ~ y s l . ,  23, 384 (1967). 
(8) hI. Bonamico, G.  Dessy, C .  Mariani, -4, Yaciago, and L. Zamhonelli,  

(0) G. Peyronel and A. Pignedoli, i b : d . ,  23, Y O 8  (1967) .  
(10) M. Franzini, 2. K-iisl., 118, 393 ( lg63) .  
(11) D. J. Baker. U. C .  Goodall. and 11. S. Moss. Cheiit. Coinirzuil., 3 2 3  

(12) G. F. Gaspari-i, A.  Mangia, A.  Musatti ,  and  RB. Nardelli, Ada  Crysl . ,  

(13) H. C. Freeman and J. M. Guss, ibid., B24, 1133 (1968). 
(14) J. 41. Stewart ,  E. C. Lingafeltei-, and  J. D. Breazale, ibid., 14, 888 

(1961). 
(15) D. van der Helm and 11. B. Hossain, i b i d . ,  B26, 457 (1969). 
(16) P. L. Orioli, L S .  1 3  Vaira, and  L. Sacconi, J .  A,>%. Chem. SO(., 88, 4383 

(17) M. Ui Vaira and P. L. Orioli, I i ioip.  Cheiiz., 6 ,  400 (lr367). 

loys," Pergamon Press Ltd . ,  London, 19.57. 

i b i d . ,  19, 619 (1965). 

(1969). 

B26, 203 (1969). 

(1966). 

effective coordination pattern for the nickel ion co- 
ordinated to the sulfur ligands is square planar and 
th:tt the weak axial interactions are not of sufficient 
strength to disturb the arrangement of orbital energies 
expected for such a configuration of local D~I ,  symmetry. 
For the other metal atom which is surrounded by five 
oxygen donors the effective local symmetry will be C.i,. 

For the D4h nickel atom the strong ligand field 
results in coniplete pairing of the electron spins and a 
singlet ground state. 18--20 Ciampolini had discussed 
the splitting of terms for the nickel(I1) ion in a field 
of C4v symmetry.21 Yh-ith the exception of large field 
strengths, such as those resulting from P or As donors, 
the ion is expected to have a triplet ground state. Thus, 
for the dimer, the only significant contribution to 
the magnetic moment will come from this nickel ion 
and will be characteristic of two unpaired electrons, 
in agreement with observation. Finally, Ciampolini2 
and Sacconi, et al., have studied the reflectance 
spectra of some high-spin square-pyramidal nickel(I1) 
complexes. Characteristic of these spectra is a low- 
energy absorption band, assigned to the transition 
%I --t 3E in Cq, symmetry, a t  7700 cni-'. Such a 
band is also observed in the reflectance spectra of 
these thiocarboxylate complexes. 

The presence of different coordination environments 
within a crystal associated with apparently anomalous 
magnetic properties has been described previously by 
Kilbourn, P o ~ l l ,  and Darbyshire for the interallogon 
compound bis(benzyldipheny1phosphinato)dibromo- 
nickel(II)23 and by Nyburg and Wood for the so-called 
Lifschitz complexes, 24  However, we believe this to 
be the first case observed where one chelating ligand 
n-ith two different ligand donor types produces this 
effect within a single molecule giving rise to an intra- 
allogon compound. 

While this article was in preparation, our attention 
was drawn to a preliminary communication by Bon- 
amico, Dessy, and Faresz6 describing a structure anal- 
ysis of this compound undertaken using photographic 
data. Their results appear to be in good agreement 
wLth those reported here. 

(18) C .  Furlani and M. L. Luciani, 1770i.g. Chem., 7, 15% (l!)ti8). 
(10) J. P. Fackler and U. Coucouvanis, J .  A m .  Chew%. Soc., 68 ,  3913 

(20) B. S .  Figgis and J. Lewis, P ~ u g ? .  Z?aoig. C h c m . ,  6, 37 (1964). 
(21) M. Ciampulini, Inoi,g. Chewz., 5,  35 (1966). 
( 2 2 )  L. Sacconi, P. Nanneli, N. S a r d i ,  and  U. Campigli, i b i d . ,  4, U13 

(23) B. T. Kilboui-n, €1. >,I, Powell, and J. -4. C. Uarbyshire, PYOC. Che?n. 

(24) S. C .  S y b u r g a n d  J.  S.  Wood. i i m r ~ .  Chciiz., 3, 465 (1964). 
(26) hl. Ronamico, G. Uessy, and 7'. Fares, C h e m  COlil77%Zk;Z.,  6!)7 (lUn!)). 

(1966). 

(1965). 

Soc. ,  207 (1963). 


