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A structural determination of the Busch-Jicha complex [Ni{Ni(NHzCHgCHQS)EMClz has revealed the detailed stereochemi-
cal nature of a new basic trinuclear metal system for the divalent tetrakis(2-aminoethanethiol)trinickel(II) cation. The
framework of the diamagnetic cation may be seen as arising from the chelation of two identical Ni{NH,CH,CH:8), entities of
cts configuration to a third nickel(I11) atom by four Ni-S bonds such that this central nickel(II) is surrounded by four planar
bridging sulfur atoms. The steric requirements of the chelating NHoCH.CH,S ligands necessitate that the fusion of the
central planar NiS; unit with each of the two essentially planar NiN:S; units along the S-S line give rise to a nonplanar frag-
ment of torsional angle 109°. The resulting Ni{ NiN3S:}» entity ideally possesses a chair conformation of Cop-2/m symmetry.
Inclusion of the methylene groups to produce the observed conformation of the entire cation lowers the symmetry to the
crystallographically observed Ci-1. The prime structural feature is the short Ni(II)-Ni(IT) distance of 2.733 (7) A found
in the symimetrical linear array of three nickel atoms. A qualitative MO bonding description was invoked in orde: to ration-
alize the possible existence of a weck metal-metal bonding stabilization originating from the 3d.: and 4p. orbhital interac-
tions of the trinickel system. The ionic compound forms triclinic crystals with one formula unit in a centrosymmetric primi-
tive unit cell with parameters ¢ = 5.29 == 0.01 A, » = 855 = 0.015 A, ¢ = 11.19 = 0.02 A, o = 110° 28" = 107, 8 =
96° 32" = 10/, and v = 91° 50’ & 10’. The structure (including all hydrogen atoms) was solved by three-dimensional
Patterson and Fourier methods and refined by the full-matrix least-squares method to Ri(F) = 4.99, and Ro(F) = 549,
based on 1213 independent intensity maxima obtained photographically. The crystal structure was shown to be partially

stabilized by a hydrogen-bonding network involving the amine groups of the cations and the chloride anions.

The diverse stereochemical behavior of the biologi-
cally important mercaptan group as a donor in the
formation of a large variety of transition metal-sulfur
complexes makes this ligand particularly interesting.
Chemical and physical investigations of such complexes
derived from mercaptide ions or polydentate ligands
containing the mercapto ligand have demonstrated
mercaptan’s widespread tendency to bridge transition
metals.’ The complete range of possible linkages of the
mercapto ligand to transition metals in organometallic
carbonyl and cyclopentadienyl complexes has been
revealed from structurally proven examples showing SR
ligands attached to one,® two,® and three® transition
metal atoms by formal use of one, three, and all five of
its available valence electrons.

From the reaction of 2-aminoethanethiol with nickel-
(IT1) chloride in aqueous solution Jicha and Busch’
isolated a solid trinuclear nickel complex of composition
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[Ni{ Ni(NH,CH,CH:S),} 2 ]Cl..  The existence of this
type of trinuclear metal complex in agueous solution was
established from spectrophotometric continuous-varia-
tion investigations. The ionic nature of the compound
as a 2-1 electrolyte was demonstrated from conductiv-
ity studies. From the compound’s diamagnetic char-
acter at room temperature, determined from magnetic
measurements by the Gouy method, Jicha and Busch’
concluded that all three nickel(IT) atoms possess planar
coordination. The fact that this trinuclear nickel
complex can also be readily synthesized as the result
of the solubilization of the neutral cis complex bis(2-
aminoethanethiol)nickel(IT), Ni(NH,CH,CH,S),, by
nickel(II) chloride led them to postulate” a structure for
Ni{Ni(NH,CH,;CH;S),} 2+ that involved the bonding
of the third nickel(II) atom with an unshared electron
pair from each of the four sulfur atoms in two ¢is-Ni-
(NH,CH,CH,S); molecules. They further predicted a
chair conformation for this cation,” since the presumed
tetrahedral-like nature of the four valence orbitals
of each bridged sulfur atom would preclude coplanarity
for the coordinated groups of two adjacent nickel(II)
atoms.

Jicha and Busch” also prepared the corresponding
diamagnetic trinuclear palladium(II) derivative and a
paramagnetic cobalt(II) trimer of identical formula.
They® extended this trinuclear metal series to include
heterometallic cations of formulas M’{Ni(NH,CH,-
CH,S)o} "t (where M’ = Cu(II), Cu(I), Pd(I),
Pt(IT), and Cd(II)) and Ni{Pd(NH;CH,CH,S)s}s2*
and suggested that the copper(I) and cadmium(IT) form

(8) 1. C. Jicha and D. H., Busch, ¢bid., 1, 878 (1962).
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trimetal adducts by tetrahedral coordination with the
four sulfur atoms of the two cis-Ni(NH,CH,CH.S),
molecules. A recent comprehensive study by Root
and Busch® of the various nickel(IT) complexes ob-
tained from a number of N-monosubstituted and N,N-
disubstituted 2-aminoethanethiols showed that trinu-
clear nickel(II) cations could be isolated only when the
steric repulsion requirements of the ligand were rela-
tively limited. Wrathall and Busch found that the
ligand 2-(2-mercaptoethyl)pyridine could also be uti-
lized to synthesize analogous sulfur-bridged homometal-
lic cations with nickel(II) and palladium(II), as well as
the heterometallic Ni{Pd(NC;H,CH.CH,S),},2+ and
Co{ Ni(NC;H;CH,CH,S),} .2+ cations.

Structural analysis of [Ni{Ni(NH:CH:;CH,S)s}:]Cl
by the single-crystal X-ray diffraction method was
carried out to provide detailed stereochemical infor-
mation on the nature of this sulfur-bridged trimetal
system and to determine the various factors which
contribute to the stabilization of these trinuclear metal
complexes. This investigation revealed that the molec-
ular architecture of the cation possesses short nickel~-
nickel distances indicative of direct nickel(II)-nickel-
(IT) interactions.

Experimental Section

Black needle crystals of [Ni{Ni(_NH2CH2CH2S2)}2]Clg, gener-
ously supplied by Professor D. H. Busch and Dr. D. C, Jicha of
The Ohio State University, were used for our X-ray study without
further recrystallization. A cylindrically shaped single crystal
of length 0.77 mm and diameter 0.12 mm was selected for the
collection of Weissenberg data, while another cylindrically
shaped crystal of length 0.59 mm and diameter 0.05 mm was used
for obtaining precession data. Both crystals were mounted in
thin-walled glass capillaries along their needle axes, which corre-
sponded to the @ axis of the chosen triclinic unit cell. Unit cell
parameters were determined at room temperature (24°) from both
Weissenberg and precession photographs, with the estimated
errors based on reproducibility of the measurements. Multiple-
film equiinclination Weissenberg data were obtained with zir-
conium-filtered Mo Kea radiation (A 0.7107 A) for reciprocal
levels Okl through 6kl. To minimize errors due to spot com-
paction, a full 360° range of Weissenberg data consisting of two
separate sets of film packets was taken for each nonzero reciprocal
lattice level, and the intensities of only the reflections recorded
on the top halves of the films were measured. Timed-exposure
precession photographs of %0l, k1l, and kkQ zones were collected
with zirconium-filtered Mo Ka radiation from the second crystal.
All intensities were estimated visually by comparison with corre-
sponding sets of standard spots and then corrected for Lorentz and
polarization effects. No corrections were made for absorption or
extinction. With the linear absorption coefficient having a u
value of 36.4 cm™ for Mo Ka radiation, the maximum intensity
variation on a given reciprocal layer due to absorption was esti-
mated to be less than 109,. All 1213 independent, observed
reflections (obtained from the 10 Weissenberg and precession
reciprocal levels) were merged to put them on an initial relative
common scale;!? the separate reciprocal level scale factors were
subsequently refined by least squares. Minimum observed
intensities, I,(min), were estimated for each reciprocal level, and
variable weights were assigned to individual observed reflections

(9) C. A. Root and D. H. Busch, Inorg. Chem., T, 789 (1968).

