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The crystal and molecular structures of di-k-bromo-bis[dibromo(diethyl sulfoxide)nitrosylruthenium(II)], [RuBry 
(NO)(Et2S0)]2, have been determined from three-dimensional x-ray data obtained by counter methods. The compound 
crystallizes in the centrosymmetric space group P1 of the triclinic system, with 1 formula unit in a unit cell of dimensions 
u = 8.042 (1) A, b = 11.020 (2) A, c = 7.324 (1) A, a = 104.83 ( 1 ) O ,  p = 102.31 (l)’, and 7 = 88.54 (1)’. Full-matrix 
least-squares refinement of the structure has led to a final R value of 0.047 for the 1337 independent reflections having 
Fo2 > 3u(FO2). The dimeric molecules consist of octahedrally coordinated ruthenium atoms sharing one edge through the 
two bridging bromine atoms, two coordinated to each ruthenium atom. Above and below this plane are nitrosyl and diethyl 
sulfoxide groups trans to each other on each ruthenium atom with a crystallographic center of symmetry imposed on the 
whole molecule. The nitrosyl ligand is linearly coordinated as expected for NO+ complexes of Ru(I1). This sulfoxide complex 
was formed from the RuBr3(NO)(EtzS)2 complex dissolved in chloroform and exposed to sunlight. The oxidation was 
achieved by dioxygen dissolved in the chloroform assisted by the presence of ethanol. The diethyl sulfoxide ligand is coordinated 
to the Ru(I1) atom through the oxygen atom. 

Introduction 
During the study of a series of complexes RuX3(NO)L2 (X 

= C1, Br, I; L = MezS, PhMeS, Et2S, PhEtS, EtzSe, PhEtSe, 
(n-Pr)zS, Ph-n-PrS)’ it was observed that a chloroform solution 
of RuBr3(NO)(Et2S)2 changed color from light yellow to dark 
red in sunlight. After a period of a few weeks a small quantity 
of dark red-brown crystals was separated from the solution. 
The infrared spectrum of these crystals contained a strong 
absorption at 920 cm-’ absent in the parent compound. This 
suggested the existence of a sulfoxide group bonded to the 
metal atom through its oxygen atom. The product of this 
ready conversion seemed best characterized by a crystal 
structure analysis. This analysis has confirmed the existence 
of sulfoxide ligands coordinated to ruthenium atoms. The 
source of the oxygen has also been investigated. 

Experimental Section 
Preparations. Nitric oxide was bubbled through an ethanol solution 

of RuBry3H20 for several hours, and then diethyl sulfide was added 
in slight excess. The solution was heated under reflux for 1 h. Crystals 
of RuBr3(NO)(EtzS)2 formed as ethanol was removed in vacuo. A 
chloroform solution of RuBr3(NO)(EtzS)2 was allowed to evaporate 
slowly over a period of a few weeks, while exposing the solution to 
sunlight. The mother liquor was poured off and the crystals obtained 
in low yield were dried in vacuo. Dark red-brown crystals, of empirical 
formula RuBrs(N0) (Et2SO), formed. 

Exposure of chloroform solutions of 
RuBr3(NO)(EtlS)z to sunlight which first passed through color filters 
(Ilford) indicated that radiation within the wavelength range 380-480 
nm was necessary. 

The color change which was observed also corresponded to changes 
in the ’H N M R  and electronic spectra of the solution. The form of 

Study of the Reaction. 
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the IH N M R  spectrum suggested that at least two other products 
were formed during the course of the reaction. Whether one of these 
corresponds to the dimeric crystalline compound is not known as the 
low solubility of the material prevents the running of its 'H N M R  
spectrum. One product may correspond to a diethyl sulfone (Et2S02) 
complex, but work on this is currently in progress. There is no evidence 
to suggest that free diethyl sulfide is present in the solution. 

