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General Procedure for the Reaction of a-Thiocarbanions 
with Iron Pentacarbonyl. To the sulfide (4.0 mmol) in an- 
hydrous THF (30 d) at -78 "C was added, drop-by-drop, 1 equiv 
of RLi or LDA. After the solution was stirred for 1 h (solution 
became yellow), iron pentacarbonyl (4.0 mmol) was added and 
the reaction mixture was stirred for 2 h either at -78 "C or while 
being warmed up to room temperature (see Table I). Then the 
electrophile (4.0 mmol in the cme of RLi; 8.0 mmol for LDA) was 
added, and stirring was continued overnight. The reaction mixture 
was then concentrated by flash evaporation, and the resulting 
crude products were separated by f i s t  filtering through a short 
column of silica gel (CH2C12-ethyl acetate) and then by silica gel 
thin-layer chromatography (hexane-ethyl acetate). 

Products. 7, R = R' = P h  IR v(C0) 1685 cm-l; 'H NMR 
(CDC13) 6 2.18 (8,  3 H, CH3), 4.97 (8 ,  1 H, CH), 7.40 (e (br), 10 
H, Ph); MS m/e 242 [MI+, 199 ([M - COCH3]+; mp 64-65 "C 
mp 64-66 "C). Anal. Calcd for ClSH140S: C, 74.36; H, 5.83; S, 
13.20. Found: C, 74.18; H, 5.85; S, 12.81. 
7, R = p-CH3CeH4, R' = P h  IR v(C0) 1690 cm-'; 'H NMR 

(CDC13) 6 2.11, 2.25 (s each, 6 H, two methyl groups), 4.91 (s, 1 
H, CH), 6.97 (d, 2 H, J = 8 Hz, protons on carbon ortho to sulfur 
bearing carbon), 7.22 (d, 2 H, J = 8 Hz, protons on carbon meta 
to sulfur bearing carbon), 7.27 (s,5 H, Ph); MS m/e 256 [MI+, 

(13) Newman, H.; Angier, R. B. Tetrahedron 1970,26,825. 

213 [M - COCH3]+; mp 71-73 "c. Anal. Calcd for CI6Hl6OS: 
C, 74.96; H, 6.29; S, 12.51. Found: C, 74.60; H, 6.57; S, 12.93. 
7, R = p-CH30CsH4, R' = P h  IR v(C0) 1685 cm-'; 'H NMR 

(CDClJ 6 2.16 (9, 3 H, CHJ, 3.72 (9, 3 H, OCH3), 4.87 (9, 1 H, 
CH), 6.70-7.40 (m, 9 H, aromatic protons); MS m/e 270 [MI+, 
239 [M - OCH3]+, 227 [M - COCH3]+. Anal. Calcd for C1&16O@: 
C, 70.63; H, 5.92; S, 11.77. Found C, 70.81; H, 6.11; S, 11.43. 

Products 8-10 were identified by comparison of spectral data 
with those described in the literature and, in some cases, by 
comparison with authentic materials. 
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Reaction of R~~(CO)~(dppm),  (la) (dppm = bis(dipheny1phosphino)methane) with molecular hydrogen 
at 85 "C gives the trinuclear dihydrido cluster complex (c~-H)~R~~(CO)~(C~-P(C~H~)CH~P(C~H~)~)~ (3a) in 
high yield and purity. Under the same experimental conditions, Ru&CO)B(dpam), (lb) (dpam = bis- 
(dipheny1arsino)methane) provides the intermediate monohydrido species (C~-H)RU~(CO),(C~-AS(C~H~)- 
CH2As(C$16),)(dpam) (2b) which further reacts with H2 at 120 "C, yielding the dihydrido cluster complex 
(~-H)2Ru3(CO)e(~-As(C6HS)CH2As(C~HS)2)2 (3b). The crystal and molecular structures of 3a and 3b are 
reported. Crystal data for 3a: monoclinic, space group C2/c; a = 14.510 (2) A, b = 16.533 (1) A, c = 18.198 
(2) A, j3 = 90.80 (1)"; current R = 0.026, R, = 0.028 from 5151 reflections with F,, > 3a(F,). Crystal data 
for 3 b  monoclinic, space group R1/c;  a = 14.726 (5) A, b = 16.931 (7) A, c = 18.097 (4) A, j3 = 92.40 (2)"; 
current R = 0.041, R,  = 0.039 from 3565 reflections. Both structures consist of a triangular array of Ru 
atoms (isosceles in 3a) involving two equatorial CO ligands per metal atom; both cluster faces are capped 
in a similar way by identical ligand units c ~ - X ( C ~ H ~ ) C H ~ X ( C ~ H ~ ) ~  (X = P or As). In a typical ligand unit, 
the first P (or As) atom bridges a metal-metal edge, while the second one is coordinated to the third metal 
atom. The two hydrido ligands are found to bridge inequivalent metal-metal bonds. This feature is 
confirmed by 'H NMR data, including variable-temperature experiments. Acidification of the reported 
complexes gives new cationic trihydrido cluster complexes which are characterized by 'H NMR. Catalytic 
tests show that complex 3a catalyzes the hydrogenation of cyclohexane to cyclohexanol (86% conversion 
after 18 h, using a 1/1OOO catalyst/substrate ratio; t = 90 "C; P(H2) = 100 bar). 

