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product is thermally unstable and isomerizes under the 
reaction conditions to produce what may well be the 
more stable cis product. A second route to the ob- 
served product involves collapse of the original trans- 
octahedral structure to a trigonal-bipyramidal inter- 
mediate. This intermediate is considered to have the 
fluoro ligand in an apical position and one of the ethyl- 
enediamine ligands in the trigonal plane. The re- 
maining apical and trigonal positions are occupied by 
the second ethylenediamine molecule. 

After the collapse of the octahedron the entering 
anion attacks in the trigonal plane of the intermediate 
to produce a cis product. At the present time i t  is 

not possible to prove or disprove either of the proposed 
routeg to the final product. However, we are cur- 
rently investigating various synthetic approaches to 
complexes of the type trans- [Cr(en)zFX]n+ which 
should shed some light on the nature of the intermedi- 
ates involved in the synthesis of the cis complexes. 
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The crystal and molecular structure of the high-spin complex triphenylmethylarsonium bi~(toluene-3,4-dithiolato)cobaltate- 
0.5-ethanol, [ (COH~)~(CHI)AS] [Co(tdt)z] ' 0 .  ~ C Z H ~ O H ,  has been determined from three-dimensional single-crystal X-ray 
data collected by counter methods. The structure has been refined by least-squares procedures to a conventional R factor 
of 0.063 for 1108 nonzero reflections. The complex crystallizes in space group P i  of the triclinic system with two molecules 
in auni t  cell of dimensionsa = 18.61 f O . O l , p  = 10.848 f 0.006, c = 10.206 f 0.005 A, CY = 112.45 f 0.02', @ = 71.55 f 
0.02", y = 115.90 zt 0.02", and V = 1685.4 A3. An observed density of 1.359 f 0.010 g/cm3 is in excellent agreement with 
the calculated value of 1.355 g/cm3 for 2 = 2. The Co(tdt)z- anions are crystallographically required to have centers of 
symmetry since the two cobalts per unit cell occupy the (0, 0, 0) and ( l / z ,  0, l / z )  special positions of the space group. The S4 
coordination about the cobalts is very nearly square planar with average intra- a?d interligand S S  distances of 3.098 and 
3.028 respectively, and estimated standard deviations for these values of 0.007 A. The planar Co(tdt)2- anions have an  
ordered trans configuration of the tdt  ligand methyl groups and thus possess CZh symmetry. The ( C ~ H E ) ~ ( C H ~ ) A S +  cation 
has its expected tetrahedral geometry about arsenic. Ethanol solvent molecules were trapped during crystallization of the 
complex, presumably because of the asymmetric nature of the cation. These solvent molecules are disordered about the 
(0, l/2,0) center of symmetry with only one molecule per unit cell. Thus, the crystal structure of the complex consists of the 
packing of essentially planar anions, bulky cations, and trapped solvent molecules. The anions are well separated and 
exhibit none of the magnetic interactions which characterize the structures of the other related mononegative bis complexes. 
A ground-state electronic structural assignment for the spin-triplet Co(tdt)z- complex is proposed on the basis of molecular 
orbitals calculated for a closely related nickel complex using the observed structural parameters. 

Introduction 
The bidentate sulfur-donor ligand systems of types 

I and I1 have been found to be excellent stabilizers of 
the square-planar geometry for a wide variety of metals 
and ground-state configurations. Although we show 
I and I1 in their classical dianion formulation, it is 

x 

Q = CH, CFI, CBHE, CHI, H X = Y 2 H, CHa, C1 
X = Y = H , Z = C H 3  
X = H , Y  = Z = CH3 

I I1 

(1) Metcalf Research Laboratories, Department of Chemistry Brown 
University, Providence, R. I. 02912. 

clear from electronic and molecular structural studies 
that these ligand systems coordinate to form unsat- 
urated five-membered metal-chelate rings in which 
?r bonding plays an important stabilizing role. Com- 
plexes of the four ligand systems maleonitriledithiolate 
(mnt, I with Q = CN), cis-stilbenedithiolate (S2C2- 
(CeHb) 2) , cis- 1,2-bis(triAuoromethyl) ethylenedithiolate 
(SzCz(CF&), and toluene-3,4-dithiolate (tdt, I1 
with X = Y = H, 2 = CH3) have received particular 
attention in these studies. 

The considerable interest and activity which de- 
(2) Four of the more recent papers dealing with the synthesis, char- 

acterization, and electronic structural properties of the his square-planar 
complexes and their oxidation-reduction reactions are: (a) G. N. Schrauzer 
and V. P. Mayweg. J .  Am. Chem. SOC., 87,3585 (1965); (b) R. Williams, E. 
Billig, J. H.  Waters, and H. B. Gray, ib id . ,  88, 43 (1966); (c) M. J. Baker- 
Hawkes, E. Billig, and H.  B. Gray, ib id . ,  88, 4870 (1966). (d) A. Davison, 
D. V. Howe, and E. T. Shawl, Inorg. Chem., 6, 458 (1907). References to 
earlier studies in this field are given therein. 
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veloped in the bis complexes of the bidentate sulfur- 
donor ligand systems have prompted several detailed 
structural investigations on them.3-8 Most of the 
structure determinations have been performed on mem- 
bers of the bis(maleonitriledithio1ate) series including 
the dianion of Nil3 the dianion of C O , ~  the monoanion 
of C U , ~  and the monoanion of Ni.? The coordination 
geometry surrounding the metals in these complexes 
is essentially square-planar and the point group sym- 
metry of all of the anions is very nearly D2h. Despite 
the differences that are found to exist in the packing of 
the molecules, the mnt series appears quite remarkable 
since no significant variations are observed in the 
geometry and dimensions of the anions in all four struc- 
tures. The molecular structure of the neutral com- 
plex Ni(S2C~(C6H5)Z) has also been reported8 and its 
coordination geometry is essentially identical with that 
found for the bis(mnt) anions, Recent studies, how- 
ever, have demonstrated that certain members of the 
bis complexes of Co and Fe exist as five-coordinate 
dimers in which the metal is surrounded by a square 
pyramid of sulfur  atom^.^^^ In  this paper and one to 
f ~ l l ~ w ,  Io we present the structure determinations of the 
two closely related monoanionic complexes bis(to1- 
~ene-3,4-dithiolato)cobaltate~~ and bis(3,4,5,6-tetra- 
chlorobenzene-1,2-dithiolato)cobaltate.2c These de- 
tailed structural studies play an important role in 
evaluating descriptions of the electronic structures of 
these bis complexes and in elucidating the factors 
which influence their tendency toward dimerization. 

