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consists of a butterfly arrangement of metal atoms or, 
alternatively, a square-pyramidal Ru4P arrangement, the 
phosphorus acting as a basal skeletal atom. If we assume 
the latter structural description, the diyne is p3-s2-bonded 
to Ru(l)Ru(3)P(l) in a fashion commonly encountered for 
alkynes at a trimetal center with a C(14)-C(15) bond 
length of 1.394 (5) A. The longest Ru-Ru bond (Ru(3)- 
Ru(4) = 2.915 (1) A) is the hinge to wingtip vector void 
of any bridging ligands. Of particular interest is the 
bonding mode of the acetylene. Atoms Ru(3) and P(1) are 
a-bound to the acetylenic carbons C(14) and C(15) (Ru- 
(3)-C(14) = 2.188 (4) A, P(l)-C(15) = 1.827 (4) A), and 
Ru( 1) is involved in a ncinteraction with the same fragment 
(Ru(l)-C(14) = 2.282 (4) A, Ru(l)-C(15) = 2.309 (4) A). 
While the overall Ru4PC2 skeleton of 3 is nido with Ru(1) 
capping a distorted-pentagonal Ru(2)-Ru(3)-P(l)-C- 
(14)-C(15) face as observed in the trimetal cluster Fe3- 
(CO)g[P(p-CH30-C$I$C(Ph)CBh)l,ss' the original square 
Ru(l)-Ru(3)-Ru(4)-P(l) face of 1 is retained, with the 
four-coordinate P( 1) atom in 1 becoming five-coordinate 
in 3. The diphenylbutadiyne in 3 is coordinated in a 
manner similar to that found in R U & C O ) ~ ~ ( ~ ~ - ~ ~ ~ - P ~ C =  
CWPh)b-PPh2) lg  with a pendant acetylenic fragment 
(C(16)-C(17) = 1.187 (6) A). Ten of the twelve carbonyl 
ligands in 3 are terminally bound to the ruthenium atoms, 
the remaining two, C(12)0(12) and C(11)0(11), bridging 
Ru(2)-Ru(4) and Ru(l)-Ru(2), respectively (Ru(l)-C(ll) 

Addition of 2,4-hexadiyne to an n-hexane solution of 
either 3 (at 60 "C) or 4 (at 35 OC) results in the formation 
(60%) of the cluster R U ~ ( C O ) ~ ( ~ ~ - P P ~ ) ( P ~ C = C C ~  
CPh)(MeC=CC=CMe)2 (5; Scheme I). Compound 5 ex- 
hibited IR and 31P NMR spectroscopic properties similar 
to those of 2.'' The formation of 5 from 3 identifies the 
source of the q2 interaction to Ru(14) as originating from 
the p3-v2-bound acetylene in the intermediate. The two 
uncoordinated acetylenic fragments in 2 therefore result 

= 1.997 (4) Ru(2)-C(ll) 2.173 (5) A and Ru(4)-Ru(12) 
= 2.144 (4) i , Ru(2)-C(12) =: 2.086 A). 

(19) MacLaughlin, S. A.; Taylor, N. J.; Carty, A. J. Organometallics 
1984,3,392. 

from the additional diyne units added to 3, the original 
w$-RuZp bound diyne interacting with all four ruthenium 
atoms in 2. Overall, the unsaturated hydrocarbon ligand 
donates 12 electrons and in terms of cluster electron 
counting compound 2 is a 64-electron cluster, consistent 
with its square-planar arrangement of ruthenium atoms. 
The formation of clusters 2 and 5 proceeds with remark- 
able regiospecificity, a single isomeric form being observed 
for both compounds. In each case there are four potential 
isomers, differing in their regiochemistry of addition during 
the formation of the metallacyclopentadiene and cyclo- 
butadiene rings. We found no spectroscopic evidence 
supporting the formation of other possible isomers. 

The generation of 5 from 3 or 4 and 2,Chexadiyne 
suggests a strategy for the designed synthesis of unsym- 
metrically substituted hydrocarbon fragments via co- 
oligomerization of variously functionalized diynes and 
monoynes. Moreover, in 3 both the pendant triple bond 
and the p&-alkyne are sitea of unsaturation. Accordingly, 
reaction of 3 (1 equiv) with PhC=CPh (2 equiv) affords 

(Ph)C(Ph)C(Ph)] (6), which is spectroscopically similar to 
218 but lacks two uncoordinated -C=CPh moieties. 

