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In  conclusion, these chemical studies have shown 
that the carbon-carbon triple bond is a sterically pro- 
tected group, that the triple bond can be regarded as an 
electron-withdrawing apical substituent of the -cc03- 

(C0)g unit, and that the individual -CCo3(CO)9 clus- 
ters have chemical properties similar to  those of the 
parent clusters, YCCoS(C0) 9. 
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The crystal and molecular structure of the tetra-n-propylammonium salt of the o-phenanthroline adduct C O ( S ~ C ~ ( C N ) ~ ) Z ( ~ -  
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 0.068 for 1490 nonzero reflections. 
The complex crystallizes i! space group Pbc? of the orthorhombic system in a unit cell of dimensions a = 15.53 (2) A, b = 
27.01 (3) A, c = 17.20 (2) A, and V = 7219 A3. The experimental density is 1.29 (3) g/cm3; the calculated value is 1.30 g/ 
em* for 2 = 8. The coordination geometry about the cobalt ion is that of a tris-chelated octahedron with essentially Cz 
molecular symmetry. The Co-S dis- 
tances exhibit slight but significant differences depending on whether they are trans to an o-phenanthroline nitrogen atom in 
which case the average Co-S distance is 2.213 (5) A or trans to another sulfur donor atom in which cas: the average distance 
is 2.247 (5) A, The bond distances within the o-phenanthroline ligand range from 1.31 (2) to 1.48 (2) A and follow approxi- 
mately the individual bond orders predicted from simple valence bond considerations. All other bond distances, bond angles, 
and intermolecular contacts are normal. 

The average Co-N distance is 2.01 (1) A and the N-Co-N bond angle is 85.2 (5)". 

Introduction 
The cobalt and iron bis complexes of the 1,2-dithi- 

olato ligand systems I and I1 are of particular interest 

S 
I I1 

Q=CN, CFB, CeH5, H, CH, x = Y= Z = H,C1,CH3, F 
X Y =H,Z = CH, 
X = H, Y =Z P CH3 

because of the structural differences which these systems 
can exhibit depending upon the overall oxidation state 
of the complex and the electron-withdrawing ability or 
a acidity of the particular ligand system1 Although 
I and I1 are represented in their classical dianion formu- 
lation, i t  is clear from the many studies which have 
been performed on them and their complexes that com- 
plexes of I and I1 exhibit extensive covalency and their 
ground states may be considered to be delocalized.'" 

(1) For a comprehensive review of metal-12-dithiolene complexes, see 
(a) J. A. McCleverty, Progr. Inovg. Chem., 10,49 (1968); (b) G. N. Schrauzer, 
Transition Metal Chem., 4, 299 (1968); (c) G. N. Schrauzer, Accounls Chem. 
Res., 1, 72 (1969). 

To date, X-ray structural studies have shown that the 
complexes CO(SZC~(CN)~)Z~-  and Co(S2CeH3(CH3)),- 
are truly monomeric in the solid, possessing essentially 
square-planar coordination geometries, whereas the 
related complexes COZ (S~CZ (CF3) Z) 4, COZ (SZCSCI,) 2--, 
and Fez(SzCz(CN)2)42- exist in the solid state as five- 
coordinate dimers in which the metal atom from one 
planar unit is bound to a fifth sulfur atom of a second 
such unit in the apical position of a square pyramid. 
Chemical and polarographic studies7-11 together with 
the X-ray structure determinations have established 
that the more highly oxidized neutral complexes and 
those monoanionic systems with good a-acceptor ligands 
tend to form stable five-coordinate dimers while the 
more reduced dianionic systems and those monoanions 
with poor a-acceptor ligands exhibit little or no ten- 
dency to form the dimer structure. The tendency to- 

(2) J. D. Forrester, A. Zalkin, and D. H. Templeton, Inovg. Chem., 8 ,  1500 
(1964). 

(3) R. Eisenberg, Z. Dori, H. B. Gray, and J. A. Ibers, ibid. ,  7 ,  741 (1968). 
(4) J. H. Enemark and W. N. Lipscomb, ibid., 4, 1729 (1965). 
(5) M. J. Baker-Hawkes, Z. Dori, R. Eisenberg, and H. B. Gray, J .  

(6) W. C. Hamilton and I. Bernal, Inovg. Chem., 6,  2003 (1967). 
(7) A. Davison, D. V. Howe, and E. T. Shawl, ibid. ,  6 ,  458 (1967). 
(8 )  A. L. Balch and R. H. Holm, Chem. Commun., 552 (1966). 
(9) G. N. Schrauzer, V. P. Mayweg, H. W. Finck, and W. Heinrich, J .  

(10) M. J. Baker-Hawkes, E. Billig, and H. B. Gray, ibid. ,  88,  4870 (1966). 
(11) A. L. Balch, Inovg. Chem., 6 ,  2158 (1967). 

Amer. Chem. Soc., BO, 4253 (1968). 