The monoanion Co(tdt)z- is probably the most 
extraordinary of the bis complexes of the bidentate 
sulfur-donor ligand systems. The complex was first 
synthesized in 196311 and found to have a stable spin- 
triplet ground state in solid salts and in solutions 
utilizing a wide variety of solvents. Therefore, the 
complex Co(tdt)*- is the first apparent example of a 
square-planar transition metal complex possessing a 
high-spin ground-state configuration. A detailed sin- 
gle-crystal X-ray investigation was therefore under- 
taken in order to confirm the apparent square-planar 
coordination for the Co(tdt)Z- anion and to establish 
structural parameters for electronic structural studies of 
this unusual system. In addition, we believed it impor- 
tant to establish the packing of the Co(tdt)z- anions in 
the crystal since structural studies of the related com- 
plexes [ ( C G H ~ ) ~ ( C H ~ ) P ]  [Ni(mnt)z]7 and [(n-C4H9)4N]- 
[Cu(mnt)*l5 revealed the planar anionic units to lie in 
relatively close proximity to one another. Spin-spin 
interactions which may thus occur in the crystalline 

( 3 )  R. Eisenberg, 3. A. Ibers, R. J. H. Clark, and H. B. Gray, J. Am. Chem. 
SOL,  86,  113 (1964); R. Eisenberg and 5. A. Ibers, Inoug. Chem., 4, 605 
(1965). 

(4) J. D. Forrester, A. Zalkin, and D. H. Templeton, ib id . ,  3, 1500 (1964). 
( 5 )  J. D. Forrester. A. Zalkin, and D. H. Templeton, ib id . ,  S, 1507 (1964). 
( 6 )  J. H. Enemai-k and W. N. Lipscomb, ibid., 4, 1729 (1965). 
(7)  C. J. Fritchie, Acta Cryst . ,  20,  107 (1966). 
( 8 )  D. Sartain and M. R. Truter, Chem. Commun., 382 (1966). 
(9) (a) A. L. Balch and R.  H. Holm, ib id . ,  552 (1966); (b) G. N. Schrau- 

zer, V. P. Mayweg, H. W. Finck. and W. Heinrich, J .  A m .  Chem. Soc., 88, 
4604 (1966); (c )  W. C .  Hamilton and I. Bernal, Inorg. Chem., 6,2003 (1967). 

( IO)  ill. J. Baker-Hawkes, 2. Dori, R. Eisenherg, and H. B. Gray, J .  
A m .  Chem. Sor., in press. 

(11) H.  B. Gray and E. Billig, ibid. ,  85. 2019 (1963). 

state have been proposed as an important factor in the 
magnetic properties of the paramagnetic Xi(mnt)z- 
complex.12 

The structure determination of the (C6Hj)3(C!H3)As+ 
salt of the Co(tdt)z- complex anion proved considera- 
bly more difficult than was originally anticipated. 
Although a set of integrated precession intensity data 
was initially collected in 1964, the problem defied 
solution for reasons which became apparent when it 
was reinvestigated and solved in 1966. The space 
group and unit cell determinations along with certain 
preliminary considerations are taken from the work a t  
Brookhaven National Laboratory. A refinement of 
the cell constants, the collection of a new set of in- 
tensity data, and the solution of the structure were car- 
ried out a t  Columbia University. 

Unit Cell and Space Group Determination 
A generous supply of dark blue crystals of [(C6Hs)3- 

(CH3)As][Co(tdt)z] were kindly given to us by Dr. 
Raymond Williams.2b The crystals were examined 
optically and by Weissenberg and precession photog- 
raphy and found to belong to the triclinic system. A 
convenient primitive cell was chosen with the dimen- 
sions a = 18.60, b = 11.01, c = 10.32 A, a = 114.2", 
p = 71.0", y = 116.7", and IT = 1695 A3. A Del- 
aunay reduction performed on this cell failed to reveal 
the presence of any symmetry. The reduced cell 
parameters which were not used in any subsequent 
calculations are a = 18.09, b = 16.82, c = 10.32 A, 
a = 95.3", /3 = 103.6°, and y = 141.4'. No piezo- 
electric effect was looked for in the unit cell deter- 
mination. An experimental density of 1.36 f 0.03 
g/cm3 determined by pycnometry was in reasonable 
agreement with a value of 1.35 g/cm3 calculated for 
two [ ( C ~ H ~ ) ~ ( C H ~ ) A S ]  [Co(tdt)z] molecules using the 
preliminary cell constants given above. On the basis 
of these results, we assumed the centrosymmetric 
space group P i  for the complex. This assumption 
implies that no symmetry conditions need be imposed 
on the molecule and all of its atoms may occupy general 
positions of the space group. Although this was found 
not to be the case, the satisfactory agreement ulti- 
mately obtained between observed and calculated 
structure factors strongly suggests that  P i  is the cor- 
rect choice. 