Introduction 
Earlier work in this laboratory has led to  the isolation 

of the new cluster complexes RU,(CO)&~ (1) stabilized by 
bridging bis(dipheny1phosphino)methane' or bis(di- 

(1) Lavigne, G.; Bonnet, J.-J. Inorg. Chem. 1981,20, 2713. 

0276-7333/82/2301-lO40$01.25/0 

pheny1arsino)methane ligands ( la ,  L = dppm, lb ,  L = 
dpam). In  attempts t o  determine whether or not such 
species could be efficient catalyst precursors, we were 
prompted to investigate the nature of the complexes which 
could be generated under the conditions of a typical hy- 
drogenation reaction. We were led to these studies through 
previous reports2-" dealing with some versatile effects of 
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phosphine addition in catalytic systems involving cluster 
participation. 

Our previous observations' revealed that the complex 
R ~ ~ ( C O ) ~ ( d p p m ) ~  ( la)  experiences a facile thermal 
transformation via a stepwise oxidative cleavage of a co- 
ordinated dppm ligand, yielding RU~(CO),(CL~-P(C~H~)(CL- 
CHP(C6H6)2)(dppm) as a final product.12 In contrast, la 
and 1 b were found to react with molecular oxygen without 
oxidative cleavage of the bridging ligand, affording the 
trhuclear oxo derivative Ru~(&-O)(CO)~(L)~~~  Following 
these observations as well as previous the oxidative 
cleavage of phosphine or arsine ligands could be expected 
to occur finally in absence of an energetically more fa- 
vorable reaction. 

When attempting the reaction of 1 with molecular hy- 
drogen, we had in mind a closely related e~periment'~ 
concerning RU&CO)~~  and O S ~ ( C O ) ~ ~ ,  which provided 
H4R~4(C0)12 and H20s3(CO)lo, respectively. We first 
hoped that an imposed retention of the trinuclear ruthe- 
nium frame by edge-bridging ligands could favor the for- 
mation of substituted analogues of the very attractive 
species H20s3(CO)lo which is still unknown in the chem- 
istry of ruthenium.16 However, different results have been 
obtained, since an oxidative cleavage of phosphine or arsine 
ligands has proved to be concomitant with the addition 
of hydrogen, leading to new hydrido cluster complexes 
which were characterized by spectroscopic and crystallo- 
graphic techniques. Preliminary catalytic runs show that 
these complexes have moderate efficiency in a catalytic 
hydrogenation reaction. 

Experimental Section 
Synthetic Work. The compounds reported in this study do 

not exhibit particular sensitivity to air at room temperature. 
However, as a matter of routine in this laboratory, the reactions 
were performed under an atmosphere of prepurified nitrogen using 
Schlenk tubes and vacuum lines. Organic solvents were degassed 
prior to use. R U ~ ( C O ) ~ ~ ' ~  and R ~ ~ ( C O ) ~ ( d p p m ) ~  (la)' were pre- 
pared by published procedures. R~~(CO)a(dpam)~ (lb) can be 
obtained through the same experimental conditions as those stated 
for the phosphorus derivative.' Complexes la and lb were purified 
on a silica gel column (benzene as eluent) and recrystallized from 
an acetone/ethanol medium. Molecular hydrogen was allowed 
to bubble into xylene solutions of these complexes at atmospheric 
pressure and variable temperatures. 

