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Comparison of the Structures and Properties of [N(C,H,),][Pt{S,C,(CN),},]
and [H,0],[NH ], _,[Pt{S,C.(CN),}.]-:2 - xH, O~
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The crystal structures of [N(C,H,),]1[Pt{S,C,(CN),},] and [H,0] [NH,], ,[P{S,C,(CN),},]-

2 — xH,0 are described. Both compounds contain anion dimers. In the former the dimer has a
slipped configuration with Pt ... S interactions whereas the latter contains the anions in an
eclipsed configuration with a Pt over Pt arrangement. The difference in the structures is related to
the size and nature of the cation. The electrical conduction and magnetic properties are related to

the structures.

The chemistry of the complexes of the ligand 1,2-dicyano-
ethylene-1,2-dithiolate has excited great interest amongst
chemists for the past twenty years.!™ It was realised soon
after their discovery that these complexes possessed unusual
redox properties arising from the fact that the highest energy
electrons occupied a delocalised molecular orbital involving
both metal and ligand orbitals. More recently interest in these
compounds has taken fresh impetus with the discovery of a new
type of one-dimensional metal based on the platinum complex
[H;30], 353110 5[ Pt{S,C,»(CN),},]-1.67H,0.** Hoffmann and
co-workers® in a recent review article have pointed out the
paucity of structural data on complexes of this type. They
discussed in detail the mode of dimerisation observed in
S,C,(CN),2~ complexes and explained the relative arrange-
ment of anions in the lattice in terms of the minimisation of
steric repulsion from lone pairs of electrons on the sulphur
atoms.

In this paper we describe the crystal structures of
[N(C,H3),J[Pt{S,C2(CN),},] and [H301,[NH,], - .[Pt{S,-
C,(CN),},1-2 — xH,O and relate them to those of other
[Pt{S,C,(CN),},]  salts.

Experimental

[N(C,H;),][Pt{S,C,(CN),},] was prepared according to the
method of Davidson and Holm.® Black needle-shaped crystals
were obtained upon slow crystallization or evaporation of a
solution of the salt in dichloromethane (Found: C, 31.85, 32.05;
H, 3.35; 3.45; N, 11.9, 11.9. Calc. for C,¢H,oNPtS,: C, 31.70;
H, 3.30; N, 11.55%), m.p. 288 °C (decomp.) [lit.° m.p., 288 °C
(decomp.)].

[H301INH,], - ,[Pt{S,C,(CN),},]-2 — xH,O was pre-
pared by passing a 0.6 mmol dm™ solution of [N(C,H5),],-
[Pt{S,C,(CN),},] in acetone-water (70:30) through an ion-
exchange column in the acid form and allowing the resulting
solution to mix with a solution of NH,Cl (four-fold excess) in
water. Slow evaporation of the resulting solution yielded a
mixture of needle-shaped crystals and a microcrystalline
material [Found: C, 1845; H, 1.3; N, 13.45. Calc. for

* Tetraethylammonium bis(1,2-dicyanoethylene-1,2-dithiolato)-
platinate(1 —) and oxonium bis(1,2-dicyanoethylene-1,2-dithiolato)-
platinate(l —) hydrate.

Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1989, Issue 1, pp. xvii—xx.

Table 1. Fractional atomic co-ordinates ( x 10%) for [N(C,Hj),]-
[Pt{S,C,(CN),},]