(10) J. W. Wrathall and D. H. Busch, 7bid., 3, 1182 (1963).

(11) Cf. M. J. Buerger, “X-Ray Crystallography,” Wiley, New York,
N. Y., 1942, pp 227-229.

(12) Of the common Weissenberg and precession reflections, only the
Weissenberg ones were used in the least-squares refinements.
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according to the following scheme: ~/w = 20/F, if I, > 41,
(min); vVw = 1.25102/ FoI,2(min) if I, < 4I,(min).

Results

Crystal Data.—The reduced primitive triclinic unit
cell of symmetry P1 (Ci!, no. 2) and cell parametersa =
5.29 = 0.0l A, b = 855 = 0.015A, ¢ = 11.19 = 0.02 4,
a = 110° 28" = 10’, 8 = 96° 32’ = 10/, and v =
91° 50’ = 10’ contains one formula unit of [Ni{Ni-
(NHgCHgCHgS)2}2]C12. The volume of the unit cell is
470 A% The observed density of 1.94 = 0.02 g cm—3
(obtained from the flotation method) is in satisfactory
agreement with the calculated value of 1.95 g ecm—2.
The total number of electrons per cell, F((00), is 282.

Determination of the Structure.—A three-dimen-
sional Patterson function was calculated!® from the
observed structure factor amplitudes. From an in-
spection of this function with due regard to expected
interatomic distances, trial positional parameters for
two nickel, one chlorine, and two sulfur atoms were
found which conformed to the centrosymmetric space
group P1. This choice of space group was subsequently
corroborated by the satisfactory least-squares refine-
ment of the structure. Determination of the struc-
ture involved the location of 2 nickel, 2 sulfur, 2
nitrogen, 4 carbon, 1 chlorine, and 12 hydrogen
atoms. One nickel atom was conveniently chosen to
lie on the particular crystallographic center of sym-
metry that corresponded to the special position (1h):
/s, /s, 1/s; all of the other crystallographically inde-
pendent atoms occupy the general twofold set of posi-
tions (2i): =£(x, ¥y, 2).!* Ablock-diagonal least-squares
refinement® of positional parameters and individual
atom isotropic temperature factors for the five heavy
atoms together with the ten reciprocal level scale fac-
tors was carried out. Isotropic temperature factors of
2.0 A? for each nickel atom and 3.0 A? for each sulfur
and chlorine atom were initially assigned. After two
cycles the unweighted discrepancy index, R, = | EH
FJ — |FCH/E|FOH X 100, had a value of 18.29,. A
three-dimensional Fourier synthesis!® phased on these
nickel, chlorine, and sulfur atoms unambiguously re-
vealed the positions of the other six crystallographically
independent nonhydrogen atoms, the distinction be-
tween carbon and nitrogen atoms being made on the
basis of chemical knowledge. Further block-diagonal
least-squares refinement of the positional and thermal
parameters for the 11 nonhydrogen atoms, in which
initial isotropic thermal parameters for each nitrogen
and carbon atom were arbitrarily chosen to be 5.0 A?,
lowered the R value to 7.9%, after which the Busing—
Martin-Levy full-matrix least-squares program! was
used to obtain the standard errors from the full inverse

(13} J. F. Blount, '"A Three-Dimensional Crystallographic Fourier Sum-
mation Program for the CDC 1604 Computer,” Ph.D. Thesis (Appendix),
University of Wisconsin, Madison, Wis., 1965.

(14) “International Tables for X-Ray Crystallography,” Vol. I, Kynoch
Press, Birmingham, England, 1965, p 75.

(15) P. W. Sutton, “A Crystallographic Block-Diagonal Least-Squares
Program for the CDC 1604 Computer,” University of Wisconsin, 1962.

(16) W. R. Busing, K. O. Martin, and H. A. Levy, “orFLs, a Fortran
Crystallographic Least-Squares Program,” Report ORNL-TM-305, Oak
Ridge National Laboratory, Oak Ridge, Tenn., 1962,
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TaBLE I

PosITIONAL AND ANISOTROPIC THERMAL PARAMETERS (10%) FOR NONHVYDROGEN ATOMS*?

Atom % 3 z Bt
Ni(1) 0.5000 0.5000 0.3000 269 (4)
Ni(2) 0.4087 (2) (0.2422 (1) 0.2681 (1) 259 (3)
S1) 0.1630 (3) 0.4365 (3) 0.3506 (2) 275 (6)
S(2) 0.4574 (3) 0.2270 (2) 0.4576 (2) 275 (8)
Cl 0.1653 (4) —0.1742 (3) 0.0565 (2) 378(7)
N(Q1) 0.3823 (12) 0.3015 (9) 0.1187 (6) 316 (21)
N(2) 0.6530 (13) 0.0779 (9) 0.2143 (7) 411 (26)
C(1) 0.3824 (16) 0.4868 (13) 0.1552 (9) 406 (31)
C@) 0.1727 (16) 0.5453 (12)  0.2364 (8) 449 (32)
C@3) 0.7440 (17) 0.0024 (11)  0.3096 (9) 463 (34)
Ci4) 0.7636 (13) 0.1307 (11)  0.4439 (8) 284 (24)

¢ The form of the anisotropic temperature factor is exp[— (Buk? + Bnk® + B3l + 281kk + 281kl + 28k)].

B2 B33 B2 Bz B
107 (2) 681 (1) 22 (3) 14 (2) 35(2)
115 (2) 63 (1) 8 (2) 13 (1) 28 (1)
151 (4) 72(2) 28 (4) 23 (3) 45 (2)
125 (4) 81 (2) 10 (4) 25 (3) 48 (2)
195 (5) 99 (2) 44 (5) 25 (3) 45 (3)
213 (15) 65 (7) 56 (15) 28 (10) 35 (8)
150 (13) 76 (7) 84 (15) 49 (11) 35 (8)
232 (21) 111 (11) 89 (20) 65 (15) 87 (13)
197 (18) 84 (9) 64 (20) 29 (14) 60 (11)
148 (16) 131 (11) 35 (20) 57 (18) 43 (11)
151 (15) 95 (9) 42 (16) 38 (12 42 (10)

b Standard deviations

of the last significant figures are given in parentheses here and in succeeding tables.