Collection and Reduction of the Intensity Data 
A complete set of intensity data mas collected from a 

single crystal a t  room temperature using a Picker dif- 
fractometer fitted with a General Electric quarter- 
circle cradle. The crystal was mounted in the IL* di- 
rection on a eucentric goniometer head and aligned ac. 
curately on a Supper precession camera. After trans- 
ferring the crystal to the goniostat, the direction of 
a* was adjusted to coincide with the polar axis of the 
diffractometer by centering the LO0 reflections in a 
diffracting position at  x = 90" for all values of the 
polar or spindle angle +. ilpproximately 40 reflection.; 

(12) J F. Weiber, L. K. AIelby, and R. E. Benson, zbzd., 86. 4329 (1Y64). 
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of both general and special classes were then centered 
in the counter aperture by varying 20, x, and 4 in 
conjunction with the left-right and top-bottom 
balancing features of the variable receiving aperture. 
After this had been accomplished, the orientation and 
unit cell parameters were refined by a least-squares 
procedure using W. C. Hamilton’s mode 1 diffractom- 
eter setting program.lS The refinement yielded the 
following values of the cell constants and their esti- 
mated standard deviations: a = 18.61 f 0.01, 
b = 10.848 f 0.006, c = 10.206 f 0.005 f i ,  a = 
112.45 f 0.02”, ,6 = 71.55 f 0.02”, y = 115.90 f 
0.02”, and V = 1685.4 A3, The mosaic spread of the 
crystal was then determined from open source-nar- 
row counter w scans14 and found to be relatively iso- 
tropic with an average value of 0.30”. 

The intensities of 1142 independent reflections with 
an angular range ecu < 35” were measured by the 
stationary crystal-stationary counter technique using 
nickel-filtered Cu K a  radiation. Only a small number 
of reflections beyond 0 = 35” appeared to have signifi- 
cant intensity. Since these reflections are composed 
primarily of contributions from the heavy atoms, their 
intensities were not determined. The peak heights of 
the measured reflections were counted for 20-sec dura- 
tions while the background was measured in 10-sec 
counts both above and below the 20 value for each re- 
flection. The data were collected in two arbitrary 
segments, each being assigned its own scale factor. 
In processing the data, we considered a reflection to be 
unobserved if the peak count did not exceed the com- 
bined background counts for the reflection. The 
usual Lorentz-polarization factors were applied to the 
observed intensities to yield a set of Fo2 values, where 
F, is the observed structure factor amplitude. An 
absorption correction was then carried out for the ob- 
served structure amplitudes using the GO NO^ diffrac- 
tometer absorption program. The six crystal faces 
were first identified by optical goniometry and their 
dimensions carefully measured. With an absorption 
coefficient of 73.4 cm-’ and approximate crystal di- 
mensions of 0.36 X 0.19 X 0.08 mm, the resultant 
transmission coefficients were found to range from 0.23 
to  0.58. The Fo values were then brought to an 
approximate absolute scale through a modification of 
Wilson’s method. 

Solution and Refinement of the Structure 
Because of the assumption of space group P i  with 

two molecules in the unit cell and the rather asym- 
metric nature of the (C~H~)~(C&)AS+ cation, i t  was 
presumed that all atoms of the molecule occupy the 

(13) In addition to the mode 1 setting program, the main programs for 
the IBM 7094 used in this work were Hamilton’s GO NO^ diffractometer 
absorption program, the Busing-Levy ORFLS least-squares program, the 
Zalkin FORDAP Fourier program, the ORFPB function and error program, 
and the JGLS group refinement least-squares program written by J. A. I.  
Various other programs from the Brookhaven Crystallographic Library were 
also used in the investigation. Most of the computation was performed on 
Columbia‘s 7094. 

(14) T. C. Furnas, “Single Crystal Orienter Instruction Manual,” Gen- 
eral Electric Co., Milwaukee, Wis., 1967, Chapter 10, p 138. 

2(i) general positions of the space group f [x, y, z].15 

This presumption requires that the two Co(tdt)z- 
anions are symmetry related through a center of in- 
version. If, in addition, the complex anions are very 
nearly square planar, one would expect to see a high- 
density Patterson peak corresponding to the inter- 
molecular Co-Co vector which is also reinforced by 
intermolecular S-S vectors and C-C vectors. In  ad- 
dition, the presence of As in the unit cell yields doubly 
degenerate sets of As-Co and As-S vectors together 
with one nondegenerate As-As vector. 

Numerous models based on a computed three-di- 
mensional Patterson function were formulated in ac- 
cordance with the assumption of general positions, 
but none of these models was successfully refined. 
After a careful reexamination of the Patterson map a 
completely consistent set of vectors was derived in 
which the two cobalts per unit cell were located a t  the 
centers of symmetry (0, 0, 0) and ( l / 2 ,  0, l / 2 )  while 
the two arsenics remained in general positions of the 
space group. The positions of the four independent 
sulfur atoms were then quickly determined from the 
Patterson function. The positional parameters of 
the S and As atoms along with variable isotropic 
temperature factors assigned to each of them and the 
two CO’S were refined through several cycles of least 
squares. From a subsequent difference Fourier based 
on phases obtained from these heavy atoms, 11 of the 
12 anion benzene ring carbons and all 19 of the cation 
carbons were located in very reasonable positions. 
No attempt was made a t  this stage of refinement to 
find the methyl groups of the td t  ligands because of 
expected disorder in their positions. 

The trial structure was refined using the JGLS 
least-squares group refinement procedure in which the 
phenyl rings were constrained to their well-known 
geometry (D6h symmetry, C-C = 1.392 f i ,  C-H = 
1.08 A). The function minimized was Zw(Fo - F J 2  
where the weights w of the reflections were set equal 
to the squares of the reciprocals of the corresponding 
standard deviations u. The function (TLp) -I [ CT + 
CB + (O.OS(CT - CB))2]”z/2Fo was used to estimate 
the value of u for each reflection where CT is the total 
count, CB is the total background count, Lp is the 
Lorentz-polarization factor, and T is the transmission 
coefficient for the particular reflection.16 The neu- 
tral Co, As, S, and C scattering factors were taken 
from Ibers’ tabulation17 while the anomalous parts of 
the Co, As, and S scattering factors were obtained from 
Templeton’s tabulation1s and included in the calculated 
structure factors.l9 

In the refinement, each phenyl ring was assigned a 
single variable isotropic thermal parameter and six 
variable positional parameters which include the three 

(15) “International Tables for X-Ray Crystallography,” The Kynoch 

(16) W. R. Busing and H .  A. Levy, J .  Chem. Phys . ,  26, 563 (1957). 
(17) J. A. Ibers, “International Tables for X-Ray Crystallography,” 

(18) D. H. Templeton, “International Tables for X-Ray Crystallogra 

(19) J. A. Ibers and W. C. Hamilton, Acta Crysf., 17, 781 (1964). 