Spectroscopic Data. IR Spectra. Solution spectra in the 
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v(C0) region were recorded on a Perkin-Elmer 225 spectropho- 
tometer. 
NMR Spectra. 'H NMR spectra were recorded on a Bruker 

WH90 Fourier transform spectrometer. Since no 31P-spin de- 
coupler was available on this apparatus, the molecular structure 
of the complexes was elucidated from arsine derivatives. Chemical 
shifts, 6, given in this paper are relative to internal Me,Si reference. 
All 'H NMR spectra were recorded at 90 MHz, using CDzClz as 
solvent. The variable-temperature experiment was carried out 
in deuterated toluene. Complete NMR data are displayed in 
Table XI. 

Preparation of (r-H)2Ru3(CO)~(r-P(CsH,)CH2P(c6H5)~)2 
(3a). In a typical experiment, 350 mg of R~~(CO)~(dppm)~-2-  
(CH3)&0 (la) as crystals was dissolved in 30 mL of xylene. A 
continuous hydrogen stream was allowed to bubble into this 
solution. The temperature was raised to 80-85 "C for 90 min: 
the initial red solution turned gold yellow. The solution was cooled 
and concentrated under vacuum. Elution with dichloro- 
methane/hexane mixtures afforded a yellow band as the only 
detectable product. Recrystallization from a 1/1 dichloro- 
methane/hexane solution gave 210 mg of crystals (77 % yield) 
which were directly suitable for X-ray analysis: IR (u(CO), CH2C12 
solution) 2032 (m), 2000 (s), 1975 (s), 1940 (m), 1915 (m) cm-'; 
'H NMR (CD2C12 solution) 6 4.78 (broad methylene resonance), 
3.47 (broad methylene resonance), -15.87 (hydride signal), -19.35 
(hydride signal). Anal. Calcd for (~-H)2Ru3(CO)6(r-P(C6H5)- 
CH2P(C6HS)2)2 (C44H3806P4R~3): c, 48.58; H, 3.33. Found C, 
48.20; H, 3.30. Evidence for benzene evolution in this reaction 
was obtained through the synthesis of 3a by using 2-ethoxyethanol 
as a benzene-free solvent: gas chromatography of the reaction 
mixture was performed on an Intenmat IGC 121 DFL apparatus 
equipped with a flame ionization detector, using a 3.0 m X 0.33 
cm column packed with 10% SE 30 on Chromosorb PAW 80/lOO. 
In a typical experiment, 1.3 mol of C6H6 per mole of starting 
material (la) could be detected. (Note that the high insolubility 
of 3a in 2-ethoxyethanol at room temperature allows direct 
crystallization of this complex upon cooling, providing a clean 
recovery. This solvent can be favorably used in all the syntheses 
reported here). 

Preparation of (~-H)Ru~(CO)~(~-AS(C~H~)CH~AS- 
(C6H5)2)(dpam)CH2C12 (2b). The reaction of lb with molecular 
hydrogen was carried out under the same above conditions (xylene 
solution, 90 min, 80-85 OC, continuous hydrogen stream). Al- 
though no change in the initial red color was observed, the IR 
spectrum gave evidence for the formation of a new species. 
Chromatographic workup on silica gel (benzene as eluent) gave 
a red compound. Recrystallization from dichloromethane/pe- 
troleum ether afforded red crystals which were subsequently 
formulated as ( ~ - H ) R u ~ ( C O ) ~ ( ~ - A S ( C ~ H ~ ) C H ~ A S ( C ~ H ~ ) ~ ) -  
(dpam)CH2C12 (2b) (yield -50%): IR (v(CO), CHzC12 solution) 
2030 (s), 1975 (br), 1920 (m) cm-'; 'H NMR (CD2C12 solution) 6 
4.64 (8, CH2), 2.24 (9, CH2), -14.56 (s, hydride signal). The 
intermediate nature of this species was established by the following 
experiment. 

