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The crystal and molecular structure of the tetra-n-butylammonium salt of the o-phenanthroline adduct C O ( S ~ C ~ H ~ ( C H ~ ) ) ~ ( O -  
phen)- has been determined from three-dimensional single-crystal X-ray diffraction data collected by counter techniques. 
The structure has been refined by least-squares methods to a conventional R factor of 0.091 for 1425 statistically reliable 
reflections. The complex crystallizes in space group P21/'c of the monoclinic system in a unit cell of dimensions a = 9.73 ( 2 )  
A, b = 20.90 (3) A, c = 22.37 (3) A, p = 112.0 (l) ' ,  and P = 4216 A3. The experimental density is 1.26 (3) g/cm3; the 
calculated value is 1.24 g/cm3 for 2 = 4. The coordination geometry about the cobalt ion is that of a tris-chelated octa- 
hedron of dimensions which are in c!,,, agreement with those found for the related adduct Co(SzCz(CN)z)z(o-phen)-. The 
average Co-N distance is 2.04 (2) A and the N-Co-N bond angle is 80.3 (9)". As in Co(SzCz(CN)s)z(o-phen)-, the Co-S 
distances exhibit slight but significant differences depending upon whether they are trans to a y t h e r  sulfur donor atom (aver- 
age Co-S distance of 2.253 (7) A)  or trans to an a-phenanthroline nitrogen donor (2.215 (7) A).  The structure shows dis- 
order in the position of the toluene-3,4-dithiolate methyl groups and the terminal atoms of three of the n-butyl chains of the 
cation. All other bond distances, bond angles, and intermolecular contacts are normal. The bonding in the two adducts 
Co(S&H3(CH3))~(o-phen)- and Co(SzCz(CN)z)%(o-phen)- thus appears to be similar and it is concluded that the difference in 
the equilibrium + o-phen Ft Co(o-phen)-Se- for the two dithiolene complexes is primarily due to differences in the 
relative stabilities of the original bis complexes. 

Introduction 
In the preceding paper,2 the molecular structure 

determination of the o-phenanthroline adduct of the 
anionic complex Co(SG(CN)&- was described. In 
this paper, we present the crystal and molecular struc- 
ture of the tetra-nkbutylammonium salt of the o-phen- 
anthroline adduct, of the related complex Co (SzCeH3- 
(CH3))2-. This pair of structure determinations was 
undertaken because of the greatly differing chemical 
and magnetic properties of the two complexes Co(SzC2- 
(CN)2)2- and CO(S~C~H~(CH, ) )~ - .  The former com- 
plex, which should be written correctly as Co2(S2C2- 
(CN)Z)~~- ,  exists in the solid state and in a variety of 
solutions as a diamagnetic five-coordinate dimer3 
which cleaves in the presence of coordinating solvents 
and Lewis bases to form relatively stable five- and six- 
coordinate a d d u ~ t s . ~ , j  On the other hand, the complex 
C O ( S ~ C ~ H ~ ( C H ~ ) ) ~ -  exists as a truly monomeric square- 
planar complex with an unusual spin triplet ground 
state6 and forms only relatively unstable six-coordinate 
adducts with bidentate ligands such as o-phenanthroline 
and diarsine.* The very significant difference in the 
equilibrium c0-6- + o-phen $ Co(o-phen)-S4- for 
the two systems and, also, the difference in the ease 
with which the adducts dissociate suggested that the 
adducts might exhibit significant structural differences. 
A detailed comparison of the two adduct structures and 
a discussion relating the structural results to the proper- 
ties of the adducts are also presented in this paper. 

(1) National Institutes of Health Predoctoral Fellow, 1969-1970. 
(2) G. P. Khare and R. Eisenberg, Inovg. Chem., 9 ,  2211 (1970). 
(3) A. Davison, D. V. Howe, and E. T. Shawl, ibid. ,  6, 458 (1967). 
(4) C. H. Langford, E. Billig, S. I. Shupack, and H.  B. Gray, J. Amev. 

(5) A. L. Balch, Inovg. Chem., 6,  2158 (1967). 
(6) R. Williams, E. Billig, J. H. Waters, and H.  R. Gray, J A m w .  C h p ~ n .  

Chem. SOC., 86, 2958 (1964). 

SOG., 88, 43 (1966). 

Collection and Reduction of the X-Ray Data 
The o-phenanthroline adduct of the complex [(n- 

C4H9)4N] [Co(S2C6H3(CH3))2] was prepared in a manner 
similar to that of Langford, et aL4 Recrystallization 
was performed from an acetone-2-propanol solution 
containing excess o-phenanthroline, and green-black 
crystals of [(n-C4H9),N] [CO(SZC~H~(CH~))~(O-~~~~) ] 
suitable for a single-crystal X-ray study were thus 
obtained. It was necessary to have an excess of 
o-phenanthroline in the solution in order to crystallize 
the adduct since otherwise only crystals of the planar 
complex [(n-C4Hg)4N] [CO(SZC~H~(CHZ))~]  were ob- 
tained. It was also necessary to use the larger cation 
(n-C4H9)4N+, as opposed to (CzHb)gN+ or (n-C3H.r)4N+, 
in order to obtain crystals suitable for single-crystal 
X-ray analysis. 

A crystal of approximate dimensions 0.33 X 0.17 X 
0.14 mm parallel to a,  6 ,  c, respectively, was mounted 
along the a axis and optically"a1igned. Weissenberg 
and precession photographs taken with M'o KCY radia- 
tion indicated that the complex crystallizes in a mono- 
clinic unit cell of refined (vide infra) dimensions a = 9.73 
(2) 8, b = 20.90 (3) A, c = 22.37 (3) 8, p = 112.0 (l)', 
and I/ = 4216 A3. An experimental density of 1.26 (3) 
g/'cm3 was determined using the flotation method with 
benzene-carbon tetrachloride solutions, which is in 
good agreement with a calculated value of 1.24 g/cm" 
for four molecules per unit cell. The extinctions of 
h01 for I odd and OkO for k odd observed from Weissen- 
berg photographs of the Okl, l k l ,  and 2kl zones and 
precession photographs of the hkO, h k l ,  h01, and hll 
zones uniquely determine the space group to be P21/ 
c-CZh5 (no. 14).' 

