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Os(H) (Cl)(CO) (PPh3)3,48 Rh(C0D) (PPh3)2+,48 Ir(C0D)- 
(PPhg)2+,48 and C~*Rh(NcMe)32+.~~ In fact, the Cp*Rh- 
(NCMe)32+-catalyzed deuteration (D2) of BT gives spe- 
cifically the cis-dideuteriobenzo[ b] thiophene; this is the 
stereochemistry predicted by the mechanism in Scheme 
111. Thus, the mechanism that was proposed for this re- 
action by Fish and co-w~rkers~~ is supported by the 
characterization of Cp’(CO),Re(2,3-q2-BT). 

This olefin hydrogenation mechanism is also likely to 
be involved in the conversion of BT to DHBT on hetero- 
geneous catalysts. It allows one to account for the relative 
rates of hydrogenation and HDS of methyl-substituted 
benzo[ b] thiophenes on Co-Mo/A1203 catalysts. These 
rates decrease with increasing methyl substitution in the 
order BT > 2-MeBT > 3-MeBT > 2,3-MeBT.7a*ii This 
trend can be readily explained by the results of our rhe- 
nium studies reported herein, which show that 2,3-methyl 
substitution favors ql(S)-BT coordination and decreases 
the amount of the 2,3-q2 form. On an HDS catalyst, a 
lower concentration of methyl-substituted (2,3-q2)-BT 

(48) Sbnchez-Delgado, R. A.; GoAez, E. PolyhedronT989,8, 1431. 
(49) Fish, R. H.; Baralt, E.; Smith, S. J. Organometallics 1991, I O ,  54. 

would reduce the overall rate of hydrogenation. 
It is also intereating to note that the equilibrium between 

the 2,3-q2 and ql(@ forms is affected by the electron 
density on the metal, which we reduced by replacing Cp* 
with Cp in the CP’(CO)~R~(BT) complexes (Scheme 11). 
On a catalyst, the electron richness of a metal site would 
be affected by its oxidation state as well as the other groups 
attached to it. Since 2,3-q2 coordination is favored by an 
electron-rich metal center, one would expect metal cata- 
lysts in low oxidation states to be the most effective cat- 
alysts for the hydrogenation of BT to DHBT. 
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The clusters [Ru3(~-H)~,,q2-ampy)(PPh3),(CO),] ( n  = 0 (I), 1 (21, 2 (3); Hampy = 2-amino-6- 
methylpyridine) react with HSiEb to give the oxidative substitution producta [R~,(p-H)~(rc,,q~-ampy)- 
(SiEt&PPh3),(CO)g,] ( n  = 0 (4a), 1 (Sa), 2 (6a)). Similar reactions of 1-3 with HSnBu3 afford [Rush- 
H)2(l.c3,q2-ampy)(SnBu )(PPh3),(CO)g,,] ( n  = 0 (4b), 1 (Sb), 2 (6b)). In all cases, (a) the added hydride 
spans a metal-metal &e adjacent to that supported by the bridging amido group, (b) the SiEh or SnBu, 
ligands occupy an equatorial site on the Ru atom bound to the two hydrides, being trans to the hydride 
which spans the same edge as the amido group, and (c) in the compounds containii PPh, ligands, these 
ligands occupy equatorial positions, cis to hydrides, on the Ru atom bound to only one hydride. The 
reactions of 4a and Sa with PPh3 produce the elimination of HSiEb, rendering the complexes 2 and 3, 
respectively; however, similar reactions of the tin-containing compounds 4b and Sb afford the Substitution 
pducta  Sb and 6b, respectively. The compounds have been characterized by infrared and ‘H, 13C, and 
‘P NMR spectroscopies and, in the case of 4a b X-ray dif€raction. Crystal data for 4a: monoclinic space 

group P2’ n, a = 10.849 (8) A, b = 20.809 (4) i, c = 12.049 (8) A, B = 98.21 (5)O, V = 2692 (2) As, 2 = 
4, p(Mo I/ a) = 17.17 cm-’, R = 0.048, R, = 0.053 for 2036 reflections and 287 variables. 

Introduction 
Organmilanes and organostannanes are widely used in 

metal-catalyzed hydrosilylation2 and hydrostannati~n~ 
reactions. However, little attention has been paid to metal 
carbonyl clusters as catalyst precursors in such reactions.H 

(1) (a) Univereidad de Oviedo. (b) Universite de Rennea I. 
(2) See, for example: Ojima, I. In The Chemistry of Organic Silicon 

Compounds; Patai, S., Rappoport, Z., Ede.; John Wiley and Sone: New 
York, 1989; Chapter 25, pp 1479-1626. 

(3) (a) Pereyre, M.; Quintard, J. P.; Rahm, A. Tin in Organic Syn- 
thesis; Butterworthe: London, 1986. (b) Stille, J. K. Angew. Chem., Int. 
Ed. Engl. 1986,25,608. (c) zhang, H. X.; GuibB, F.; Balavoine, G. J. Org. 
Chem. 1990,55,1857 (and references cited therein). 