matrix (with inclusion of the estimated unit cell uncer-
tainties),

Four cycles of isotropic full-matrix least-squares,
refinement resulted in an R; value of 6.19; and a value
of the weighted discrepancy index, R, = [EwHFoi —
|FJ[2/2w|Fo2]7* X 100, of 7.19%. All parameter
shifts in the last cycle were negligible compared to the
corresponding standard deviations. A three-dimen-
sional difference Fourier map, computed?® on the basis
of these refined parameters, showed 32 positive peaks
whose densities ranged from 0.3 to 0.8 e~/A?; the
minimum density on the map was —0.6 e=/A% Al
though some of the 32 peaks were in the neighborhood
of nickel and sulfur atom positions, 12 peaks were in
chemically reasonable positions for the 12 hydrogen
atoms attached to the carbon and nitrogen atoms. To
obtain more reliable hydrogen atomic positions, least-
squares refinement with anisotropic thermal coefficients
for all nonhydrogen atoms was then carried out with
one scale factor;7 the R; and R, values decreased to
5.4 and 6.19, respectively. Another difference Fou-
rier synthesis showed essentially the same 12 hydrogen
positions obtained previously. Therefore, the full-
matrix least-squares refinement was continued, with
nonhydrogen atoms and hydrogen atoms assigned aniso-
tropic and isotropic thermal parameters, respectively.
Although attempts to refine isotropic thermal param-
eters of hydrogen atoms as well as their positional
parameters resulted in reasonably low discrepancy in-
dexes of Ry = 4.99, and R, = 5.39, the 12 C-H and
N-H distances nevertheless ranged from 0.91 to 1.44 A,
Hence, a reasonable isotropic temperature factor of
5.5 A? was fixed for each hydrogen atom, and hydrogen
atom positions were refined together with the posi-
tional and anisotropic thermal parameters for the non-
hydrogen atoms. After five cycles the R, and R,

(17) The isotropic refinement with all nonhydrogen atoms resulted in the
values ranging from 0.276 to 0.305 for the 10 scale factors. These values
were utilized to put all intensity data on one scale prior to the anisotropic
refinement,

(18) Temperature factors of nonhydrogen atoms at the end of isotropic
refinement ranged from 2.7 A? for the nickel at the special position to 4.9 Az
for a carbon atom. Although the temperature factor of 5.5 A? assumed
for each hydrogen atom is somewhat larger than the corresponding value
for the carbon or nitrogen atoms, the resulting molecular parameters were
substantially the same when different fixed isotropic thermal values of 4.5 and
6.5 A? were assumed for each hydrogen atom: Cf. E. O. Schlemper, Inorg.
Chem., T, 1130 (1968).

TaBLE 11
HYDROGEN POSITIONAL PARAMETERS

Atom x LY 2

H(1) 0.256 (21) 0.257 (14) 0.033 (11)
H(2) 0.496 (21) 0.254 (13) 0.040 (11}
H(3) 0.352 (20) 0.506 (14) 0.076 (10)
H(4) 0.524 (22) 0.572 (15) 0.225 (10)
H(5) 0.141 (20) 0.688 (14) 0.279 (10)
H(6) 0.015 (21) 0.507 (13) 0.169 (10)
H(T) 0.564 (20) —0.015 (14) 0.131 (11)
H(R) 0.797 (22) 0.131 (14) 0.194 (10)
H(9) 0.930 (20) —0.059 (13) 0.273 (10)
H(10) 0.624 (20) —0.094 (14) 0.308 (10)
H(11) 0.774 (20) 0.040 (14) 0.514 (10)
H(12) 0.894 (20) 0.220 (14) 0.485 (10)

values remained at 4.9 and 5.49, respectively. The
parameter shifts for the nonhydrogen atoms were all
less than 189 of the corresponding standard deviations,
whereas the maximum shift in hydrogen positional
parameters was 959, of the corresponding standard
deviation. All least-squares refinements were based
. . . ' i .
on the minimization of Sw|A F 1%, and the weights were
assigned as previously outlined. The standard devia-
tion of an observation of unit weight, defined as
H 1/, .
[ A'F |2/ (n—p)]/* where n is the number of observa-
tions and p the number of parameters fitted to the
data set, was 0.92. The scattering factors used were
those of Thomas and Umeda!® for the neutral nickel
atom,? those of Dawson?! for sulfur and the chloride
ion, those of Berghuis, et al.,?* for carbon and nitrogen,
and those tabulated by Ibers?® for hydrogen. No
correction for anomalous dispersion effects was
made.?*~% The atomic parameters for nonhydrogen
atoms and the positional parameters for hydrogen

(19) L. H. Thomas and X. Umeda, J. Chem. Phys., 26, 203 (1957).

(20) As expected, a comparison of the atomic contributions of neutral,
singly ionized positive,!® and doubly ionized positivel? nickel atoms to the
calculated structure factors in the last least-squares refinement showed no
significant differences in the resulting atomic parameters in these three cases.

(21) B. Dawson, Acta Crystallogr., 18, 403 (1960).

(22) J. Berghuis, IJ. M. Haanappel, M. Potters, B. O. Loopstra, C. H.
MacGillavry, and A. L. Veenendaal, tbid., 8, 478 (1955).

(23) J. A. Ibers, “International Tables for X-Ray Crystallography,”
Vol. ITI, Kynoch Press, Birmingham, England, 1962, p 202, Tables 3.3.1A.

(24) The relatively small values of the real and imaginary dispersion
corrections for Mo Kea radiation (i.e., Af/ = 0.4, Af’' = 1.2 for Ni; Af' = 0.1,
Af'" = 0.2 for both Cl and 8)2 were presumed not to have any significant
effect on the atomic coordinates of this centrosy mmetric crystal.2s

(25) D. H. Templeton, “International Tables for X-Ray Crystallog-

raphy.” Vol. ITI, Kynoch Press, Birmingham, England, 1962, p 215,
(26) D. H. Templeton, Acia Crystallogr., 8, 842 (1955).
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INTERATOMIC

Ni(1)-Ni(2)

Ni(1)-S(1)

Ni(1)-8(2)
Av

Ni(2)-8(1)
Ni(2)-8(2)

Av
Ni(2)-N(1)
Ni(2)-N(2)

Av
S(1)-C(2)
S(2)-C4)

Av

N(1)-C(1)
N(2)-C(@3)

Av
C)-C2)
C@E)-CH#)

Av

@ Superscripts refer to the following positions: (I) —x, —»,

2.733 (7)
2.212 (5)
2.212 (4)
2.212

2.154 (5)
2.156 (3)
2.155

1.902 (7)
1.926 (7)
1.914

1.83 (1)
1.84 (1)
1.84

1.49 (1)
1.47 (1)
1.48

1.50(1)
1.51(1)
1.51
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TaBLE 111

OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (X 10) FOR [Nl{ Nl(NHzCI‘IzCHzS)z}z]CIz
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TaBLE IV atoms, together with their standard deviations, are
i " . . .
D1sTANCES (A) WITH STANDARD DEVIATIONS given in Tables I and II, respectively. The observed

N(1)-H(1) 1.04 (11) and calculated structure amplitudes are listed in
N(1)-H(2) 1.09 (11) Table ITI. The interatomic distances and bond angles
Eg;:gg; (1)8; 83 with their standard deviations, calculated from the
: Av 1.03 final parameters of Tables I and II by means of the
C-H®E) 0.95 (1) Busing—_Martin—Levy function and error program,?
CUY-H@) 1.07 (12) as modified by Johnson,*® are shown in Tables IV and
C(2)-H(5) 1.17 (11) V, respectively. The root-mean-square thermal dis-
C(2)-H(6) 1.02(11) placements along the directions of the principal axes
C(@3)-H©O) 1.18(10) are given for the nonhydrogen atoms in Table VI.
C(3)-H(10) 1.02(11)
C(4)-H(11) 1.27 (11) Discussion
C4)-H(12) 0.96 (11) General Description and Packing of the [Ni{Ni-
Av 1.08 (NH,CH,CH.S),},]**(Cl"), Crystal Structure.—The
S(1)- S(22 2.89 (1) crystal structure of tetrakis(2-aminoethanethiol)tri-
583 i((21)) ggi 8; nickel(IT) chloride consists of discrete divalent Ni{Ni-
‘ (NHQCHQCHQS)Q}g” cations and chloride anions.