Preparation of (r-H)2Ru3(CO)6(r-As(CsH5)CH~(CsH5)2)~ 
(3b). Crystals of 2b were dissolved in xylene and molecular 
hydrogen was allowed to bubble into the solution for 3 h at 120 
OC: the initial red colour turned yellow. The solution was con- 
centrated and chromatographed; elution with benzene gave no 
traces of 2b; further elution with dichloromethane/hexane af- 
forded a new compound, 3b, which was recrystallized from 1/1 
dichloromethane/hexane as yellow crystals which can be for- 
mulated as 01-H)2R~3(Co)6(~-k9(c~~CH2k9(CgH5)2)2 (3b) (yield 
-60%): IR (v(CO), CHzC12 solution) 2037 (m), 2005 (s), 1980 (s), 
1940 (m), 1920 (m) cm-l; 'H NMR (CD2C12 solution) 6 4.74 (9, 
CH2), 3.13 (quartet with superimposing hydride coupling, CH2), 
-16.08 (doublet of doublets, hydride signal), -20.11 (d, hydride 
signal). 

Preparation of Cationic Hydrido Cluster Complexes. 
Acidification of various complexes reported here led to the for- 
mation of new cationic cluster complexes which were fully 
characterized from their 'H NMR spectra. These experiments 
were realized by adding an excess of trifluoroacetic acid to di- 
chloromethane solutions of the complexes at room temperature. 

(2) Chini, P.; Martinengo, S.; Garlaschelli, G. J.  Chem. SOC., Chem. 

(3) Ryan, R. C.; Pittman, C. U., Jr.; OConnor, J. P. J. Am. Chem. SOC. 

(4) Sanchez-Delgado, R. A.; Bradley, J. S.; Wilkinson, G. J. Chem. SOC. 

(5) Labroue, D.; Poilblanc, R. J.  Mol. Catal. 1977,2, 329. 
(6) Vaglio, G. A.; Valle, M. Inorg. Chim. Acta 1978, 30, 161. 
(7) Frediani, P.; Matteoli, U.; Bianchi, M.; Piacenti, F.; Menchi, G. J. 

(8) Pittman, C. U., Jr.; Wilemont, G. M.; Wilson, W. D., Ryan, R. C. 

(9) Brown, S. C.; Evans, J. J. Organomet. Chem. 1980, 194. 
(10) Reimann, W.; Abboud, W.; Basset, J. M.; Mutin, R.; Rempel, G. 

(11) Bianchi, M.; Matteoli, U.; Menchi, G.; Frediani, P.; Botteghi, C. 

(12) New intermediate species have now been isolated in this reaction 

(13) Lavigne G.; Lugan, N.; Bonnet, J.-J. Noun J. Chim. 1981,5,423. 
(14) Fahey, D. R.; Mahan, J. E. J. Am. Chem. SOC. 1976, 98, 4499. 
(15) Knox, S. A. R.; Koepke, J. W.; Andrews, M. A.; Kaesz, H. D. J.  

Am. Chem. SOC. 1975, 97, 709. 
(16) A emall number of polynuclear metal carbonyl derivatives are 

known which are formally unsaturated in that multiple metal-metal 
bonds are present. For example, see: Mays, M. J.; Prest, D. W.; Ftaithby, 
P. R. J. Chem. SOC. 1980, 171 and references therein. See also: Ciani, 
G.; DAlfonso, G.; Freni, M.; Romiti, P.; Sironi, A,; Albinati, A. J.  Orga- 
nomet. Chem. 1977,136, C49. 

Commun. 1972,709. 

1977,99,1986. 

Dalton Trans. 1976,1399. 

Organomet. Chem. 1978,150, 273. 

Angew. Chem., Znt. Ed. Engl. 1980,19,478. 

L.; Smith, A. K. J. Mol. Catal. 1980, 9, 349 and references therein. 

J. Organomet. Chem. 1980, 195,337. 

(Lavigna G.; Bonnet, J.-J., in preparation). 

(17) Mantovani, A.; Cenini, S. Inorg. Synth. 1900, 16, 47. 
n+ 

Ib - lb* 



1042 Organometallics, Vol. 1, No. 8, 1982 

H+ 
2b - 2b* 

H+ 
3b - 3b* 

[(p-H)R~~(CO)~(dpam)~]+ Ob*): 'H NMR (CDZClz solution): 6 
4.57 (8, CHz), -19.45 (8, hydride signal). [(~PH)~RU~(CO),(~-AS- 
(C&&H&(C&&J(dpam)]+ (2b*): 'H NMR (CDZCIZ solution) 
6 4.06 (quartet with superimposed hydride coupling, CHz), 2.93 
(9, CHd, -14.05 (d, hydride signal), -18.49 (doublet of doublets, 
hydride signal). [ O I - H ) ~ R U ~ ( C O ) B ( ~ - A ~ ( C ~ ~ ) C H Z A S ( C ~ H ~ ) ~ ) ~ I +  
(3b*): 'H NMR (CD2ClZ solution) 6 3.75 (quartet with superim- 
posed hydride coupling, CHZ), -16.18 (d, hydride signal X 2), 
-19.43 (8,  hydride signal). 