Press, Vol. I ,  Birmingham, England, 1965, p 75. 

Vol. 3, The Kynoch Press, Birmingham, England, 1965, Table 3.3.1A. 

phy,” Val. 3, The Kynoch Press, Birmingham, England, 1965, Table 3.3.2B. 
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fractional coordinates of the ring center and three ro- 
tation angles describing the ring orientation. The 
initial refinement of the cation phenyl rings together 
with the 19 nongroup atoms, each of which had a var- 
iable isotropic temperature factor, converged to a con- 
ventional R factor (R = z ~ ~ F ~ I  - 1 ~ ~ l j / ~ l ~ ~ l )  of 
0.148 and a weighted R factor R’ (R’ = (Zzv(Fo - 
F,)2/Z~Fo2)1’n) of 0.168 for the 93 positional, scale, 
and thermal parameters A difference Fourier based 
on this refinement showed in the asymmetric unit six 
peaks with electron density greater than 1.2 e/A3 or 
approximately 50% of the height of a carbon atom in 
this structure. One of these peaks was easily identi- 
fied as the missing carbon atom in the benzene ring of 
one of the anions while two others were identified as 
the ordered methyl groups of the tdt  ligands. The 
three remaining peaks which were located more than 
3.5 from either the cations or anions were assigned 
as the atoms of a trapped molecule of ethanol from 
which the crystals had been grown. These six atoms 
were included in the next round of isotropic refine- 
ments but no attempt was made to distinguish which of 
the solvent atoms was oxygen. This refinement of 
117 positional, scale, and thermal parameters converged 
to conventional and weighted R factors of 0.093 and 
0.120 for 1113 nonzero reflections. 

A difference Fourier based on this refinement re- 
vealed electron density as high as 0.7 e/A near the ar- 
senic atoms and as high as 0 6 e/A3 in regions near the 
anions, thus providing evidence for some anisotropic 
vibration of the heavy atoms. The isotropic refine- 
ment also led to temperature factors for the solvent 
molecule ranging from 12 to 20 A2. This was the first 
indication that the solvent molecule sites in the unit 
cell may not be fully occupied. A subsequent re- 
determination of the density and an elemental analysis 
later confirmed this notion.20 

After the elimination of several indexing and punching 
errors, a further refinement was carried out in which 
the Co, As, and S atoms were allowed to vibrate an- 
isotropically, while all other atoms were restricted to 

(20) I n  order to estahlish clearly whether or not an ethanol molecule was 
present in the asymmetric unit, the density was carefully redetermined by 
pycnometric methods and yielded an  experimental value of 1.359 f 0.010 
g/ems, Densities were then calculated for several molecular formulas with 
the use of the refined cell constants. These calculated values are: (a) 
[(CsHa)s(CHa)As] [Co(tdt)z], po = 1.312 g/cmS; (b) [(C~HI)S(CHS)ASI- 
[Co(tdt)al ‘CZHKOH, po = 1.399 g/cmS; (c) [(CaHs)s(CHs)As] [Co(tdt)z]. 
O.bC*HsOH, pa = 1.355 g/cms. Clearly, the values for (a) and (b) are in 
significant disagreement with the experimental density and strongly indicate 
the improbability of either molecular formula. On the other hand, the cal- 
culated density for the hemiethanolate ( c )  is in excellent agreement with the 
experimental value of 1.359 g/cma. Crystals from the sample used in the 
X-ray investigation were then submitted for elemental analysis, including a 
direct oxygen determination, to Midwest Microlab., Inc. Anal. Calcd for 
[(CaHa)s(CHa)As][Co(tdt)n]: C, 57.56; H, 4.36; 0, 0.00; S, 18.60. Calcd 
for ((CsH6)~(CHs)As][Co(tdt)~] ‘C?HsOH: C, 57.22; H, 4.90; 0, 2.18; S, 
17.44. Calcd for [(C~HK)~(CH~).~S][CO(~~~)P].O.~C~HKOH: C, 57.38; H, 
4.64; 0, 1.13; S, 18.00, Found: C, 57.65; H, 4.66; 0, 1.23; S, 17.75. 
The analytical data thus appear to favor the hemiethanolate formula, and 
the direct determination of 1,23’% oxygen provides positive evidence that 
trapped ethanol molecules are present in the crystal. The density and 
analytical results strongly support conclusions based on an examination of 
the finaldistances of the complex which indicates that  only one ethanol mole- 
cule can be present in each unit cell. This examination and conclusions 
based on i t  are discussed in the text. The very satisfactory agreement which 
was ultimately obtained in the refinement is taken as further confirmation 
of the correctness of the hemiethanolate assignment. 

isotropic vibration. In addition, fixed contributions 
from the phenyl ring hydrogens were added to the 
calculatcd structure factors. This final refinement of 
150 positional, thermal, and group parameters con- 
verged to the final conventional and weighted K fac- 
tors of 0.063 and 0.077, respectively. With the weight- 
ing scheme employed, the estimate of the standard 
deviation of an observation of unit weight has the 
value 2.77. The final agreement between F, and 1 F,I 
for reflections of high intensity appears good, thui 
indicating the reasonableness of the 0.03 factor used 
in the estimation of g ( F 2 ) .  A difference Fourier 
based on this refinement showed no peaks higher than 
0.45 e/A3 or about 20% of the height of a carbon atom, 
and reasonable positions were found for 12 of the re- 
maining 18 hydrogen atoms in the asymmetric unit. 
The contributions of these additional hydrogens to 
1 F,I were not included in any additional calculations. 

The parameters obtained in this final round of 
calculations are taken as the final parameters for the 
structure and are given in Table I. Standard devia- 
tions, as obtained from the inverse matrix, are also 
given. Table I1 lists the fractional coordinates of the 
cation phenyl ring carbon atoms which can be derived 
from the group parameters in Table I. 

