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The structure of [(NH;)sRuSSRu(NH,);]Cl;:2H,0 has been determined using single-crystal x-ray diffraction. The crystal
is of the orthorhombic class, space group Pnma, with unit cell constants @ = 11,673 (2), b = 7.216 (1), and ¢ = 25.782
(4) A. The reflection data measured on an automated diffractometer have been refined by least-squares to R; = 0.024
and R, = 0.033. The dimeric cation contains two pentaammineruthenium moieties joined in a rigorousty trans conformation
by a two sulfur atom bridge. Evidence is adduced for the formulation of the bridging species as a supersulfide ion, S,".
A trans effect of 0.058 (9) A is observed with the trans Ru—~N bonds lengthened relative to the cis Ru-N bonds.

Introduction

Taube and co-workers? have reported the synthesis and
characterization of a dimeric cation which they postulate to
be [(NH;)sRuSSRu(NH;):]**, two pentaammineruthenium
groups joined by a two sulfur atom bridge. The electronic
structure of the RuSSRu core may be described as two ru-
thenium(II) atoms bridged by a singlet disulfur, two ruthe-
nium(IIT) atoms bridged by a disulfide ion, S,*7, one ruthe-
nium(III) and one ruthenium(II) atom bridged by a super-
sulfide ion, S,7, or some hybrid combination of these, where
each formulation is expected to lead to a rather different
structure. Siebert and Thym?® have reported the synthesis of
[(CN)sCoSSCo(CN);]® and also proposed a two sulfur atom
bridge. Recently, Sykes* and co-workers have described the
preparation of [(H,0)sCrSSCr(H,0)s]**. In an effort to
further characterize the geometrical and electronic structures
of this class of complexes and also to examine whether the
coordinated sulfur atom of the bridge causes a structural trans
effect similar to those we have investigated in [(NH;)sCoX]"*
complexes,’ we have determined the single-crystal structure
of [(NH;)sRuSSRu(NH,)5]Cl,:2H,0 and report it here.

Experimental Section

Preparation and Crystallization of [(NH;)sRuSSRu(NH,):]Cl,.
2H,0, I. The trans chloro complex [CI(NH,),RuSSRu(NH,),Cl]|Cl,,
prepared according to method 2 of Brulet, Isied, and Taube,*® was
converted to I by warming in a solution of 3 N NH; and 0.6 N NH,CL
Solid was obtained on addition of ethanol with sufficient aqueous
ammonia added to give an indication of pH ~9 on test paper.
Recrystallization of I was effected by dissolving the solid in a solution
of 3 N NH; and 0.6 N NH,Cl at room temperature and then adding
ethanol/NH; solution. Some difficulty was encountered in growing
crystals suitable for x-ray diffraction. If crystallization was rapid,
the resultant crystals were too small; if crystallization took more than
1 day, decomposition took place and the crystals were of poor quality.
The visible-UV absorption spectrum of I dissolved in 3 N NH;/0.6
N NH,Cl and measured on a Cary 14 spectrophotometer is essentially
the same as that reported previously.

The IR spectrum (Nujol mull, KBr plates, Perkin-Elmer 337)
exhibits a relatively sharp water stretching band at 3400 cm™, several
ill-defined N-H stretches between 3270 and 3130 cm™, and bands
at 1610, 1290, 1280, 1250, 1235, and 790 cm™ in close parallel to
those for a sample of [(NH;)sRuS],Br, provided by C. Kuehn and
H. Taube. An additional band was observed at 1265 cm™ for I. The
Raman spectrum of a crystalline sample of 1 was run by L. J. Basile
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of Argonne National Laboratory. With excitation at 488 nm, a single
relatively sharp band which has been attributed to the S-S stretch
is observed at 514 & 2 cm™, This band is absent from the IR spectrum.