These studies suggest that mixed transition-metal- 
main-group clusters may direct new and unusual oligom- 
erization reactions. We are currently exploring the po- 
tential of ruthenium-phosphinidene clusters to effect novel 
coupling sequences. 

Acknowledgment. We are grateful to the Natural 
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Supplementary Material Available: For complexes 2 and 
3, details of the structure determination (Tables S1 and S8), 
atomic positional parameters (Tables S2 and S9), bond distances 
(Tables 53 and SlO), bond anglea Crablea S4 and Sll), anisotropic 
thermal parameters (Tables S5 and S12), and hydrogen atom 
positions (Tables S6 and S13) (27 pages). Ordering information 
is given on any current masthead page. Observed and calculated 
structure factors are available from the authors upon request. 
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Summry: The phenyl stannyi complex (C0)dPh)- 

FePPh2CH2CH2SnPh2 (3) Is prepared by oxidative addition 
of a Sn-Ph group of Ph2PCH2CH2SnPh3 (1) by two dif- 
ferent routes: reaction of Fe,(CO), with 1 via 
(CO),FePPh2CH2CH2SnPh3 or reaction of (CO),Fe(H)SC 
MPh2 with 1 via (CO),(H)(MePh2Si)FePPh2CH2CH2SnPh3. 

While oxidative addition of E-H bonds (E = C, Si, Sn) 
to transition metal centers is well understood, there are 
hardly any systematic investigations on the oxidative ad- 

b i 

(1) Part 5 Schubert, U.; Schubert, J. J. Organomet. Chem., in press. 

0216-1333/92/2311-3163$03.00/0 

dition (reductive elimination) of Si-Si, Sn-Sn, Si-C, or 
Sn-C bonds. A better understanding on how these bonds 
can be activated by transition metals is necessary to de- 
velop catalytic processes involving these bonds. 

We recently reported that reaction of (Ph,P),Pd with 
Ph2PCH2CH2SnR3 (R = Ph, Me) readily gave tram-Pd- 
(PPh2CH2CH2SnR2)2 by oxidative addition of two Sn-R 
groups and elimination of R-R. Products corresponding 
to earlier steps of the reaction, (Ph3P)(Ph)PtPPh2- 
(CH2),SnPh2 (n = 2, 3) and cis,ck,ci~-(Me)~Pt- 
(PPh2CH2CH2SnMeJ2, were obtained by reaction of 
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Scheme I 
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- co 1 2 hu (or A) 

Ph 

3 

t 

Figure 1. Molecular structure of (CO),(Ph)- 
FePPh2CH2CH2SnPh2 (3). Bond lengths (pm): F e S n  = 259.9 
(2), Fe-P = 226.5 (4), FeC(9O) = 209 (l) ,  Sn-C(4) = 216 (2), 
Sn-C(l0) = 218 (l), Sn-C(30) = 216 (2), P-C(5) = 184 (1). Bond 
angles (deg): Sn-Fe-C(S0) = 92.2 (4), Sn-Fe-P = 85.3 ( l ) ,  Sn- 
FeC(1) = 83.0 (4), Sn-Fe-C(2) = 81.3 (4), Sn-Fe-C(3) = 178.1 

I I 

(5),  C(SO)-FeP = 176.5 (3), C(SO)-FeC(l) = 85.6 (5),  C(90)- 
FeC(2) = 82.9 (5), C(90)-FeC(3) = 89.1 (6), C(l)-FeC(2) = 
160.1 (5 ) ,  C(l)-Fe-C(3) = 95.7 (6), C(2)-Fe-C(3) = 100.3 (5). 

(Ph3P)2P t ( C2H4) with P h2P ( CH2),SnR3.2 
Oxidative addition of Sn-C bonds to platinum centers 

is also possible if nonchelating stannanes are empl~yed.~ 
However, with other metal centers oxidative addition of 
Sn-C bonds is less straightforeward. In these cases the 
reaction might be facilitated by incorporation of the Sn-C 
bond into a chelate system. For example, thermal reaction 
of Fe(C0)5 with Bu2SnPh2 or B u ~ S ~ ( C H = C H ~ ) ~  afforded 

(2) Miiller, Ch.; Schubert, U. Chem. Ber. 1991, 124, 2181. 
(3) Butler, G.; Eat", C.; Pidcock, A. J. Organomet. Chem. 1979,181, 

47. 