Catalytic Tests. Preliminary catalytic runs were performed 
by using a Sotelem 15Ob rocking autoclave. Tetrahydrofuran was 
freshly distilled on Na/benzophenone prior to use. In a typical 
experiment, 35 mL of THF, 50 mg of 3a (0.046 mmol), and 5 mL 
of cyclohexanone (48.2 "01) (molar ratio, catalyt/cyclohexanone 
ca. 1/1OOO) were introduced into the autoclave under argon. The 
temperature was raised to 90 * 1 OC (stabilization required 15 
min). A pressure of 100 bars of hydrogen was then supplied. 
Reactions were quenched at desired times by rapid cooling and 
the products immediately analyzed by GC (Intersmat IGC 121 
DFL equipped with a 1.5-m column containing Carbowax 20M 
on Chromosorb PAW 60/80). 

Collection and Reduction of X-ray Data. A. Compound 
3a. Preliminary Lfiue and precession photographs showed 3a to 
crystallize in a monoclinic cell. Systematic extinctions (hkl, h + k = 2n + 1; h01,1= 2n + 1) were consistent with space groups 
cS,-C2/c and Ci-Cc. The structure was succesfully solved in 
the centric space group C2/c. The crystal selected for data 
collection was a truncated parallelepiped with boundary planes 
of the forms (211), (lil}, (001), and (Ill); the distances from these 
faces to an arbitrary origin in the crystal were respectively 0.069, 
0.194,0.126,and0.216mm,thecryatalvolumebeingequalto0.016 
mm3. The setting angles of 25 reflections with 24' < 2 8(Mo Ka) 
< 26O were refined by least-squares procedures which led to the 
cell constants. These constants and other pertinent data are listed 
in Table L Intensity data were collected by using an h a f  Nonius 
CAD4 diffradometer. A total of 7376 intensities were recorded 
out to 28(Mo) < 5 6 O .  Theae intensities were corrected for Lorentz, 
polarization, and absorption effe~ts '~  and reduced to observed 
structure factor amplitudes by using a p value of 0.03.ls Only 
5151 unique reflections having F,2 > 3a(F,2) were used in sub- 
sequent calculations after processing. 

B. Compound 3b. Preliminary film data revealed that crystals 
of 3b belong to the monoclinic system and show systematic ex- 
tinctions (OkO, k = 2n + 1; hOl,l= 2n + 1) consistent with space 
group C$,-P2,/c. Cell constants were obtained as described 
above. Crystal data are presented in Table IB. A total of 6514 
reflections were recorded up to 28(Mo) = 40°. Intensity data were 
processed under routine conditions (vide supra) (Note that ab- 
sorption corrections could not be computed in this case, owing 
to the poor shape of the crystal.) Finally, 3565 reflections with 
F t  > 3a(F$ were used in subsequent calculations. 

Solution and Refinement of the Structures 
A. Compound 3a. The structure was solved by the heavy-atom 

techniq~e.'~ The positions of Ru atoms were obtained from a 
conventional Patterson synthesis. Subsequent refinements and 
difference Fourier calculations led to the location of all other 
non-hydrogen atoms. Let us mention a feature concerning the 
location of the two CO ligands coordinated to Ru(1): these ligands 
should be related through the twofold axis symmetry, since Ru(1) 
is located on the Cz axis. However, a difference Fourier synthesis 
showed a splitting of the peaks associated with the electron density 
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of the corresponding carbon and oxygen atoms; the magnitude 
of these peaks was equal to half of the expected electron density. 
These features were consistent with a statistical distribution of 
the two CO ligands between four sites labelled as C(l)O(l), C- 
(lb)O(lb), C(1)*0(1)*, and C(lb)*O(lb)* (starred atoms are in 
equivalent position 1 - x ,  y, - z). The separation of these sites 
(C(l)--C(lb) = 0.8 A; 0(1)--0(lb) = 1.2 A) allowed a satisfactory 
refinement of the corresponding atomic coordinates, by using fixed 
occupancy factors of 0.5. 

