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Abstract. [NH(CH2C6Hs)3] [Os3(CO)10(fl-H)(fl-SO2)], 
M r =  1204.16, monoclinic, P2~, a = 9 . 6 0 5  (1), b =  
12.809(4), c = 1 5 . 1 1 6 ( 2 )  A, f l = 1 0 5 . 1 ( 5 )  ° , V =  
1795.82 ,tt 3, Z = 2, D x = 2.223 gcm -3, 2(Mo Kal) = 
0.7093 A,/ t  = 107.1 cm -~, F(000) = 1101, T =  298 K, 
R = 0 . 0 3 4  for 1523 reflections with I_> 2e(/). The 
anion consists of a triangular array of osmium atoms 
with two unbridged edges [Os-Os  2.850(3) and 
2.864 (5) A] and the third edge bridged by the hydride 
and SO 2 ligands [Os-Os  2.908 (7) A]. A close contact 
[2.65 (4) A] between the nitrogen of the cation and one 
of the SO 2 oxygens indicates hydrogen bonding 
between the tribenzylammonium cation and the cluster 
anion. 

Introduction. Our recent investigations of reactions 
between metal hydride complexes and SO 2 have shown 
interesting reduction chemistry (Kubas & Ryan, 1986). 
Previously we reported on the structure of Os3(CO)10- 
(g-H)2(p-SOz), one of a rather small number of metal 
complexes containing hydride and SO 2 ligands (Jarvi- 
nen & Ryan, 1984). The complex Osa(CO)I0(fl-H)2- 
(p-SO2) is the first product observed by NMR or IR 
spectroscopy from the reaction of Os3(CO)lo(P-H)2 and 
SO 2, but additional products form at rates dependent on 
variables such as the solvent, temperature, and SO 2 
concentration. Tertiary amines were added to the 
reaction mixture in an attempt to bind acidic protons 
that might be present. Addition of tribenzylamine gave 
the title compound, which formally results from the 
transfer of a proton from Os3(CO)Io(P-H)2~-SO2) to 
tribenzylamine. 

Experimental. The compound was prepared by dissolv- 
ing 152.7mg of Os3(CO)~0(P-H) 2 and 53.7mg of 
tribenzylamine in 28 ml of 3:1 heptane/chloroform 

* Author to whom correspondence should be addressed: Group 
INC-4, MS C346, Los Alamos National Laboratory. 

under N 2. Sulfur dioxide was bubbled through the 
purple solution which was then left overnight. The 
resulting clear yellow solution was placed in a freezer 
and a small amount of powdery solid formed. The 
solution was warmed to room temperature and the 
CHC13 was partially evaporated by passing N 2 over  the 
solution. The flask was again placed in a freezer where 
crystals formed, 57.4mg, 26%. Analysis: calc. for 
CaIH23NOI2OS3S: C, 30.92; H, 1.93; N, 1.16; O, 
15.94; S, 2.66%. Found: C, 30.84; H, 2.02; N, 1.12; 
O, 16.62; S, 2.77%. A yellow crystal having a length of 
about 0.1 mm was mounted on a standard goniometer. 
Data were collected by 0-20 scans (20ma x = 40 °) on a 
CAD-4 automated diffractometer using Mo Ka 
radiation and a graphite monochromator. Cell dimen- 
sions were determined by least-squares refinement of 25 
centered reflections (12 ° </9 < 35°). The space group 
was chosen on the basis of systematically absent 
reflections and a subsequent successful refinement. 
Reflections in a quadrant with Miller indices h = 0-9, 
k = 0-12 and l = 0+ 14 were collected and averaged to 
yield 1523 reflections with I > 2tr(/). The R value based 
on Fo 2 for the merge of equivalent reflections was 0.024. 
Data correction including a combination of spherical 
and ~0 absorption corrections was made (max. transmis- 
sion 0.484, min. 0.284) and corrections for Lorentz 
and polarization factors were performed as previously 
(Ryan & Swanson, 1974). The structure was solved by 
standard Patterson methods and refined by full-matrix 
least squares employing the Los Alamos Generalized 
Crystal Structure Analysis System (Larson & Von 
Dreele, 1986). All atoms except the metals and SO 2 
group were modeled as having isotropic thermal 
motion. The function minimized was ~w(Fo 2 - FeZ) 2 and 
weights were determined by w = 1/(O'Fo2) 2 and O'Fo 2 
= [I + B + 0.01/2]TLp. The final residuals were R 
= 0 . 0 3 4  and w R = 0 . 0 3 1  for the 1523 reflections 
having I > 2a(/). (A/tr)max = 0.51. Hydrogens were 
placed several times after successive refinements and 
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1702 [NH ( CH 2 C 6H5)3] [ Os3( C O )I o(,u-H)(, u-SO 2) ] 