X-Ray Characterization, Preliminary precession photographs (Cu,
Ka radiation) were taken of a crystal of [(NH;)sRuSSRu(N-
H,)s]Bry-2H;0 supplied by Kuehn and Taube. Systematic absences
are as follows: Ok/ for k + / odd and hkO for h odd. These lead to
two possible orthorhombic space groups:” Prma-D,,'® (No. 62, centric)
or Pn2,2-C,,° (No. 33, acentric). Approsimate cell constants are a
= 11.74 (3), b = 7.39 (1), and ¢ = 26.7 (1) A.

Since none of the bromide crystals were suitable for intensity data
collection, we prepared the chloride salt, I (see above). A dark green
parallelepiped of I with approximate dimensions 0.06 X 0.10 X 0.28
mm was mounted on a glass fiber such that the long dimension was
parallel to the fiber axis. Precession photographs (Cu, Ke radiation)
of the hkO, hkl, hk2, Okl, and 1kl layers indicated the crystal was
of the orthorhombic class. Systematic absences (0k/ for k + [ odd,
hkO for h odd) lead to the same choices for space groups as for the
bromide salt, Pnma or Pn2,a. Unit cell constants and intensity data
were obtained in the usual manner® with a Syntex P1 diffractometer
(Mo Ka radiation) equipped with a graphite crystal monochromator.
The unit cell constants for [(NH3)sRuSSRu(NH;)5]Cl4+2H,0 are
a = 11.673 (2), b = 7.216 (1), and ¢ = 25782 (4) A. All mea-
surements were made at 22 (3) °C. Density measurements made by
neutral buoyancy techniques in CHCl;/CHBr; (dpeass = 1.90 (3) g
em™, diyes = 1.88 g cm™) indicated Z = 4. Crystal quality and
correctness of indexing were checked by taking oscillation photographs
(£14°) about each of the crystal axes.

Intensity measurements for 2287 unique reflections in the sphere
20 < 52° were made as previously described.> The 6-26 scan was
from 1° below to 1° above the reflection in 20. Scan rates varied
from 0.5 to 8.0° /min depending on reflection intensity. Four standard
reflections were used to check stability and to account for long-term
drift. The drift correction varied from 1.018 to 0.977. Absorption
corrections were applied since u, the linear absorption coefficient, was
20.6 cm™. The calculated transmission coefficients varied from 0.780
to 0.862. Of the 2287 unique reflections 2048 had I > 24(J), where
the Ibers ignorance factor,’ p, was set to 0.03. All reflections were
used in subsequent refinement.

Solution and Refinement of Structure. The statistical distribution'®
of the derived E values suggested a centrosymmetric electron density,
favoring the space group Pnma. With Z = 4, halves of the dimeric
cation are required to be related either by a center of symmetry or
a mirror plane. ‘A solution, determined from a Patterson map, had
two ruthenium atoms and two sulfur atoms in the mirror plane. A
first electron density map based on these positions clearly indicated
the positions of the chlorine atoms and a subsequent map showed the
nitrogen atom positions as well. Least-squares refinement of these
atom positions and associated isotropic thermal parameters yielded
R, =0.09.!" The addition of two oxygen atoms from water molecules
and continued refinement of the other nonhydrogen atoms with
anisotropic thermal parameters gave R; = 0.055. A difference electron
density map indicated positions for the hydrogen atoms of the ammonia
ligands and one of the water molecules. The same map indicated a
disorder and/or partial occupancy problem with the second water
molecule. The hydrogen atoms were added to the calculation at their
indicated positions and assigned arbitrary isotropic temperature
parameters,’> U = 0.05 A% A model which allowed refinement of
a partial occupancy parameter for the second oxygen atom, anisotropic
thermal parameters for all nonhydrogen atoms, and positional pa-
rameters for all atoms, including hydrogen, was refined to convergence,
yielding R; = 0.028 and R, = 0.039. A difference electron densit
map indicated significant unaccounted electron density about 0.6 K
from the second oxygen atom. A new model was refined to con-
vergence. The second oxygen atom was replaced by two partial atoms,
O(2) and O(3), with variable occupancy factors and isotropic
temperature parameters. No hydrogen atoms were located near O(2)
and O(3). This model gave R; = 0.024 and R; = 0.033. The
occupancy factors obtained in the refinement were 0.56 (1) and 0.48
(1). Itis the latter model in which 2287 reflections were used to refine
162 parameters which we discuss below. In the final cycle of re-
finement no parameter varied by more than 0.7 times its estimated
standard deviation and the average shift was 0.02 times the respective
estimated standard deviation. A final difference electron density map
had six peaks within 1.0 A of either one of the two ruthenium atoms
or CI(1) with !/ 4th the height of an average nitrogen atom on the
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Table I Fractional Atomic Positional Parameters® ®
Atom x y z
Ru(l) 0.626 66 (2) 17,6 -0.171 89 (1)