Ameu. Chem. SOL., 88, 4604 (1966). 
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ward dimerization thus appears to be related to the 
electron density around the metal atom in these com- 
plexes. Consistent with this notion are the greatly 
differing tendencies of these complexes to  form adducts 
with mono- and bidentate Lewis bases such as pyridine, 
triphenylphosphine, triphenylarsine, diarsine, and o- 
phenanthroline.g-12 Those complexes which show a 
strong tendency toward dimerization form stable ad- 
ducts rapidly and essentially completely, while those 
complexes which are resistant to dimer formation form 
only relatively unstable adducts a t  best. We have 
therefore undertaken the structure determinations of 
several closely related adducts in order to establish 
whether or not the very significant differences in the 
relative adduct stabilities manifest themselves in signifi- 
cant structural differences. 

In this paper and the one to follow, we present the 
structure determinations of the o-phenanthroline ad- 
ducts of the two “isoelectronic” complexes Co(SzC2- 
(CN)&- and CO(S&H~(CH~))~- .  The dimeric nature 
of the former complex, which should be written as Coq- 
(SzCz(CN)2)42-, has beenestablished by conductivity and 
polarographic  measurement^,^*^ and its diamagnetism, 
which can be viewed as an indication of its dimeric 
structure, is observed in the solid state and in solutions 
of a variety of solvents such as cyclohexanone, acetone, 
and a~etonitrile.’~, l4 In  contrast, Co(SaC,jH3(CH3))2-is 
a stable spin-triplet monomer in both the solid and solu- 
tion states.14 The o-phenanthroline adducts of the two 
complexes COZ (S&Z (CN)z) b2- and Co ( S Z C ~ H ~ (  CH3))q- 
were first reported by Langford, et ~ 1 . ’ ~  In  their study, 
they determined the formation constant of the Co- 
(SqCeHa(CH3))2(o-phen) - adduct by direct observation 
of adduct dissociation but were unable to do so for the 
Co(S2Cz(CN)z)z(o-phen)- adduct because of its great 
stability relative to the original dimeric complex. 

The results presented herein have appeared in pre- 
liminary form.16 

Collection and Reduction of the X-Ray Data 
The o-phenanthroline adduct of the dimeric complex 

[(n-C3H,)4N]~[Co2(S2C2(CN)z)4] was prepared in a 
manner similar to that reported by Langford, et a1.,12 
and beautiful green-black crystals of [(n-C3H,)hN]- 
[ Co (S2Cz (CN) 2) 2 (0-phen) ] suitable for single-crystal 
X-ray studies were grown from methanol-2-propanol 
solutions. The crystals were examined by optical 
goniometry and found to exhibit Dzh-mmrn symmetry. 
Weissenberg and precession photographs, taken with Mo 
Ka radiation, revealed that the complex crystallizes in 
an orthorhombic unit cell of refined (vide infra) dimen- 
sionsa = 15.53 (2) 8, b = 27.01 (3) A, c = 17.20 (2) 8, 
and V = 7219 An experimental density of 1.29 
(3) g/cm3 determined using the flotation method with 

(12) C. H. Langford, E. Billig, S. I. Shupack, and H. B. Gray, J .  Amev. 

(13) A. Davison, N. Edelstein, R. H. Holm, and A. H. Maki, Inorg. Chem., 

(14) R. Williams, E.  Billig, J. H. Waters, and H. B. Gray, J .  Amer. Chem. 

(15) G. P. Khare, C. G. Pierpont, and R. Bisenberg, ChPm. Com,ntrn., 1692 

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

2, 1227 (1963). 

SOC., 88, 43 (1966). 

(1968). 
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carbon tetrachloride-benzene solutions is in good agree- 
ment with a calculated value of 1.30 g/cm3 for eight 
molecules in the unit cell. The extinctions, O K 1  for k 
odd, h01 for 1 odd, and hk0 for h odd, which were deter- 
mined on the basis of JVeissenberg photographs of the 
h01, hl l ,  and h21 zones and precession photographs of 
the Okl, l k l ,  hk0, and hkl zones, are consistent with the 
centrosymmetric space group Pbca (D2hI5, no. 61). lo 

iZ complete set of independent intensity data was 
collected from a single crystal a t  room temperature 
using a Picker four-circle automated diffractometer. 
A crystal of approximate dimensions 0.54 X 0.44 X 
0.27 mm parallel to the reciprocal lattice directions 
[ lo l l ,  [lei], and [ O l O ] ,  respectively, was mounted in 
the c* direction and aligned accurately on a Supper 
precession camera. After the crystal was transferred 
to the diffractometer, approximately 15 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 edges were then refined using the 
least-squares refinement procedure of Hamilton’s 
 MODE^ diffractometer setting program.” The mosaic 
spread of the crystal was estimated from open counter- - 
narrow source w scans through several strong reflections 
and i t  was found to have an average value of 0.4”.18 
The data were collected by the 8-28 scan technique 
using Xi-filtered Cu K a  radiation. The intensities 
were measured using a scintillation detector and pulse 
height analysis. Despite the increased effect of ab- 
sorption, Cu K a  radiation was employed to avoid the 
possibility of overlap in the counter aperture which 
could result from the large unit cell and the use of a 
shorter ~ a v e l e n g t h l ~  (other X-radiation sources of 
first-row transition metals such as Co (XcoKa 1.7902 8) 
and Fe (AFeKa 1.9373 8) were not available). The 
scan range was from 0.9 to 1.0’ of the 20 value of the 
reflection with a scan rate of lo/rnin and 10-sec back- 
ground counts collected a t  both ends of the 28 scan 
range. Intensity data were collected out to a 20 value 
of 80” and a total of 2185 intensities in one octant of 
reciprocal space were measured. During the data col- 
lection, the intensities of four standard reflections in 
different regions of reciprocal space were monitored at  
least once every 200 reflections. None of these stan- 
dards deviated from its mean value by more than 4%. 