Table 1. Atom parameters 

Uiso(x 10' A ~) x y z 
Os(1) 0.0267 (2) --0.0018 (1) 0-3936 (1) 5.84* 
Os(2) 0.1637 (1) 0.1945 (1) 0-3885 (1) 5-29* 
Os(3) --0.1486 (1) 0-1811 (1) 0.3486 (1) 5.08* 
S(1) -0.008 (1) 0-2199 (7) 0.2471 (6) 5.16" 
O(1) -0-017 (2) 0.153 (2) 0.166 (1) 6.29* 
0(2) -0-019 (3) 0.334 (2) 0.219 (2) 5.08* 
N(1) -0.078 (2) 0.375 (2) 0.041 (1) 3.9 (5) 
C(1) 0.028 (5) 0.031 (3) 0.510 (4) 10.4 (12) 
0(3) 0-018 (4) 0-053 (3) 0-587 (2) 10.2 (7) 
C(2) 0.034 (3) -0.029 (3) 0.272 (2) 8.2 (9) 
0(4) 0-049 (2) -0.061 (2) 0.199 (I) 8.3 (6) 
C(3) 0.193 (5) -0.079 (4) 0.440 (3) 9.8 (11) 
0(5) 0.298 (5) -0.130 (4) 0.466 (2) 10.6 (8) 
C(4) -0.123(6) -0.094 (5) 0.380 (3) 13.3 (15) 
0(6) -0.227 (4) --0.148 (3) 0.370 (2) 14.1 (10) 
C(5) 0-303 (5) 0.144 (4) 0.338 (3) 11.6 (13) 
0(7) 0.382 (3) 0.099 (2) 0.301 (2) 11.2 (7) 
C(6) 0.227 (6) 0.322 (5) 0.385 (4) 11.2 (14) 
0(8) 0-266 (4) 0.416 (3) 0.386 (2) 13.1 (9) 
C(7) 0.272 (3) O. 170 (3) 0.508 (2) 8.0 (8) 
0(9) 0.333 (3) 0.141 (2) 0.586 (2) 10.7 (7) 
C(8) -0.228 (4) 0.313 (4) 0.336 (2) 6.3 (9) 
O(10) -0.276 (3) 0.402 (2) 0.316 (2) 8.7 (6) 
C(9) -0.285 (5) 0.112 (4) 0.260 (3) 10.6 (12) 
O(11) -0-368 (3) 0.069 (2) 0.200 (2) 12.3 (8) 
C(10) -0.232 (3) 0.148 (3) 0.451 (2) 6.5 (8) 
O(12) -0.307 (5) 0.128 (4) 0.501 (2) 11.8 (9) 
C(11) 0.037 (2) 0.317 (2) 0.006 (2) 4.8 (7) 
C(12) 0.185 (3) 0.365 (3) 0.047 (2) 6.2 (8) 
C(13) 0.248 (5) 0.424 (3) -0-009 (3) 6.2 (9) 
C(14) 0.457 (4) 0-438 (3) 0.115 (2) 8.5 (10) 
C(16) 0.397 (5) 0.378 (4) 0.168 (3) 10.0 (1 I) 
C(17) 0-263 (3) 0.336 (3) 0.134 (2) 6.9 (8) 
C(18) -0-218 (3) 0.316 (2) 0.011 (1) 4.7 (6) 
C(19) -0.270 (3) 0.295 (3) -0.086 (2) 5.2 (8) 
C(20) -0.360 (4) 0-357 (3) -0-155 (2) 7.0 (8) 
C(21) -0-398 (4) 0.324 (4) -0.247 (2) 8.3 (10) 
C(22) -0-359 (3) 0.242 (14) -0.274 (2) 8.2 (15) 
C(23) -0-287 (4) 0.177 (4) -0.212 (3) 10.9 (10) 
C(24) -0.248 (4) 0-203 (3) -0.120 (2) 6.9 (8) 
C(25) -0.083 (3) 0.487 (3) 0.012 (2) 5.1 (6) 
C(26) -0.171 (4) 0.553 (2) 0.058 (2) 5.1 (7) 
C(27) -0.133 (3) 0.567 (3) 0.152 (2) 6.3 (7) 
C(28) -0.210 (4) 0.636 (3) 0.189 (2) 9.0 (10) 
C(29) -0.329 (3) 0.689 (3) 0-137 (2) 7.1 (7) 
C(30) -0.364 (3) 0.676 (3) 0.046 (2) 6.6 (7) 
C(31) -0.285 (4) 0.614 (3) 0.005 (3) 5.9 (9) 