Concerning ruthenium, the trinuclear clusters [RU~(CO)~~] 
and [Ru,(p-H)(CO),,]- have been reported as catalyst 
precursors for the dehydrogenative silylation& and hy- 
drdylation‘ of olefins, respectively. In the latter process, 
the anionic cluster [RU,(~-H)(CO),~]- reacts with tri- 
ethylsilane to give the trinuclear derivative [Ru,(p-H)- 

(4) (a) Gladfelter, W. L.; Roeseelet, K. J. In The Chemistry of Metal 
Cluater Complexes; Schriver, D. F., Kaesz, H. D., Ad”, R. D., Ede.; 
VCH Publishere: New York, ISSO; Chapter 7, pp 329-366. (b) Ojima, 
1.; Donovan, R. J.; Cloa, N. Organometallics 1991, 10, 2606 (we ab0 
references cited therein). (c) Seki, Y.; Takeshita, K.; Kawamoto, K.; 
Murai, S.; Sonoda, N. Angew. Chem., Int. Ed. Engl. 1980,19,928. (d) 
Sa-Fink,  G.; Reiner, J. J. Mol. Catal. 1982,16,231. (e) Sb-Fink, G. 
Angew. Chem., Int. Ed. Engl. 1982,21, 73. 
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Scheme I Table I. Selected IR Data 
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(SiECJ2(CO)lo]-, which has two u-bound SiEt, ligands;" 
however, the reactions of [RU~(CO)~~] with trialkylsilanes 
and trialkylatannanea have been shown to lead to the break 
up of the trinuclear structure, affording bi- and mononu- 
clear derivatives! A very recent report has provided 
examples of trialkoxysilyl groups attached to triosmium 
clusters, showing that the alkoxy fragments can also co- 
ordinate to metals through their oxygen atoms, i.e. as in 
[OS~(~C-H)(~~,~~-S~(OE~)~I(CO)~I? 

We now report some examples of trialkylsilyl and tri- 
alkylatannyl ligands coordinated to neutral ruthenium 
dusters. We also deacribe some reactions which prove that 
hydrido-stannyl complexes are more stable than hydri- 
do-silyl derivatives toward the elimination of trialkyl- 
stannane or trialkylsilane. As a starting ruthenium car- 
bonyl cluster, we have used the complex [Ru3(p- 
H)(p3,q2-ampy)(CO)g]7~8 (I)  (Hampy = 2-amino-6- 
methylpyridine) because, as reported in previous 
the face-bridging ampy ligand has proved to hold the metal 
atoms f d y ,  preventing cluster degradation. The prod- 
ucts have been characterized by 'HI 13C, and NMR 
spectroscopies and other analytical methods and, in one 
caee (namely, the cluster [R~~(p-H)~(p~,q~-ampy) (SiEQ- 
(co)8])1 by a crystal structure determination. 

(5) (a) b o x ,  5. A. R.; Stone, F. G. A. J. Chem. SOC. A 1969,2559. (b) 

(6) Adame, R. D.; Cortopaeei, J. E.; Pompeo, M. P. Znorg. Chem. 1991, 
Vancea, L.; Graham, W. A. G. Znorg. Chem. 1974,13,511. 

30. 2980. , - - - -  _. 

(7) Andreu, P. L.; Cabeza, J. A.; Riera, V.; Jeannin, Y.; Miguel, D. J. 
Chem. SOC., Dalton Trans. 1990,2201. 

(8) (a) Lugan, N.; Laurent, F.; Lavigne, G.; Newcomb, T. P.; Liimata, 
E. W.; Bonnet, J. J. J. Am. Chem. SOC. 1990,112,8607. (b) Lugan, N.; 
Laurent, F.; Lavigne, G.; Newcomb, T. P.; Liimata, E. W.; Bonnet, J. J. 
Organometallics 1992,11, 1351. 

(9) Andreu, P. L.; C a b ,  J. A.; Riera, V.; Bois, C.; Jeannin, Y. J. 
Chem. SOC., Dalton Trans. 1990,3347. 

(!O) Andreu, P. L.; Cabezn, J. A.; Pellinghelli, M. A.; Riera, V.; Tirig 
iccho, A. Inorg. Chem. 1991,30,4611. 

(11) Andrea. P. L.: Cabeza, J. A.; Riera, V. Inorg. Chim. Acta 1991, 
186,226. 

Chem. 1992,427,363. 
(12) Andreu, P. L.; Cabeza, J. A, CuyBs, J. L.; Riera, V. J. Organomet. 

compd v(C0): cm-l 
4a 2080 (e), 2047 (w), 2017 (w), 1999 (s), 1987 (m), 

4b 2080 (E), 2048 (vs), 2012 (vs), 2000 (m, sh), 1983 (m), 

5a 2058 (w), 2009 (w), 2002 (vs), 1986 (m), 1944 (8) 
5b 2060 (a), 2009 (w, br), 1999 (8, sh), 1987 (m), 

6a 2021 (e), 2002 (vs), 1978 (m), 1946 (e), 1937 (m) 
6b 2020 (vs), 1997 (ve), 1980 (m), 1951 (m), 1933 (m) 
a In THF solution. Abbreviations are as follows: s = strong, m 

1951 (m) 

1948 (m) 

1972 (w, sh), 1942 ( 6 )  

= medium, w = weak, v = very, br = broad, sh = shoulder. 

C l 6  
e- 
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Figure 1. ORTEP drawing of [R~~(cc-H)~(p~,9~-ampy)(SiEtS)- 
(CO),] (4a) with atoms shown as 30% probabihty ellipsoids. C18 
and C18P are the two statistically occupied sites for this methyl 
group. 