S(2)- - N(2) 2.90 (1) _ s
N(@)---N(@) 2.85 (1) Figure 1 shows a stereoscopic view?® of the isolated tri-

Cl..-N(1)X 3.23 (1) nuclear nickel cation based on thermal parameters ob-
Cl-. N 3.24 (1) tained from the final anisotropic—-isotropic least-squares
Cl---N(2) 3.22(1)

Cl. . - N(2)H11 3.73 (1) (27) W. R. Busing, K. O. Martin, and H. A, Levy, “orrre, a Fortran
Cl-- 'H(l)I 239 <11) Crystallographic Function and Error Program,” Report ORNL-TM-308,

Oak Ridge National Laboratory, Oak Ridge, Tenn., 1964.

Cl---HE@M 2.20(11) (28) C. K. Johnson, ‘“orFrE-11, a Modified Version of orFFE,”’?7 Oak Ridge
Ci---H(7) 2.37(11) National Laboratory, Oak Ridge, Tenn., 1966.

Cl. . -H(8)UIL 3.34 (11) (29) Tha drawings shown in Figures 1-4 were prepared by the use of the
Johnson program: C. K., Johnson, “A Fortran Thermal Ellipsoid Plot
Program for Crystal Structure Illustration,”” Report ORNL-3794, Oak Ridge

—z; (I 1— %, —y, —z (IIDx — 1, Y, % National Laboratory, Oak Ridge, Tenn., 1965.
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Figure 1.—Stcreoscopic view of the Nif Ni{NH,CH:CH,S):}2** cation in a direction perpendicular to the linear trinickel system.  All
atoms are represented by 507 probability ellipsoids of thermal displacement.

TABLE V

2

e

BoOND ANGLES WITH STANDARD DEVIATIONS (IN DEG

S(1)-Ni(1)-S(2) 81.4 (2) Ni(2)-N(1)-C(1) 110.4(6)

N >

SO-N-SE) w6 NG C(fv) 11;;2@

Ni(1)-S(1)-Ni(2)  77.5(2) gr1y.cro)-C1)  110.4 (6

Ni(1)-S(2)-Ni(2) 77.5(2) gggi_cggmcé% 102:9 EG;
Av 77.5 Av  108.7

S(1)-Ni(2)-S(2) 84.0(2)
S(1)-Ni(2)-N(1) 88.8 (2)

N(1)-C(1)-C(2) 108.1(7)
N(@)-C(3)-C(4) 110.1(7)

S(2)-Ni(2)-N(2)  90.3(3) Av 109.2
Av 89.6 CLH(T)-N(2) 138 (8)
NU-Ni@-NE@) - 96.16) cipgayiNa)y 145 (8)
S(1)-Ni(2)-N(2)  173.1(2)  ~y_15iovtnrqy1  1x
SO Ni2)N(1)  168.7 (2y CIHHEI-NQNT 158 (9)
Av 170.9
Ni(1)-S(1)-C{2) 114.0(3)
Ni(1)-S(2)-C(4) 112.7 (3)
Av 113.4
Ni(2)-S(1)-C(2)  98.5(3)
Ni(2)-S(2)-C(4)  96.2(3)
Av 97.4
¢ Superscripts refer to the following positions: (I) —x, —w,

—z; (II})1 — 2, —y, —z.

TaBLE VI
ROOT-MEAN-SQUARE THERMAL DISPLACEMENTS
ALONG THE DIRECTION OF THE PRINCIPAL AXES (IN A)

Atom Axis 1 Axis 2 Axis 3
Ni(1) 0.172(2) 0.189 (2) 0.196 (2)
Ni(2) 0.184 (2) 0.191 (1) 0.195 (2)
S(1) 0.190 (3) 0.194 (2) 0.222 (3)
S(2) 0.181 (3) 0.198 (2) 0.216 (3)
cl 0.224 (2) 0.233 (8) 0.258 (3)
N(1) 0.186 (10) 0.205 (8) 0.272 (10)
N(©@) 0.186 (9) 0.212 (9) 0.258 (8)
C(1) 0.215 (12) 0.220(11) 0.290 (12)
C(2) 0.201 (12) 0.234 (10) 0.267 (11)
C(3) 0.217 (12) 0.247 (10) 0.277 (11)
C4) 0.189 (9) 0.224 (11) 0.230 (11)
refinement. The crystallographically independent

chloride ion is not in one of the octahedral-like positions
about a nickel atom but is well separated by a distance
of 3.61 A from the nearest nickel atom Ni(2) with an
Ni(l)-:-Ni(2) - -Cl angle of 154°. This X-ray dif-
fraction analysis thereby establishes the existence of a
new kind of trinuclear metal complex whose overall

geometry conforms with that proposed by Jicha and
Busch.7

Figure 2 shows the [100] projection of the |Ni{Ni-
(NH,CH,CH,8)|Cl, unit cell. In this crystal struc-
ture each chloride ion makes its closest contacts with
three amine nitrogen atoms of the surrounding three
symmetry-related cations, with N---Cl~ distances of

Figure 2.—[100] projection of the centrosymmetric triclinic
unit cell containing one ionic [l\'i{ Ni(NHgCHzCHgS)z}zP" (Cl7),
formula species.

3.22 (1), 3.23 (1), and 3.24 (1) A. These relatively
short NH - - -Cl~ distances suggest that the crystal is
partially stabilized by hydrogen bonding, in that they
are compatible with those of 3.15-3.51 A listed for
methylglyoxal bisguanylhydrazone dihydrochloride
monohydrate (MBDM);* with those of 3.26, 3.28, and
3.39 A given for bis(2-amino-2-methyl-3-butanone
oximato)nickel(II) chloride monohydrate;*' and with
those of 3.22, 3.25, 3.26, and 3.36 A found for bis-

(30) (a) W. C. Hamilton and J. A. Ibers, “Hydrogen Bonding in Solids,”
W. A. Benjamin, Inc,, New York, N. ¥, 1968, p 184; (b) W. A, Hamilton and
S, J. La Placa, Acta Crystallogr., B24, 1147 (1968).