To ascertain our choice of the centric space group C2/c, we 
tried to refie the structure in the alternative acentric space group 
Cc. Removal of the Cz rotation axis, when going from C2/c to 
Cc, might avoid the disorder problem or, at least, might lead to 
different occupancy factors for the disordered carbonyl groups. 
However, a difference Fourier map calculated after one cycle of 
refinement in the Cc group of a model including the whole 
molecule but the disordered atoms showed again a splitting of 
carbon and oxygen atoms coordinated to Ru(l), clearly indicating 
that the observed disorder was not induced by the Cz axis. The 
corresponding peaks were found to have the same position and 
intensity as in the centric space group C2/c. Consequently, no 
further attempts to refine the structure in space group Cc were 
made. 

Atomic scattering factors were taken from Cromer and Waber's 
tabulationz0 for all atoms but hydrogen, for which the values of 
Stewart et al. were used.21 Anomalous dispersion terms for Ru 
and P atoms were included in Fc.zz Full-matrix least-squares 
refinement of a model including all non-hydrogen atoms with 
anisotropic thermal parameters yielded values for R and R, on 
F of 0.034 and 0.046, respectively. A subsequent Fourier difference 
map allowed the location of all hydrogen atoms: two of the three 
higheat peaks in this map could be assigned to the hydrogen atoms 
of the methylene group; the third one, of equal intensity, was 
located on the Cz axis, giving a reasonable position for a p-hydride 
ligand bridging the metal-metal vector Ru(2)-Ru(2)* (Ru(2)-H(1) 
= Ru(2)*-H(l) = 1.81 A). Let us note that a residual peak of 
magnitude equal to half the preceding one was found close to the 
idealized position expected for the second p-hydride ligand H(2) 
bridging the metal-metal vector Ru(l)-Ru(2) (further discussion 
concerning this hydride ligand is given later in this paper). All 
hydrogen atoms were introduced in fixed position; no attempts 
to refine the hydride positions was made.23 AB. value of 4 A2 
was assigned to hydride ligands. The hydrogen atoms of phenyl 
rings were introduced in idealized position (C-H = 0.95 A); the 
isotropic thermal parameters of these atoms were taken as 1 A2 
greater than those of their neighbor carbon atoms. The fiial cycle 
of refinement, including an isotropic secondary extinction cor- 
rection:' led to R(F) = 0.026 and RJF) = 0.029. 

In regard to the alternative possibility of space group Cc dis- 
cussed above, additional features give now evidence that the 
correct space group has been used: (i) the low values of R and 
R, are satisfadory; (ii) all vibrational ellipsoids are quite normal; 
(iii) the fact that all hydrogen atoms could be located in difference 
Fourier maps clearly indicates that the crystallographic C, sym- 
metry even extends to the light atoms. 

Final positional and thermal parameters of all atoms are listed 
in Table 11. Table I11 contains the root-mean-square amplitudes 
of v i b r a t i ~ n . ~ ~  A complete listing of observed and calculated 
structure factor amplitudes is available.25 

B. Compound 3b. A conventional Patterson synthesis proved 
to be closely similar to that observed for 3a. Accordingly, ap- 

(18) The main programs used were the following: The Northwestern 
absorption program, AGNOST, which includes the Coppens-Leieerowitz- 
Rabmovich logic for Gawian integration and the Tompa De Meulenaur 
analytical method; Zalkin's FORDAP Fourier summation program; John- 
son's ORTFP; Busing's and Levy's ORFFF, error function program; Iber's 
WCLS full-matrix least-squares program, which in ita nongroup form 
closely resembles the Busing-Levy o m  program. 

(19) Moeset, A.; Bonnet, J.-J.; Galy, J. Acta Crystallogr., Sect. B 1977, 
B33, 2639. 

(20) Cromer, D. T.; Waber, J. T. "International Tables for X-ray 
Crystallomauhy"; Kynoch Press: Birmingham, England, 1974; Vol. IV, 
Table 2.!iA.- 

(21) Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J. Chem. Phys. 
1965,42, 3175. 