Atom X y z
Pt(1) 422(0.5) 509(0.5) 2855(1)
S(1) 1 458(1) 1224(2) 3 865(4)
S(2) —192(1) 1 710(2) 1 810(4)
S(3) 1046(2) —679(2) 3951(5)
S(4) —598(2) —235(2) 1 868(4)
N(1) 2 146(6) 3 374(8) 399121
N(2) 107(6) 3956(7) 1419(19)
N@3) 787(7) —2930(7) 4247(19)
N@4) —1256(6) —2384(7) 1 587(18)
C(1) 1187(5) 2227(7) 3276(15)
C(2) 479(5) 2437(7) 2 345(15)
C(3) 1 718(7) 2 865(8) 3 706(19)
C4) 272(6) 3286(8) 1 835(18)
C(5) 395(6) —1405(7) 3397(15)
C(6) —305(6) ~1233(6) 2443(13)
C(7) 610(7) —2240(8) 3807(20)
C(8) —845(7) —1874(7) 1963(17)
N(5) 1 866(4) 5121(5) 9 344(12)
C©9) 1 597(6) 5954(7) 8 270(18)
C(10) 2 146(7) 6 651(8) 8 847(24)
c1n 1.229(6) 4 528(7) 8 828(18)
C(12) 882(7) 4345(8) 6 695(22)
C(13) 2435(6) 4 760(8) 8630(19)
C(14) 2723(7) 3922(8) 9 483(23)
C(15) 2171(6) 5219(9) 11 552(16)
C(16) 1683(9) 5627(10) 12 434(22)

CgHgN,O,PtS, (x = 0): C, 18.15: H, 1.50; N, 13.25%]. The
analysis of this compound varied from preparation to prepar-
ation. The N content was found to be as low as 11.4% in some
samples (calc. for x = 1: N, 10.9%).

X-Ray Structure Determinations.—Crystals of the two com-
pounds were mounted on glass fibres. Following preliminary
photography, unit-cell parameters in each case were obtained
by least-squares refinement of the setting angles for 25 auto-
matically centred reflections measured on a CAD4 diffracto-
meter. Intensities were recorded on the /26 scan mode with
graphite monochromated Mo-K, radiation (A = 0.71069 A)
following standard procedures as previously described in
detail.” Semi-empirical absorption corrections were applied in
each case.® The structures were solved via routine heavy-atom
procedures and refined via application of full-matrix least
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Figure 1. A projection of the structure of [N(C,H;),][Pt{S,C,(CN),},] as viewed along the ¢ axis
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Figure 2. A projection of the structure of [N(C,H;),][Pt{S,C,-
(CN),},] showing the arrangement of anions in the dimer and the
interdimer separation

squares. For the final refinements, a weighting scheme of the
type w = 1/[c*(F,) + g(F,)*] was used. Atomic scattering
factor data were taken from ref. 9 and all calculations were
made using SHELX 76.1°

Crystal data for [N(C,H;),J[Pt{S,C,(CN),},]. Black
needles, C,(H,,NsPtS,, M = 605.71, monoclinic, space group

Table 2. Fractional atomic co-ordinates ( x 10%) for [H;O][Pt{S,C,-

(CN)z}z]'HzO

Atom x ¥y z
Pt(1) 162(0.5) 2 736(1) 436(1)
S(1) —1203(2) 2 385(4) 1 643(4)
S(2) -532(2) 1 699(4) —~2785(4)
S(3) 1524(2) 3086(4) —790(4)
S(4) 860(2) 3 748(4) 3659(4)
C(1) —1932(7) 1501(14) —483(15)
C(2) —1645(7) 1 196(14) —2401(16)
C(10) —2 869(7) 1021(16) —303(16)
N(1) —3622(7) 629(17) —218(16)
C(20) —2291(8) 451(16) —4130(16)
N(2) —2837(7) —158(17) —5454(16)
C(3) 2 261(7) 3830(14) 1 370(16)
C(4) 1981(7) 4 127(15) 3 303(16)
C(30) 3205(7) 4 207(15) 1186(16)
N(3) 3974(7) 4 499(16) 1 104(16)
C(40) 2 648(8) 4739(17) 5011(16)
N(4) 3221(7) 5201(17) 6 326(16)
o) —5179(7) —2105(16) —3637(15)
0O(2) ~4624(7) —1987(15) —7512(16)