Ru(2)  0.244 24 (2) 1, 0.050 39 (1)
CK1)  0.75953(12) ¥, 0.244 82 (5)
Cl(2)  0.134 78 (8) 3, ~0.030 16 (4)
CI(3) . 0.491 09 (9) 1, 0.321 33 (4)
Cl(4)  0.464 97 (9) 1, ~0.089 00 (4)
S(1) 0.518 98 (7) A 0.102 29 (3)
S(2) 0.350 40 (8) 1Y, 0.120 68 (4)
N(1) 0.7370 (3) Y, 0.240 1 (1)
N(2) 0.134 1 (3) Y, -0.018 2 (1)
N@3) 0.529 7 (2) 0.4620 (4) 0.208 1 (1)
N@) 0.7350 (2) 0.456 4 (4)  0.1402 (1)
N(GS)  0.1344(2) 0.4597 (4) 0.080 9 (1)
N(6) 0.344 9 (2) 0.4608 (3) 0.0151 (1)
o(l) 0.2770 (4) 34 0.1324 (2)
0(2)%  0.4586(9) 3, 0.3576 (5)
0(3)%  0.4819(22) 34 0.335 8 (22)

% The estimated errors in the last digit are given in parentheses.
This form is used throughout, ° The numbering scheme for the
dimeric cation'is shown in Figure 1, € These coordinates, given as
integer fractions, are for atoms constrained to lie in the mirror
plane and thus have no associated errors. Disordered oxygen at-
oms: O(2) has a population parameter of 0.56 (2) and O(3) has a
population parameter of 0.48 (2).

Table [I. Rms Displacements (&)

Atom 18 [l min I max
Ru(l) 0.167 0.150 0.160
Ru(2) 0.162 0.141 0.163
cI(1) 0.228 0.223 0.304
C1(2) 0.199 0.185 0.198
CI(3) 0.380 0.180 0.199
Cl(4) 0.182 0.194 0.223
S(1) 0.185 0.156 0.172
S(2) 0.199 0.160 0.171
N(1) 0.250 0.177 0.200
N(2) 0.228 0.176 0.211
o(1) 0.233 0.230 0.260
oQR)b 0.275 0.275 0.275
o(3)b 0.419 0.419 0.419
Atom Min Mean Max

N(3) 0.192 0.199 0.214
N(4) 0.184 0.196 0.211
N(5) 0.174 0.204 0.213
N(6) 0.171 0.174 0.202

¢ These displacements (1) are perpendicular to the crystallograph-
ic mirror plane. Those %iven as Il lie in the mirror plane due to
symmetry constraints, ° These disordered atoms were only
refined isotropically.

same scale. The remaining peaks were less than !/,;st the height of
a nitrogen peak. Groups of reflections ordered on |F,| and (sin 8)/A
were examined to look for systematic errors in the model. No
significant disagreement was found. The neutral-atom scattering
factors of Cromer!? were used for Ru, S, Cl, O and N. Those of
Stewart'* were used for H. Corrections for anomalous dispersion'*
were made as follows; Ru, Af”=-1.2, A/ = 1.1; Cl, Af"= 0.1, Af”
=0.2; S, A= 0.1, A= 0.2. A compilation of |F,] and F, is available
in Table A.'¢

Description of the Structure.