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 Fo2 values, 
where Fo is the observed structure factor amplitude. 
Standard deviations for the intensities were estimated 

(16) “International Tables for X-Ray Crystallography,” Vol. I, Kynoch 
Press, Birmingham, England, 1965, p 150. 

(17) In addition to the  MODE^ setting program, the main programs for the 
IBM 360-50 used in this work were local versions of W. C. Hamilton’s CON09 
absorption program, the Busing-Levy ORFLS 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. 

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

(19) K. lcisenberg and J. A. Ibers, I i zo ig .  Chon.,  6, 411 (1966). 
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TABLE I 
FINAL PARAMETERS FOR [(n-C8H7)4N] [Co(SzC~(CN)~)z(o-phen)]. ATOMIC POSITIONAL AND THERMAL PARAMETERS ( X lo4) 

Atom" 

c o  
Sl 
SZ 
Sa 
s4 

OPNl 
OPNz 
OPCl 
OPCZ 
OPC, 

OPCS 
OPCe 
OPCl 
OPCS 
OPCS 
OPClO 
OPCll 
OPC12 
c1 

CZ 
c3 

c4 
C NI 
CNz 
C N3 

CN4 
C N5 

CK6 
C/V? 
CNS 
Atom' 

CA T N  

oPc4 

CATCI 
CA TCz 
CA TC3 
CA TC4 
C A T G  
CA TCs 
CA T C i  
CA TCs 
CATCe 
CA TCio 
CA TCii 
CATCiz 

X b  

2335 (1)O 
2445 (3) 
2544 (3) 
2176 (3) 
3749 (2) 
1047 (7) 
2164 (8) 
490 (11) 

-410 (11) 
-738 (11) 
-174 (11) 

727 (11) 
1329 (10) 
1023 (10) 
1590 (11) 
2446 (12) 
2721 (10) 

105 (11) 
-463 (10) 
2701 (10) 
2778 (11) 
3263 (12) 
3901 (12) 

2908 (11) 
3031 (14) 
3279 (13) 
3390 (10) 
3519 19) 
4751 (16) 
5458 (10) 

172 (9) 
669 (10) 
132 (12) 

2527 (11) 

P 

535 (10) 
59 (11) 

955 (12) 

747 (10) 
727 (13) 

428 (11) 
1052 (11) 

-772 (11) 
-795 (13) 
- 1783 (13) 

Y 

675 (1) 
877 (1) 

1462 (2) 

601 (2) 
741 (4) 

817 (6) 
860 (6) 
828 (6) 
716 (6) 
685 (5) 
553 (5) 
437 (5) 

- 117 (2) 

493 (4) 

271 (7) 
228 (5) 
351 ( 5 )  
494 (6) 
632 (6) 

1486 (6) 
1734 (7) 

4 (6) 
1728 (7) 
1929 (6) 
2230 (10) 
2646 (7) 

-794 (8) 
- 1206 (6) 
- 179 (7) 
-304 (6) 

-303 (7) 

Y 

2856 (5) 
2640 (6) 
2199 (7) 
2070 ( 5 )  
2447 (6) 
2268 (7) 
1832 (8) 
3299 (6) 
3568 (7) 
4010 (7) 
3028 (7) 
3411 (7) 
3505 (7) 

z 

1262 (1) 
2507 (2) 

878 (2) 
1627 (2) 
1186 (3) 
1293 (8) 

140 (6) 
1879 (8) 
1746 (12) 
992 (13) 
341 (13) 
545 (10) 

-62 (9) 
-850 (9) 
- 1414 (11) 
- 1185 (10) 

-391 (10) 

-470 (12) 
2449 (15) 
1753 (14) 
1625 (9) 
1423 (9) 
3155 (15) 
3739 (10) 
1717 (13) 
1692 (12) 
1825 (10) 
2030 (8) 
1485 (11) 
1506 (10) 

533 (8) 
1298 (10) 
1703 (11) 
2451 (11) 
-92 (11) 

-441 (12) 
-968 (12) 

-410 (11) 
-548 (10) 

734 (11) 
1409 (12) 
1553 (12) 

- 1012 (10) 

5 

318 (10) 

81ld 

24 ( 2 )  
35 (3) 

31 (3) 

22 (11) 

4 (11) 
33 (12) 
25 (12) 
35 (24) 
46 (22) 
16 (17) 
26 (14) 
78 (13) 

50 (17) 
56 (12) 
28 (11) 
35 (12) 
58 (13) 
19 (10) 
41 (12) 
71 (11) 
49 (14) 