The Fa and IF,\ values (in electrons X 10) for the 
1108 observed reflections included in the final re- 
finement are tabulated in Table 111. The 1F,l 
values for the unobserved reflections are omitted from 
this table. 

The anisotropic thermal parameters can be inter- 
preted in terms of the real amplitudes of vibration, 
since they are essentially uncorrelated with the scale 
factors. It should also be noted that in the partial 
anisotropic refinement, 35 carbon atoms including the 
phenyl ring carbons and the solvent atoms were re- 
stricted to isotropic vibration. In Table IV, the 
principal values of the root-mean-square amplitudes 
of vibration are listed. The orientations of the ther- 
mal ellipsoids, which may be derived from the parame- 
ters in Table I, are shown in Figure 1. 

In order to check the correctness and accuracy of the 
initial set of integrated precession data, a final struc- 
ture factor calculation was performed using the param- 
eters of Table I. Only the scale factors for the dif- 
ferent levels and zones were adjusted. This calcu- 
lation yielded an agreement factor of R = 0.143 be- 
tween the 998 structure amplitudes from the preces- 
sion data and the final calculated structure factors. 
The precession data, which were collected using M o  
KCY radiation, were uncorrected for absorption. Thus, 
the precession data which were of good quality could 
have led to essentially the same structure. 

Description of the Structure 
The location of the Co atoms a t  centers of symmetry 

removes the constraint that all of the anions in the 
crystal must be parallel but necessitates the immediate 
coordination geometry around the cobalts to be planar. 
The Cos4 geometry is, in fact, very nearly squarc 
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TABLE I 
FINAL PARAMETERS FOR [(C6H&(CH3)As] [ C ~ ( t d t ) ~ ]  -0.5CzHsOH 

Atomic Positional and Isotopic Thermal Parameters 
X Y Z 

0.0000 0.0000 0.0000 
0.5000 0.0000 0.5000 
0.2686 (l)a -0.0431 (2) 0.0115 (2) 

-0.0243 (2) 0.1310 (6) 0.2182 (4) 
0.5178 (3) 0.2228 (6) 0.5592 (5) 
0.3727 (3) -0.0607 (6) 0.4953 (5) 
0.1299 (9) 0.295 (2) 0.125 (2) 
0.0667 (9) 0.282 (2) 0.239 (2) 
0.074 (1) 0.388 (2) 0.374 (2) 
0.148 (1) 0.505 (2) 0.386 (2) 
0.2110 (9) 0.521 (2) 0.274 (2) 
0.203 (1) 0.415 (2) 0.136 (2) 
0.423 (1) 0.229 (3) 0.572 (2) 
0.356 (1) 0.104 (2) 0.546 (2) 
0.277 (1) 0.099 (3) 0.552 (2) 
0.275(1) 0 ,238  (3) 0.585 (2) 
0.338 (2) 0.364 (3) 0.612 (2) 
0.412 (1) 0.359 (3) 0.600 (2) 
0.158 (1) 0.618 (2) 0.537 (2) 
0.193 (1) 0.247 (3) 0.597 (2) 

0.006 (2) 0.395 (4) 0.025 (3) 

0 * 1201 (2) 0.1576 (5) -0.0402 (4) 

0.2248 (9) -0.109 (2) -0,164 (2) 

0.045 (4) . 0.485 (7) -0.049 (6) 
0.113 (3) 0.549 (5) -0.111 ( 5 )  

P I P  

0.0043 (2) 
0.0055 (2) 
0.00379 (9) 
0.0048 (2) 
0.0046 (2) 
0.0072 (3) 
0.0054 (3) 

Anisotropic Thermal Parameters 
Pas 888 BL2 

0.0127 (8) 0.0113 (6) 0.0034 (3) 

0.0120 (4) 0.0078 (3) 0.0026 (1) 
0.0129 (9) 0.0113 (7) 0.0028 (4) 
0.0138 (8) 0.0107 (6) 0.0023 (4) 
0.0160 (1) 0.0170 (8) 0.0017 (4) 
0.023 (1) 0.0136 (8) 0.0006 (4) 

0.0170 (8) 0.0090 (5) 0.0012 (3) 

B1a 

-0.0022 (2) 
-0.0021 (3) 
-0.0014 (1) 
- 0.0013 (3) 
-0.0016 (3) 
-0.0036 (4) 
-0.0020 (3) 

Group Positional and Thermal Parameters 

0.1127 (5) -0.135 (1) 0.2624 (8) 3.391 (8) 0.005 (7) 2.584 (6) 
0.3589 (4) 0.3064 (9) 0.0973 (8) 2.57 (2) 1.246 (7) 1.61 (2) 
0.4060 (5) -0.1754 (8) -0.0329 (8) 2.32 (7) 1.477 (6) 6.31 (7) 

Xed Y o  ee d 8 P 

B, A2 

. . .  

... 

. . .  

. . .  

... 

... 

. . .  
4.2  (4) 
3 .9  (4) 
5 . 9  (5) 

4 .7  (4) 
5 .7  (5) 
6 . 6  (5) 
5.9 15) 
7 . 5  (5) 
8.4 (6) 
9 . 3  (6) 
8 .7  (6) 

11 .7(7)  

4 .6  (4)  

7.3  (5) 

4 .9  (4) 
11.9 (8) 

19 (1) 
25 (2) 

818 

0.0001 (5) 
0.0026 (6) 
0.0012 (3) 
0.0009 (7) 
0.0015 (6) 
0.0024 (7) 
0.0041 (8) 

R, A 2  

5 . 9  (2) 
4 .7  (2) 
4.9 (2) 

a The numbers in parentheses here and in succeeding tables are estimated standard deviations in the least significant digits. * X ( l ) ,  
X(2), and X(3) refer to the atoms of the trapped ethanol molecule which is discussed in the text. The positional and thermal parameters 
given above are taken from the final round of calculations in which the multiplicity factors of these atoms were held fixed a t  1.0 and all 
three atoms were assigned carbon atom scattering factors. An additional calculation in which X(1), X(2), and X(3) were assigned fixed 
multiplicity factors of 0.5 and X(1) was assumed to be the ethanol oxygen yielded the following parameters for the three atoms. 