Atomic positional parameters for the nonhydrogen atoms
are presented in Table I, whereas those for the hydrogen atoms
are to be found in Table B.!S The refined thermal parameters
are given in Table C'® and the derived root-mean-square
displacements for nonhydrogen atoms are located in Table II
and illustrated in Figure 1. Bond lengths and bond angles
not involving hydrogen atoms have been gathered in Table III
and those involving hydrogen atoms are in Table D.'¢

The structure of the dimeric cation is illustrated in Figure
1. Each ruthenium atom is coordinated to five ammonia
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Figure 1. Stereoscopic view of the dimeric cation [(NH;)sRuSSRu(WH;)s]%*.

Table I1I. Bond Lengths (A) and Bond Angles (deg)

Lengths
Ru(1)-S(1) 2.191 (1) Ru(2)-S(2) 2,195 (1)
Ru(1)-N(1) 2,179 4 Ru(2)-N(2) 2,187 (4)
Ru(1)-N(3) 2.120(3) Ru(2)-N(5) 2.134 (3)
Ru(1)-N(4) 2.118 (3) Ru(2)-N(6) 2,127 (2)
S(1)-8(2) 2.014 (1)
Angles
Ru(1)-S(1)-S(2) 111.46 (4) Ru(2)-8(2)-S(1) 110.82 (4)
N(1)-Ru(1)-N(3) 87.7 (1) N(2)-Ru(2)-N(5) 86.8 (1)
N(1)-Ru(1)-N(4) 87.6 (1) N(2)-Ru(2)-N(6) 88.8 (1)

Av N(trans)-Ru-N(cis  87.7 (8)
S(1)-Ru(1)~-N(3) 93.1 (1) S(2)-Ru(2)-N(5) 92.0 (1)
S(1)-Ru(1)-N(4) 91.5 (1) S(2)-Ru(2)-N(6) 91.5 (1)

Av S-Ru-N(cis) 92.0 (7)
N(3)-Ru(1)-N(4) 88.9 (1) N(5)-Ru(2)-N(6) 89.0 (1)
N(3)-Ru(1)-N(3)¢ 92.4 (1) N(5)-Ru(2)-N(5)* 90.4 (1)
N(4)-Ru(1)-N(4)® 89.4 (1) N(6)-Ru(2)-N(6)“ 91.3(1)

@ These atoms were generated by x, 1/, ~y, z.

molecules and a sulfur atom to complete the octahedral co-
ordination. The RuSSRu linkage is a trans planar ar-
rangement. Crystallographic symmetry requires these atoms
and the trans ammonia molecules to lie in a mirror plane. The
remaining four ammonia molecules on each ruthenium atom
occur in pairs related by the mirror. There is a significant
structural trans effect in that the average Ru-N (trans)
distance, 2.183 (6) A, is 0.058 (9) A longer than the average
Ru-N (cis) distance of 2.125 (7) A. The dimeric cations are
surrounded by chloride ions and water molecules which form
a hydrogen-bonding network. The list of hydrogen bonds is
presented in Table IV.

Discussion

Cation Conformation and Environment. This crystal
structure clearly substantiates the formulation by Taube and
co-workers that [(NH;);RuSSRu(NH;);]** contains two
pentaammineruthenium moieties joined by a free-standing
bridge consisting of two sulfur atoms. The crystal symmetry
is such that the RuSSRu dihedral angle is exactly 180°, The
implications of this trans geometry for the electronic structure
of the RuSSRu linkage are discussed in detail below. There
are two possible conformations of the pentaammineruthenium
moiety consistent with the requirement that the RuSSRu
linkage lie in the crystallographic mirror plane: first, that with
two of the cis ammonia molecules in the mirror plane and the
other two perpendicular to it; second, that conformation rotated
45° about the Ru—S bond, such that the mirror plane passes
between pairs of cis ammonia molecules. The former is an
eclipsed conformation with respect to the S-S bond and the
latter is staggered. The choice of the staggered conformation
here results in minimal steric interaction and is identical with
the conformation found'’ for the structure of