(31) E. O. Schlemper, I'iorg. Chem., T, 1130 (1968).
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Figure 3.—Stereoscopic view of the packing with indicated NH

(ethylenediamine)palladium(II) chloride, Pd(en).Cls.?
These observed NH- - -Cl~ distances also fall within
the range of 2.91-3.41 A tabulated for N+...ClI~ dis-
tances.?® The N(1) atom, in turn, is hydrogen bonded
to its two nearest Cl— anions. The three Cl=---H
distances of 2.20 (11), 2.32 (11), and 2.37 (11) A com-
pare favorably with those of 2.17-2.82 A tabulated for
MBDM®= and with 2.24, 2.40, 2.43, and 2.44 A given
for Pd(en);Cl;.32 The three N-H---Cl- angles in-
volved in the hydrogen bonding deviate markedly from
linearity, being 138 (8), 145 (8), and 158 (9)°. This
network of hydrogen bonding results in the formation
of infinite sheets parallel to both the [011] and [100]
directions of the unit cells. Figure 3, a stereoscopic
drawing of this network, shows NH- - - Cl~ interactions
about a given cation as well as those involving a given
chloride ion.

Stereochemistry of a M'{MX,Y,}," System.—The
overall geometry of the Ni{Ni(NH;CH,CH,S):2"
cation may be regarded as the first structurally proven
representative member of a basic trinuclear metal
complex of general formula M’{MX,V,}," where X
and Y each represent a metal-coordinated atom of a
donor ligand (i.e., either mono-, bi-, or polydentate).
The two identical MX,Y, entities of c¢is configuration
are chelated to the central metal atom M’ by four
M'’-Y bonds such that M’ is surrounded by four bridg-
ing Y ligands. The disposition of the eight X and Y
atomic ligands about the M, fragment (assumed in this
general representation to be linear) can be visualized
as a trans fusion of a central MY, unit with two MX,Y,
units along the Y-Y lines. The three metal atoms in
such an atomic arrangement may also be interconnected
by metal-metal interactions (vide infra).

A Cup-2/m model can occur when the fusion of
planar MX,Y, and MY, units gives rise to a nonplanar
fragment. This model is exemplified by the Ni{Ni-
(NHzCHzCHQS)z} 22+ cation where X = N, Y = S, and
M’ = M = Ni(II) and where one NiS; and two Ni-
N;S; units are each approximately planar. The par-
ticular trigonal-pyramidal conformation of each of the
four nickel-coordinated sulfur atoms, which is due to
the steric requirements of the chelating NH,CH,CH,S
ligands, necessitates that the intersection of a planar

(32) J. R. Wiesner and E, C. Lingafelter, [norg. Chem., B, 1770 (1966).

(33) G. C. Pimentel and A. I.. McClellan, ““The Hydrogen Bond,” W. H.
T'reeman, San Francisco, Calif., 1960, p 290,

««.Cl™ interactions.
crystallographically related chloride lons, each of which is hydrogen bonded to three amine nitrogen atoms.

A trinuclear nickel cation is surrounded by six

NiN,S; entity with the planar NiS, one along the sulfur—
sulfur line be at a torsional angle® of considerably less
than 180°. In agreement with the postulation of
Jicha and Busch,” the observed bending of the two
pairs of adjacent planes along the common sulfur—
sulfur lines yields a chair conformation for which the
torsional angle®* between each NiN,S, unit and the
NiS, unit is found to be 109°. The experimental con-
formity of the nickel-sulfur-nitrogen fragment, Ni-
{NiN;S}2, to Con symmetry is readily seen in Table
VIIc which shows variations of less than 0.01 A in the

TaBLE VII
EquaTtions oF BEST MOLECULAR PLANES AND
PERPENDICULAR DISTANCES (A) OF ATOMS FROM THESE PLANES®

(a) Plane through S(1), S(2), S(1), and S(2/)
0.704X 4+ 0.090Y — 0.705Z 4 2.099 = 0

Ni(2) 1.47 Cc) 2.54 C@4¥) 1.18
N(1) 2.71 C(2) 1.11
N(©@) 2.71 C(3) 2.17

(b) Plane through $(1), $(2), N(1), and N(2)
—0.723X — 0.603Y — 0.337Z + 2.896 = 0O

S(1) 0.006 Ni(1) —1.57 C(@3) 0.12
S(2) —0.005 Ni(2) 0.12 C(4) —0.63
N(1) —0.072 C1) —1.03
N(2) 0.078 C{(2) ~—0.58
(¢) DPlane through Ni(1), Ni(2), Midpoint of S(1)-8(2),
and Midpoint of N(1)-N(2)
—0.477X 4+ 0.790Y — 0.386Z + 1.208 = 0

Ni(1) —0.000 S() 1.45 C() 2.45
Ni(2) —0.000 8(2) —1.45 C@3) —2.80
MP S$(1)-S(2) 0.000 N(1) 1.43  C(2) 2.90
MP N(1)-M(2) 0.001 N(2) —1.43 Ci4) —2.85

@ The equation of each weighted least-squares plane is expressed
in orthogonal coordinates (X, ¥, Z) which are related to the tri-
clinic cell coordinates (x, v, ) by the transformation: X = x sin
v+ acos e, ¥ =1y zcosa -+ xcos vy, and Z = 2z cos p where cos
¢ = {cosB — cos vy cos a)/sin yandcos p = (1 — cos? @ — cos?
B — cos? v 4+ 2 cos « cos B cos 'y)l/ﬂ/sin ~. In this transforma-
tion X lies in the xy plane, ¥ coincides with vy, and Z is perpen-
dicular to the xy plane. The weighting factor, wi, given to each
atom “k’ forming the plane was wi = [ao(xi)bo(vi)co(zr)] /¢
where o(xk), o(yx), and ¢(zx) are the standard deviations in frac-
tional coordinates of the atomic coordinates xx, yx, and zx,
respectively.®

(34) The torsional angle is here defined as the angle directly between the
two planes; in previous papers this angle has also been called a dihedral
angle. The usage here of dihedral angle is to refer to the angle between the
normals of two planes.

(35) D. L. Smith, “A Ieast-Squares Plane Program f{or the CDC 1604
Computer,” Ph.D. Thesis (Appendix IV), University of Wisconsin, Madison,
Wis., 1062.
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perpendicular distances of the chemically equivalent
atoms related to each other by the horizontal mirror
plane® passing through the three nickel atoms and the
midpoints of the sulfur atoms, S(1) and S(2), and the
nitrogen atoms, N(1) and N(2). The twofold axis
perpendicular to this mirror plane passes through the
central nickel atom. Inclusion of the methylene groups
in the Ni{Ni(NHzCHzCHzS)2}22+ cation lowers the
symmetry from Ca to the crystallographically ob-
served Ci-1.

Depending upon the electronic and steric require-
ments of both the metal and ligand atoms, several
other idealized structural models of different symmetry
should also be considered for the LI’{LIXQYZ}Q"—type
complex. With nonchelating groups the possibility
exists that the amalgamation of the planar MX,Y, and
planar M’Y, units will result in a Dy-2/m2/m2/m
model in which the M’, X, and Y atoms are all essen-
tially coplanar. On the other hand, the fusion of two
planar MX;Y, groups with a tetrahedral-like M'Y,
central unit will form a C;-1 model if (due to steric
effects of chelating XY ligands such as 2-aminoethane-
thiol) there is a folding along the two Y-Y lines; both
the Cu{Ni(NH,CH,CH,S),},* and Cd{Ni(NH,CH,
CH,S)a} 22+ cations’ presumably conform to this model
containing no symmetry. If there is no Y-Y folding
(because of the absence of any ligand steric constraints),
this latter model may attain tetragonal Dy,-42m sym-
metry.