Atom X Y P B, At 

XU)  (oxygen) 0.007 (2) 0.400 (3) 0.023 (3) 7 .9  (7) 
X(2) 0.046 (3) 0.499 (6) -0.050 (5) 9 (1) 
X(3) 0.113 (2) 0.547 (4) -0.109 (4) 7 (1) 

c The form of the anisotropic thermal ellipsoid is: exp[ - ( P I I ~ ~  + &k2 + Pad2 + 2&hk f 2613hl + 2P~skZ)l. xc, yo, and ze are the 
fractional coordinates of the ring centers. The angles +, 0, and p (in radians) are the ring orientation angles which bring about align- 
ment (except for translation) of an internal coordinate system within the ring with a fixed external coordinate system which have been 
defined in previous papers. See, for example, R. Eisenberg and J. A. Ibers, Inorg. Chem., 4,773 (1965), or S. J. La Placa and J. A. Ibers, 
Acta Cryst., 18, 511 (1965). 

planar with average intra- and interligand S-S dis- 
tances of 3.098 and 3.028 A, respectively, and esti- 
mated standard deviations for these values of 0.007 i% 

Principal intramolecular distances and angles for the 
complex are tabulated in Table V. In addition, the 
two Co(tdt)z- anions are shown with their dimensions 
in Figure 1. The average Co-S and S-C bond lengths 
of 2.166 and 1.78 k agree reasonably well with the cor- 
responding distances which have been found in the re- 

lated bis(mnt) structures (2.161 and 1.72 A in Co- 
(mnt)22-,4 2.146 and 1.71 in Ni(mnt)z-,' 2.166 and 
1.76 A in N i ( r n n t ) ~ ~ - , ~  and 2.170 and 1.72 A in Cu- 
(mnt)2- 6). 

Both anions are essentially planar and possess C2h 
symmetry although only Ci symmetry is required. The 
Co atoms necessarily sit on the best weighted least- 
squares planes through the entire anion units. In  
Table VI, the equations of the best least-squares 
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TABLE I1 
DERIVED PARAMETERS FOR GROUP CARBON ATOMS 

Group atoma X Y 2 

R ( l ) C ( l )  0.1823 (6)’ -0.092 (1) 0.162 (1) 

R(l)C(3) 0.0960 (8) -0.252 (1) 0.307 (1) 
R( l )C(4)  0.0431 (6) -0.178(1) 0.363 (1) 
R(l )C(5)  0.0599 (7) -0.060 (1) 0.318 (1) 
R(l)C(6) 0.1294 (8) -0.018 (1) 0.217 (1) 

K(Z)C(l) 0.3188 (6) 0.159 (1) 0.063 (1) 
R(2)C(2) 0.3262 (6) 0.238 (1) 0.205 (1) 
R(2)C(3) 0.3663 (6) 0.386 (1) 0.239 (1) 
R(2)C(4) 0.3989 (6) 0.454 (1) 0.132 (1) 

R(l)C(2)  0.1655 (7) -0.210 (1) 0.207 (1) 

R(2)C(5) 0.3915 (7) 0.375 (1) -0.011 (1) 
R(2)C(G) 0.3514 (7) 0.227(1) -0.045 (1) 

R(3)C(1) 0.3469 (6) -0.121 (1) -0.014(1) 
R(3)C(2) 0.3714(7) -0.113 (1) 0.105 (1) 
R(3)C(3) 0.4305 (7) -0.167 (1) 0.087 (1) 
R(3)C(4) 0.4651 (6) -0.229 (1) -0.051 (1) 
R(3)C(5) 0.4406(7) -0.238(1) -0.171 (1) 
R(3)C(6) 0.3815(7) -0.184(1) -0,152(1) 

LL C(1) is attached to As. The other C atoms are numbered 
in succession so that C(4) is para to  C(1). * The errors are de- 
rived from estimated errors in the group parameters and are 
meant to be used in error analyses on inter-ring distances. As al- 
ways, intra-ring distances are fixed by the group refinement 
procedure. 

RNION 1 

ANION 2 

Figure 1.-The Co(tdt)s- anions showing their bond distances 
and ellipsoids of thermal motion. The ellipsoids have been 
scaled to 307, probability distributions. 

planes through the ligandsz1 and the distances of the 
atoms from their respective planes are given. Only 
three possibly significant deviations from planarity are 
noted in the anions. 

One of the most interesting and surprising features of 
the anion geometry is the complete ordering of the td t  
methyl groups which necessarily yields a trans con- 
figuration for the complex. It is possible that the 
trans isomer preferentially crystallizes out from a so- 
lution containing equal amounts of both geometric 
configurations. 

The (C~H~)S(CH~)AS+ cation had its expected tetra- 
(21’ W. C. Hamilton, A d a  C v y s l . ,  14, 185 (1961). 

hedral geometry about the arsenic. The independent 
cation distances and angles are listed in Table V. I t  
appears that, because of the asymmetric nature of the 
(C6Hj)8(CH3)As+ ion, enough volume remains unoc- 
cupied in the unit cell for an ethanol solvent molecule 
to be trapped during crystallization. The ethanol 
atoms are represented in Table I as X(1), X(2), and 
X(3) with X(1) probably being the oxygen. As was 
previously mentioned, the high-temperature factors 
for these atoms were taken as an indication that the 
ethanol molecule sites are not fully occupied. An 
examination of the final distances calculated for the 
complex reveals that the ethanol molecules can occupy 
only half of the solvent molecule sites and that they 
are probably disordered about the (0, l / z j  0) center oi  
,symmetry. Thus, the molecular formula of the com- 
plex is [(C6H5),(CH&%s] [ C ~ ( t d t ) ~ ]  .0.5C2H50H.20 An 
additional cycle of refinement was carried out in which 
X(I), X(2), and X(3) were assigned fixed multiplicity 
factors of 0.5. X(1) was also assumed t o  be the etha- 
nol oxygen. In  this final calculation, no anion or 
cation parameter changed by more than one standard 
deviation and the conventional and weighted R fac- 
tors remained a t  their previous values of 0.083 and 
0.077. The final parameters obtained for the ethanol 
molecule from this refinement are given in footnote b 
of Table I and the dimensions of the ethanol molecule 
are given in Table V. However, because of the ob- 
served disorder no true significance should be attached 
to these dimensions. 