108 (15) 
41 (14) 
81 (12) 
42 (21) 

40 (3) 

25 (3) 

26 (11) 
51 (11) 

55 (12) 

40 (9) 
B' 

609 (39) 
543 (46) 
737 (54) 
555 (46) 
550 (44) 
782 (60) 
926 (67) 
476 (44) 
694 (52) 
665 (53) 
609 (51) 
833 (59) 
963 (66) 

8 3 8  

22 (1) 
19 (2) 
31 (2) 
31 (2) 
36 (3) 
16 (9) 

12 (8) 
74 (14) 
32 (11) 
47 (11) 
33 (18) 
18 (10) 
29 (15) 
39 (12) 
31 (9) 

3 (7) 

9 (10) 

30 (14) 
32 (10) 
23 (10) 
52 (12) 
25 (9) 
26 (9) 
43 (14) 
47 (10) 
47 (12) 
57 (10) 
28 (12) 
52 (11) 
50 (15) 

130 (13) 

Bla 

-2 (1) 
-3 (2) 
-2 (2) 
-3 (2) 

2 (2) 
-5  (11) 

30 (8 )  
7 (10) 

-27 (10) 
18 (10) 
30 (17) 

-7 (17) 
-7 (14) 
11 (13) 
26 (12) 
23 (9) 

-7 (12) 

-4 (11) 
- 12 (10) 

-7 (9) 
6 (8) 
3 (13) 

-3 (10) 
-2 (11) 
-3 (9) 
- 5  (10) 

8 (9) 
-5  (19) 

-11 (9) 

- 16 (10) 

- 18 (9) 

a In  our labeling scheme, C1, Cz, Ca, and C4 are the ethylenic carbon atoms of the dithiolene ligands bonded to SI, SZ, SI, and S1, re- 
The atoms CNl-CNz, CNs-CN4, CNb-CNa, and CN?-CNs are the C N  groups bonded, respectively, to C1, C Z ,  CB,  and Ci. 

2, y ,  z 
E Numbers in parentheses here and in succeeding tables are estimated standard deviations in the least 

Anisotropic thermal parameters are in the form exp[-(h2Pll + k2& + 1 ' 8 3 3  + 2hkP12 + 2hZ& + 2kZ&)]. 

spectively. 
The labeling scheme of the o-phenanthroline ligand is shown in Figure 2. 
are in fractional coordinates. 
significant figure. 
e Isotropic thermal parameters in A2 X lo2. 

The cation carbon atoms are labeled sequentially. 

according to counting statistics as outlined below, and 
i t  was found that 1527 of the 2153 intensities measured 
had values greater than their corresponding estimated 
standard deviations u (vide infra). An absorption cor- 
rection was then carried out for the observed structure 
amplitudes. With an absorption coefficient of 59.7 
cm-l, the resultant transmission coefficients are found 
to range from 0.13 to 0.25. 

each of them, were refined through several cycles of 
least squares. The positions of all of the carbon and 
nitrogen atoms were then determined from a succession 
of difference Fourier maps based on phases obtained 
from the refined positions of the previously located 
atoms. 

The complete trial structure (all atoms except hydro- 
gens) was refined by a least-squares procedure. The 
function minimized was 2w(Fo - Fo)2 where the weights 
w were taken asu4F2/a2(F2) and the standard deviations Solution and Refinement of the Structure 

The positions of the Co atom and four S atoms were 
determined from a three-dimensional Patterson func- 

were estimated according to the formula 

1 
a(F2) = -[CT -I- (~o/2hJ2(B1 -I- B2) -I- (o.031')21"2 tion. The positional parameters of these atoms, along 

with a variable isotropic thermal parameter assigned to  TLP 
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TABLE I1 
ROOT-MEAN-SQUARE AMPLITUDES OF VIBRATION (Az) 

Atoma Min Intermed Max 

co 0.167 (5) 0.185(5) 0.235 (4) 
SI 0.166 (9) 0.206 (8) 0.242 ( 7 )  

s3 0.192 (9) 0.217 (9) 0.245 (8) 
S4 0.174(10) 0.232 (9) 0.246 (9) 

s2 0.209 (9) 0.221 (8) 0.250 ( 7 )  

OPPi, 0.14 (6) 0.17 (4) 0 .25  (3) 
OPC, 0 . 0 2  (29) 0.24 (3) 0 .33  (3) 
OPCS (1.07 (9) 0.23 (3) 0 . 2 8  (3) 
OPCl 0.14 ( 5 )  0.20 (3) 0 .29  (3) 
OPCS 0.07 ( l i )  0 .15  (4) 0.30 (4) 
OPCS 0.13  ( 6 )  0.18(6)  0 .25  (6) 
OPC7 0.11 ( 8 )  0 .20  (4) 0.23 (4) 
OPCS 0.16 (5) 0 .25  (3) 0 . 2 8  (3) 
OPCS 0.16 (4) I). 20 (3) 0.34 (3) 
OPCL 0.20 (4) i l ,  21 (4) 0.27 (3) 
OPC1, 0.14 (5) (1.26 (3) 0.29 (3) 
C, 0 .15  (6) 0.19 (4) 0.29 (3) 
C2 0.12(6)  0 . 2 2  (3) 0.29 (3) 
C;, 0 .13  (6) 0 .20  (4) 0.38 (3) 
c4 0.11 (5) 0 .20  (4) 0 . 2 8  (3) 
CN, 0 .20  (5) 0.22 (4) 0.27 (4) 