The compound RuBr3(NO)(EtzS)2 was dissolved in chloroform 
under the following conditions: (a) chloroform free of ethanol (still 
containing dissolved oxygen); (b) chloroform free of dissolved oxygen 
(still containing ethanol); (c) chloroform free of ethanol and dissolved 
oxygen; (d) reagent grade chloroform. 

When the solutions were exposed to sunlight, the color change 
occurred within 2 min in (d), occurred only faintly in (a), and occurred 
not a t  all in (b) and (c). However, addition of ethanol to (a) and 
oxygen to (b) brought about a color change within a few minutes. 
No color change was observed in (c) until both oxygen and ethanol 
had been added. This indicates that both dissolved oxygen and ethanol 
are necessary before the oxidation of the sulfide will occur. The color 
change was also observed when acetic acid was added instead of ethanol 
to (a); also, in the case of acetaldehyde addition the change was 
observed but was slower. 

Collection and Reduction of the X-Ray Data. On the basis of 
precession photography using Cu K a  x radiation it was established 
that the crystals belong to the triclinic system. The succ~ss  of this 
analysis has confirmed that the correct space group is P1. 

Unit cell dimensions of a = 8.042 (1) A, b = 11.020 (2) A, c = 
7.324 (1) A, a = 104.83 (l)", /3 = 102.31 (l)", and y = 88.54 (1)" 30 
were obtained from a least-squares refinement of the setting angles 
of 12 reflections accurately centered in a 5-mm diameter, circular 
receiving aperture set 23 cm from the crystal mounted on a Hilger 
and Watts four-circle, computer-controlled diffractometer [h(Mo K&) 
0.7 107 A; 23 " C ] .  All numbers in this paper refer to this unit cell 
which can be related to the reduced cell of dimensions a = 8.04 A, 
b = 11.02 A, c = 11.57 A, CY = 142.26", /3 = 96.36", and y = 91.46", 
by the matrix 

1 0  0 
0 -1 0 
0 1  1 

An experimental density of 2.56 (10.03) g ~ m - ~  obtained by the 
flotation method, using aqueous zinc bromide solution, is in good 
agreement with the calculated density of 2.59 g ~ m - ~  for 2 empirical 
formula units in the unit cell. Thus the one dimeric molecule found 
has a crystallographic center of symmetry imposed on it in space group 

The crystal used for data collection was of dimensions 0.13 X 0.33 
X 0.09 mm. Its suitability for intensity measurement was examined 
by means of open-counter w scans at  a takeoff angle of 3". Under 
these conditions typical scan widths, a t  half-height, for intense 
low-angle reflections were 0.1 2" and peak profiles were symmetric. 
Zirconium-filtered Mo Ka radiation and the 8-28 scan technique were 
used to collect the intensities of all of the independent reflections in 
the positive h hemisphere of reciprocal space for which 0 < 28 5 50". 
The scintillation counter had a circular receiving aperture 5 mm in 
diameter. A symmetric scan range of 1 .20° in 28, centered on the 
calculated peak position [X(Mo Ka)  0.7107 A], was composed of 60 
steps each of 1-s duration. Stationary-crystal, stationary-counter 
background counts of 15 s were measured at  each end of the scan 
range. Attenuation was necessary for nine reflections when the count 
rate exceeded 8000 counts/s during the scan. By the end of the data 
collection, the intensities of three standard reflections, monitored at 
intervals of every 50 reflections, were found to have dropped to 83% 
of their original values. These observations were used to place all 
of the intensities on the same relative scale. 