The potential applications of the compounds described 
herein as catalyst precursors in reactions involving silanes, 
stannanes, and organic substrates are currently under in- 
vestigation in our laboratories. 

Results and Discussion 
Synthesis and Spectroscopic Characterization. The 

pale-yellow, air-stable, trinuclear cluster [Ru3(p-HI2- 
(r3,q2-ampy)(SiEt,)(C0),] (4a) (Scheme I) could be effi- 
ciently prepared by treatment of [Ru3(p-H)(p3,q2- 
am~y)(CO)~] (1) with HSiEtg. Although the reaction 
proved to be very slow at room temperature, it was com- 
plete within minutes in refluxing THF, dichloromethane, 
or ll2-dichloroethane. Ita IR spectrum (Table I) shows the 
v(C0) absorptions slightly shifted to higher wavenumbers 
than those of complex 1,' as expected for a higher formal 
oxidation state of the metal atoms. Ita 'H NMR (Table 
11) clearly indicatm the incorporation of a new hydride and 
one SiEt, group to the original cluster. The number of CO 
ligands was evident from the 13C(lHJ NMR spectrum 
(Table III), which shows eight CO resonances, three of 
which split with considerable coupling constants in the 
proton-coupled 13C NMR spectrum (Table 111). These 
data indicate that only three CO ligands are trans to hy- 
drides and, therefore, the SiEt3 group should be in an 
equatorial site of the cluster in a position tram to a hydrido 
ligand. With all these data it was not possible to precisely 
locate the SiEt, group in the cluster, and thus, an X-ray 
structure determination (Figure l), which is discussed 
below, was carried out. 
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Table 11. Selected 'H and *lP(*H) NMR Data" 
4 

Me NH 

WH) 
compd H3 H4 H6 NH Me r-H V'P) 

4ab 6.34 (d) 7.23 (t) 6.63 (d) 3.92 (e) 2.62 (8) -8.64 (a), -11.84 (8) 
4be 6.79 (d) 6.34 (t) 6.11 (d) 3.42 (8) 2.04 (8) -8.76 (8, sat), -11.49 (8, sat) 
Sab 6.60 (d) 7.16 (t) 6.70 (d) d 2.60 (8) -8.60 (d) [8.2], -11.20 (d) [4.7] 41.9 (8 )  
Sbc 5.91 (d) 6.62 (t) 6.57 (d) d 1.99 (8) -8.60 (d, eat) [8.4], -10.66 (d, sat) [5.4] 41.3 (a) 
6ac 6.96 (d) 6.67 (t) 6.82 (d) 2.57 (d) [LO] 2.08 (8) -7.62 (t) [6.0], -10.28 (dd) [14.1, 6.01 17.3 (d) (66.6), 36.3 (d) (66.6) 
6bc 6.88 (d) 6.69 (t) 5.74 (d) 2.63 (d) [5.9] 1.99 (8) -8.32 (t, sat) [5.6], -10.27 (dd, sat) [l4.l, 5.61 20.64 (d) (61.01, 37.47 (d) (61.0) 
"Spectra recorded at 300 MHz ('H) or 121.7 MHz (31P), 25 "C; chemical shifta (a, ppm) relative to SiMe, (internal, 'H) or 86% HPO, 

( e x t a d ,  31P); multiplicities (e = singlet, d = doublet, t = triplet, set = with tin satellite) in parenthesee; coupling conetanta (Hz) in 
bracketa [&-HI or bracea (Jp-p); coupling conetanta J ~ H  for H3, H4, and H6 are of ca, 7.4 Hz in all cases. The 'H reaonaucea of the Si&, 
SnBu3, and PPh3 ligands, although confirming the presence of these ligands in the clusters, are noninformative multipleta. In CD1ClP In 
C a w  dunobserved. 

Table 111. 8elected '42 NMR Data" 
"pd 6(CO) WamPY) 6(SiEh or SnBud 

4a 

4b 

Sa 

Bb 

6b 

203.6 (d) [27.5], 203.3, 200.0 (d) [4.6], 197.6 (d) [4.8], 
196.8 (d) [20.1], 193.3 (d) [9.6], 189.0 (d) [5.2], 184.7 

202.9 (d) [25.0], 202.7, 200.0 (d) [4.2], 197.1 (d) [6.6], 
196.4 (d) tl8.71, 193.9 (d) [l0.6], 189.1 (d) [6.3], 183.9 

206.1 (d) [18.9], 206.8 (dd) 18.41 [4.21, 203.8, 199.9 (dd) 
[16.6] (6.21, 199.6, 194.4 (d) [10.9], 189.3 (dd) (17.0) [4.7] 

206.0 (dd) (8.2) [3.3], 205.7 (d) [18.5], 203.4, 199.7 (dd) 
[16.3] (4.01, 198.9, 196.1 (d) [11.0], 189.6 (dd) 117.21 [2.1] 

208.1 (d) [16.1), 207.3 (dd) (6.0, 2.61, 204.9, 203.5 (br), 
201.1 (dd) [16.0] (6.0), 194.3 (d) [14.9] 