CN, 0.24 (3) 0.26 (4) 0.31  (4) 
CNa 0.26 (3) 0.32 (3) 0.40 (3) 
CA;, 0.19 ( 5 )  0.23  (4) 0 .26 (4) 

Ch-2 0.22 13) 0 .29  (2) 0.32 (2’)  

CN6 0.26 (3) 0 .29(3)  0 .33  (2) 
C N7 0.22 (6) 0.2i (4) 0.29 (4) 
CNS 0.19 (3) 0 .38  (2)  0 .45  (2) 

a Thermal parameters of the atoms Of”,, OPCl, and OPCK 
did not refine as positive-definite. 

in which CT is the total integrated count obtained in a 
scan of time t,, B1 and BZ are the two background counts, 
each obtained in time tb, I is the net integrated count, 
Le are the Lorentz and polarization factors, and T is 
the transmission coefficient. The neutral Co, S, N, 
and C scattering factors were obtained from Ibers’ 
tabulationz0 while anomalous parts of the Co and S 
scattering factors were obtained from Templeton’s tab- 
ulation21 and included in the calculated structure fac- 
tors.22 Only those reflections with F2 greater than 
u(F2)  were included in the refinement and in the calcu- 
lation of the discrepancy indices R (=  L’lIFol - lF,ll/ 
ZIFol) and R‘ (= (Z:w(Fo - F,)z/L’wF,2)1”). 

In  the initial round of calculations, all atoms were 
assigned individual isotropic temperature factors. 
This refinement of 177 parameters including one vari- 
able scale factor converged rapidly to an R factor of 
0.087 and a weighted R factor R’ of 0.090. A difference 
Fourier based on this refinement provided evidence for 
anisotropic thermal motion of the heavy atoms. 

After the elimination of several data errors due to 
either incorrect positioning or punching errors, a fur- 
ther refinement was carried out in which the Co and S 
atoms were given anisotropic thermal parameters and 
all other atoms were restricted to isotropic thermal 
models. Because of computer limitations, this partial 
anisotropic refinement was carried out in blocks. In 

(20) J. A. Ibers, “International Tables for X-Kay Crystallography,” Vol. 
111, Kynoch Press, Birmingham, England, 1962, Table 3.3.1A. 

(21) D. H. Templeton, “International Tables ior X-Ray Crystallogra- 
phy,” Vol. 111, Kynoch Press, Birmingham, England, 1962, Table 3.3.2B. 

(22) J. A. Ibers and W C. Hamilton, Acta Cvustallogr., 17, 781 (1964). 

the initial cycle, the parameters of the eight nitrile 
group atoms of the two S2Cz(CN)z2- ligands were held 
fixed while all other positional, thermal, and scale pa- 
rameters were refined. In the second cycle, the pa- 
rameters of four cation carbon atoms were held fixed 
while all other positional, thermal, and scale param- 
eters were refined. This refinement coverged to a 
conventional R factor of 0.072 and a weighted R factor 
R‘ of 0.073 for 1490 reflections above CT. In the next 
four cycles of least-squares refinement, the carbon and 
nitrogen atoms of the anion were also assigned aniso- 
tropic thermal parameters while the cation carbon and 
nitrogen atoms remained restricted to isotropic thermal 
models. Since refinement of this model had to be 
carried out in blocks, parameters expected to have very 
low correlation coefficients were varied on different 
cycles. This final refinement converged to a conven- 
tional R factor of 0.069 and a weighted R factor R‘ of 
0.068. In the final cycle, the largest parameter shifts, 
which were approximately seven-tenths of an estimated 
standard deviation, were observed for some of the an- 
isotropic thermal parameters of the light atoms. None 
of the parameters of any atoms within the coordination 
sphere and chelate rings changed by more than one- 
fifth of an estimated standard deviation. In this re- 
finement, however, the thermal parameters of three 
light atoms did not refine as positive-definite -4 final 
difference Fourier map showed no peaks higher than 
0.6 e-/Ae or about 25% of the height of a carbon atom 
in this structure. Reasonable positions were found for 
many but not all of the o-phenanthroline and tetra-n- 
propylammonium hydrogen atoms but the contribu- 
tions of these hydrogen atoms to IF, were not included 
in any further calculation. The parameters obtained 
in this partial anisotropic refinement are taken as the 
final parameters for the structure and are given in Table 

Figure 1.----A perspective drawing of the CoiS*Ca(Cll;)z)z(o-phen)- 
adduct. 



DITHIOLENH COMPLEX XDIIUCTS Inargcmic Chemisbry, Vol. 9, No.  10, 1970 2215 

TABLE I11 

OBSERVED AND CALCCLATED STRUCTURE FACTOR AMPLITUDES (IN ELECTRONS X 10) FOR [ (n-CaH.t)dN] [Co(%G(CN)z)du-phen)J 
I L f 0 1 S  fC.1 x L lORS FCIl I L roes 'ChL 

..'*..He l'.,... 