Data processing included the appiication of Lorentz and polarization 
corrections and the calculations of a(Z) = [c + 0.25(t,/t1,)~(Bl + 82) 
-+ 1/2 where I = c - (tc/2tb)(t)l + 8 2 )  and c is the total integrated 
peak count obtained in scan time tc; E1 and 82 are the background 
counts, each obtained in time tb. P was initially given the value of 
0.05 (this was changed to 0.065 to render CwlFo - Fclz independent 
of IFo/ and (sin 8) /h  at  the end of the structure refinement) and is 
the factor included to avoid overweighting the more intense reflections. 
The data set consisted of 2165 unique reflections of which 1337 had 
Fo2 > 3o(FO2). An absorption correction was applied [ ~ ( M o  Ka) 
= 117.49 cm-I], using Gaussian integration (43 grid points) with 

Pi. 

c22 

1 

Figure 1. 

transmission factors ranging from 0.18 to 0.40. 
Solution and Refinement of Structurea2 A three-dimensional 

Patterson synthesis was carefully analyzed since the exact composition 
of the compound was not known. It indicated a triangular arrangement 
of one ruthenium and two terminal bromine atoms. By carrying out 
a three-dimensional vector superposition of two Patterson maps the 
positions of the ruthenium and three bromine atoms as well as the 
nitrosyl N atom and the sulfur and oxygen atoms of the sulfoxide 
ligand were determined. Full-matrix least-squares refinement was 
begun using the ruthenium and bromine atom positions and isotropic 
thermal parameters using those data for which Fo2 > 3u(FO2). The 
function Cw(lFol - IFc1)2 was minimized where the weights w were 
taken as 4F02/u2(F02); IFo[ and lFcl are the observed and calculated 
structure factor amplitudes. The agreement factors are defined as 

R2 = [Z[W( IFoI - IFcI)2]/Z(~Fo2)]1'2 

these reduced to 0.243 and 0.325, respectively. Difference Fourier 
syntheses and full-matrix least-squares refinements were used to 
determine the positions of all of the nonhydrogen atoms. Atomic 
scattering factors were those reported by Cromer and Mann3 for 
neutral atoms. Anomalous dispersion effects for the Ru, Br, and S 
atoms were included using the Af' and Af" values reported by 
C r ~ m e r . ~  

Using isotropic temperature factors, refinement of this model 
converged with R1 and R2 at  0.097 and 0.128, respectively. The 
difference Fourier maps had shown regions of high electron density 
(up to 5 e/A3) around the heavy atoms. Accordingly final least-squares 
refinements were carried out with all atoms assigned anisotropic 
thermal vibrational parameters. These refinements, using 1337 
reflections for which Fo2 > 3u(FO2), converged to give agreement 
factors R1 = 0.047 and R2 = 0.058. 

The estimated standard deviation of an observation of unit weight 
was 1.34 electrons and the highest peak in a final difference Fourier 
synthesis was approximately one-fourth of the height of a typical 
carbon atom found during this analysis. Structure factor calculations 
for the 828 reflections having Fo2 < 3u(FO2) showed no large dis- 
crepancies between IFc! and IFol. There was no evidence for secondary 
extinction. 

The final positional and vibrational parameters are presented in 
Table I along with their estimated standard deviations as obtained 
from the inverse matrix in the course of the least-squares calculations. 
Table I1 contains root-mean-square amplitudes of thermal motion 
for those atoms refined with anisotropic thermal parameters. A table 
of the final values of lFol and lFcl for the 1337 reflections included 
in the refinement is a ~ a i l a b l e . ~  

Description and Discussion 
The dimeric complex [RuBr3(NO)(EtzSO)]z exists as 

discrete molecules, one of which is illustrated in  F igure  1. 
Selected interatomic distances and bond angles are listed in  
Tables I11 a n d  IV. The shortest nonbonding intermolecular 
contact not involving hydrogen atoms is 3.1 A. The coor- 
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Table I. Final Positional' and Thermalb Parameters for [ RuBr, (NO)(Et,SO)], 