The Ni{Ni(NH,CH,CH,S),},?+ Cation.—The impor-
tant distances and angles for the nonhydrogen part of the
cation are given in Figure 4. The central nickel atom

Figure 4.—Principal bond lengths and angles for Ni{Ni-
(NHzCHgCHzS)z}g” cation that possesses a crystallograplic
center of symmetry.

Ni(1) and the four attached sulfur atoms are required by
the crystallographic center of symmetry, located at
Ni(1), to be exactly planar. The deviation of the four
coordinated sulfur ligands of Ni(1) from square pla-
narity is revealed from the S(1)-Ni(1)-S(2) angle of
81.4 (2)°. Each of the two outside nickel atoms,
Ni(2) and Ni(2’), is perpendicularly displaced from its
mean plane® of two sulfur and two nitrogen atoms
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(Table VIIb) by 0.12 A in the direction opposite to the
side of the central nickel atom Ni(1).

It is particularly informative to relate the structural
features of the Ni{NiN;S,}; fragment of the Ni{Ni-
(NHQCHQCHQS)2}22+ cation with those of the corre-
sponding [Ni(S;P) ], moiety of the dinuclear mercapto-
phosphinenickel(II) complex® of formula [Ni(SCH,-
CH,):PR ], (where R represents CH,CH,SH). The
nonplanar [Ni(S,P)]; fragment of this latter complex
can be viewed as being formed by the fusion of the two
planar NiSzP units along an S-S edge with the two
phosphorus atoms frans to each other such that the
resulting symmetry of this fragment (and the entire
molecule) is C;-2. As with the chair conformation of
the Ni{Ni(NHZCHQCHzS)g}Z2+ cation, the noncopla-
narity of these two intersecting planes can be attributed
to the steric chelation requirements of the two triden-
tate (SCH,CH;),PR ligands. This folding of the dinu-
clear nickel molecule along the S-S line occurs to such
an extent that the Ni(II)-Ni(II) distance of only
2.647 A compares favorably with the two crystallo-
graphically identical Ni(II)-Ni(II) distances of 2.733
(7) A in the Ni{Ni(NH,CH,CH,S)s},?* cation. The
resulting similarity between the conformation of the
dinuclear nickel(II) fragment and that of the trinuclear
nickel(IT) fragment (which from a coordination stand-
point may be simply regarded as an extension of the
dinuclear nickel(II) system) is also accented by
the unusually acute Ni-S-Ni bridging angles of 77.5
(2)° (average) in the trinuclear nickel fragment and
73.2° in the dinuclear nickel fragment, because of the
bending of both molecules along the S-S lines. It is
noteworthy that Schwarzenbach® also reported the
preparation of the tetrakis(8-mercaptophosphine)-
trinickel(II) cation of formula Ni{Ni(PR,CH,CH,-
S)2}22+ (R = C,H;), which no doubt must be stereo-
chemically analogous to the electronically equivalent
Ni {Ni(NH,CH,CH,S),}:2+ cation.

The Ni—S bond lengths of the Ni{NiNzSg} s fragment
of the Ni{Ni(NHQCHzCHzS)z} 22% cation closely adhere
to Cu-2/m symmetry. The average bonding dis-
tance of 2.212 (3) A from the sulfur atoms to the central
nickel(II) atom, Ni(1), is distinguishably longer than
the average bonding distance of 2.155 (3) A from the
sulfur atoms to the terminal nickel(II) atoms, Ni(2)
and Ni(2’). A comparison of the average bond lengths
in the Ni{Ni(NH;CH,CH,S):},?* cation with corre-
sponding relevant bond lengths found in other metal
complexes is given in Table VIII. It is seen that the
various values observed in the trinuclear nickel(II)
cation are close to those found for these other com-
plexes.

The carbon atoms of the two independent 2-amino-
ethanethiol ligands coordinated to the nickel(II) atoms
possess two distinct gawuche conformations as found in
other 2-aminoethanethiol and ethylenediamine che-
lating structures.?2%.3% That the orientations of the

(36) G. Schwarzenbach, Chem. Zvests, 19, 200 (1965).

(37) R.L.Girling and E. L. Amma, Inorg. Chen., 6, 2009 (1967).

(38) K. N. Raymond, P. W. R. Corfield, and J. A. Ibers, ibid., T, 842
(1968).
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TasLE VIII

COMPARISON OF AVERAGE INTERATOMIC DISTANCES (A) wITH THOSE OF SQUARE-PLANAR COMPLEXES*?

Compound Ni.- Ni Ni—-S Ni-N(amine) .C~N(amine) c-C s-C Ref
[Ni{Ni(NHZCHzCst)z}z]CIz 2.733(7) 2.212 (3), 1.91 (1) 1.48 (1) 1.51(1) 1.84 (1) c

2.155 (3)

Ni[NH;NC(NH;)S]: 2.155 (3) 1.91(1) d
a~-Ni{CH;N3S ),S0;-3H,0 2.16 (1) 1.90(2) e
Ni(C1H1N2 )2 (CLLCHCOO);

2 /sCyH;OH - 4/3H;0 (yellow form) 1.89 (3) f
[Ni(SCeHs)le 2.92(1) 2.20(2) g
Niz(CH;COCH:COCHs)s 2.880 (18) 2
[(CH3)sN1oNi[S;Co(CN ) 2 2.165 (4) ‘
Ni(CH;CNCH,CH;S). 2.157 (8) 1.44 (5) 1.82(3) 7
Ni[(C,Hs)NCS;]2 2.201 (1) 2
[Ni{SCH,CH:),P (CH.CH.SH)]. 2.647¢ 2.220,2.158 1.54 1.85 m
Pd{NH;(CH;).NH,]:Cl, 1.48(1) 1.52(1) n
PCHa(CsHs)aNl [SzCz(CN)z]z 2 146 (1) o
Ni(CzH4ONS)2 2.15 (1) 7
Ni[(CoHs)2CoSsle 2.101 (2) q
Ni(NH,CS;): 2,215 (6) ¥
C¢H10N102S2 2.15 (3) N
NiC;HON3S, 2.155 t
Ni[SC:H:N(CHj):]2 2.198 (3) 1.51(2) 1.82(2) u
[(CeHs)sAs]2[Ni(S;CNCN),] 2.189 (5) w
Ni[8;P(CsHs)zl2 2.238 (4) x

e Bach C, N, and S atom possesses a tetrahedral coordination.

b In case the average value and/or its standard deviation are not given

by the individual author(s), the average value was calculated as the arithmetic mean, and the standard deviation, o, was estimated as

cav/ N/ n where o,y refers to the average of the standard deviations and # stands for the number of values averaged.
@ L. Cavalca, M. Nardelli, and G. Fava, Acta Crystallogr., 15, 1139 (1962).
/8. C. Nyburg and J. 8. Wood, Inorg. Chem., 3, 468 (1964).