P2,/a, a = 20.052(3), b = 16.099(3), ¢ = 7.188(3) A, B =
110.51(5)°, U=21731 A3 Z=4, D, =185 g cm™,
u(Mo-K,) = 65.7 cm™!, F(000) = 1 172. Total data recorded
4312 (1.5 < 0 < 25.0), unique 3 835, observed [/ > 1.56(I)]
3 049. Number of parameters 237, g parameter 0.000 01, final
R = 00574, R’ = 0.067. Non-hydrogen atoms anisotropic,
hydrogen atoms inserted in idealised positions with group
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Table 3. Interatomic distances and interbond angles fof [N(C,Hj),]-
[Pt{S,Cx(CN),},]

Bond lengths (A)

S(1)-Pt(1) 2.260(5) S(2)-Pt(1) 2.274(5)
S(3)-P(1) 2.270(5) S(4)-Px(1) 2.260(5)
C(1)-S(1) 1.710(13) C(2)-S(2) 1.722(12)
C(5)-S(3) 1.693(15) C(6)-S(4) 1.712(12)
CB3)-N(1) 1.152(17) C4)-NQ2) 1.137(16)
C(7)-N@3) 1.175(16) C(8-N@4) 1.126(16)
C2)-C(1) 1.382(15) C(3)-C(1) 1.433(16)
C4)-C(2) 1.439(16) C(6)-C(5) 1.356(15)
C(1)-C(5) 1.412(17) C(8)-C(6) 1.449(17)
C(9)-N(5) 1.546(15) C(11)-N(5) -1.534(15)
C(13)-N(5) 1.525(15) C(15)-N(5) 1.496(14)
C(10-C(9) 1.524(17) C(12)-C(11) 1.475(18)
C(14)-C(13) 1.513(19) C(16)-C(15) 1.492(19)
Bond angles (°)
S(2)-Pt(1)-S(1) 90.2(2) S(3)-Pt(1)-S(1) 89.1(2)
S(3)-Pt(1)-S(2)  179.0(1) S@)-Pt(1)-S(1)  178.6(1)
S(4)-Pt(1)-S(2) 91.2(2) S(4)-Pt(1)-S(3) 89.5(2)
C(1)-S(1)-Pt(1) 103.0(4) C(2)-S(2)-Pt(1) 102.3(5)
C(5)-S(3)-Pt(1) 102.4(5) C(6)-S(4)-Pt(1) 103.0(5)
C2)-C(1)-S(1) 122.3(9) CB3)-C(1)-S(1) 118.4(9)
C(3)-C(1)-C(2) 119.3(11) C(1)-C(2)-8(2) 122.1(9)
C(4)-C(2)-S(2) 117.1(9) C4)-C(2)-C(1) 120.8(11)
C()-C(3)-N(1)  177.7(15) CQ)-C@)-N@)  179.5(12)
C(6)-C(5)-S(3) 123.7(10) C(7)-C(5)-S(3) 117.1(10)
C(7-CG)-C(6)  119.0(12) C(5)-C(6)-S(4) 121.409)
C(8)-C(6)-S(4) 116.5(9) C(8)-C(6)-C(5) 122.1(11)
C(5)-C(7)-N(3) 176.5(15) C(6)-C(8)-N(4) 178.7(13)
C(11)-N(5)-C(9) 107.7(9) C(13)-N(5)-C(9) 109.4(9)
C(13)-N(5)-C(11)  109.8(9) C(15)-N(5)-C(9)  112.3(10)
C(15)-N(5)-C(11) 108.6(9) C(15)-N(5)-C(13)  109.0(9)
C(10)-C(9)-N(5) 114.2(10) C(12)-C(11)-N(5) 115.2(11)
C(14)-C(13)-N(5) 115.1(11) C(16)-C(15)-N(5) 114.3(11)
Selected intermolecular non-bonded distances (A)

Pt(1)-Pt(1a) 4326 S(3)-Pt(1a) 4.330
S(4)-Pt(1b) 3.562 S(4)-S(3a) 3727

Key to symmetry operations relating designated atoms to reference
atoms at (x, y, 7): (@) —x, —y, 1.0 — z, (b) —x, —y, —z.

isotropic U values. Final fractional atomic co-ordinates are
given in Table 1.