180.1, 160.1, 139.4, 119.8, 111.8, 30.2 

179.7, 169.9, 139.2, 119.6, 111.5, 30.1 

179.9, 159.6, 138.2, 118.3, 110.7, 30.1 

179.7, 159.6, 138.3, 118.4, 110.7, 29.9 

180.8, 160.8, 137.4, 117.8, 110.4, 30.0 

12.4, 9.4 

30.5, 28.0, 13.8, 13.3 

11.5, 8.9 

30.1, 27.9, 13.6, 12.6 

30.2, 28.0, 13.8, 12.1 

"In order to assign all types of couplings, the spectra (CDaC12, 75.6 MHz, 26 "C) were recorded in both proton-decoupled and proton- 
coupled modes; the data given for the carbonyl resonances correspond to the proton-coupled spectra, the other ones are proton decoupled. 
The reaonancea of the PPh3 ligands have not been included. Chemical shifts (a, ppm) are relative to internal Sue,. Unlew otherwine stated 
all resonances are singlets; other multiplicities are given in parenthesea; coupling constants (Hz) are given in brackets [&HI or bracea (JGp). 
The compound 6a ie not soluble enough to allow spectra to be taken. 

206 204 202 zoo 198 196 194 192 , 190 

Fiw 2. Carbon 1 region of the proton-coupled (above) and proton-decoupled (below) l9C NMR spectra (CD2C12, 76.6 MHz, 26 "C) 
of [Ru3~--H)2(rs,~~ampy)(SiE~)(PPh3)(CO),l (Sa). 

The activity and selectivity of homogeneous catalyata 
are in many casea enhanced by the preaence of phosphine 
ligands.lS Thus, we were interested in knowing whether 
phosphine-substituted derivativm of 1 would behave in the 
same way as complex 1 in their reactions with triethyl- 
Silane. 

(13) (a) Homogeneous Catalysis with Metal Phosphine Complexes; 
Pignolet, L. H., Ed.; Plenum Press: New York, 1983. (b) Maatere, C. 
Homogeneous Tmnaition-Metal Catalysis; Chapmnn and Hall: London, 
1981. 

The cluster [R~,Oc-H)~,~-ampy)(PPhd(CO)~](2) re- 
acted with HSiEt, to give [R~~(cc-H)~(cc~,ll~-ampy)- 
(SEtJ(PPhJ(CO),] (Sa) in high yield. The structure we 
propose for this complex (Scheme I) is based on ita spec- 
troscopic data (Tables 1-111). Particularly, the carbonyl 
region of the proton-coupled and proton-decoupled lsC 
NMR spectra (Figure 2) strongly supports that the coor- 
dination sites occupied by the PPh, ligand in 2 and the 
SiEt, group in 4a are maintained in Sa. The proton.de 
coupled spectrum showe three doubleta, one with a large 
coupling constant (17.0 Hz), which we have assigned to 
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carbonyl F (see assignments in Figure 2), and two with 
small  coupling constants (8.4,6.2 Hz), which correspond 
to the CO ligands cis to the phosphine (A and D). The 
resonances of the axial CO ligands B and C are only 
slightly broader in the proton-coupled spectrum, while all 
the others are clearly split, the largest Jc-H coupling con- 
stants (18.9,16.6,10.9 Hz) correaponding to the CO ligands 
which are trans to hydrides (carbonyls E, D, and G, re- 
spectively). The assignments shown in Figure 2 are sup- 
ported by many other 13C NMR spectra of triruthenium 
clusters containing the ampy ligand.79J1J4 It is ale0 known 
that the cis-carbonyl-hydride coupling in trinuclear 
clusters is very small and many times negligible16 and that 
for most trinuclear carbonyl clusters the I3C NMR reso- 
nances of the equatorial carbonyls occur at lower fre- 
quench than those of the axial ones (attached to the same 
metal atom).'5J@ The high chemical shift of the equatorial 
carbonyl E in compound Sa must be due to the presence 
of the two hydrides and the SiEt, group on the same ru- 
thenium atom. 

The bis(tripheny1phosphine) complex [Ru3(p- 
H)G3,rla-ampy)(PPh,),(CO),] (3) also reacted smoothly 
with HSiEt3 to give [R~~(p-H)~(p~,ll~-ampy)(SiEt~)- 
(PPh3)z(CO)6] (6a). The 'H and NMR spectra were 
particularly useful to propose a structure for this complex. 
The two hydride resonances of the proton spectrum are 
coupled to both phosphorus atoms, but the coupling con- 
stants are very small (Table 11), indicating none of the 
PPh3 ligands is trans to hydrides. The 31P(1H) NMR 
spectrum consists of an AX spin system with a coupling 
constant of 56.5 Hz, typical of two phosphine ligands in 
a linear arrangement along a metal-metal bond; any other 
arrangement of two phosphine ligands on different metal 
atoms would give a much smaller coupling constant.10 
These data strongly support that upon reaction with 
HSiEt, one of the two phosphine ligands of complex 3 
moves from its original position to that shown in Scheme 
I. A related coordination shift of PPh3 ligand has been 
reported previously on protonation of complex 3 with 
HBFl to give [ R u ~ G - H ) ~ ( r c ~ , ~ - a m p y ) ( P P h a ) ~ ( C O ) ~ I ~ ~ ~ ~  

In all thew reactions only 1 equiv of HSiEt, was in- 
corporated into the clusters, even using a large excess of 
silane. Theae results contrast with those reported for the 
anionic complex [Ru3(r-H)(CO),,]-, which reacts with 2 
equiv of HSiEh to give hydrogen and the bis-SiEt, de- 
rivative [ R U ~ G - H ) ( S ~ E ~ , ) ~ ( C O ) ~ ~ ] - . ~  