The crystal structure of the complex consists of the 
packing of essentially planar anions, bulky cations, and 
trapped solvent molecules. The anions are very well 
separated with the nearest Co-Co distance being the 
lattice repeat value of 10.21 8. The calculated di- 
hedral angle between the two Co(tdt)z- anions in the 
unit cell is GO.So. A stereoview of the packing of the 
complex is presented in Figure 2. -411 intermolecular 
contacts in the crystal appear normal with the closest 
approaches to the two Co’s being made by phenyl hy- 
drogens a t  distances of 3.34 and 3.28 8, respectively. 
The nearest approach of the ethanol molecule to the 
planar anions occurs between X(1) and C(1) a t  ap- 
proximately 3.5 8. An examination of the thermal 
parameters in Table I also indicates that  in the crystal, 
anion 2 is vibrating more freely than anion 1. 

Discussion 
The Co(tdt)z- anions in [(C6H,)3(CH,)As] [Co- 

(tdt)2 1 .  0.3C2H50H are completely separated whereas 
in the [(C6Hj)3(CHJP] [Ni(mnt)2I7 and [(n-GHg)D]- 
[Cu(mnt),]j complexes the monoanionic planar units 
are separated by less that  4.5 On the basis of the 
reasonably close proximity of the anions in the [(G- 
Hh)a(CH3)P] [Ni(mnt),] structure, the low magnetic 
moment determined for that complex in the solid 
(peff ,- 1.0 BM) was explained by a spin-quenching 
mechanism in which magnetic interactions were pro- 

(22) I n  the [(CsHa)a(CHa)Pl[Si(mnt)z] crystal, the observed Ni . .  .Ni 
The observed Ci i . .  .Cu distances in [ ( i z -  distances are 4.40 and 4.45 A. 

CiRp)aNI1Cu(mnt)r] are 4.03 and 4.43 A. 
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TABLE I11 
OBSERVED AND CALCULATED STRUCTURE FACTOR AMPLITUDES (IN ELECTRONS X 10) FOR [ (CeH&(CH1)As] [Co(tdt)z] S O ,  5C2HbOH 

R L O.L U L  1 L 011 1.1 I L 0,s '.I I L 011 Chi I L 01, '1, I , 08s CII I , 01, '6, L L 0"s ' l l  I L " I S  C l l  ' 1 01s (11 

ROOT-MEAN-SQUARE AMPLITUDES OF VIBRATION (IN A )  
Atom Minimum Intermediate Maximum 

COO) 0.202 (6) 0.228 (6) 0.273 (6) 
c o  (2 1 0.193 (6) 0.253 (5) 0.331 (7) 
AS 0.180 (3)  0.226 (3) 0.242 (3) 
SU) 0.209 (7) 0.255 (6) 0.274 (9) 
S(2) 0.209 (7) 0.249 (6) 0.277 (9) 
S(3) 0.242 (7) 0.294 (7) 0.346 (8) 
S(4) 0.240 (7) 0.257 (7) 0.381 (10) 

posed between the closely spaced planar units.12 On 
the other hand, magnetic susceptibility measurements 
on Co(tdt)z- show the complex to be a full-spin triplet 
in the solid (peff = 3.18 BM) with no indication of any 
pairwise magnetic interactions. 2b The separation of 
the Co(tdt)2- anions in the crystal is entirely consis- 
tent with these observations. 

The assignment of the unusual high-spin ground- 
state configuration of Co(tdt)z- represents an important 
step in elucidating the electronic structures of the 
ML2'- complexes containing the unsaturated bi- 
dentate sulfur ligand systems. A molecular orbital 
calculation of the SCCC type has recently been per- 
formed by Hawkes on the complex Ni(bdt)z- (bdt = 
benzene-1 ,a-dithiolate) assuming D 2 h  symmetry and 
using the structural parameters from C0(tdt)~-.~3 

This calculation, which assumes no hybridization of 
the sulfur 3s and 3p orbitals, yields an energy level 
ordering which differs significantly from that ob- 
tained in an earlier calculation by Shupack, et al., 
on the related Ni(mnt)2- system.24 In the earlier 
calculation, sulfur hybrid orbitals were employed for 
the in-plane (T and T bonding. The energy level or- 
dering proposed by HawkesZ3 gives good agreement with 
both optical and esr data for the NiL2"- (n = 0,1,2)  com- 
plexes whereas the earlier calculation exhibits incon- 
sistencies with the esr data for the monoanionic sys- 
tems. 25 

The ordering of the energy levels of interest ob- 
tained by Hawkes is 4a, - 5a, ( x 2  - y2, 9) < L ( T )  < 
3b3, (yz) < 4bza(xy) < 3b1, (xy) as opposed to the 
ordering of 3a, ( z 2 )  < 3b, (yz)  < L ( T )  < 4b2, (xz) < 
4a, (x2 - y2 )  < 3b1, (xy) put forth by Shupack, et al. 
Because of the consistency of the former with experi- 
mental data and the greater inherent accuracy of the 
more recent calculation in which no hybridization was 
assumed, we use the ordering proposed by Hawkes in 

(23) M. J. Hawkes, Ph.D. Thesis, Columbia University, 1967. 
(24) S. I. Shupack, E. Billip, R. J. H. Clark, R. Williams, and H. B. Gray, 

J .  Am.  Chem. Soc., 86, 4594 (1964). 
(25)  A. H. Maki, N. Edelstein, A. Davison, and It. H. Holm, ibid., 86, 4580 

(1964). 
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TABLE V 
PRINCIPAL INTRAMOLECULAR DISTANCES AND A T G L E S  