Crystal data  for [H;0],[NH,], _,[Pt{S,C,(CN),},]:
2 — xH,0. Black needles, CgHsN,O,PtS, (the X-ray structure
1s consistent with x &~ 1 for the crystal studied), M = 511.5, tri-
clinic, space group P1,a = 14.699(5), b = 7.128(3), c = 6.688(3)
A, & =97953), B = 97.04(3), v = 93.26(3)°, U = 695.5 A?,
Z=2 D, =2442 g cm>, D, = 2456 g cm™, p = 102.55
cm™!, F(000) = 478. Total unique data measured 2429
(1.5 < 6 < 25.0°), observed [I > 1.56(/)] 2 220. Number of
parameters 185, g parameter 0.000 05, final R = 0.041, R’ =
0.051. Non-hydrogen atoms anisotropic, possible hydrogens
detected on Ap maps (but only two on each oxygen) and
included with free positional refinement but assigned group U,
values. Final fractional atomic co-ordinates are given in Table 2.

Additional material available from the Cambridge Crystallo-
graphic Data Centre comprises H-atom co-ordinates and
thermal parameters.

Conductivity—Conductivity measurements were made by
the four-probe d.c. technique using a computer-controlled
apparatus. Colloidal graphite was used as the contact material
between the gold wires and the crystal.

Table 4. Interatomic distances and interbond angles for [H,O]-
[Pt{szcz(CN)z}z]'Hzo

Bond lengths (A)

S(1)-Pt(1) 2.266(4) S(2)-Pt(1) 2.273(4)
S(3)-Pt(1) 2.269(4) S(4)-Pt(1) 2.274(5)
Pt(1)-Pt(1a) 3.4474) C(1)-S(1) 1.696(12)
C(2)-S(2) 1.714(12) C(3)-S(3) 1.698(13)
C(4)-S@) 1.706(12) C(2)-C(1) 1.392(15)
C(10)-C(1) 1.425(15) C(20)-C(2) 1.425(15)
N(1)-C(10) 1.136(15) N(2)-C(20) 1.140(15)
C4)-C(3) 1.396(15) C(30)-C(3) 1.423(195)
C(40)-C(4) 1.414(15) N(3)-C(30) 1.147(15)
N(4)-C(40) 1.140(15)

Bond angles (°)
S(2)-Pt(1)-S(1) 90.3(2) S(3)-Pt(1)-S(1) 179.7
S(3)-Pt(1)-S(2) 89.4(2) S(4)-Pt(1)-S(1) 89.3(2)
S(4)-Pt(1)-S(2) 179.5(1) S@)-Pt(1)-S(3) 90.5(2)
C(1)-S(1)-Pt(1) 102.8(4) C(2)-S(2)-Pt(1) 102.0(5)
C(3)-S(3)-Pt(1) 102.1(5) C(4)-S(4)-Pt(1) 102.4(5)
C(2)-C(1)-S(1) 122.3(9) C(10)-C(1)-S(1) 119.109)
C(10)-C(1)-C(2)  118.6(10) C(1)-C(2)-S(2) 122.109)
C(20)-C(2)~-S(2) 117.9(9) C(20-C(2)-C(1)  119.7(10)
N()-C(10)-C(1)  178.0(12) N(2)-C(20)-C(2) 176.8(11)
C@4)-C(3)-S(3) 123.2(9) C(30)-C(3)~S(3) 118.1(9)
C(30)-C(3)-C(4)  118.7(10) C(3)-C(4)-S(4) 121.8(9)
C(40)-C(4)-S(4) 119.2(9) C(40)-C(4)-C(3)  119.0(10)
N@3)»-C(30)-C(3) 177.7(12) N(4)-C(40)-C(4) 176.4(12)