(7) "International Tables for X-Ray Crystallography." 1'0% I ,  Kyrioch 
Press, Birmingham, England, 10115, p 99. 



DITHIOLENE COMPLEX ADDUCTS lnorganic Chemistry, Vol. 9, No. 10, 1970 2219 

Intensity data were collected a t  room temperature 
using a Picker four-circle automated diffractometer. 
Twelve reflections of both general and special classes 
were 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. 
The orientation angles and unit cell parameters were 
then refined using the least-squares refinement proce- 
dure of Hamilton’s  MODE^ diffractometer setting pro- 

The mosaic spread of the crystal was de- 
termined using the open-counter, narrow-source w-scan 
techniqueg and found to have an average value of 0.3”. 
An independent set of intensity data was collected by 
the 6-26 scan technique using Ni-filtered Cu K a  radia- 
tion. The intensities were measured using a scintilla- 
tion detector in conjunction with pulse height analysis. 
The scan range was from -0.75 to +0.75’ of the 20 
value of the reflection with a scan rate of lo/min and 
10-sec background counts collected a t  both ends of 
the 26 scan range. Data were collected for values of 26 
ranging from 5 to 80’ and a total of 2711 independent 
reflections were measured. During data collection, the 
intensities of four standard reflections in different 
regions of reciprocal space were monitored after every 
100 reflections measured. None of these standards 
deviated from its mean value by more than 4.5y0 
during the time required to collect the data. 

After the data had been corrected for background, the 
usual Lorentz and polarization factors were applied to 
the observed intensities to yield a set of IFo12 values, 
where !FoI is the observed structure factor amplitude. 
Of the 2711 independent reflections measured, only 
1453 had values above u (vide infra) while 543 reflections 
had negative net intensities. An absorption correction 
was then applied to the observed structure amplitudes. 
With an absorption coefficient of 51.1 cm-l, the resul- 
tant transmission coefficients are found to range between 
0.50 and 0.58. 

Solution and Refinement of the Structure 

From a sharpened, origin-removed three-dimensional 
Patterson function, the positions of the cobalt and four 
sulfur atoms were determined. An isotropic thermal 
parameter was then assigned to each of the five atoms 
and two cycles of least-squares refinement were per- 
formed in which the individual positional and isotropic 
thermal parameters were refined. The positions of 39 
of the 45 carbon and nitrogen atoms were determined 
from a number of difference Fourier maps based on 
phases obtained from the refined positions of the 
previously located atoms. 

This trial structure containing 1 cobalt, 4 sulfur, 3 
nitrogen, and 36 carbon atoms was refined by a least- 
squares procedure. The function minimized was 

(8) I n  addition t o  the   MODE^ setting program, the main programs for the 
I B M  360-50 used in this work were local versions of W. C. Hamilton’s Q O N O ~  

absorption program, the  Busing-Levy ORBLS least-squares program, the  
Zalkin FORDAP Fourier program, the  Busing-Martin-Levy ORFFE function 
and error program, and  C. K. Johnson’s ORTEP plotting program. Various 
other local programs were also used in the  investigation. 

(9) T. C. Furnas, “Single Crystal Orienter Manual,” General Electric 
Co., Milwaukee, Wis., 1957, Chapter 10. 

2w(Fo - F J 2  where the weights w were taken as 4F2/ 
a2(F2)  and the standard deviations u were estimated 
according to the formula 

in which CT is the total integrated count obtained in 
time t,, B1 and Bz are the two background counts, each 
obtained in time tb, I is the net integrated count, Lp 
represents the Lorentz and polarization factors, and T 
is the transmission coefficient. The neutral Co, S, N, 
and C scattering factors were obtained from Ibers’ 
tabulation’O while the anomalous parts of the Co and S 
scattering factors were obtained from Templeton’s 
tabulation’l and included in the calculated structure 
factors.12 Only those reflections with F2 greater than 
u(F2)  were included in the refinements and in the calcu- 
lation of the discrepancy indices R (=  21iFo1 - IF,II/ 
21Fol) and R’ (= (Zw(Fo  - Fc)2/2wFo2)’”). 

In  the initial round of calculations, each of the 45 
atoms was assigned an individual isotropic thermal 
parameter. This refinement converged to an R factor 
of 0.152 and a weighted R factor R’ of 0.145. A 
difference Fourier map based on this refinement revealed 
considerable electron density at both possible positions 
of the methyl carbon atoms of the two toluenedithiolate 
ligands. In  addition, the region of the difference map 
around the cation indicated a trans-gauche disorder in 
the terminal carbon atom positions of two of the n-butyl 
chains and revealed only a large area of positive electron 
density for the 6- and y-carbon atoms of a third n-butyl 
chain. The difference map also provided evidence for 
anisotropic thermal motion of the heavy atoms. 

In  the next round of calculations, anisotropic thermal 
parameters were assigned to the cobalt and four sulfur 
atoms while all other atoms were restricted to the 
isotropic thermal model. I n  addition, the methyl 
carbon atoms of the toluene rings were represented by 
half-atoms a t  the two possible positions of each ring, 
and the terminal carbon atoms of the two n-butyl 
chains, in which trans-gauche disorder was noted, were 
represented by half-atoms a t  the trans and gauche 
positions. The two end carbon atoms of the third 
chain (CATCls and CATC16), which appeared to 
exhibit complete disorder, were represented by two 
carbon atoms placed in positions approximating a trans 
ordering of that  butyl chain. The least-squares re- 
finement of this trial structure was carried out in blocks 
because of computer limitations. Parameters expected 
to have low correlation coefficients were not necessarily 
varied on the same cycle. For example, in one cycle, 
the positional and thermal parameters of all atoms in 
the anion, including the anisotropic thermal parameters 
of the heavy atoms, were refined while in a different 
cycle, the positional and thermal parameters of all 
atoms in the cation and all atoms in the anion except 

(10) J. A. Ibers, “International Tables for X-Ray Crystallography,” Vol. 
111, Kynoch Press, Birmingham, England, 1962, Table 3.3. 1A. 