------L)istaor:es, Ab-----. .---------Angles, deg------- 

Anion 
Co(l)-S(l) 2.169 (4) S(l)-Co(l)-S(2) 91 .7  (2) 
Co(l)-S(2) 2.166 (4) S ( ~ ) - C O ( ~ ) - S ( ~ )  90.9 (2) 
CO(2)-S(3) 2.151 (6) CO(l)-S(l)-C(l) 104.7 (5) 
C0(2)-S(4) 2.177 (5) Co(l)-S(2)-C(2) 104.4 (5) 
S(1 )-S@ ) 3.112 (6) C0(2)4(3)-C(7) 106.0 (8) 
S(l)-S(2)’ 3.019 (6) Co(2)-S(3)-C(8) 106.1 (6) 
S(3)-S(4) 3.084 (9) S(l)-C(l)-C(2) 119 (1) 
S(3)-S(4)’ 3.037 (9) S(l)-C(l)-C(6) 119 (1) 
S(1 )-CU 1 1.77 (2) S(Z)-C(Z)-C(l) 120 (1) 
s ( 2  )-C (2 ) 1.77 (2) S(2)-C(Z)-C(3) 120 (1) 
S(3)-C(7) 1 .77 (2) S(3)-C(7)-C(8) 120 (1) 

C(l)-C(2) 1 .37  (2) S(4)-C(8)-C(7) 117 (2) 
C(2)-C(3) 1 . 4 2  (2) S(4)-C(8)-C(9) 119 (2) 
C(3)-C(4) 1 .42 (2) C(2)-C(3)-C(4) 118 (1) 
C(4)-C(5) 1 . 3 5  (2) C(3)-C(4)-C(5) 122 (2) 
C(5)-C(6) 1 .44 (2) C(i)-C(5j-C(6) 119 (1) 

S(4)-C(8) 1.80 (2) S(3)-C(7)-C(12) 122 (2) 

C(6)-C(1) 1 .41  (2) C(5j-C(6)-C(l) 118 (1) 
C(4)-CH3(1) 1 .56  (2) C(3)-3(4)-CHa(l) 118 (1) 
C(7)-C(8) 1 .38  (2) C(5j-C(4)-CH3(1) 120 (1) 
C(8)-C(9) 1 .42  (2) c(sj-c(g)-c(lo) 113 ( 2 )  
Ci9)-C(lO) 1 . 4 4  ( 3 )  C(9j-C(10)-C(ll) 126 ( 3 )  
C(lO)-C(ll) 1 .35 (3) C(l0)-C(l1)-C(l2) 118 ( 3 )  
C(ll)-C(12) 1 .36  (3) C(ll)-C(l2)-C(7) 122 (2) 
C(12)-C(7) 1 .42 (3) C(9)-C(10)-CHa(2) 117 (2) 
C(IO)-CHz(B) 1 .53  ( 3 )  C(ll)-C(lO)-CHZ(Z) 117 ( 3 )  

Cation 
As-AsCH:, 1 .96 (2) AsCHa--&-R(l)C(l) 109 
As-R(l)C(l) 1.88 (2) AsCH3-As-R(2)C(l) 109 
As-R(2)C(l) 1 .89  (2) AsCH~-AS-R(~)C(~)  112 
ils-R(3)C(l) 1.89 (2) R(l)C(l)-Xs- 108 

R(2)C(1) 
R(l)C(l)-As- 111 

R(3 )C( l )  
R (2 )C ( 1 )-As- 

R(3)C(1) 

Ethanol Molecules 

108 

S(l)-X(2)  1 , 3 5  (5) X(l)-X(2)-X(3) 135 (6) 
X(2)-X(3) 1.18 (5) 
a Because of the observed disorder, no true significance should 

be attached to  these values. Estimated standard deviations 
appear overly op timistic for these dimensions. 

TABLE VI 
BEST U‘EIGHTED LEAST-SQUARES P L A N E S  THROUGH THE tdt  

LIGANDS AND DISTAKCES O F  THE ATOXS FROM 

THEIR RESPECTIVE PLANESQ 
Atom ~ ) i s t a n c e ,  A Atom Distance, 

Anion 1:  13.852% - 9 . 4 1 6 ~  + 6.7282 = -0.100 
(Triclinic Coordinates) 

S(1) 0.008 (5) C(4) 0 .00 (2) 
S ( 2 )  -0.002 (5) Ci5) -0.02 (2) 
C(1) -0.04 (2) C(6) -0.08 (2) 
C(2) -0.02 (2) M(1) 0.10 (2) 
C(3) -0.01 (2) 

Anion 2: -0.9525 f 2 . 6 6 9 ~  - 9.8262 = -5.391 
(Triclinic Coordinates) 

S ( 3 )  -0.005 (5) C(10) 0 , 0 2  (2) 

C(8)  -0.05 (2) M(2) 0 .01  ( 3 )  

S(4) 0.004 (4) C(11) 0.03 (2) 
C(7) -0.03 (2) C(12) 0 .06 (2) 

C(9) -0.04 (2) 
a Weights were based 011 the variaiice-covariance matrix a s  

obtained from the f i r i d  cyclc ol least-squares refiiieineiit. 

Figure P.--These drawings present a view of the packing of 
[(CBHB)~(C€IB)AS] [Co(tdt)p] ,0.5C2HjOH in the crystal. The 
ethanol molecules are shown in both possible orientations. The 
drawings constitute a stereopair and may be viewed with a haiid 
viewer. 

suggesting a ground-state configuration for the Co- 
(tdt)2- complex. The separation of the 3b3, (yz) and 
4 b g  (xz) orbitals is apparently too small to yield a 
lowspin (3b3,) = ‘A, ground-state configuration, 
and the 3b3, (yz) and 4b2, (xz) levels are calculated to 
lie very close to one another. Thus, the predicted 
ground state is the spin-triplet configuration (3b3,) 
(4b2,)l = 3B1g and the two unpaired electrons are lo- 
cated in out-of-plane x orbitals which are delocalized 
over the entire complex. A full discussion of the elec- 
tronic structures of the complexes including de- 
tails of the calculation, population analyses, and ex- 
perimental data will be presented in a forthcoming 
papersz6 
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