Fergusson, Page, and Robinson 

X Y Z '11 u22 '33 u 1 2  '1 3 '2 3 - 
Ru 0.1382 (1) 0.1387 (1) 0.0407 (1) 0.0314 (6) 0.0277 (5) 0.0437 (6) 0.0032 (4) 0.0082 (5) 0.0107 (4) 
Br(1) -0.0306 (2) 0.0510 (1) 0.2366 (2) 0.0605 (9) 0.0338 (7) 0.0435 (8) 0.0022 (6) 0.0195 (7) 0.0079 (6) 
Br(2) 0.2147 (2) 0.3310 (1) 0.3083 (2) 0.064 (1) 0.0411 (8) 0.0621 (9) -0.0049 (7) -0.0038 (8) 0.0031 (7) 
BI(3) 0.2711 (2) 0.2242 (1) -0.1774 (2) 0.0496 (9) 0.0572 (9) 0.090 (2) 0.0049 (7) 0.0342 (8) 0.0324 (8) 
S -0.1012 (4) 0.3465 (2) -0.0977 (4) 0.037 (2) 0.031 (2) 0.044 (2) 0.001 (2) 0.011 (2) 0.012 (2) 
0(1) -0.0874 (9) 0.2155 (6) -0.058 (1) 0.025 (5) 0.032 (4) 0.047 (5) 0.002 (4) 0.003 (4) 0.011 (4) 
O(2) 0.434 (1) 0.014 (1) 0.188 (2) 0.057 (8) 0.094 (8) 0.104 (9) 0.028 (7) 0.001 (7) 0.034 (7) 
N 0.316 (1) 0.0661 (9) 0.127 (2) 0.038 (7) 0.053 (7) 0.058 (7) 0.007 (6) 0.003 (6) 0.020 (6) 
C(11) -0.177 (2) 0.315 (1) -0.359 (2) 0.061 (9) 0.053 (8) 0.047 (8) 0.009 (7) 0.009 (7) 0 019 (7) 
C(12) -0.320 (2) 0.211 (1) -0.442 (2) 0.045 (9) 0.10 (2) 0.044 (9) -0,011 (8) 0.005 (7) -0.001 (8) 
C(21) -0.292 (2) 0.405 (1) -0.010 (2) 0.045 (8) 0.043 (7) 0.052 (8) 0.015 (6) 0.021 (7) 0.011 (6) 
C(22) -0.267 (2) 0.422 (1) 0.203 (2) 0.057 (9) 0.09 (2) 0.042 (9) 0.018 (8) 0.024 (8) 0.011 (8) 

a x ,  y ,  and z are in fractional coordinates. The form of the thermal ellipsoid expression is exp[-(p,,h2 + p z z k Z  + p,31z + 2p12kk + 
2PI3hl + 2Pz3kl)], Ujj = @jj/2n ' )~j*~~j* (A'). 

Table 11. Root-Mean-Square Amplitudes of Vibration (A) 

C(22) 

Min 

0.162 (1) 
0.183 (2) 
0.191 (2) 
0.181 (2) 
0.173 (4) 
0.15 (1) 
0.19 (2) 
0.18 (2) 
0.20 (2) 
0.17 (2) 
0.19 (2) 
0.17 (2) 

Intermed 
0.178 (2) 
0.197 (2) 
0.239 (2) 
0.228 (2) 
0.190 (5) 
0.18 (1) 
0.33 (1) 
0.23 (1) 
0.23 (2) 
0.23 (2) 
0.22 (2) 
0.24 (2) 

Max 
0.210 (1) 
0.250 (2) 
0.295 (2) 
0.310 (2) 
0.212 (4) 
0.22 (1) 
0.34 (1) 
0.25 (1) 
0.26 (2) 
0.24 (2) 
0.33 (2) 
0.31 (2) 

Table 111. Intramolecular Distances (A) for 
[RuBr, (NO)(Et,SO)I2 

Ru-N 1.71 (1) S-C(21) 1.83 (1) 
Ru-O(l) 2.050 (7) N-0(2) 1.16 (1) 
Ru-Br(3) 2.476 (2) C(1l)-C(12) 1.55 (2) 
Ru-Br(2) 2.477 (2) C(21)-C(22) 1.49 (2) 
Ru-Br(l) 2.535 (2) Ru-Ru' 3.673 (2) 
S-O(l) 1.541 (7) Br(l)-B~(l) '  3.496 (2) 
S-C(11) 1.82 (1) 