..1*.lii 2 ..... 

.I....*= L I . 1 . t  

.....lH. s..... 

I along with their standard deviations as obtained from 
the appropriate inverse matrix of the last least-squares 
cycle in which the parameter was refined. In  Table 
I1 the root-mean-square amplitudes of vibration of the 
anion atoms are presented. The F, and IF,/ values (in 
electrons X 10) for the 1490 reflection included in the 
final refinement are tabulated in Table 111. None of 
the 1F01 values for reflections whose F2 values were less 
than a(F2) was found to be above 3 times the estimated 
standard deviation. With the weighting scheme em- 

ployed, the estimate of the standard deviation of an 
observation of unit weight has thevalue2.13. 

Description of the Structure 
The structure of the anionic adduct Co(SzCz(CN)&- 

(0-phen) - is best described as a tris-chelated octahedron 
and, in most respects, appears to be typical of hexaco- 
ordinatedCo(II1). 9perspective drawing of the adduct 
is presented in Figure 1 and all important intramolecu- 
lar distances and angles are tabulated in Table IV. 
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TABLE IV 
PRINCIPAL INTRAMOLECULAR DISTAXCES (A) ASD ANGLES (DEG) 

co-SI 
co-S? 
Co-Sa 
co-s4 
Co-OPNi 
Co-OPN? 
Sl-s? 
sss4 
OPN1-OPN2 
s1-c1 

Ci-CN1 
CN1-CNZ 
C r C 1  
S r C z  
C F C N E  
CNsCh-a  
sscs 
C s C N a  
CNk-CNe 
C r C 4  
s4-c4 

C I - C N ~  
CN7-CNs 
OPNrOPClo  
OPNFOPCB 
OPNl-OPC6 
OPN1-OPC1 

C A  TN-CA T C I  
C A  TN-CA T C I  
C A  TN-CA TC7 
CATN-CATCio 
C A  TCI-CA TC2 
C A T C ~ C A T C I  
C A  TC4-CA TCs 
C A  TCa-CA TCs 
C A  T C r C A  TCs 
C A  T C s C A  TCo 
C A T C l v C A T C i i  

2.217 (5) 
2 .250 (5) 
2 .244  (5) 
2 .210  (6 )  
2.009 (12) 
2 ,009 (12) 
3 .220 (6) 
3 .211 (6) 
2 .72 (2 )  
1 . 7 0  (2) 
1 .39  (2) 
1 . 1 5  (2) 
1 . 3 8 ( 2 )  
1 . 7 1  (2) 
1 . 4 0 ( 2 )  
1 .  I9 ( 2 )  
1 .76  (2) 
1 .39 (2 )  
l . l S ( 2 )  
1 . 3 4  (2) 
1 . 6 8  (2) 
1 . 4 1  (2) 
1 . 1 5  (2) 
1 .31  (2) 
1 . 3 5  (2) 
1 . 3 9  (2) 
1 .34  (2) 

1 .63 (2) 
1 . 5 5  (2) 
1 .54  (2) 
1 . 5 8  (2) 
1 .61  (2) 
1 .47 (2) 
1 .59 (2) 
1 .53  ( 2 )  
1.53 (2) 
1.50 (2) 
1 . 5 5  (2) 

C A  T C i r C A T C l z  1 .58  (2) 

Anion 
s?-cG-st 
SrCo-Ss  
OPsl-Co-OPN? 
SrCo-Sa 
OPNt-Co-Si 
OPS1-Co-Sa 
Co-sl-cl 
S1-C1-C2 
SI-CI-CNI 
Cz-CrCNl  
C1-CN1-CS2 
Co-SZ-C1 
S2-CFCl 
SFCFC‘VS 
Ci-CrCNs 
C~CNE-CNI 
C o - s a c s  
S a C a C a  
S r C r C N s  
C4-CaCNa 
CrCNa-CNs 
Co-S4-C4 
S r C c C a  
CBCI-CN~ 
CeCAT7-CNs 
Co-oPh~l-oPC1 
co-oPw1-oPc6 
OPCa-OPP*‘1-OPCI 
Co-OPNFOPClo 
Co-OPNrOPC6 
OPCiFOPNYoPC6 
OPC6-OPCk-OPNI 
OPCk-OPCcOPN2 

Cation 
C A T C r C A  T N - C A T C I  
CATCi-CA TN-CATC? 
C A T C r C A  TAT-CA TCio 
C A  T C c C A  T N - C A T C I  
C A  TCI-CA TN-CATCio 
CATC7-CATS-CA TCio 
CAThT-CA TCI-CAT& 
CATCi-CA TCI-CATCS 
CATA--CA TCI-CATCS 
C A  TC4-CA TCs-CA TCs 
C A  TN-CATCI-CATCs 
CATC1-CATCs-CA TCs  
C A T N - C A  TCiu-CATCii 
C A  T C I F C A  TCii-CA TCis 

92 .3  (2) 
9 2 . 2  (2) 
85 .2  (5) 