Table IV, Possible Hydrogen Bonds®

A-H-B A -°B,A LatH,deg

O(1)- - -H(51)~N(5) 2.99 168
O(1) - -H(51)P=N(5)? 2.99 168
O(1)-H(71)- - -Cl(4) 3.21 176
O(1)-H(72)- - -Ci(1) 3.17 175
CI(1) - -7°~0(3) 3.33

CI(1)- - -H(41)—N(4) 3.44 133
CI(2)- - -H(63)=N(6) 3.43 164
CI(2) - -H(63)P-N(6)P 3.43 164
CI(2) - -H(22)4-N(2)¢ 3.38 174
C1(3)- - *H(32)-N(3) 3.33 166
CI(3) - -H(32)2~N(3)? 3.33 166
C1(3)- - “H(53)T-N(5)' 3.38 171
CI(3) - *H(53)8-N(5)% 3.38 171
Cl(4)- + *H(61)—N(6) 3.39 164
Cl(4)- - ‘H(61)°—N(6)® 3.39 164
Cl(4)- - ‘H(43)"-N(4)" 3.42 162
Cl(4)- - ‘H(43)'-N(4)’ 2.42 162

% Tabulated if N-- O < 3.0 A,0---C1< 3.3 4, or N-- :Cl < 3.45
A and angle at H atom > 130°. Yx, 11/, —y, z. © Hydrogen at-
omnot found. ¢ -x,1-y,—z. ®x,t, —p,z. T/, +x,1/, -
Vitfa—z. By +x, Yy —z. Ml~x,1-y,—z. ‘l-x,~,
+y,~z.

[(NH;)sCoOOCo(NH;)s]°*. The dimeric cation is nearly
centrosymmetric although one end [S(1), Ru(1), N(1), N(3),
N(4)] appears to have all bonds slightly shorter than the other.
(4A,, = 0.008 (4) A). The root-mean-square displacements
of the nitrogen atoms are relatively small and do not appear
significantly different at opposite ends of the cation. The only
apparent difference in the environments of the two ends of the
dimeric cation is that the disordered water molecule is near
the “expanded” end, approximately 3.4 A from N(2) along
the extension of the Ru(2)-N(2) bond.

The difference in the hydrogen bonding involving the two
water molecules is striking. Four hydrogen bonds are evident
around O(1). Two utilize the hydrogen atoms of the water
molecule to bind chloride ions and the other two utilize electron
pairs on cxygen to bind to the hydrogen atoms of ammonia
molecules. The closest contact involving the disordered water
molecule is O(2)-=N(2) of 3.38 A and since this contact is
along the direction of the N(2)—Ru(2) bond, no hydrogen bond
can be formed. Thus, the disordered water molecule merely
fills a cavity in the structure without participating in significant
hydrogen bonding.

Structural Trans Effect. Taube and co-workers in their
original report noted a kinetic trans effect was present in the
dimeric cation, [(NH;);RuSSRu(NH;);**. There is also a
ground-state structural trans effect present in this structure.
The average trans Ru-N distance is 2.183 (6) A whereas the
average cis Ru-N distance is 2.125 (7) A, yielding A = 0.058
(9) A. This structural trans effect is essentially the same as
that reported by March and Ferguson,'® A = 0,052 (9) A, for
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the sulfur-bound (dimethyl sulfoxide)pentaamminerutheni-
um(II) hexafluorophosphate. These trans effects are in the
range 0.04-0.06 A, which we have found for [AsCoX]"* where
A represents an amine ligand and X is a thiol,? selenol,® or
sulfur-bound sulfinic acid" ligand. The trans effect found here
is significantly less than that?® found in the structure of
[(NH,);CoSos]", 0.089 (4) A; the sulfito complex also appears
to have a larger kinetic trans effect.?!
Electronic Structure of the RuSSRu Core. There are several
possible formulations for this, viz.
Ru?* S..:§" Ru®*
7 IIla N
Ru** $5=§ Ru** Ru®**~S-8" Ru**
II N Ve v
Ru?*~§-:8 Ru**
IIIb