(22) Cromer, D. T.; Waber, J. T. "International Tables for X-ray 
Crystallography"; Kynoch Press: Birmingham, England, 1974; Vol. IV, 
Table 2.3.1. 

(23) The observed residual peaks in this structure allowed an ap- 
proximate location of hydride ligands. Nevertheless, it was not found 
reasonable to refine these positions since metal-hydrogen bonding dis- 
tances may be underestimated in X-ray structure determinations. 

(24) (a) Zachariasen, W. H. Phys. Rev. Lett. 1967,18, 195. (b) Acta 
Crystallogr. 1967, 23, 558. 

(25) See paragraph at the end of the paper regarding supplementary 
material. 
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Table I. Experimental Data for X-ray Diffraction Studies 
A B 

compd 
formula 
fw, amu 
cryst system 
space group 
a, a 
b, A 

radiation 
takeoff angle, deg 
2s limits, deg 
scan mode 
scan range 

Crystal Data 
3a 
C44H3606P4Ru 3 
1087.87 
monoclinic 
c2/c 
14.510 (2) 
16.553 (1) 
18.198 (2) 
90.80 (1) 
4370 
1.652 
11.9 

Intensity Data 
Mo Ka ( h  = 0.709 30 A )  from monochromator 
3.5 
3-56 
~ 1 0 . 6 7 0  
0.9" below Ka. to 0.9" above Ka, 

w scan speed, deg/min 1.5 
reflctns collected 7376 
unique data used 
final no. of variables 277 
R = HF0I - lFcII/Z IFoI 0.026 

std error in an observn of 1.55 e 

5151F02 > 3o(FO)' 

R, = I z w ( I F ~ I -  IFc I )z /Z~Fo211 '2  0.028 

unit weight 

proximate atomic coordinates of all atoms were obtained from 
the previous model through the following translation: Ax =i 0.25; 
Ay 0.25; Az =i 0, lvding to a structure with all atoms in general 
positions. The main difference with the previous model 3a was 
the absence of any disorder of carbonyl ligands in this case. Owing 
to the large number of atoms in this structure, phenyl rings were 
refiied as rigid groups (imposed D% symmetry; C-C = 1.395 A; 
C-H = 0.95 A). Although a fiial Fourier difference map allowed 
an approximate location of hydride ligands, these atoms were not 
included in the model. 

The final cycle of refinement led to convergence factors R = 
0.041 and R, = 0.039. Final values of positional and thermal 
parameters of all independent atoms are listed in Table Iv; those 
of rigid groups are in Table V.26 The root mean squares am- 
plitudes of vibration are presented in Table VI.% A listing of 
observed and calculated structure factor amplitudes is available.% 

Results and Discussion 
Syntheses of 3a, 2b, and 3b. Owing to the absence of 

any detectable side product, the reaction of la and lb with 
molecular hydrogen is a very clean one. It can be sc- 
hematized as shown in eq 1-3. 

Ru&O)ddppm)2 + 2H2 - 85 o c  

(cL-H)~RU~(C~)~(~-P(C~H~)CH~P(C~H~)~)~ + 2co + 
2C&6 (1) 

85 o c  
Rus(CO)~(dPam)z + H2 - 
(~-H)Ru~(C~)~(~-A~(C~H~)CH~A~(C~H~)Z)(~P~~) + 

co + C6H6 (2) 

(~-H)RU~(C~)~(CL-AS(C~H~)CH~A~(CGH~)~)(~P~~) + 
120 "C 

H2 (~-H)~R~~(CO)~G-AS(C~HS)CH~A~(C~H~)~)~ 

This reaction scheme reveals three salient features: (i) 
the triangular framework of ruthenium atoms is retained 
throughout the reaction with hydrogen, whereas an in- 
creased nuclearity wtu previously observed'5 for R u ~ ( C O ) ~ ~ ,  
providing H4R~4(C0)12; (ii) both clusters la  and lb exhibit 
an increased affinity for molecular hydrogen in comparison 
with R u ~ ( C O ) ~ ~  since the reactions work under milder 

+ co + C6H6 (3) 

3b 

1263.66 
monoclinic 

14.726 (5) 
16.931 (7)  
18.097 (4) 
92.40 (2) 
4508 
1.862 
40.9 

C44H3606 

p2 1 IC  

Mo Ka from monochromator 
3.2 
3-40 
w /2e 
0.9" below Ka, to 0.9" above Kor, 
2 
6514 
3565FO2 > 3u(FO) '  
262 
0.041 
0.039 
1.72 e 

conditions: (iii) the hydrogen uptake is concomitant with 
an oxidative addition of coordinated dppm or dpam ligands 
to the clusters and proceeds in two steps; i t  provides a 
satisfactory control of the oxidative addition of these lig- 
ands, since no further cleavage is observed in refluxing 
xylene. 