Table IV. Intramolecular Angles (deg) for [ RuBr,(NO)(Et,SO)], 
N-Ru-O( 1) 
N-Ru-Br( 3) 
N-Ru-Br(2) 
N-Ru-Br (1 ) 
0(1 )-Ru-B1(3) 
O(l)-Ru-B1(2) 
O(l)-Ru-Br( 1 ) 
Br ( 3)-Ru-B1(2) 
Br(3)-R~-Br(l) 
Br (2)-Ru-Br (1) 

175.3 (4) 
94.9 (4) 
91.8 (3) 
93.4 (3) 
89.4 (2) 
90.0 (2) 
84.7 (2) 
92.32 (6) 
89.30 (6) 

174.46 (6) 

Br( l)-Ru-Br( 1)' 
RU-BI( ~ ) - R u '  
O(l)-S-C(ll) 
O(l)-S-C(21) 
C(1 l)-S-C(21) 
S- O( l)-Ru 
0 (2)-N-Ru 
C(12)-C(ll)-S 
C(22)-C(21)-S 

87.18 (5) 
92.82 (5) 

104.3 ( 5 )  
101.9 (5) 
101.8 (6) 
123.9 (4) 
177.8 (11) 
113.6 (9) 
111.6 (9) 

dination about the ruthenium atoms is approximately octa- 
hedral, but the plane containing the terminal bromine atoms 
Br(2) and Br(3) and Ru makes an angle of 7.8' with the plane 
Ru, Br(l), Ru', and Br(1)'. The terminal bromine atoms are 
displaced toward the diethyl sulfoxide group. The RuzBrz ring 
geometry is nearly square with diagonals of 3.496 ( 2 )  and 
3.673 ( 2 )  A. 

The bond lengths and angles for the diethyl sulfoxide ligand 
agree well with those of other sulfoxide structures reported."17 
The orientation of the sulfoxide ligand is similar to that 
reported" and appears (Figure 1) to be that expected from 
a consideration of intramolecular forces. Also C-C and C-S 
bond lengths and angles agree with those reported for a diethyl 
sulfide structure.ls In this structure the oxygen atom of the 
sulfoxide ligand acts as the donor atom to Ru(I1). It may be 
that steric effects of neighboring groups inhibit the sulfoxide 
ligand bonding through the sulfur atom. That oxygen is the 
donor atom is consistent with the infrared spectrum, where 
the shift is to a lower position for the v ( S - 0 )  absorption (920 

cm-l) than that observed for the free sulfoxide (1030 cm-l).Ig 
When oxygen is the donor atom, a slight weakening of the S-0 
bond is expected and hence there is a shift of the v ( S - 0 )  
absorption to lower energy. This effect has been confirmed 
by crystal structures of sulfoxide complexes. For sulfoxide 
ligands coordinated through oxygen the following average S - 0  
bond lengths (in A) have been reported: CuC12(DMS0)2, 
1.53 1 (4)$ [FeC12(DMS0)4]FeC14, 1.541 (6);' Me2SnCl2- 
(DMS0)2, 1.56 (4);8 Lu(N03)3(DMS0)3, 1.54 (4);9 
[RUB~~(NO)(E~ZSO)]Z ,  1.541 (7);'O RuC12(DMS0)4, 1 .SS7 
(4)." On the other hand, for the sulfur-coordinated sulfoxides 
the reported average S-0 bond lengths (A) are as follows: 
RuC12(DMS0)4, 1.485 (5);" PdC12(DMS0)2, 1.476 (5);12 