(1 1) D. H. Templeton, “International Tables for X-Ray Crystallog- 
I-aphy,” Vol. 111, Kynoch Press, Birmingham, England, 1962, Table  3.3. 2B. 

(12) J. A. Ibers and W. C. Hamilton, Acta Crystallogr., 17, 781 (1964). 
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TABLE I 
FINAL PARAMETERS FOR 

[(n-C4Hg)*N] [Co(S2CsH3(CH,)),(o-plien)1 
Atoniic Positional and Isotropic Thermal Parameters 

Atom 

C O  

SI 
Sa 
52 
s4 

CI 
C2 

Ca 
C4 
CS 

e7 

cs 
CS 
c 10 

Cl1 
ClZ 
JIeCi 
-1IeCi' 
JleCn 
dfeC2' 
OPNl  
OPN2 
OPCl 
OPCZ 

CS 

oPC3 
OPC4 
OPCs 
OPC6 
oPC7 
OPCS 
OPCS 
OPCIO 
OPCll 
OPCI2 
C A T N  
C A  TC1 
C A T C z  
C A  TC3 
C A  TC4 
CATCs 
C A  TCs 
C A  TC7 
C A  TCs 
C A  TCa' 
C A  TCs 
C A  TCia 
C A  TCii 
C A  TCii 
CATC12' 
C A  TCia 
C A  TC14 
C A  TCis 
C A  TC16 

Atom 811 

X a  

-0.2025 (4)c 
- 0.0348 (7) 
- 0.2364 (7)  
-0.3821 ( 8 )  
-0.3692 (7) 
- 0.434 (3) 
-0.545 ( 3 )  
-0 .597  (3) 
-0.544 (3) 
-0 .426  (3) 
-0.377 (3) 
-0 ,291  (3) 
-0 .871  (3) 
-0.296 (4) 
-0.149 (3) 
-0.063 (3) 
- 0.144 (3) 
- 0 .  io4 ( 5 )  
-0 .641  (6) 
-0.050 ( 5 )  
-0.406 (7) 
-0.165 (2) 
-0.023 (2) 
- 0.243 (3) 
- 0,194 (3) 
- 0.066 (3) 

0 .006  (3) 
- 0.036 (3) 

0 .035  (3) 
0.173 (3) 
0 , 2 3 7  (3) 
0.183 (3) 
0.041 (3) 
0 .147  (3) 
0 , 2 2 6  (3) 

-0.193 ( 2 )  
-0.325 (3) 
-0 .452  (3) 
-0.580 (3) 
-0.632 (3) 
-0 .066  (3) 

0 .075  ( 3 )  
0.178 (3) 
0 .  1.5'; (4) 
0 . 2 7 0  (6) 

-0.231 (3) 
-0.286 (3) 
-0.293 (4) 
-0 .323  (6) 
-0.432 (8) 
-0.140 (3) 
-0 .116  (3) 
- 0 , 0 7 3  (5) 
-0.183 ( 5 )  

Y 
0.1810 ( 2 )  
0.1416 (3) 
0.2649 (3) 
0.1282 (4) 
0.2212 (4) 
0.291 (1) 
0.330 (1) 
0.386 (1) 
0 .403  (1) 
0.367 (1) 
0 .312  (1) 
0.080 (1) 
0 031 (1) 

-0.006 (1) 
0 .000  (1) 
0 .045  (1) 
0.088 (1) 
0 429 ( 2 )  
0.481 (3) 

- 0.040 (2) 
- 0.054 (3) 

0 .218  (1) 
0 .055  ( 2 )  
0.006 (1) 
0 .017  (1) 
0.078 (1) 
0.121 (1) 
0 .177  (1) 
0 , 1 9 0  ( 2 )  
0.248 (2) 
0.292 (1) 
0.277 (1) 
0.088 (1) 
0.144 (1) 
0 219 (1) 
0.185 (1) 
0.174 (1) 
0.124 (1) 
0 .172  (1) 
0.218 (1) 
0,254 (1) 
0 . 2 5 5  (1) 
0 , 3 0 1  (2) 
0.309 (3) 
0.284 (1) 
0.327 (2) 
0 .398  (2) 
0 .449  ( 3 )  
0.428 (4) 
0.185 (2) 
0 .116  ( 2 )  
0.072 (2) 
0.077 (2) 

0.110 (1) 

z 
0.0360 (2)  
0.1282 (3) 
0,0903 (3) 
0.0516 ( 3 )  

-0,0563 (3) 
-0 ,034  (1) 
-0.080 (1) 
- 0 .  059 (2) 

0.006 (2) 
0.055 (1) 
0.033 (1) 
0 .117  (1) 
0.138 (1) 
0.191 (2) 
0 . 2 2 9  (1) 
0.208 (1) 
0.154 (1) 

-0.110 ( 2 )  
0.025 (3) 
0 291 (2 )  
0.193 ( 8 )  

-0.019 (1) 
0 023 (1) 

-0 .037  (1) 
-0 .071  (1) 
-0 ,083  (1) 
-0 .067  (1) 
-0.030 (1) 

-0 .018  (1) 
0.005 (1) 
0.038 (1) 
0.046 (1) 

-0.072 (1) 
-0.051 (1) 

0 .296  (1) 
0.241 (1) 
0.263 (1) 
0.216 (1) 
0 150 (1) 
0.268 (1) 
0.311 (1) 
0.274 (1) 

-0.010 (1) 