177 .8  (2) 
170 .8  (4) 
178.1 (5) 
101.5 (9) 
123 (2) 
116 (2) 
121 (2) 
178 (2) 
100.3 (8) 
122 (2) 
116 (2) 
122 (2) 
177 (3) 

122 (1) 
9 9 . 5  (7) 

114 (2) 
124 (2) 
177 (2) 
102.2 ( 7 )  
124 (1) 
117 (2) 
170 (2) 
132 (1) 
109 (1) 
119 (1) 
131 (1) 
110 (1) 
119 (1) 
118 (2) 
118 (2) 

111 (1) 
101 (1) 
112 (1) 
117 (1) 
105 (1) 
111 (1) 
112 (1) 
109 ( 2 )  
112 (1) 
105 (2) 
112 (1) 
107 (2) 
112 (1) 
104 (2) 

The average Co-N distance of 2.01 (1) A is slightly, but 
not significantly, longer than the value of 1.96 ( 2 )  A 
reported for Co(NH3)E3+ 2 3  and other Co-N distances 
reported for a number of six-coordinate cobalt(II1) 
c o m p l e x e ~ . ~ ~ - ~ ~  The four independent Co-S distances 
average 2.23 (2) A which is slightly less than the average 
Co-S distances of 2.238 (2) and 2.267 (3) A reported 
in two independent studies of the tris-dithiocarbamate 
complex C O ( S ~ C N ( C ~ H & ) ~ . ~ * , ~ ~  The shorter Co-S 
distance in the present study may be the result of the 
superior a-acceptor capability of the maleonitriledithi- 
olate ligand relative to the dithiocarbamate ligand or i t  
may result from the lack of steric strain in the five- 
membered chelate ring as opposed to the strained four- 
membered chelate ring formed by the dithiocarbamate 

(23) M. T. Barnet, B. M.  Craven, H. C .  Freeman, S .  E. King, and J. A. 
Ibers, Chem. Commun., 307 (1966). 

(24) R. E. Marsh and W. P. Schaefer, Acta Crystallogr., Sect. B,  24, 240 
(1968). 

(25) G .  G. Messmer and E. L. Amma, ibid. ,  Sect. B ,  24, 417 (1908). 
(26) F. A. Cotton and W. T. Edwards, ibid. ,  Sect. B, 24, 474 (1968). 
(27) B.  F. Hoskins, F. D.  Whillans, D .  H. Dale, and D. C .  Hodgkin, 

(28) S. Merlino, Acta Cryslallogr., Sect. B, 24, 1441 (1968). 
(29) T Brennan and I. Rernal, J .  Phys. Chem., 1 3 ,  443 (1969), I. Bernal, 

Chem. Commun., 69 (1909). 

private communication. 

TABLE V 
WEIGHTED LEAST-SQUARES PLASES AND THE DISTANCES OF THE 

ATOXS FROM THEIR RESPECTIVE PLANESa 

(ORTHORHOMHIC COORDINATES) 

Atom Distance, if Atom Distance, A 
Metal-Chelate Ring 1:  15.27% - 4 . 7 9 ~  - 0.772 - 3.14 = 0 

Co 0.005 (2) C, 0 . 0 8 ( 2 )  
Sl -0,019 (4) CS 0.14 (2)  
S S  -0.023 (4)  

hletaI-CheIate Ring 2 :  1 . 2 9 ~  + 7.3032 + 16.50~ - 2.88 = 0 
c o  -0.001 (2)  c3 0.00 (2) 
s3 0.001 (4) C i  -0.02 ( 2 )  
S4 0.003 (4) 

Metal-Chelate Ring 3: 1.68% + 2 6 . 1 1 ~  - 3 99z - 1.65 = 0 
Co 0.003 (2) OPCS 0.04 (1) 
OPNl -0.05 (1) OPCO 0.04 (1) 
OP& -0.05 (1) 

o-Phenanthroline Moiety: 2.23% + 
OPNi 0.03 (1) 
OPNz 0.05 ( I )  
OPCl -0.10 (1) 
OPCS -0.14 (2)  
oPc3 -0.03 (2) 
oPC4 0.04 (2)  
OPCj 0.08(1)  

- 2 6 . 1 4 ~  - 
OPCS 
OPC, 
OPCS 
OPCS 
OPClO 
OPCll 
OPCl? 

3.572 - 1.67 = 0 
0.09 (1) 
0.00 (1) 

-0.11 (2) 
-0.11 (1) 
-0.01 (1) 

0.00 (1) 
0.04 (2) 

S U C S ( C K ) ~ ~ -  Ligand 1: 1 4 . 9 9 ~  - 6 . 7 9 ~  - 1 . 2 5  - 2.73 = 0 
s1 0.022 (4) CN1 -0.06 (2) 
SS -0.023 (4) CN2 -0.15(2) 
C1 0.00 (2)  C A; 0.08 (2) 
C? 0.03 (2)  CNh 0 .17 (2 )  