[ (CO),Fe(p-SnBu,)],, whereas no isolable products were 
obtained with a variety of other tetraorganotin com- 
p o u n d ~ . ~  On the other hand, Fe(C0)4 generated from 
Fe2(CO)9 inserted into one Sn-C bond of dimethyl- 
stannacyclopentane to yield the metallacycle (CO), 
FeCH2CH2CH2SnMep5 

We found that Ph2P(CH2)2SnPh3 (1) reacts with an 
equimolar amount of Fe2(CO)9 in toluene at 40 "C to give 
an approximate 1:l mixture of (C0)4FePPh2(CH2)2SnPh3 
(2) and (C0),Fe[PPh2(CH2)&Ph3l2, which were separated 
by column chromatography? W irradiation of 2 resulted 
in the oxidative addition of one Sn-Ph bond to the iron 
center and formation of the stable phenyl stannyl complex 
3 in high yield (Scheme I).7 Inspection of the spectra of 

t i 

(4) King, R. B.; Stone, F. G. A. J. Am. Chem. SOC. 1960,82, 3833. 
(5) Bulten, E. J.; Budding, H. A. J. Organomet. Chem. 1979,166,339. 
(6) A suspension of 1 (2.52 g, 4.47 mmol) and Fe2(C0)9 (0.88 g, 4.47 

mmol) in 50 mL of toluene is stirred at  40 "C for 6 h, during which CO 
is evolved. Filtration and removal of all volatiles in vacuo affords a brown 
oil, which is redissolved in 20 mL of toluene. A solution of Me1 (0.19 mL, 
3.0 mmol) in 10 mL of toluene is added to convert unreacted 1 to ita 
phosphonium salt. The mixture is refluxed for 1 h. Then all volatiles 
are removed in vacuo, and 10 mL of diethyl ether is added. After 10 min 
at  room temperature the phosphonium salt is filtered off. The concen- 
trated yellow solution is chromatographed on silica at 0 "C with 1:l 
hexane/toluene. The first zone contains a mixture of 2 and 3, the second 
zone 2, and the third zone (C0)3Fe[PPh2(CH2)2SnPh3]z. Complex 2 is 
recrystallized from hexane (0.85 g, 26%): yellow powder, mp 74 "C dec. 
IR (toluene): uco = 2043 (s), 1971 (m), 1938 (vs) cm-'. 31P NMR (C6D6): 
6 72.2 (3Jii~SnCCp = 253 Hz). 'H NMR (acetone-d6): 6 7.61-7.35 (m, 25 
H, Ph), 2.92 (m, 2 H, PCH,), 1.72 (m, 2 H, SnCH,). Anal. Calc for 
CSHgeO4PSn (I): C, 59.14; H, 4.00. Found: C, 59.21; H, 4.10. 
(C0)3Fe[PPh2(CH2)$nPh3]z is recrystallized from toluene/hexane (1:4) 
(1.17 g, 21%): pale yellow powder, mp 114 "C dec. IR (toluene): vco  = 

SnCH,). Anal. Calc for C67HmFe03P2Sn2: C, 63.55; H, 4.62. Found C, 
63.31; H, 4.80. 

(7) A-solution of 2 (0.64 g, 0.88 "01) in 20 mL of toluene is irradiated 
with a hgh-pressure mercury lamp at -20 "C for 2 h. During the reaction 
CO is evolved and the yellow solution darkens. The solvent is removed 
in vacuo, and the residue is redissolved in 5 mL of toluene/hexane (1:2). 
At -25 "C 3 precipitates as a yellow powder, which is washed three times 
with 2 mL of hexane each yield 0.49 g (79%); mp 85 "C dec. IR (tolu- 
ene): uc0 = 2028 (w), 1983 (sh), 1964 (s) cm-'. NMR (C6D ): 6 78.7 

(C6D6): 6 7.59-7.04 (m, 20 H, Ph), 6.81-6.79 (m, 5 H, Fe-Ph), 2.75 (m, 
2 H, PCH,), 1.59 (m, 2 H, SnCH,). 13C NMR (c&): 6 213.1 (d, 2 CO,, 

33.0 (d, PCH,, lJPc = 32.4 Hz), 10.1 (d, SnCH,, ,JPcc = 19.4 Hz). Anal. 
Calc for C36HmFe03PSn: C, 59.79; H, 4.16. Found C, 59.52; H, 4.45. 