0.228 ( 2 )  
0 , 2 8 8  (3) 
0.308 (1) 
0.249 (1) 
0 .267  (2)  
0.219 (3) 
0.224 (3) 
0.362 (1) 
0.358 (1) 
0 .418  (2) 
0 .436  (2) 

Anisotropic Thermal Parameters" 
P Z 2  83s PI2 613 

B, A2 

b 
b 
b 
b 
b 
5 . 7  (7) 
7 . 0  (7) 
7 . 9  (8) 
9 . 1  (8) 
7 . 6  (8) 
6 . 0  (7) 
7 . 5  (8) 
7 . 3  (8) 
8 .9  (8 )  
7 . 2  (7) 
6 . 1  (7) 
5 , s  (6) 
6 ( 2 ) d  

12 (2) 

15 (3) 
5 (1)d 

6 . 0  (6) 
5 . 4  ( 5 )  
7 . 9  (8) 
8 . 1  (8) 
6 . 1  (7)  
5 . 9  (7) 
5 . 7  ( 7 )  
5 . 8  (7) 
7 . 2  (8) 
8 . 4  (8) 
8.8 (9) 
6 . 8  ( 7 )  
7 . 4  (8 )  
6 . 8  ( 7 )  
7 . 6  (6) 
8 . 6  (8) 

1 1 . 3  (9) 
9 . 1  (9) 

1 1 . 8 ( 9 )  
5 . 3  ( 7 )  
8 . 6  ( 8 )  

3 ( 2 ) d  
11 (1) 

11 ( 2 )  
8 . 3  ( 8 )  

10.4  (9) 
16 (1) 

15 (3) 

11 (1) 
23 ( 2 )  
22 (2)  

9 ( 2 ) d  

0 . 3  (8) 

613 
c o  
si 
s3 

S% 
s4 

0.0153 
0.0166 
0.0295 
0.0188 
0.0213 

(8) 0.0049 (2) 0.0025 (1) 0.0014 ( 3 )  0.0018 (3) -0.0006 (1) 
(14) 0.0044 (3) 0.0028 (2) -0,0003 (5) 0 ,0016 (5) -0,0008 (2) 
(16) 0.0049 (3) 0.0024 (2) 0.0030 (6) 0,0019 ( 5 )  -0.0005 ( 2 )  

, (15)0.0062 (4) 0.0044 (3) -0,0001 (7) 0.0037 ( 5 )  -0.0009 ( 3 )  
(16)0.0062 (4) 0.0026 (2) 0.0019 (6) 0.0017 (5) -0.0006 (2) 

* Atoms refined aniso- 
tropically. c Numbers in parentheses here and in succeeding 
tables are estimated standard deviations in the least significant 
figure. Fractional occupancy factors were set a t  0.5 for each 
of the disordered atoms and were held fixed throughout the 
refinement. This assumption does not appear to be strictly 
correct for the toluene-3,4-dithiolate methyl groups as well as for 
CATCS. * Anisotropic thermal parameters are in the form 
exp[ - (h2Pn + k2Pz2 + 12L%8 + 2hkP12 + 2hZP13 + 2kZP~d1. 

0 x ,  y, z are in fractional coordinates. 

refinement, the positional and anisotropic thermal 
parameters of the heavy atoms were refined along with 
the positional parameters of the light atoms. This 
refinement converged to a conventional R factor of 
0.091 and a weighted R factor R' of 0.084 for 1425 
reflections above u ( P ) .  A final difference Fourier 
map showed no peaks higher than -0.40 e-/B3 whereas 
the average electron density of a carbon atom in this 
structure was approximately 3.0 e-/Bs. Although 
reasonable positions were found for many of the hydro- 
gen atoms associated with the toluene and o-phenan- 
throline groups, the contributions of these hydrogen 
atoms to 'Pol were not included in any further calcula- 
tions. Because of the already low ratio of observations 
to parameters (-6 : 1) and the relative cleanness of the 
difference map, no further refinements were performed. 
The parameters obtained in this partial anisotropic 
refinement are therefore taken as the final parameters 
for the structure and are given in Table I along with 
their standard deviations as obtained from the inverse 
matrix of either the last or the next to last cycle of least 
squares, whichever is appropriate. In Table 11, the 

TABLE XI 
xi00 T-MEAN-SQUARE AMPLITUDES O F  VIBRATION (A)  

Atom Min Intermed Max 

c o  0.227 (6) 0.244 (7) 0.343 (6) 
0.328 (11) SI 0 .226  (11) 0.276 (11) 

SS 0.223 (11) 
s2 0 273(12) 0.297(11) 0.383 (11) 
s4 0.231 (11) 0.293 (11) 0,390 (10) 

root-mean-square amplitudes of vibration of the Co and 
S atoms are presented. The F,, and IF,' values (in 

0.293 (12) 0.400 (10) 

for those of the o-phenanthroline moiety were refined. 
In  all, a total of four cycles of least-squares refinement 
were performed. In the next to last cycle, only the 
positional and thermal parameters of the carbon and 
nitrogen atoms were varied whereas in the final cycle of 

Figure 1 .--h perspective drawing of the Co(SzCsHa(CHa))n- 
(o-p1ien)- adduct. The thermal ellipsoids have been scaled to 
approximately 30y0 probability distributions. The methyl 
groups of the toluene-3,4-ditliiolate ligands are not shown be- 
cause of disorder. 
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TABLE I11 
OBSERVED AND CALCULATED STRUCTURE FACTOR AMPLITUDES (IX ELECTRONS X 10) FOR [(n-C4Hg)?N] [Co(S2CeH3(CH3)j*!o-phen)] . L .  _I .... .. . ..". ,~,. , L 1011 st., 

....e.*. -...... . t ' " I S  111, 

..... *. 0 ..... 
, , ,.n, It.1 

e ..... n. -I..... 

...... I ...... 
......*. e"... 

......*. I..... 

.... ..*. )..I. 
......*. ,....a 

......#I. I"... 