Selected intermolecular non-bonded distances (A)
S(1)-Pt(1c) 4.235 S(2)-Pt(1d) 3.793
S(3)-Pt(1c) 4011 S(4)-Pt(lc) 4.189
S(1)-S(1d) 5.512 S(2)-S(1d) 4.095
S(3)-S(1c) 3.444 S(4)-S(1f) 3.866
S(4)-S(2b) 3.722 S(1)-S(3d) 3.904
S(2)-S(2e) 4.099 S(3)-S(2d) 4.726
S(4)-S(2¢c) 3.467 S(2)-S(4d) 3.887
S(4)-S(4f) 3.690

Key to symmetry operations relatings designated atoms to reference
atoms at (x, y, 2):(b) x, , 1.0 + z,(c) —x,1.0 — y, —2,(d) —x, —y, —2z,
€ —x,—y, =10 -z, —x, 1.0 — », 10 — =z

Results and Discussion

Structure of [N(C,H;),][Pt{S,C,(CN),},]—Figure 1 shows
the ¢ axis projection of the crystal structure. The [Pt{S,C,-
(CN),},]™ anion is almost planar with average bond lengths
Pt-S 2.267 and S—-C 1.708 A (Table 3). The planar anions are
arranged in columns parallel to the a axis of the unit cell. The
columns are surrounded by the bulky cation and the closest
intercolumnar contact is between the CN groups of adjacent
anions in the b direction or between the CN group of one anion
and the S of an adjacent anion. Figure 2 shows the anion
columns to consist of dimers. Figures 1 and 2 show that within
the dimer the anions are in a slipped configuration such that
the metal atom at the centre of each molecule is positioned
above the S atom of the other molecule. The closest intradimer
contact within the dimer species is the Pt-S distance of 3.562 A
whilst the shortest interdimer contact in the « direction is
between the S atoms (3.727 A).

The crystal structure is very similar to that found for
[N(C,H;),J[Ni{S,C,(CN),},]."! In particular the intradimer
contact of 3.562 A for the Pt complex is similar to the average
intraplanar spacing reported for the Ni complex (3.5 A).!!

Structure of [H301.INH, ], - .[Pt{S,C5(CN),},]-
2 — xH,0.—As discussed in the Experimental section the
analysis of this product varied from preparation to preparation
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Figure 4. Crystal structure of [H;O][Pt{S,C,(CN),},]-H,O showing the dimer unit

indicating that replacement of [NH,]* by [H;0]* could occur
during preparation. The structure of the crystal used in the X-
ray study could only be satisfactorily refined assuming the
stoicheiometry [H;,O][Pt{S,C,(CN),},]-H,0. The [H,0]*
unit is believed to occupy the same position as the Rb* ion in
Rb[Pt{S,C,(CN),},]-H,0."?

Figure 3 shows the b* projection of the crystal structure of
[H;0][Pt{S,C,(CN),},]-H,O0. The anions are arranged face

to face in an eclipsed configuration to form a columnar stacked
structure. Figure 4 shows the ¢* projection and reveals that
within the stack the anions associate to give dimers, the S---S
contacts within the dimer being 3.45, 3.46 A, and between
dimers 3.89 and 3.90 A. The corresponding distances in the
anal(}%ous Rb[Pt{S,C,(CN),},]-H,O are 3.43, 3.46 and 3.83,
391 A.t?