2325 (1962).
J. Amer. Chem. Soc., 87, 5251 (1965).
J. A. Ibers, bid., 4, 605 (1965).
Vaciago, and L. Zambonelli, Acta Crystallogr., 19, 619 (1965).
m Reference 36. " Reference 32.

ama, Chem. Commun., 192 (1966).
441 (1966).
274 (1966). * Reference 37.
= P, Porta, A. Sgamellotti, and N, Vinciguerra, ibid., 7, 2625 (1968).

dimethylene fragments in the two independent NH,-
CH.CH,S ligands are different from each other is appar-
ent from the molecular view in Figure 4, which shows
distinet variations in the corresponding ring angles.
Examination of the locations of the corresponding
methylene carbon atoms in the two chelating ligands on
the opposite sides of the previously mentioned pseudo-
mirror plane that passes through the Ni{NiNzSﬂz
fragment (Table VIIc) shows that C(2) and C(4) are
approximately equidistant (2.90 and 2.85 A, respec-
tively) from this mirror plane, while C(1) and C(3) are
located at considerably different perpendicular: dis-
tances (2.45 and 2.80 A, respectively). This asym-
metric arrangement of C(1) and C(3) with respect to
each other is also reflectéd in these two atoms being
located 1.03 A above and 0.12 A below the mean NS,
plane (Table VIIb), in contrast to C(2) and C(4) being
at similar perpendicular distances of 0.58 and 0.63 A
from this plane.

The four independent N-H distances range from
0.96 to 1.09 A (esd 0.11 A), while the eight independent
C-H distances vary from 0.96 to 1.27 A (esd 0.11 A).
These variances are not statistically significant from
the average values of 1.03 (6) A for the N-H bond
length and 1.08 (4) A for the C-H bond length.

It is known that the inclusion of hydrogen atoms in

* G. J. Bullen, R. Mason, and P. Pauling, Inorg. Chem., 4, 456 (1965).
7 Q. Fernando and P. J. Wheatley, 1bid., 4, 1726 (1965).

¢ This paper.
¢ G. Grgnbaek and S. E. Rasmussen, Acta Chem. Scand., 16,

7 P. Woodward, L. F. Dahl, E. W. Abel, and C. Crosse,
¢ R. Eisenberg and
k M. Bonamico, G. Dessy, C. Mariani, A.

! Value calculated from other related molecular parameters given.
o C. J. Fritchie, Jr., Acta Crystallogr., 20, 107 (1966).
7 D. Sartain and M. R. Truter, tbid., 382 (1966).

s R. O. Gould and R. M., Taylor, Chem. Ind. (London), 378 (1966).
v E. O. Schlemper, Inorg. Chem., 7, 1130 (1968).

» T, Sato, K. Nagata, M. Shiro, and H. Koy-
* L. Capacchi, M. Nardelli, and A. Villa, bid.,
t J. Weiss and U. Thewalt, Z. Anorg. Allg. Chem., 343,
» F. A. Cotton and C. B. Harris, tbid., 7, 2140 (1968).

the refinement of a structure can markedly improve
the individual atomic parameters of mnonhydrogen
atoms.?® The sensitivity of molecular parameters to
the inclusion of hydrogen atoms in this structure is
made apparent by the more reasonable agreement of the
N(1)-C(1) distance of 1.49 (1) A with the N(2)-C(3)
distance of 1.47 (1) A compared to the corresponding
values of 1.54 (1) and 1.48 (1) A, respectively, obtained
when no hydrogen atoms were included in the aniso-
tropic thermal least-squares refinement of the struc-
ture.

The Ni(II)-Ni(II) Interactions in the Ni{Ni(NH,-
CH,CH;S),} .2+ Cation and in [Ni(SCH,CH,S),P(CH,-
CH,SH) J,.—Although it is concluded here that the
Ni{Ni(NHzCH2CH2S)2}22+ cation and the neutral
[Ni(SCH,CH,),P(CH;CH,SH) ]; molecule adopt their
molecular architectures primarily as a consequence of
the steric requirements of the chelating ligands, the
short Ni(II)-Ni(II) distances of 2.733 (7) and 2.647
A, respectively, imply the possibility that a weak net
bonding effect may result from the Ni(II)-Ni(II) inter-
actions. The following qualitative MO symmetry
arguments applied to both of these complexes clearly

(39) This effect was cited in the refinement of dichlorobis(2-amino-2-
methyl-3-butanone oximato)cobalt(III): E. O. Schlemper, S. J. La Placa,
and W. C. Hamilton, Abstracts of Papers, Winter Meeting of the American
Crystallographic Association, Seattle, Wash., March 23-28, 1969, p 29.
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indicate the conditions necessary for any weak positive
interaction to occur. Each nickel(IT) atom of d® elec-
tronic configuration has available a filled 3d,. atomic
orbital and an empty 4p, one for possible metal-metal
interaction by overlap with corresponding orbitals
on the neighboring nickel(II) atoms.® (The other
Ni(IT) valence orbitals are assumed to retain their
localized character and not to play dominant roles con-
cerning the net metal-metal interactions; for simplicity
it is presumed that the 4s nickel(II) orbital is completely
utilized in ¢ bonding to the four planar ligand atoms
of each nickel(II) such that a “‘pure” 3d,: orbital rather
than a hybrid 3d,—4s one of unknown weighting coef-
ficients is involved in the Ni(II)-Ni(II) interactions.
These arbitrary boundary conditions do not signifi-
cantly affect the conclusions reached from these MO
rationalizations.) For the Ni{Ni(NH;CH:;CH,S)}.?+
cation (Figure 5) the d,. basis functions of the three

Figure 5.~—General configuration of the Ni{Ni(NHgCHzCHg-
S)z} 2T cation with the indicated nickel(1l)-nickel(II) interactions
of the trinickel system.

nickel(II) atoms transform according to the irreducible
representations of the Cy-2/m site symmetry of the
Ni{NiNQS2}2 fragment to give (with the neglect of non-
adjacent nickel-nickel interactions) a three-center bond-
ing a, combination a(d,;, + d.,») + bd,: (where the
orbital subscript 1 refers to the central nickel atom, and
2 and 2’ refer to the symmetry-related terminal nickel
atoms), a nonbonding b, combination c(d,: — d,.e),
and an antibonding a, combination b(d,: + d,..) —
ad,.:; similarly, the three 4p, orbitals will form a three-
center bonding b, combination e(p,, — pz) + fp.. a
nonbonding a, combination g(p,, + p..), and an anti-
bonding b, combination f(p,, — p..) — ep,. To the
extent that any mixing of the 4p, orbital combinations
with the 3d,: orbital combinations of the same repre-
sentation is neglected, the three nondegenerate metal
symmetry combinations (SO’s) of essentially ‘“‘pure”
d,: character will each be fully occupied, which will
lead to a net energy destabilization of the trinuclear
nickel(II) cation because of Ni(II)-Ni(II) interactions.
However, the lowering of the energies of these three
SO’s by contributions of p, character, mainly to the
antibonding a, d,» SO from the higher energy virtual

(40) The orbital combinations given for both the dinuclear and tri-
nuclear nickel complexes are based on a localized right-handed coordinate
scheme for each nickel atom with the z axis chosen perpendicular to the plane
of the four attached ligand atoms. For the dinickel complex the 2 axis of
each of the equivalent nickel atoms is directed toward the other half of the
molecule; in the trinickel complex the 3 axis of each terminal nickel atom is
directed toward the central nickel atom.