......*. _I..... 

,.....*. .,..... 

e.....*. I..... 

......*. 4."" ......*. -,..e.. 

complex Co(SzC2(CN)p)z(o-phen)-.2 A perspective 
drawing of the molecular geometry is shown in Figure 1 
and all important intramolecular distances and angles 
are tabulated in Table IV. As in the case of the Co- 
(SzCz(CN)z)z(o-phen) adduct, the co-S distances ex- 
hibit significant differences depending on whether the 
sulfur donor atom is trans to another sulfur atom, in 
which case the average Co-S distance is 2.253 (7) A, or 
trans to one of the o-phenanthroline nitrogen donor 
atoms, in which case the average Co-S distance is 
2.215 (7) A. The average Co-S value is 2.23 A with an 
estimated standard deviation of 0.02 A. This average 

electrons X 10) for the 1425 reflections included in the 
final refinement are tabulated in Table 111. None of 
the ~F,I values for reflections whose F2 value was less 
than r ( F 2 )  was found to be greater than twice the 
estimated standard deviation. With the weighting 
scheme employed, the estimate of the standard devia- 
tion of an observation of unit weight has the value 2.23. 

Description of the Structure 
The anionic adduct Co(SaCeHs(CH3))2(o-phen) - 

possesses a tris-chelated octahedral structure which is 
strikingly similar in dimensions to that of the related 
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TABLE 11. 
['KISCIPAL ISTRAMOLECULAR DlSTANCES (.&) A S D  .\NNGI.ES (UEC'  

Co-$1 
Co-S2 

CO-SI 
Co-OPN, 
co-op"? 
&SA 
s1-sa 
sz-Ss 
svs4 
SSSl 
s1-oPh-I 
S1-OPNr 
S%-oPNI 
So-OPK3 
Sa-OPN1 
Sa-OPN? 
OPN,--OPS 
SI CI 
Sr-Cs 
Sa-C; 
Sn-Cli 
Ci-C. 
C?-CI 
C3-C4 
C4-C, 
Ci-CO 
Cb-ci 
C;-Cx 
C*-Cy 
Ca-C!O 
ClU-cII 
CII-CI? 

Clr-Ci 
c3-31 PC, 
CI-MPCI' 
c 8 M P C ?  
C,n-I.ld . , I  

OPN,-OPC, 
O P ~ l - O P c ~ ~  
O P c , - o P c I  
OPCn-OPCa 
OPCo-OPCn 
oPcn-OPc6 
OPC4-OPC11 
OPC5-OPCS 
OPNz-OPCs 
OPN2-OPC,o 
OPCs-OPCi 
OPCi-OPCI 
OPCr-oPCI? 
OPCn-OPCv 
OPCS-OPCIII 
OPCII-OPC,? 

cO-S3 

C A T S - C A  T C I  
CATN-CATCs 
C A  TX-CATCg 
C A T N - C A T C u  
CATCi-CATCi  
C A  TCr-CATCs 
C A T C I - C A T &  
C A  TCi-CA TCs 
C A  TCa-CA TCi  
CATC7-CA TCs 
C A  TCr-CA TCI'  
CATCg-CA TCio 
CATCio-CATCii 
CATCII-CATCi t  
CAl 'Ci i  CATC!? '  
C A  7'Cra-CATCil 
C A TCia-C A TCii 
CATCis-CA I'Cio 

2.234 (8) 
2 . 2 0 3  (8) 
2 227 (7: 

2 .05  ( 2 )  
2 03 12) 
3 14 (1) 
3 . 1 7  (1) 
:i. 16 (1) 
3 .18  (1) 
3 16 (1) 
2 97 (2) 
3 . 1 7  (2) 
3 . 0 9  (2)  
3.16 ( 2 )  
:3 12 (2) 
2 . 8 9  (1) 
2 ti:? (:ij 
1 i'+ (2) 
1 .77  (2) 
I .  72 ( 3 )  
1 . 8 1  ( 2 )  
1 . 4 3  ( 3 )  
1 . 4 1  ( 3 )  
1 .  40 ( 3 )  
1 .46  (3) 
1 10 ( 3 )  
1.46  ( 3 )  
1 .  47 (3) 
1 38 ( 3 )  
1 ,:36 (3) 
1 .  4 3  ( 3 )  
1 . I d  ( 3 )  
1 . : i6 (3) 
1 nl(4) 
1 . 3.5 (6) 
1 .59  (4) 
1 .XI (61 
1.:3i  ( X  
1 . :<Q ( 2 )  
1 .46(3) 
1 4 0 ( : 3 j  
1 . 38 (:3) 
1 xi(:%) 
1 . 44 (R) 
1 36 (:3) 
1 .36  (3) 
1 :iB ( 2 )  
1 . 4 5  ( 3 )  
1 :17(H) 
1 4 1 ( 3 )  
I :I9 (3) 
1 . 40  (3)  
1 . :3u (S) 

2 .252  ( 7 )  

1.57  (3) 
1.58 (2) 
1.18 (3) 
1 . 5 4  (3) 
1 . 6 2  (3) 
1 ,68  (3) 
1 . 5 4  (3) 
1 , 5 5  (2) 
1 . 5 3  (3) 
1 .35  (4) 
1.40 (5) 
1 . 5 2  (3) 
1 .54  ( 4 )  
1 . 4 6  ( 5 )  
1.47  ( T )  
1.4T (3) 
1 87 ( 3 )  
1 27 (5) 

Anion 
si-co-s2 
s1-co-sa 
st-Co-sa 
sa-co~-sl 
s?-co-sl 
OP?rT:-Co-OPN2 
sa-Co-OPN, 
S4--Co-OPS? 
S r C o - O P S i  
SS-~CO-OP N 2 