The reactions of compounds 1-3 with HSnBu, gave the 
tin-containing derivatives [R~~(rc-H)~(r~,ll~-ampy)- 
(SnBu3)(PPh3)n(CO)enI (n 0 (4bh 1 (sb), 2 (6b)) 
(Scheme II). Their IR and NMR spectra (Tables 1-111) 
are nearly identical to those of the silicon-containing 
compounds described above, indicating that they have 
analogous structures. Interestingly, both hydride reso- 
nances of their 'H NMR spectra show satellites due to 
coupling to "'Sn and llgSn, as expected for hydrides bound 
to the same ruthenium atom as the SnBu3 group. Also, 
the resonances of the 31P NMR spectra do not contain any 
satellite, suggesting that the phosphine ligands are bound 
to ~ thenium atoms Werent to that attached to the SnBu3 
group. These data also support the structures we propoee 
for both the silicon- and tin-containing compounds. 

Elimination of HSiEt, or HSnBua versus CO Sub- 
stitution Reactions. To compare the reactivity of the 

(14) Andre& P. L.; Cabeza, J. A; b r a ,  V. J. Organomet. Chem. 1990, 

(15) See, for example, Ma, A. K.; Einetein, F. W. B.; Johnson, V. J.; 

(16) Mann, B. E.; Taylor, B. F. '% NMR Data for Organometallic 

393, C30. 

Pomeroy, R. K. Organometallic8 ISSO, 9, 45. 

Compounds; Academic Preee: New York, 1981. 
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silicon-containing versus the tin-containing complexes, the 
reactions of triphenylphosphine with all compounds de- 
scribed herein were investigated. 
As depicted in Scheme I, the reactions of 4a and Sa with 

PPh, produced the elimination of HSiEh, giving 2 and 3, 
respectively. However, similar reactions with the tin- 
containing compounds 4b and Sb afforded the carbonyl 
substitution products Sb and 6b, respectively (Scheme II). 
Moreover, complex 4b did not react with carbon monoxide 
(1 atm, refluxing toluene) and complex 6b did not react 
with triphenylphosphine even in refluxing toluene, whereas 
complex 4a gave complex 1 upon treatment with carbon 
monoxide (1 atm) at room temperature and complex 6a 
gave a mixture of unidenaed products upon reaction with 
triphenylphosphine in refluxing toluene. These reactions 
demonstrate that the hydrid-hnyl complexes are much 
more stable than the hydrido-ailyl derivatives toward the 
elimination of trialkylstannane or trialkylsilane. 

From a mechanistic point of view, the mild conditions 
under which many of the reactions described in this and 
other related*12 works take place suggeat that a low-energy 
path is being used in the transformations. As indicated 
by Lavigne et al. in related (phenyl(2-pyridy1)amido)ru- 
thenium carbonyl clush,8 the opening of one of the Ru-N 
arms of the amido bridge would provide a reactive coor- 
b t i v e l y  unsaturated &electron species as a low-energy 
transition state. Although we have not observed such a 
bridge opening in any of our neutral complexes containing 
ampy as a p3,g-ligand, it has been observed by others in 
related anionic complexes; i.e., the complex PPN[Ru3- 
(p3,+-N(Ph)(Cd14N))(CO)9] reacts reversibly with carbon 
monoxide to give PPN[Ru3Gc,rla-NBh)(CdI,N)J(CO)l~1 in 
which the amido group is bound to only one ruthenium 
atom? 

Structural Characterization of [Ru,(r-H)a(p& 
ampY)(siEt,)(co),] (4a). The X-ray structure of 4a has 
been determined by X-ray diffraction (Figure 1). A se- 
lection of bond distances and angles is given in Table IV. 
The cluster consists of a triangle of ruthenium atoms. The 
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Table IV. Selected Bond Distances (A) and Bond Angles 
(deg) in Complex 4aa 

Bond Distances 

Ru2-Ru3 2.765 (2) Rul-Si 2.435 (4) 
Rul-N1 2.15 (1) Ru2-N2 2.191 (9) 
Ru3-Nl 2.16 (1) Rul-H1 1.7 (1) 
Rul-H2 1.4 (1) Ru2-Hl 1.8 (1) 
Ru3-H2 1.9 (1) Rul-Cl 1.85 (1) 
Rul-C8 1.87 (1) Ru242 1.93 (1) 
Ru243 1.85 (1) Ru2C4 1.91 (1) 
€tu3425 1.93 (2) Ru346 1.89 (1) 
Ru347 1.95 (2) C-Ob 1.14 (2) 

Bond Angles 

Rul-H2-Ru3 116 (8) Ru2-Rul-Si 108.0 (1) 
Ru3-Rul-Si 147.2 (2) Rul-N1-Ru3 82.4 (4) 
Si-Rul-H1 80 (4) Si-Rul-H2 164 (5) 

Rul-Ru2 2.932 (2) Rul-Ru3 2.831 (2) 

RuQ-Rul-Ru3 57.30 (4) Rul-Ru2-Ru3 59.52 (4) 
Rul-Ru3-Ru2 63.18 (4) Rul-Hl-Ru2 116 (8) 