Of relevance to these formulations, the following observations
have been made by Taube? and co-workers or in this study:
(a) the dimeric cation (bromide salt) exhibits a tempera-
ture-independent paramagnetism of 0.45 pp/dimer; (b) no
ESR signal is observed -from frozen solutions of [CI(N-
H;)RuSSRu(NH,),Cl]Cl,; (c) the S-S stretching frequencies
of the bromide and chloride salts are, respectively, 519 (3) and
514 (2) cm™! (the bromide and chloride salts are apparently
isostructural—see Experimental Section); (d) the dimeric
cation has a rigorously trans conformation; (¢) the S-S
distance is 2.024 (1) A; (f) the cis Ru-N distance averages
2,125 (M) A

We believe that formalism IIIa,b is the most apt description

of the RuSSRu core with perhaps some smaller contribution
from IV and essentially no contribution from II. The magnetic
data and lack of an ESR signal argue against formulation IV
where the expected magnetic susceptibility would be ~2.0
pp/ruthenium atom. Either magnetic exchange phenomena
involving IITa and IIIb or formulation II involving ground-state
singlet disulfur are compatible with the observations. The S-S
stretching frequencies appear to exclude II as a significant
contributor, since »(S-S) in compounds containing S==S
double bonds is reported?? at ~700 cm™, Van Wart and
Scheraga® have recently shown that for alkyl disulfides »(S-S)
is strongly dependent on the X-S-S~X dihedral angle. For
the dihedral angle of 180° found here a value of ~485 cm™!
would be expected. Thus, the stretching frequencies favor an
admixture of IITa,b and IV, where the partial = bonding leads
to »(S-S) ~515 cm™. The trans conformation may be taken
as evidence against the disulfide formulation, IV. Hordvik?*
has shown that for a large number of disulfide structures the
X~S-S-X dihedral angles cluster around 90°, It should be
noted, however, that Schaefer and co-workers!” have concluded
that, for the analogous peroxide and superoxide cobalt
complexes, the conformation is largely determined by crys-
tal-packing forces, although the “superoxides “prefer” the
planar configuration”. An S-S bond length—bond order
relation for cis S-S linkages (i.e., X~S-S—X dihedral angle
of 0°) has been suggested by Hordvik. This should be qually
applicable in terms of = overlaps etc. to the trans case.”* A
w-bond order of 0.4 is predicted in this case, or 80% IIla,b and
20% IV. The S-S distance found here is the same as that in
[(CsHs)Fe(SC,H;)S],, 2.023 (3) A, which is said to contain
a cis supersulfide linkage® between iron atoms. The same type
of analysis may be made on the basis of the cis Ru—N average
distance of 2.125 (7) A. Stynes and Ibers?’ have reported
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Ru™-N = 2.104 (4) A and Ru'™N = 2.144 (4) A for the
hexaammines. Assuming a linear change in bond length with
ruthenium oxidation state, this leads to a formulation of 100%
ITIa,b. However, the pentaammineruthenium(II) dimethyl
sulfoxide complex exhibits'® a slightly longer cis Ru-N dis-
tance, 2.155 (5) A. Using the latter distance for cis Ru'-N
and assuming a decrease of 0.040 A on going to cis Ru"'-N
lead to a prediction of 50% IIla,b and 50% IV. Thus, it
appears, based on all of the evidence cited above, that a
formulation of 75% IIla,b and 25% IV is most probable.
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