SI-CO-OPNI 
SI -Co-OPN2 
co-s,-cI 
C O  s2- CB 
co-s8-Cr 
Co-sa CIA 
co-OPsI-OPc;  
co ~OPNr-OPCr  
OPNI-OPCi-OPCI> 
OPNi-OPCb OPC,  
OPC1-OPN,-OPC> 
OPCs-OPN?-OPC,o 
C,-Ct-Ca 
C2-Cs-Ca 
c3-Cl-Cs 
Ca-CrCe 
Cj-Cn-C1 
cs- CIFC? 
0-CS-CY 
CB-C9-cIc 
CO-ClO-Cli 
Cla-CII-CI: 
c!:-Clr-c.i 
C12-Cr-C3 

Catioii 
CATCI-CA1"-CAY Cj 
CATCi-CATIi-CATCs 
C A  TCI-CATN-CA T c l s  
C A  TCI-CATS-CATCg 
CATCs-CA TN-CA T C u  
C A T C Q - C A T N - C A T C I S  
C A  TN-CATCi-CA TC2 
C A  T C I - C A T C K A T C ~  
CATC2-CA T C B C A  TC4 
C A  T X - C A T C r C A T C s  
C A  TCs-CA TCa-CA T C ;  
CATCs-CATCi-CATCa 
CATCs-CA TCi-CA TCR' 
C A T N - C A T C r C A T C i o  
CATCs-CATCio-CA TCli 
CATCia-CA TCIi-CATCi? 
CATCio-CATC11-CATCiz' 
C A  T N - C A T C I ~ C A T C I I  
CATCia-CATCirCATCis 
< A'l'Cir-C.'A Y'CII-CA T C I L  

9 1 . 0 ( 3 )  
89 .6  (3) 
9 1 . 1  (3) 
9 1 . 0  (3) 
8 9 . 6  (3) 
8 0 . 3  (9) 
8 7 . 4 ( 6 )  
!15.1 ( 5 )  
W .  4 (7)  
9 6 . 5  (7)  
9 2 , 9  (5) 
8 1 . 5  (5) 

105 (1) 
106 (1) 
104 (1) 
108 (1: 
111 (21 
113 (2) 
11 8 (8 )  
117 (3) 
122 (2) 
122 (2) 
120 (3) 
121 (3) 
122 (3) 
116 (3) 
123 ( 3 )  
118 ( 3 )  
119 ( 3 )  
126 (3) 
1 16 ( 3 )  
I17 ( 2 )  
125 (3) 
115 (3) 

103 (2)  
112 ( 2 )  
115 ( 2 )  
112 (2) 
111 (2)  
105 (2) 
109 (2)  
112 ( 2 )  
93 ( 2 )  

113 ( I )  
106 (2) 
117 (3) 
113 (3) 
114 ( 2 )  
112 (3) 
123 (4) 
112 (4 )  
113 (3) 
121 (3) 
104 (4) 

value is longer than the 2.166 (4) A average value 
observed for the Co-S distances in the parent complex 
anion Co(S2C6Ha( CH3))*-. 

(13) 11. Eisenberg, 2. Uori, H. B. Gray, and J. A.  Ibers, Inoi,g. Chein., 7 ,  
741 (19681. 

CUKTLANDT G. PIERPONT AND RICHARD EISENBEKG 

The Co-N distance of 2.04 ( 2 )  fi  is slightly but not 
significantly longer than the corresponding distance of 
2.01 (1) A in Co(SzC2(CK),),(o-phen)- despite the great 
difference in the complex + addendum adduct 
equilibrium for the two systems. We observe, how- 
ever, that the Co-N distance of 2.04 (2) A in the present 
case is possibly significantly longer than the Co-N 
distance in other Co(II1) complexes (for example, 1.94 
(2) A in [ C O ( X H ~ ) ~ ] I ~ , ~ *  1.94 (2) fi  in truns-Co(en)z- 
(NCS)(SOa),'6 and 1.97 (1) A in [Co(en)z(CHaNHCH2- 
COO)]Iz16). It should be noted that all of these Co-N 
distances involve saturated amine ligands. One other 
relevant distance is the Co-py distance of 2.04 (1) fi  in 
the cobaloxime complex Co(C4H~O2N&(C3H602) (py) l 7  

which agrees with the value found in the present struc- 
ture. The bond angles within the coordination sphere 
(Table IV) show only minor deviations from those 
expected for octahedral coordination with the exception 
of the N-Co-N bond angle of 80.3 (9)" which results 

N "bite" of 2.63 (3) A of the o-phen- 
anthroline ligand. 

The average S-C distance of 1.76 ( 2 )  fi  in the toluene- 
dithiolate ligands is in close agreement with the values 
of 1.77 (2) and 1.76 ( 2 )  A reported for the bis(substi- 
tuted benzenedithiolate) complexes [(C&)~(CH~)AS]- 
[co(S2C6H3(.CH3))2] .0.5CeH60H13 and [(n-C4HY)dN12- 
[co2(s&c1.1)4], l8 respectively. These values, in turn, 
are slightly, but consistently, longer than the corre- 
sponding values of 1.72 (2)) 1.72 (l),  1.69 (l),  and 1.70 
(I) A reported for the cobalt-ethenedithiolate com- 
plexes [ (n-C3H7)4N] [Co (S2Cs( CN)&(o-phen) 1 ,* [(n- 
C ~ H Y ) ~ N  l2 [Co (S2CdCN)dz I ,  l9 CO~(S,C~(CF&)~,  zo and 
(n-CjHj) C O ( S ~ C ~ ( C N ) ~ ) ,  respectively. 

The toluene-3,4-dithiolate ligands are planar within 
experimental error. The least-squares planeszz through 
the ligands and the deviations of the atoms from their 
respective planes are given in Table V. The o-phen- 
anthroline moiety shows only possibly significant 
deviations from planarity and the least-squares plane 
through it is also given in Table V. The C-C bond 
distances in the o-phenanthroline ligand average 1.41 
( 3 )  A, which is in agreement with the value found for 
Co(S2C2(CN)2)2(o-phen)-, but the distances in the 
present structure do not appear to correlate as closely 
with the predicted bond orders as in the previous struc- 
ture, presumably because of the greater uncertainty in 
the light-atom positions in the present case. 