C1-Rul-H1 166 (5) C2-Ru2-Ru3 173.8 (4) 
N2-Ru2-C3 169.3 (6) C4-Ru2-Hl 173 (4) 
C5-Ru3-Ru2 165.3 (5) Nl-Ru346 166.7 (5) 
C7-Ru3-H2 156 (4) Nl-Rul-C8 170.2 (5) 

a Estimated standard deviations in parentheses. *Averaged val- 
ue. 

c ~ ~ , ~ ~ - a m p y  ligand occupies three axial coordination sites, 
being linked to the Ru2 atom through the pyridinic ni- 
trogen N2 and to the other two Ru atoms through the 
exocyclic nitrogen N1. The planes Rul-N1-RUB and that 
of the pyridine ring are nearly perpendicular to the Ru3 
plane (dihedral angles 92.7 (3) and 85.4 (3)O, respectively). 
Two bridging hydrido ligands, H1 and H2, span the 
Rul-Ru2 and Rul-Ru3 edges of the metal triangle. W e  
the hydride H1 is almost coplanar with the Ru3 plane, the 
plane Rul-RuSH2 forms a dihedral angle of 84 (8)O with 
the metal triangle. Although the location of hydrides by 
X-ray methods has always to be considered cautiously, in 
our case the X-ray data fit consistently with the NMR 
data. A SiEt, group is coordinated, in an equatorial 
position, to the Rul atom through the silicon atom, being 
nearly trans to the hydride H2. The ligand shell of the 
cluster is completed by eight carbonyl ligands, three in 
axial positions (trans to the nitrogen atoms of the ampy 
ligand) and five in equatorial positions (two trans to ru- 
thenium atoms and three trans to hydrides). 

Overall, thie structure reminds us of that of the clusters 
[Ru3(cc-H)~(ccs,~~-am~~)(CO)gl+ and [Ru~(cL-H)~(P~ ,v~-  
ampy)(PPh3)(CO)s]+: in which one CO and one PPh3 
ligand, respectively, formally replace the SiEt, group of 
complex 4a. It is interesting to note that the interatomic 
distances of 4a are comparable to those in [Ru3(pH),- 
Gca,~~-am~~)(Co)gl+ and [RU~(C~-H)ZG~?,~~~-~PY)(PP~~)- 
(CO),]+ although the latter are cationic species. 

Experimental Section 
General Procedures. Solvents were dried over sodium di- 

phenyl ketyl (THF, hydrocarbons) or CaHz (dichloromethane, 
1,2-dichloroethane) and distilled under nitrogen prior to use. W 
reactions were carried out under nitrogen using standard Schlenk 
techniques and were monitored by solution IR spectroscopy 
(carbonyl stretching region). The clusters 1,' 2: and 31° were 
prepared as described previously; all other reagents were pur- 
chased from Aldrich and used as received. Infrared spectra (Table 
I) were recorded in solution on a Perkin-Elmer FT 1720-X 
spectrophotometer, using 0.1" CaFz cells. NMR spectra 
(Tables I1 and 111) were run with a Bruker AC-300 instrument, 
using SiMe, (internal, 'H, I3C) or 85% H3P04 (external, as 
standards (6 = 0 ppm). Microanalyses were obtained from the 
University of Oviedo Analytical Service. 
[Rus(a-H)t(~~#--a~~)(SiEts)(CO)~l (4aL HSiEt, (0.5 mL) 

was added to a solution of complex 1 (146 mg, 0.221 mmol) in 

Cabeza et  al. 

1,2-dichloroethane (8 mL). The initial orange solution was re- 
fluxed until the color turned pale-yellow (7 min). The solvent 
was eliminated under reduced pressure, n-pentane (5 mL) added, 
and the suspension evaporated again to dryness to give complex 
4a as a pale yellow solid (152 mg, 93%). Anal. Calcd for 

H, 2.93; N, 3.72. This product is soluble in all organic solvents. 
[ R~,(p-H)~(p~,#-ampy) (SnBua)(CO)J (ab). A mixture of 

HSnBu3 (21 pL, 0.076 "01) and complex 1 (50 mg, 0.075 "01) 
in THF (10 mL) was stirred at reflux temperature for 7 min to 
give a pale yellow solution. The solvent was eliminated under 
vacuum to give a pale yellow oil, soluble in all organic solvents, 
which could not be crystallized but which was spectroscopically 
pure (IR, NMR). 
[R~~(~-H)z(~~~,S-~~PY)(S~E~~)(PP~)(CO),I (k). HSiEt, 

(0.5 mL) was added to a solution of complex 2 (63 mg, 0.070 "01) 
in THF (10 mL). This solution was refluxed for 25 min and then 
evaporated to dryness. The oily residue was diseolved in n-pentane 
(5 mL) and the resulting solution evaporated to dryness to give 
5a as a yellow solid (55 mg, 81%). Calcd for 

H, 4.13; N, 2.78. 
[Rus(~-H)t(p,S-ampy )(SnBus)(PPha)(C0),1(5b). A mix- 

ture of HSnBy (21.5 &, 0.077 "01) and complex 2 (69 mg, 0.077 
"01) in THF (10 mL) was refluxed for 10 min to give a yellow 
solution. The solvent was removed under reduced pressure and 
the residue dissolved in n-hexane (3 mL). This solution was kept 
at  -20 OC for 15 h to give yellow crystals of 5b (42 mg). The 
mother liquid was concentrated to 1 mL and kept at -20 "C for 
2 days, affording a second crop of yellow crystals (12 mg, overall 
yield 64%). Anal. Calcd for CISHmN20,PRu3Sn: C, 44.94; H, 
4.43; N, 2.41. Found C, 45.05; H, 4.52; N, 2.38. 