1884 (VS) cm-'. 31P NMR (C&): 6 80.5 (,JpF,p = 31 Hz). 'H NMR 
(C6D6): 6 7.75-6.90 (m, 50 H, Ph), 3.15 (m, 4 H, PCH,), 2.10 (m, 4 H, 

(Jsnp = 75 Hz). l19Sn NMR (C&: 6 137.5 (Jsnp = 75 Hz). 'H NMR 

,JpF& = 14.5 Hz), 212.7 (d, COW,, 'JpFd = 11.8 Hz), 146.3-123.9 (C&), 
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the reaction mixture of 1 and Fe2(CO)Q showed that small 
quantities of 3 were already formed during the preparation 
of 2. Irradiation is therefore only n e " y  to accelerate 
the overall reaction. 

The oxidative addition product 3 was obtained in higher 
yield (71%) by a modification of the preparation proce- 
dure, by which workup after the first step is unneceseary: 
To avoid the presence of unreacted 1, which has to be 
separated, a 2-fold excess of F&(CO)g was used. A toluene 
solution of 1 and Fe2(C0)Q was heated to 60 OC for 15 min 
and then irradiated at -10 OC for 24 h without isolation 
of 2. Although (C0)3Fe[PPhz(CH2)2SnPh31~ was also 
present after the thermal reaction step, only 3 (and some 
unreacted 2) was isolated after irradiation. Obviously 
(CO)3Fe[PPh2(CHz)2SnPh3]2 was also converted to 3 by 
loss of a phosphine ligand. 

The vm pattern in the IR spectra of 3 is consistent with 
a meridional Fe(CO)3 moiety. In the 'H-NMR spectrum 
one phenyl group shows a high-field shift relative to 2. The 
"%n NMR signal is shifted from 4.0 ppm in 1 to 137.5 
ppm in 3, and the SnP coupling constant decreases from 
172 Hz in 1 to 75 Hz in 3 (due to the mixing of 2JsGG and 
VsnccP). In the I3C NMR spectrum two signals are ob- 
served for the chemically nonequivalent CO ligands; 
therefore, the molecule is rigid at room tamperatme. While 
the spectra clearly prove the occurrence of a Fe-Sn bond 
and a Fe-Ph group in 3, the spectra give no unequivocal 
information on the stereochemical outcome of the oxidative 
addition reaction. The X-ray structure analysis of 38 
(Figure 1) shows that the phenyl group is cis to the tin 
atom and therefore trans to the phosphorus atom. In 
toluene solution there is no isomerization up to 85 "C 
according to high-temperature NMR spectra. The 
octahedral coordination of the iron atom is slightly dis- 
torted, the bMest deviation b e i i  the bending of two CO 
ligands toward the tin atom (C(l)-Fe-C(2) = 160.1 (5)O, 

Sn-Fe-C(l) = 83.0 (4 )O,  S n - F d ( 2 )  = 81.3 (4)O). 

Octahedral hydrido stannyl complexee of iron, (CO),. 
(dppe)Fe(H)SnR3 or mer-(CO),(PPh,)Fe(H)SnRS (R = 
Me, Ph), were previously prepared by us by reacting the 
silyl complexes (CO) 3(PPh3)Fe (H)SiMe3 or (CO) 2(dppe) - 
Fe(H)SiMe3 with HSnRpQ The driving force for this 
reaction is both the higher stability of Fe-Sn bonds and 
the volatility of HSMe,, which prevents readdition of the 
silane. We used a similar approach to develop an alter- 
native method for the preparation of 3 (Scheme I). The 
hydrido silyl complex (CO)4Fe(H)SiMePb (4) in toluene 
was reacted with 1 at room temperature (18 h) and then 
at 70 OC (4 h). Complex 3 was obtained by this procedure 
3 in 83% yield. As an intermediate, the phosphine-sub- 
stituted hydrido silyl complex 5 was spectroscopically 
identified. When the reaction was carried out at -50 to 
-30 OC, complex 5 was the sole product,'O which was then 
converted to 3 at higher temperatures by silane elimii-  
tion. The altemate mechanistic possibility, replacement 
of H-SiMePh2 by R3Sn-Ph and subsequent addition of 
the phosphorus atom to the metal, was not observed. 