* Ueq = ~T, T jUu(i  = 1-3).  

given a thermal parameter ( U =  0-063/~2) which was 
not refined. The total number of parameters, including 
positional and thermal variables plus a scale and 
extinction coefficient (5.89 x 10 -8) (Larson, 1970; 
Zachariasen, 1967) was 224 for the 1523 observations. 
Scattering factors were taken from International Tables 
for X-ray Crystallography (1974). To check the 
chirality of the structure, the signs of the f "  were 
changed and a refinement attempted with 1-2% less 
successful results. In a final Fourier map no significant 
peaks were observed. 

Discussion. An ORTEP drawing (Johnson, 1976) of 
the ion pair is presented as Fig. 1. Table 1 gives the 
positional and thermal parameters for the cation and 
anion.* Table 2 lists selected distances and angles. 

* Lists  o f  structure factors, anisotropic thermal parameters and 
H - a t o m  parameters have been deposited with the British Library 
Document Supply Centre as Supplementary Publication No.  S U P  
44982  (14 pp.). Copies  may be obtained through The Executive 
Secretary, International Union of  Crys t a l log raphy ,  5 Abbey 
Square ,  Ches te r  C H  1 2 H U ,  England. 

Table 2. Selected distances (A) and angles (o) 

Os(1)--Os(2) 2-850 (3) Os(2)-Os(1)--Os(3) 61.18 (13) 
Os(l)--Os(3) 2.864 (5) Os(1)--Os(2)--Os(3) 59.64 (7) 
Os(2)--Os(3) 2.908 (7) Os(])--Os(3)--Os(2) 59.18 (15) 

Os(2)--S(1) 2.36 (2) S(l)-Os(2)-Os(3) 85.8 (3) 
Os(3)-S(1) 2.35 (1) S(1)-Os(3)-Os(2) 85.7 (3) 

Os(2)-S(1)--Os(3) 76.4 (3) 
S(1)-O(1) 1.47 (2) 0(1)--S(1)--0(2) 110.5 (2) 
S(1)-O(2) 1.51 (3) O(1)-S(1)--Os(2) 119-8 (1 I) 

O(2)-S(1)--Os(3) 111-8 (16) 
Os(l)---C(1) 1.82 (6) Os(1)--C(1)-O(3) 175. (5) 
Os(1)-C(2) 1.89 (4) Os(1)--C(2)-O(4) 169- (4) 
Os(1)-C(3) 1.85 (5) Os(1)-C(3)-O(5) 177. (4) 
Os(I)-C(4) 1.84 (8) Os(1)-C(4)-O(6) 175- (5) 
Os(2)-C(5) 1.82 (6) Os(2)-C(5)-O(7) 171. (5) 
Os(2)-C(6) 1.76 (7) Os(2)--C(6)--O(8) 176- (6) 
Os(2)-C(7) 1.87 (4) Os(2)---C(7)-O(9) 171. (4) 
Os(3)-C(8) 1-85 (5) Os(3)-C(8)-O(10) 171- (4) 
Os(3)---C(9) 1.83 (6) Os(3)-C(9)-O(11) 176. (5) 
Os(3)-C(10) 1.97 (4) Os(3)-C(10)-O(12) 168. (4) 

C(1)-O(3) 1.23 (6) 
C(2)-O(4) 1.22 (4) 
C(3)---O(5) 1.19 (6) 
C(4)-O(6) 1.19 (6) 
C(5)-O(7) 1.20 (6) 
C(6)-O(8) 1.25 (7) 
C(7)-O(9) 1.23 (4) 
C(8)-O(10) 1:23 (5) 
C(9)-0(1 ]) 1.18 (5) 
C(10)-0(12) 1.21 (5) 

N(1)-O(2) 2.65 (4) 
N(1)--C(11) 1.54 (4) C(11)-N(1)-C(18) 109.0 (2) 
N(1)--C(18) 1-51 (4) C(18)-N(1)-C(25) I15.8 (3) 
N(l)-C(25) 1.50 (5) C(11)--N(1)--C(25) 109-0 (2) 

Ring (1) 
C(11)-C(12) 1.52 (4) 

Ring contains C(12) to C(17) 
MeanC-C 1.37 MeanC-C-C 120 

Ring (2) 
C(18)-C(19) 1.46 (4) 

Ring contains C(19) to C(24) 
MeanC-C 1.35 MeanC--C--C 119 

Ring (3) 
C(25)-C(26) 1.49 (4) 