(0.5 mL) was added to a solution of complex 3 (4s mg, 0.040 "01) 
in l,2-dichloroethane (10 mL). The initial red solution was re- 
fluxed until the color turned orange (45 min). The solvent was 
removed under reduced pressure and the solid residue washed 
with n-hexane (two 5-mL portions), to give complex 6a as a 
yellow-orange solid (34 mg, 70%). Anal. Calcd for 

H, 4.00; N, 2.07. 
[ R u s ( ~ - H ) h s , S - a m ~ y  )(SnBuO(PPha)z(CO)d (sa). A di- 

chloromethane solution (6 mL) of complex 3 (46 mg, 0.041 "01) 
and HSnBu3 (11.5 pL, 0.041 "01) was stirred at reflux tem- 
perature for 2 h. The IR spectrum of this solution still showed 
the presence of unreacted starting material 3. The solvent was 
removed, THF' added (5 mL), and the resulting solution refluxed 
for 30 min. The solvent was again removed and the residue 
washed with n-hexane (1 mL) to give complex 6b as a yellow solid 
(51 mg, 89%). Anal. Calcd for C&NzOpzRu8Sn: C, 51.68; 
H, 4.77; N, 2.01. Found C, 51.87; H, 4.90; N, 1.88. 

Reaction of Complex 4a with Carbon Monoxide. Carbon 
monoxide was bubbled, at room temperature, through a Solution 
of complex 4a (31 mg, 0.041 "01) in THF (10 mL). After 40 
min, the IR spectrum of the solution showed the quantitative 
transformation of 4a into 1. 

Reaction of Complex 4a with Triphenylphorphine. A 
solution of complex 4a (41 mg, 0.055 "01) in THF (10 mL) was 

of the solution indicated that it only contained the complex 2. 
Reaction of Complex Sa with Triphenylphosphine. A 

solution of complex Sa (9 mg, 0.009 mmnol) in THF (4 mL) was 
treated with PPha (3.3 mg, 0.013 "01). After stirring for 2 h 
at  room temperature, the reaction was incomplete (IR). It  was 
then heated at reflux temperame for 2 min, when the IR spectrum 
showed the complete transformation of 5a into 3. 

Reaction of Complex 4b with Triphenylphorphine. A 
solution of complex 4b, prepared in situ (as deacribed above) from 
complex 1 (27 mg, 0.041 "01) and HSnBua (12 a, 0.042 "01) 
in THF (6 mL), was treated with PPha (11 mg, 0.042 mmol) at  
room temperature for 8 h. At this point, the IR spectrum of the 
solution showed that it only contained the cluster Sb. 

Reaction of Complex Sb with Triphenylphosphine. The 
solution obtained above was treated with PPh3 (12 mg, 0.048) and 
the mixture stirred at  room temperature for 15 h. Since the IR 
spectrum of this solution showed no reaction, it was heated at  

C&uN20&~3Si: C, 31.96, H, 3.22; N, 3.73. Found: C, 31.66; 

Anal. 
C~~H&&O,PRU~S~: C, 45.07; H, 3.99; N, 2.84. Found: C, 45.56, 

[Rus(f i -H)a(~s,#-w~~ )(SiEts)(PPha)a(CO),I (64. 

C ~ H M N Z O ~ ~ R U ~ S ~  C, 53.15; H, 4-46; N, 2.30. Found: C, 52.64; 

treated with PPha (15 mg, 0.057 "01). After 1 4 the IR spectrum 
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Table V. Cryrtdlognphic and Refinement Data for 
Complex la 

formula CdUN20&u9Si 
fw 751.72 
wt syet monoclinic 
space group R 1 l n  
a, A 10.849 (8) 

20.809 (4) 
12.049 (8) 

b, A 
c. A 

D w ,  
cryst sua, mm 
radiation (h, A) 
monochromator 
tamp, K 
~ ( M o  Ka), cm-' 
scan method 
h, k, 1 range 
28 range, deg 
no. of mead rflcne 
no. of unique Acne 
no. of Acne with Z h 3a(O 
Rkk 
no. of variables 
R ( F ) O  
RW(FIb 
GOP 
A l a  
Ap(min, max), eA-* 

98.21 (5) 
2692 (2) 
4 
1.854 
0.5 X 0.2 X 0.1 
Mo Ka (0.710 73) 
graphite 
293 
17.17 

&12,0-24, +14 
2-50 
4784 
4519 
2036 
0.026 
287 
0.048 
0.053 
1.556 
5.89 
0.887, -0.629 

8-28 

reflux temperature for 45 min, to give quantitatively the complex 
6b (IR identification). 