Although complexes of the type (CO)3(PR'dFe(H)SiR, 
were prepared by thermal CO/PR', exchange," it is rather 
surprising that reaction of 4 with 1 proceeds at such low 
temperatures. Formation of 3 from 5 shows that addition 
of the Sn-C bond is favored over the readdition of HSi- 
MePh2 This is probably due to both the chelate effect 
and the higher strength of the Fe-Sn compared with Fe-Si 
bond. 

Acknowledgment. This work was supported by the 
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Supplementary Mnbrial Available: Tablee of the positional 
parameters, anisotropic thermal parametem, and all bond dis- 
tances and angles for 3 (11 pages). Ordering information is given 
on any current masthead page. 
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(8) Crystale were obtained from toluene/helane (1:l). Crystallo- 
graphic data for 3: orthorhombic, space group P2 2121; a = 1353.8 (3), 
b - 1391.7 (5), c - 1653.7 (4) pm; V = 3116 (3) pm?'; 2 = 4; d& = 1.49 
g cmma. A total of 3818 reflections were measured at 293 K (2O S 28 S 
5 4 O ,  Mo Ka radiation, X = 71.069 pm) on an Enraf-Nonius CAD4 dif- 
fractometer. The structure wae solved by direct methods (SHELXS) 
using 2619 decay and absorption corrected reflections (Z 1 ~(0); R = 
0.061, R ,  = 0.063. 

(9) Knorr, M.; Pima, H.; Gilbert, 5.; Schubert, U. J. Orgonomet. 
Chem. 1990,388,327. 

(10) Spectroscopic data for 5 (-40 OC): 31P NMR (CJ16CDB) B 59.1 
(VSG = 251 Hz); 'H NMR.(CJ16CD3) 6 2.71 (m, 2 H, PCHJ, 1.66 (m, 2 
H, SnCHJ, 1.24 (8, 3 H, SMe) ,  -9.04 (d, 1 H, FeH, * J p p . ~  - 27.7 Hz). 

(11) Bellachioma, G.; Cardaci, G.; Colomer, E.; Comu, R. J. P.; Vioux, 
A. Znorg. Chem. 1989,28, 519. 

@-Hydrogen Abstraction by Thiyl Radicals 
P. Huston, J. H. Espenson,* and A. Bakac' 

A m s  Laboratmy and Department of ChmMry, Iowa State Univmlly, A m s ,  Iowa 500 1 1  
Received M y  21, 1992 

S m w :  Alkanethiyl radicals, typified by C HSS', react 
rapiay in aqueous sokrtkn wlth C&ML(H,20$, where ML 
= Co([l4]aneN$, k = 1.15 X lo8 L m ~ l - l s - ~ ,  and Cr- 
([15]aneN,), k = 5.9 X lo7 L mol-' s-l. The use of 
C&6ML(H,0)2+ leads to k,/ko = 2.6 (Co) and 3.3 (Cr), 
consistent wtth &hydrogen abstraction and formation of 
ethylene. The methylcobatt complex forms C2H5SCH3, 
with k = 2.4 X lo7 L mol-' s-l and k,/ko - 1. 

RS' + R'H F? RSH + R'* (1) 

Indeed, alkanethiyl radicals can be prepared by the reverse 
of (11, as we have done in this study. Alkyl radicals were 
generated by photohomolysis' of R'Co([ 14]aneN4)H2O2+ 
(R' = C H ,  C,HJ in aqueous solution in the presence of 
a thiol such as cysteine or ethanethiol, thus yielding Its'? 

What is new and unexpected, however, is the observation 
of a reaction between C2H6S' and organometallic com- 

Since C-H bonds are in general stronger than S-H 
bonds, the position of equilibrium lies to the left in reac- 
tions such as 

(1) Bakac, A.; Eepenson, J. H. Znorg. Chem. 1989,28, 3901. 
(2) Huston, P.; Espeneon, J. H.; Bakac, A. Znorg. Chem. 1992,31,720. 
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