SSCS(CK)~~-  Ligand 2 :  1 . 1 5 ~  4- 7 . 5 0 ~  + 16.472 - 2.83 = 0 
5 3  0.006 (4) C Ne -0.04 (2) 
S4 0.001 (4) CK6 0.01 (1) 
C3 -0.01 (2)  c 1”V; 0.02 ( 2 )  
C4 -0.04 (2) CiY* 0.04 (2) 

a Best weighted least-squares planes calculated by the proce- 
dure of W. C. Hamilton, Acta Crystallogr., 14,185 (1961), using the 
variance-covariance matrix. 

ligand. The average Co-S distance of 2.23 (2) is, 
however, significantly longer than the 2.16-2.18 A 
average values observed in the cobalt bis complexes 
of the 1,2-dithiolene ligand systems.2-6 The increase 
in the Co-S distance in the present structure relative to 
those observed in the cobalt bis-dithiolene complexes is 
taken to be a result of the increased coordination num- 
ber and the reduced metal-sulfur x bonding in the six- 
coordinate adduct. In  addition, we find significant 
differences between the Co-S bond lengths depending 
upon whether the sulfur atom is trans to another sulfur 
atom (2.247 ( 5 )  A) or trans to an o-phenanthroline 
nitrogen donor atom (2.213 (5) A). This difference in 
Co-S bond lengths is also observed in the structure of 
the CO(S~C~H~(CH~))~(~-~~~~) - adduct,30 thus indi- 
cating that in these adduct structures, the sulfur donor 
atoms exert a greater structural trans effect than the 
nitrogen donor atoms of the o-phenanthroline adden- 
dum. 

Within the coordination sphere, the deviations of the 
bond angles from those found for perfect octahedral 
coordination are small. The average intrachelate ring 
S-Co-S bond angle is 92.2 (2) a compared with values of 

(30) C .  G. Pierpont and R.  Eisenberg, Inorg.  Chem., 9,  2218 (1970). 
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Figure 2.-The dimensions of o-phenanthroline ligand and the 
T bond orders for the corresponding bonds in the phenanthrene 
molecule as derived from valence bond considerations. 

76.2 (2) and 76.2 (1)’ observed in the strained chelate 
rings of C O ( S ~ C N ( C ~ H ~ ) ~ ) ~ . ~ ~ ~ ~ ~  The small N-Co-N 
bond angle of 85.2” results from the fixed “bite” of the 
o-phenanthroline ligand (the intraligand N . . N dis- 
tance equals 2.72 (2) 8) and represents the most serious 
deviation from the octahedral geometry. The sym- 
metry of the adduct is essentially Cz. 

; -  

ure 2, the dimensions of the o-phenanthroline ligand 
and the calculated bond orders for the corresponding 
bonds in the phenanthrene molecule are shown. The 
estimated standard deviation for each of the o-phen- 
anthroline distances is approximately 0.019 8. In  
addition, slight deviations from planarity are found in 
the o-phenanthroline moiety and they are summarized 
in Table V along with the equation of the least-squares 
plane through the o-phenanthroline ligand. 

The (n-C3H7j4N+ cation has its expected geometry. 
The coordination about the nitrogen atom is approxi- 
mately tetrahedral with an average C-N bond distance 
of 1.57 (2) 8 and an average C-C bond distance of 1.55 
(4) 8. A similar, relatively long C-N single bond dis- 
tance of 1.56 (3) 8 has also been observed by Hamilton 
and Bernal in the tetra-n-butylammonium cation of the 
structure [(n-C4H9)4N]2 [Fez(S~C~(CN)2)4].6 

All intermolecular contacts in the structure are nor- 

Figure 3.-These drawings present a view of the packing of Co(SzCz(CN)g)z(o-phen)- anions down the b axis of the crystal. The drawings 
constitute a stereopair and may be viewed with a hand viewer. 

The average S-C and C-C distances of 1.71 (1) and 
1.36 (2) 8, respectively, in the S2Cz(CN)z2- ligands 
agree reasonably well with the corresponding values 
reported for the previously determined bis comple~es .~ -~  
One of the ligands does exhibit slight but significant 
deviations from planarity in the present structure but 
these deviations do not appear to be chemically signifi- 
cant and are probably the result of packing effects. In  
Table V, the equations of the least-squares planes 
through the metal-chelate rings and through the iso- 
lated ligands are presented together with the distances 
of the atoms from their respective planes. 

The dimensions of the o-phenanthroline ligand show 
significant variations in the C-C and C-N bond dis- 
tances which correlate approximately with bond orders 
calculated for the structurally similar phenanthrene 
molecule from valence-bond  consideration^.^^ In Fig- 

(31) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cornel1 
University Press, Ithaca, N. Y., 1960, p 201. 

mal. A stereoscopic drawing of the packing of the 
Co(S&(CN)Z)z(o-phen)- anions is presented in Figure 
3. The anions are well separated with the closest Co- 
c o  distance being over 9.3 8. 

A detailed comparison of the Co(S2Cz(CN)2)2(o- 
phen)- structure with that of the related Co(S2CeH3- 
(CH~))z(o-phen)- adduct is presented in the following 
paper along with a discussion relating the structural 
results to the stabilities of the two adducts relative to 
their respective bis complexes. 
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