Cryatal Data Collection, Solution, and Relinement of the 
X-ray Struature of 4a. A pale-yellow crystal of compound 4a 
was mounted on an Enraf-Noniua CAD4 diffractometer, equipped 
with graphitecryd-monoduomated Mo Ka radiation. The cell 
dimensions were determined by least-squares refiiement from 
the setting angles of 26 centered reflections in the range 10 < 28 
< 20°. The intamitiea were collected wing the &24 scan method. 
The measurement of three standard reflections every 60 min 
revealed no intensity fluctuations. One set of reflections was 
collected up to 28 = SOo. The intensities were corrected for 
Lorentz and polarization effects. No absorption correction was 
applied. The crystal data are summarized in Table V. The 
structure was solved by direct methods" and successive Fourier 
difference syntheses and was refiied by weighted anieotropic 
full-matri. leaetcsquares methods. The ethyl carbon atoms of 
the SiEt, group (C16-C20) were refined isotropically. They 
ahowed high thermal motions and dieorder; in particular, one 
methyl group was found in two sitea (Cl8 and C18P) with oc- 
cupancy factors of 0.5. After refiiement of positional and an- 
imtmpic (&) thermal parameters, the positions of the H-atoms 
were calculated (C-H O.MA,B = S A 9  and includedas a h e d  
contribution to F,. The bridging hydrides H1 and H2 were ob- 
served in Fourier difference syntheses and their poeitional pa- 
ra" &ed. Scattering factore and conedons for anomalous 
&pereion were taken from ref 18. The drawing was made with 

(17) Main, P.; Ftke, S. J.; Hull, 9. E.; Jwinger, L.; Gennain, G.; 
Wercq,  J. P.; Woolfaon, M. M. MULTANU a System of Computer 
Program for the Automatic Solution of Crystal Structures from X-Ray 
Diffraction Data. Univenities of York (U.K.) aad Louvain (Belgium), 
1984. 
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Table VI. Positional and Equivalent Isotropic Thermal 
Parameters for Complex 4aa 

atom X Y 2 B,, A' 
Rul 0.1579 (1) 0.17637 (5) 0.30095 (9) 3.0 
Ru2 
Ru3 
Si 
01 
0 2  
03 
0 4  
05 
0 6  
0 7  
08 
N1 
N2 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15* 
C16* 
C17* 
C18* 
clap* 
c19* 
c20* 
H1* 
H2* 

0.1592 i i j  
0.2084 (1) 
0.2305 (4) 
0.198 (1) 
0.101 (1) 

-0.1166 (8) 
0.180 (1) 
0.257 (1) 

-0.004 (1) 
0.399 (1) 

-0.1043 (9) 
0.3308 (9) 
0.3615 (9) 
0.181 (1) 
0.128 (1) 

-0.009 (1) 
0.174 (1) 
0.240 (1) 
0.075 (1) 
0.329 (1) 

-0.005 (1) 
0.409 (1) 
0.538 (1) 
0.615 (1) 
0.565 (1) 
0.440 (1) 
0.387 (2) 
0.386 (2) 
0.442 (2) 
0.245 (3) 
0.128 (5) 
0.366 (6) 
0.131 (3) 
0.106 (2) 
0.13 (1) 
0.10 (1) 

0.07640 i5j 
0.20162 (6) 
0.1293 (2) 
0.3055 (5) 

-0.0602 (5) 
0.1035 (5) 
0.0481 (6) 
0.3473 (6) 
0.2072 (5) 
0.1645 (6) 
0.1680 (6) 
0.1807 (5) 
0.0737 (5) 
0.2556 (7) 

4.0100 (6) 
0.0929 (7) 
0.0579 (7) 
0.2930 (8) 
0.2072 (7) 
0.1780 (8) 
0.1719 (7) 
0.1301 (7) 
0.1367 (7) 
0.0854 (9) 
0.0291 (8) 
0.0225 (7) 

-0.0376 (8) 
0.164 (1) 
0.136 (1) 
0.034 (1) 
0.007 (3) 
0.024 (3) 
0.145 (1) 
0.207 (1) 
0.100 (7) 
0.187 (7) 

0.1314 (i). 
0.0810 (1) 
0.4837 (4) 
0.413 (1) 
0.210 (1) 
0.0789 (9) 

-0.1120 (8) 
0.085 (1) 

-0.1090 (9) 
-0.0735 (9) 
0.355 (1) 
0.2330 (9) 
0.1812 (8) 
0.371 (1) 
0.183 (1) 
0.097 (1) 

-0.022 (1) 
0.086 (1) 
-0.038 (1) 
-0.018 (1) 
0.334 (1) 
0.227 (1) 
0.264 (1) 
0.252 (2) 
0.203 (1) 
0.168 (1) 
0.119 (2) 
0.540 (2) 
0.655 (2) 
0.487 (2) 
0.491 (5) 
0.454 (5) 
0.597 (2) 
0.626 (2) 
0.27 (1) 
0.19 (1) 

3.2 
3.5 
4.4 
6.9 
7.4 
6.0 
6.4 
9.8 
6.2 
7.5 
7.4 
3.5 
3.0 
4.2 
4.5 
4.2 
4.6 
5.6 
4.8 
5.0 
4.2 
3.4 
4.6 
6.6 
5.9 
4.1 
6.5 
8.8 (6) 

12.0 (8) 
13.7 (9) 
14 (2) 
15 (2) 
12.9 (8) 
11.8 (8) 
5.0 
5.0 

a Estimated standard deviation in parentheses. Starred atoms 
were refined isotropically. B, (4/3)EiEjBi,+aj. 

ORTEP.'g AU calculations were performed on a McroVAX 3100 
computer using the SDP program package.20 Selected bond 
lengths and angles are given in Table IV; positional atomic co- 
ordinates are given in Table VI. 
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