Between the columnar stacks of anions in the ¢ direction there
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are a number of short S-S contacts (Table 4). The arrangement
of the stacks in the ¢ direction and the intrastack distances are
comparable to those found in Rb[Pt{S,C,(CN),},]-H,0'? and
[H;307.33L1, s[Pt{S,C,(CN),},]-1.67H,0.> This arrange-
ment gives rise to a sheet like structure parallel to the bc¢ plane.
These sheets of anions are separated by the cations and water
molecules (see Figure 3) which form a hydrogen-bonded net-
work to the nitrogen atom of the cyano group on the ligands.
The arrangement of the sheets in [H;O],[NH,], -,-
[Pt{S,C,(CN),},]1-2 — xH,0 is thus similar to that found in
both  Rb[Pt{S,C,(CN),},]-H,0'* and [H;0],3;Ligs-
[Pt{S,C,(CN),},]-1.67H,0.5

Electrical Conductivity Studies.—The electrical conductivities
have been determined down the needle axes of crystals of both
compounds. In both cases this corresponds to the stacking
direction of the columns of anions. The room temperature con-
ductivity of [H3O0],[NH,]; - .[Pt{S,C,(CN),},]-2 — xH,0
was 107 Q! cm™!. Over the temperature range 310—240 K
it was found to behave as a semiconductor with an activation
energy of 405 meV. The room temperature conductivity is
similar to that reported for Rb[Pt{S,C,(CN),},]-H,0 (2.5 x
1075 Q' cm™!) whilst the activation energy is somewhat larger
(300 + 5 meV above 250 K and 240 + 5 meV below 240 K).?

The value for the room temperature conductivity (10°® Q1
cm™) found for [N(C,H;),J[Pt{S,C,(CN),},] is in good
agreement with that reported previously.!® The similarity in the
electrical conduction behaviour of these compounds in spite of
the differences in the overlap within the dimer is probably due to
the conductivity being limited by the interdimer hopping
process rather than intradimer transfer.

Magnetic Properties—The magnetic properties of [N(C,-
H;) J[Pt{S,C,(CN),},]  and [H301[NH,], -, [Pt{S,C,-
(CN),},]-2 — xH,O are quite different. Weiber et al.!* have
shown that the [N(C,H;),]" salt is paramagnetic at room
temperature ([, 1.15) and becomes diamagnetic at low
temperature. The temperature dependence of the susceptibility
was shown to be consistent with a triplet-singlet equilibrium
with a J value of 350 cm~!. On the other hand the [H,0]*
/INH,]" salt is diamagnetic at room temperature. When
heated above room temperature the compound becomes slowly
paramagnetic. The origin of this phenomenon is not understood
at present and is being investigated further.!®

General Discussion—There has recently been a discussion of
the reasons for the observation that, until the present study,
only M-S dimers had been observed for nickel dithiolene
complexes and M—-M dimers for platinum dithiolene complexes.
It was proposed that the choice between the two alternative
dimeric structures relied on a delicate balance between M-S
or M-M bonding and interring repulsions.® The structures
reported here add significant new results to this discussion. The
results outlined here show that the differences observed in the
two compounds described above are due to the influence of the
cation on the crystal structure and not due to orbital overlap
considerations. The [N(C,H;),]* cation differs from Rb* or
[H;O]"/[NH,]" cations in two important ways. First, the
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cation size is much larger and the slipped dimer arrangement
found for this salt produces cavities in the lattice in which the
cation can be accommodated. The [N(C,H,),]" salt is also
anhydrous in contrast to the salts of small cations which
are hydrated. In the latter structures and in that found for
[H;0]0.33Lig s[ Pt{S;C,(CN),},1-1.67TH,O the water mole-
cules appear to play a role in bonding together the two-
dimensional sheets of sulphur—sulphur anions described earlier.
Thus the difference in the two types of structure appears to be
dominated by interdimer rather than intradimer interactions.

The magnetic results clearly show that the Pt over Pt
arrangement within the dimer leads to much stronger inter-
molecular overlap than the metal over sulphur arrangement. In
the isolated monoanion the unpaired electron is located in a
delocalised molecular orbital formed by the overlap of the Pt d,,
orbital with the ligand = orbital. The negative charge is
distributed between the metal and the ligand with a significant
amount on the sulphur atom. The short S-S and Pt—Pt distances
are significantly shorter than the Pt-S separation in the [NH,]*
salt and provide an efficient exchange mechanism to produce
the singlet ground state.
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