CHIiN HsuAN WEL AND LAWRENCE T, Danr

a, p. SO (through configurational interaction) and to
the nonbonding by, d,» SO from primarily the empty
bonding b, p. SO, may be sufficient to result in a net
bonding stabilization. In the case of the [Ni(SCH,-
CH;):P(CH,CH,SH) ]; molecule, under C,-2 symmetry
the interactions of the d,: orbitals of the two nickel(II)
atoms give rise to bonding a and antibonding b SO’s;
the bonding and antibonding SO’s formed {from the two
empty 4p, orbitals also belong to the a and b represen-
tations, respectively. Again, inclusion of 4p, orbital
character into the filled bonding and antibonding 3d.:
combinations by mixing of the SO’s of the same repre-
sentation is necessary to produce any net molecular
stability from the Ni(II)-Ni(II) interaction.

These same kinds of qualitative MO representations
were first applied by Rundle*! and later by Miller?? to a
variety of Ni(II), PA(II), Pt(II), and other d® metal
atom four-coordinated planar complexes (such as bis-
(dimethylglyoximato)nickel{(I1)*?) which crystallize to
give one-dimensional metal chains normal to the molec-
ular ligand planes. Rundle*' and Miller*? both sug-
gested that the valence d.: and p, orbitals in these chains
of metal atoms overlap to form delocalized band-type
orbitals. Rundle*! argued that the Ni(II)-Ni(II)
interactions in bis(dimethylglyoximato)nickel(II) were
of sufficient positive strength to account for the com-
pound’s relative insolubility and its unusual optical
properties; however, Miller*? and others*—4 concluded
that the overall ground-state metal-metal interaction
in this complex is probably antibonding such that the
structure is formed in spite of the metal-metal inter-
action. Invariant to the extent of metal-metal inter-
action in the ground electronic state of bis(dimethyl-
glyoximato)nickel(II) and other d® metal complexes,
recent experimental studies?~* have shown some of
these complexes to exhibit anisotropic electron conduc-
tivity along the metal-metal chain; the semiconductor
properties of such complexes no doubt involve electron
excitation to unoccupied band-type orbitals. Fur-
thermore, from systematic studies Krogmann and co-
workers®! found that bonding in the metal-metal chaing
of a number of platinum(II) complexes can be strength-
ened by partial oxidation with observed reduction in
Pt-Pt bond distances.

The fact that the Ni(XI1)-Ni(II) distances in hoth the
Ni{Ni(NH,CH;CH:S):} 2+ cation and the |[Ni(SCH.-
CH,),P(CH,CH,SH) | molecule are 0.5 A shorter than

(41) R. E. Rundle, J. Phys. Chem., 61, 45 (1957), and references found
therein.

(42} J. R. Miller, J. Chem. Soc.,, 713 (1965), and references contained
therein; J. R. Miller, 7bid., 4452 (1961).

(43) L. E. Godyckiand R. E. Rundle, Acta Crysiallogr., 6, 487 (1953).

(44) G. Basu, G. M. Cook, and R. L. Belford, fnorg. Chem., 8, 1361 (1864},
and references cited therein.

(45) L. L. Ingraham, Acta Chem. Scand., 20, 283 (19686).

(46) B. G. Anexand F. K. Krist, J. Amer. Chem. Soc., 89, 6114 (1967), and
references cited therein.

(47) H. P, Fritz and H. J. Keller, Z. Naturforsch. B, 20, 1145 (1065).

(48) G. C. Pitt, L. K. Monteith, L. F, Ballard, J. P. Collman, J. C. Mor-
row, W. R. Roper, and D. Ulkii, J. Amer. Chem. Soc., 88, 4286 (1966).

(49) S.N. Bhat, G, V, Chandrashekhar, C. N. Rao, G. C. Misra, and L. M.
Panda, I'norg. Nucl. Chem. Leit., 8, 409 (1967).

(50) T. W. Thomas and A. E. Underhill, Chem. Commun., 725 (1969).

(51) K. Krogmann, Angew. Chem., Int. Ld, Engl., 8, 35 (1969), and refler-
cuces contained therein.
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the Ni(II)-Ni(II) distance of 3.245 A in bis(dimethyl-
glyoximato)nickel(I1I)*® supports the premise that if a
weak positive kind of metal-metal interaction is oper-
ative in bis(dimethylglyoximato)nickel(II), then it is
probably operative in the trinuclear nickel(II) cation
and dinuclear nickel(II) molecule as well, especially
if low-lying excited electronic states are assumed to
mix with the ground state.

To the extent that these nickel(II)-nickel(II) inter-
actions have any important influence on the chemistry
of the trinuclear nickel(IT) cation, it may be expected
that the electron density of the terminal Ni(II) atoms
along the z direction approximately normal to the
four-coordinated NiS;N, plane would be localized on
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the exterior side opposite from the center Ni(1) atom.
Any significant localization of negative charge in the
external z direction should make this complex more
susceptible to coordination with a Lewis acid.
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Raman and infrared spectra have been obtained for the tetrameric molecules [(CH;);PtX], where X = OH, Cl, and I. For
the hydroxide and chloride, single-crystal Raman polarizations provide unambiguous determination of the symmetry species

of the observed frequencies.
parisons with related molecules.

Assignments to internal coordinates were made by intercomparisons of the spectra and com-
Of particular interest is the observation in each case of a set of three strong low-frequency

bands in the Raman spectrum, with frequency ratios close to those predicted for a tetrahedron of like atoms bound to one

another in the “‘simple cluster’”’ approximation.
force constant for metal-metal interaction.

Normal-coordinate analyses were carried out using force fields containing a
Absolute Raman intensities were measured for the totally symmetric modes
and used to calculate bond polarizability derivatives and estimate bond orders.
the platinum atoms and the bridging X atoms are weak and highly ionic.

The results indicate that bonds between
The Raman intensities provide evidence for weak

interaction between platinum atoms, which decreases with increasing internuclear distance along the series X = OH, CI,

and 1.
to the weakness of the Pt-Pt interaction.
complexes Bls(OH )126 +, Pb4(OH )44 +, and T14(OC2H5)¢.

Introduction

As part of a continuing study?®® of the vibrational
spectra of bridged polynuclear metal complexes we have
investigated the Raman and infrared spectra of the com-
pounds [(CH;);PtX ]y, where X = OH, Cl,I. Of partic-
ular interest was the possibility of observing and more
completely characterizing the type of strong low-fre-
quency lines found in the Raman spectra of Big
(OH)125+,2 Phy(OH) 44,2 and TL(OR),.*
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The force constants for Pt—Pt stretching decrease in the same order but are much larger than expected in relation
The bonding pattern is similar to that found previously for the oxygen-bridged

The crystal structure of trimethylplatinum hydrox-
ide, (CH;);PtOH, has recently been completely deter-
mined?® ¥ and shows the presence of discrete tetrameric
units, with the platinum atoms and hydroxyl oxygens
arranged in interpenetrating tetrahedra. Three methyl
groups are attached to each Pt atom in such a way as to
preserve the Ty symmetry of the molecule. This struc-
ture is shown in Figure 1. An analogous structure had
been found previously for trimethylplatinum chloride,*!
although the carbon atoms were not located. A partial
structure determination for the iodide!? also shows the
presence of this type of tetrameric unit, but indicates a
slight reduction of the Ty symmetry and a different
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