Ring contains C(26) to C(31) 
MeanC-C 1 - 3 8  MeanC-C-C 120 

Cl 1 ' ~ "  

N1 

o 2  

o~ c3 ~ o , ~ " ~ /  V, / / /  c6 o8 

Cl ~ °~//'~T~\ ClO OlO 

~ 012 

Fig. 1. OR TEP drawing o f  title c o m p o u n d .  
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A triangular array of osmium atoms forms the 
framework of the anion with the Os(2)-Os(3) edge 
bridged by the SO 2 and'hydride ligands and the other 
two edges unbridged. The structure of the anion is quite 
similar to that of the neutral dihydride except for the 
O s - O s  edge bridged only by a hydride in Os 3- 
(CO)10(fl-H)2(fl-SO2). Removing this proton to give the 
anion yields an Os(1)-Os(2) distance of 2.850 (3) vs 
3 .068(1 )A for the corresponding distance in the 
dihydride. The other OH-OH distances in the anion are 
closer to those found for the hydride-SO2-bridged edge 
[2.895 (1)A] and unbridged edge [2.848 (1)A] of 
Osa(CO)i0(g-H)2(p-SO2). The bridging hydride was not 
located, but its approximate position can be inferred 
from the arrangement of the carbonyl and SO 2 ligands 
about OH(2) and OH(3), i.e. trans to both C(5) and 
C(9). The bridging hydride resonance appears as a 
sharp singlet at ~ - 1 4 . 9  in the ~H NMR spectrum of 
the compound in CDC13. 

The N(1)-O(2)  distance of 2.65 (4)A is indicative 
of a hydrogen bond between the N - H  group of the 
cation and one oxygen atom of the SO 2 ligand 
(Hamilton & Ibers, 1968). A weak, broad peak at 
2520 cm -l in the infrared spectrum of a Nujol mull of 
the complex was assigned to the N--H stretch and also 
indicated a substantial hydrogen-bonding interaction. 
The longer S-O(2)  distance of 1.51 (3) ,/k compared to 
S-O(1)  of 1.47 (3) A is probably a manifestation of the 
hydrogen bond, even though this difference is less than 
2e. The identity of the species that donates a proton to 
the amine during the reaction of Os3(CO)10(P-H)2 and 
SO 2 is not clear at present. Addition of tribenzylamine 

does alter the reaction chemistry of the Os3(CO)l 0- 
~ - H ) J S O  2 system considerably. The tribenzyl- 
ammonium salt is quite stable in solution for days near 
298 K, whereas Os3(CO)10(p-H)2(p-SO2) reacts under 
these conditions to give a number of products as 
indicated by NMR and IR spectra. The binding of this 
acidic proton by the amine thus greatly inhibits further 
reactions of the cluster. 

The authors are grateful to D. T. Cromer and Allen 
C. Larson for helpful discussions. This work was 
carried out under the auspices of the US Department of 
Energy, Office of Basic Energy Sciences. 
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Abstract. CdMg(NO2)4.2H20 (1), M r =  356.8, mono- 
clinic, C2/c, a =  11.441 (2), b = 6 . 9 5 8  (2), c =  
12.017 (2) A , /~=  91.70 (2) °, V =  956.2 (4) A3, Z = 4, 
D x= 2.48 Mg m -3, MoKa,  2 =  0.71073 A, p = 
2.39 mm -~, F(000) = 688, T =  296 (1) K, final R = 
0.018 for 933 observed unique reflections. 
CaCd(NO2)4.4H20 (II), M r = 408.6, trigonal, P3121 or 
P3221, a = 7.5003 (6), c = 18.413 (3) A, V =  
897.0 (2) A a, z = 3, Dm(CCI4/CH3I ) = 2.28 (1), D x 

0108-2701/88/101703-05503.00 

= 2.27 Mg m -3, g = 2.30 mm -l, F(000) = 600, T- -  
296 (1) K, final R = 0.035 for 1327 reflections. CdSr- 
(NOz)4.4H20 (III), M r = 4 5 6 . 1  , trigonal, P3121 or 
P3221, a = 7.6379 (7), c = 18.707 (4) A, V = 
945.1 (2) A 3, Z = 3, D m (CCI4/C2H2Br4) = 2.37 (1), 
D x = 2.40 Mg m -3, /t = 5.85 mm -l, F(000) = 654, T 
= 295 (1)K, final R - 0 . 0 3 0  for 1264 reflections. The 
structures of (II) and (III) are isomorphous. In (I), the 
Mg 2+ ion is surrounded octahedrally by two water and 
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