The (n-C4H9)&+ cation in this structure has the 
expected tetrahedral geometry although it does exhibit 
trans-gauche disorder in two of the n-butyl chains. 
Disorder of this type has also been observed in a number 

(14) N. E. Kimeand J. A.  Ibers, Acta Cvystaliog?'., Sect. E, 25, 168 (19W). 
(15) S. Baggio and L. S. Becka, i b i d . ,  Sect.  E, 25,  946 (1969). 
(16) J .  F. Blount, H. C .  Freeman, A.  .M, Sargeson, and K. K .  Turnbull, 

(17) P. G. Lenhart, ibid. ,  980 (1967) 
(18) M. J. Baker-Hawkes, Z. Uori, K. Eisrnberg. and  H. n. Gray, J .  

(19) J. D. Forrester, A. Zalkin, and D. H. Templeton, I n o r p .  Chenz., 3, 

(20) J. H. f?,nernaik and Vi. 2;. Ligscutnb, ib id . ,  4 ,  1729 (1965). 
(21) M. R. Churchill and J. P. Fennessey, &id., I ,  1123 (1968). 
(22) W. C .  Hamilton, Acta C ~ y s t a l l o g r . ,  14 ,  185 (1961) 

Chem. COWZWZWZ., 824 (1967). 

A m e v .  Chern. Soc., 90, 4253 (1968). 

1.500 (1964) 
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Figure 2.--A stereoscopic view of the packing of the anions as viewed down the Q axis of the crystal. The 0 axis is approximately 
The drawings constitute a stereopair and can be viewed with a hand viewer. 25’ in the counterclockwise direction from the vertical. 

The disordered atoms are shown in both possible orientations 

TABLE V 
WEIGHTED LEAST-SQUARES PLANES~ AND THE DISTAXCES OF THE 

A T O M S  FROM THEIR RESPECTIVE P L A N E S  

(MONOCLINIC COORDINATES) 
Atom Distance, A Atom l>istance, B 

C O  -0.012 (4) CI -0.10 (2) 
S, 0.027 (6) C ,i - 0 .  l i  ( 2 )  
S? ( ! . 0 3 8 ( 7 )  

Chelate Ring 1: -3.73% + 1 5 . 9 5 ~  + 1 4 . 0 1 ~  - 4.16 

Chelate King 2 :  8.28% + 1 0 . 4 1 ~  - 10.59)s = -0.169 
CO -0.005(4) C i  - 0 . 0 3  (2) 
Si 0.013 (7) ClP -0.G6 ( 2 )  
Sa 0.012 ( 7 )  

Chelate Ring 3: 2.84% - 9 . 3 5 ~  + 15.082 = - 1.73 
C O  0,002 (4) OPCi 0.05 ( 2 )  
O P N ,  -0.05 (2)  OPCS 0 . 0 2  ( 2 ,  
OPN:! -0.03 ( 2 )  

Toluene Dithiolate 1: -4.11% + 1 4 . 2 3 ~  + 15.962 = 4.21 
SI -0.008 (6) Ci 0.05 (2) 
SP 0,007 (7) Ci 0.01 (2) 
CI -0.02 (2)  c6 0.05 (2) 
cz -0.06 (2)  Me1 0.07 
CY -0.04 (3) Mel‘ -0.23 

Toluene Dithiolate 2 :  8 . 0 6 ~  + 1 1 . 1 4 ~  - 10.542 = 0.089 
s3 0.005 (7) ClO -0.04 (3) 
Si -0.007 (7) C11 -0.02 (2) 
c7 0.02 (2)  ClP -0 .00(2)  
Ca: 0.04 ( 2 )  MeCg 0.17 
C9 0.02 (2)  MeCP’ -0.50 

o-Phenanthroline Moiety: 2 . 2 0 ~  
OPiXl -0.00 ( 2 )  
OPKZ -0.00 (2) 

OPCB 0.02 (2) 
OPCl -0.09 (2) 
OPCS 0.00 (2) 

OPCl 0.03 (2) 
OPCZ 0.04 (2) 

a See ref 22. 

- 9 . 0 9 ~  + 16.172 -1.66 
OPCS -0.03 (2) 
OPC, 0.02 (2) 
OPCS 0.01 (2)  
OPCO 0.03  (2) 
OPClO -0.02 (2 )  
OPCll 0 .01  (2) 
OPClZ 0.03 (2) 

of previous s t ~ d i e s . ~ ~ * ~ ~  I n  addition, the relatively 
large thermal parameters for the carbon atoms in the 

(23) W. C .  Hamilton and I. Bernal, 1 i torg.  Chem.,  6, 2003 (1967) 
(24) M. R. Churchill and R.  Bau, i b i d . ,  1, 2606 (less). 

cation are taken to be indicative of the relatively great 
amount of motional freedom which the chains of the 
(n-CkHg)*N+ cation possess in this structure. The 
dimensions of the cation are tabulated in Table IV. 

All intermolecular contacts are normal and are 
therefore not tabulated. The anions are well separated 
and a stereoscopic drawing of the packing as viewed 
down the a axis is shown in Figure 2 .  

Discussion 
In Table VI, the dimensions of a number of 1,2- 

dithiolene complexes of cobalt are summarized. Two 
of these complexes are six-coordinate adducts, two are 
five-coordinate dimers, and two are essentially square- 
planar monomers. The most significant differences in 
the dimensions of the CoS2C2 chelate rings in these 
structures may be found in the cobalt-sulfur bond 
lengths which are approximately 0.06 A longer in the 
six-coordinate adducts than in the various bis complexes. 
The increased Co-S bond lengths are directly attribu- 
table to decreased metal-sulfur ?r bonding in the octa- 
hedral systems. There are no other significant changes 
found in the chelate ring dimensions in going from the 
four- or five-coordinate bis complexes to the six-co- 
ordinate Lewis base adducts. 