(DMS0)2, 1.463 (7);14 Ir(ClgH130)C12(DMS0)2, 1.45 (2);15 
Na[Rh(DMS0)2C14], 1.47;16 (NHzMe2) [RuC13(DMS0)3], 
1.48 (1) The crystal structure analysis of dimethyl 
sulfoxideZo (DMSO), at 5 OC, gave an S-0 bond length of 
1.513 ( 5 )  A which is intermediate between the sulfur- 
coordinated and oxygen-coordinated s-0 bond lengths. 
Hence, for sulfoxide complexes the v(S-0)  absorption can be 
used as an indicator of the mode of coordination of the sul- 
foxide to the metal atom, especially when the S-O bond length 
differs from that of the free sulfoxide. 

The nitrosyl ligand is nearly linear, the Ru-N-O bond angle 
being 178 (l)', and the bond lengths correspond to those 
reported for other linear nitrosyl ligands in reviews on metal 
nitrosyl complexes.21%22 The nitrosyl stretching frequency of 
1874 cm-' is also consistent with the NO+ ligand and linear 
M-N-0 grouping found. The Ru-N bond distance of 1.7 1 
(1) 8, agrees well with those of other ruthenium-nitrosyl 
complexes such as 1.74 (2) 8, in [R~Cl(N0)2PPh3]2+,~~ 1.744 
(6) A in R U C ~ ~ ( N O ) ( P M ~ P ~ Z ) ~ , ~ ~  and 1.738 (2) A in 
[ R u ( N O ) C ~ ~ ] ~ - . ~ ~  When the Ru-N-0 group is bent, the 
Ru-N length is found to be significantly longer, such as 1.85 
(2) 8, for [RuCl(N0)~(PPh3)2]+ .~~ 

The short Ru-N distance observed together with the linear 
Ru-N-0 arrangement confirms that strong T back-bonding 
exists when the nitrosyl ligand is coordinated as NO+. 

The initial complex RuBrsNO(Et2S)2 has a trans ar- 
rangement of sulfide ligands as shown by its 'H  NMR 
spectrum and supported by crystal structure determinations 
of related phosphine c o m p l e ~ e s . ~ ~ , ~ ~  Hence, considerable steric 
rearrangement of the ligands is necessary in forming the 
dimeric structure. Studies of the 'H NMR spectra of the 
sulfide complexes RuX3NOL2 indicate that the sulfide ligands 
undergo a reasonably facile interconversion 

hl-S -M-S 

[ R u ( N H ~ ) s ( D M S O ) ] ( P F ~ ) Z ,  1.527 (8);13 Pd(N03)2- 

R R  
I /  

I \  
R R  

either by inversion at the S atom or rotation about the M-S 
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bond or by complete bond breaking and re-forming.’ The 
interchange is rapid at room temperature (Le., only one 
methylene quartet is observed). At low temperatures the IH 
NMR spectrum shows two methylene quartets indicating two 
sulfide arrangements in the complex. The frequency of the 
proceq in RuBr3(NO)(EtzS)2 has been found to be 32/s at 
the temperature of multiplet collapse. The interconversion does 
not necessarily mean the M-S bond is broken, but it is 
possible27 and suggests that considerable ligand rearrangement 
is quite feasible. 

The oxygen responsible for the formation of the sulfoxide 
appears to be dissolved dioxygen in the chloroform, and the 
ethanol is probably a source of protons since the replacement 
of ethanol with other protic sources also gives the same red 
solution. It is known that sulfides oxidize to sulfoxides under 
more forcing conditions than those encountered in the present 
work and in acid-catalyzed conditions and also in the presence 
of H-bonding reagents.28 

This appears to be the first report of the mild oxidation of 
a sulfide, and the metal ion may have an influence similar to 
that found in the oxidation of phosphines in metal complexes.29 
Attempts to isolate a dioxygen complex have so far been 
unsuccessful, but a detailed investigation of this possibility is 
currently under study as well as an investigation of the general 
occurrence of the reaction in other systems. 
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