In view of the greatly differing chemical, magnetic, 
and structural properties of Co ( S ~ C ~ H ~ ( C H ~ ) ) Z -  and 
coz(SzC~(CN)2)4~-, the striking similarity found in the 
structures and dimensions of the o-phenanthroline 
adducts of these two complexes was somewhat un- 
expected. From the present structural results, we 
conclude that the bonding in the two adduct systems is 
very similar and that the ligand field stabilization 
energies for the two six-coordinate complexes are close 
in value. Hence, the difference in the complex + 
o-phen & adduct equilibrium for the two dithiolene 
systems is primarily determined by a difference in the 
relative stabilities of the planar complex Co(S2C~Ha- 
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TABLE \'I 
A COMPARISOS OF THE DIMENSIOSS OF SOME COBALT-DITHIOLENE COMPLEXES 

Co (SzCsHs (CHa)) 2- Co(SzC2(CN)2)2- Co(SzCsH8- Co(S2Cz- Cuz(S2C2- 
(o-phen) - (0-phen) - (CHs))r-' ( C N ) % ) P  (CFs)z)&" e 

Bond Uistances, Ai 
co-s 2.353 ( T ) ,  2 . 2 l L j  ( 7 )  2,244; ( 5 ) ,  2.213 (5) 2 . M  (4) 2 . l t i l ( 3 )  2.161 (4) 
Co-S' (dimer bridge) . . .  . . .  , . .  . . .  2.382 (4) 
Co-S (adduct) 2 . 0 4 ( 2 )  2 . 0 1  (1) . . .  . . .  . . .  
s-c 1 , 7 6 ( 2 )  1 .72  ( 2 )  1.77 ( 2 )  1.723 ( 7 )  1.694(4)  
c-c 1 .41  ( 3 )  1,36:(2) 1.38 ( 2 )  1.34 (1) 1 . 3 9 ( 2 )  

Bond ;Ingles, Deg 
S-Co-S f intra) 91 ,o  ( 3 )  92 .3  ( 2 )  91.3 (2)  91.411) 89.8 ( 2 )  
co-s-c 104(1) 101 (1) 105.3 (5) 103.8(3) 105.5 ( 2 )  

' I  This work. I, Reference 2 .  Reference 9. Reference 11. e Reference 12. f Reference 10. 

(CH8))z- and the dimeric system Co2(SzCz(CN)J4*-. 
This conclusion is reinforced by the observation that the 
Co-S dimer linkages in the structurally known dimeric 
systems (Table VI)  are considerably longer than the 
Co-S distances in the basal planes of these complexes. 
The important differences in the properties of the two 
bis-dithiolene complexes Co(S2C6H3(CH3))Z1 and Cos- 
(SG(CN)2)d2- relate directly to the x-acceptor proper- 
ties of their respective dithiolene ligands. The s 
acidity of the ligand system, in turn, influences the 
electron density in the vicinity of the Co atom in these 
complexes. For those systems in which sufficient 
electron density is withdrawn from the Co atom to 
favor the formation of a five-coordinate dimer structure, 
the aforementioned equilibrium lies strongly in favor of 
the Lewis base adduct whereas for those complexes in 

co2- 
(SzC6Cl4)a2- ' 

2.186 (7) 
2.404 ( i j  

1 .76(2)  
. . .  

1 .41  (3) 

9 I ) . l (2 j  
104.8 (7) 

which there is little or no tendency for axial ligation and 
dimer formation, the equilibrium lies in favor of the 
original bis planar complex. The significantly reduced 
importance of differences in ligand x acidity in six- 
coordinate complexes is demonstrated by the nearly 
identical structures we find for the two o-phenanthroline 
adducts of the cobalt-bis(dithio1ene) complexes. 
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The Structural Chemistry of Prussian Blue Analogs. A Single-Crystal 
Study of Manganese(I1) Hexacyanocobaltate(IIJ), Mn, [CO(CN)~],. xH,O 

BY ASDRE.iS LCDI,  HXSS-ULRICH G c D E L ,  A Y D  MAX RUEGG 

Rereived September 29, 1969 

The crystal structure of hydrated manganese(I1) hexacyanocobaltate(III), M ~ ~ [ C O ( C N ) ~ ] ~ . ~ H ~ O  ( x  = 12-14), has been 
determined from three-dimensional X-ray data using integrated precession photographs. The cubic face-centered cell with 
n = 10.421 ( 5 )  A of space group 01?-Fm3m contains l 1 / 8  formula units. The measured and calculated (for x = 13) densities 
are 1.65 and 1.62 g/cm3. Co-C-N-Mn bridges connect octahedral COCS and MnSr(HsO):, 
groups to a three-dimensional framework with.4 Mn a t  4a (0, 0, 0)  and 22/a Co randomly distributed on 4b ( I l l ,  l / ~ ) ;  16: 
C and 16 S are at 24e (x ,  0, I)) and 8 water molecules belonging to the coordination octahedron of Mn are situated close to the 
empty nitrogen positions. Additional water molecules are distributedo around 8c (l,'4, l / 4 ,  The Co-C, C-N, Mn -S. 
and M n - 0  distances are 1.865 ( 2 ) ,  1.136 ( 3 ) .  2.209 ( 2 ) ,  and 2.391 (6) A .  The shortest 0. .H-0 distances of 2.67-.2,9#~) A 
are in agreement with hydrogen-bond lengths obtained from infrared spectra. 

The final R factor is 10.5y0. 

has not yet been achieved. Due to their extremely low 
solubility these compounds have been prepared only as 

(1) V. Britton in "Perspectives in  Structural Chemistry," Vul. 1, J. D. 
Uunitz a n d  J .  A. Ibers, Ed., Wiley, New Yurk, x. Y. ,  1967, 109. 