The intermediate monohydride species 2b has been 
isolated from the arsine derivative. An accurate structural 
study of this complex (both X-ray and neutron diffraction 
experiments) will be published elsewhere.26 A scheme of 
this structure is given I. 

I 
A dpam ligand is still bridging two ru the rxm atoms, 

as referred to the parent complex lb, while the activation 
of the second ligand led to the formation of the p-As- 
(C6H5)CH2h(C6H5)2 fragment in a face capped position. 
The final step of the reactions with molecular hydrogen 
is illustrated by structures 3a and 3b which are described 
(vide infra). 

Description of the Structures of 3a and 3b. A. 
Structure of 3a. The crystal structure of 3a consists of 
the packing of four trinuclear molecules per unit cell 
separated by normal van der Walls distances. Figures 1 
and 2 show respectively a perspective view including the 
labeling scheme and a stereoscopic diagram of the molecule 
3a. Interatomic distances and bond angles are listed in 
Tables VI1 and VIII, respectively. The molecule has ap- 

(26) Bonnet, J.-J.; Lavigne, G.; Lugan, N.; Savariault, J. M., in prep- 
aration. 
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Table IV. Positional and Thermal Parameters for the Nongroup Atoms of H,Ru,(CO)~((C,H,)~~CH,~~(C,H,),), a 

atom X V z P ( l l 1  O(221 P(33) P(12) ~ ( 1 3 )  P(23) 
0.24992 (7) 
0.33725 (6) 
0.14588 (6) 
0.26314 (8) 
0.09117 (8) 
0.23384 (8) 
0.39439 (8) 
0.3573 (10) 
0.4264 (7) 
0.179 (1) 
0.1371 (8) 
0.4483 (8) 
0.5169 (6) 
0.0352 (8) 

0.3527 (7) 
0.3593 (6) 
0.1412 (8) 
0.1385 (7)  
0.1508 (7) 
0.3346 (7)  

-0.0356 (6) 

0.35256 (4) 
0.49898 (6)  
0.49330 (6) 
0.41276 (8) 
0.52305 (8) 
0.41121 (8) 
0.52774 (7) 
0.2985 (9) 
0.2657 (6) 
0.2612 (8) 
0.2036 (6) 
0.4568 (7)  
0.4341 (6) 
0.4620 (7) 
0.4433 (6) 
0.5938 (8) 
0.6503 (5) 
0.5903 (9)  
0.6454 (6) 
0.4542 (7) 
0.4652 (7)  

0.24594 (6) 
0.28174 (4) 
0.20763 (5) 
0.36515 (6) 
0.33267 (6) 
0.12605 (6) 
0.15910 (6) 
0.2488 (7) 
0.2497 (5) 
0.2459 (6) 
0.2465 (5) 
0.3130 (6)  
0.3341 (5)  
0.1638 (6) 
0.1395 (5) 
0.3349 (7) 
0.3702 (5) 
0.1535 (7)  
0.1200 (6) 
0.4053 (6) 
0.0805 (5)  

. .  
4.83 (5) 

3.76 (5) 
4.42 (7) 
4.06 (6) 

3.92 (6) 

9.8 (8) 

3.77 (5) 

4.44 (7) 

8 (1) 

12 (1) 
18 (1) 

5.3 (8) 
6.1 (6) 
5.0 (7) 
5.8 (6) 

7.2 (6) 
4.1 (7) 
8.5 (7)  

4.5 (6) 

3.5 (7) 

5.7 (7)  

. .  . 
2.24 (3) 
2.48 (5) 
2.54 (5) 
2.63 (6) 
2.74 (6) 
2.57 (6)  
2.78 (6) 
6.5 (9) 
6.6 (6) 
4.3 (7) 
4.4 (5) 
3.8 (6) 
6.8 (6) 
3.2 (6) 
6.0 (5) 
3.2 (6) 
3.9 (5) 
3.9 (7 )  
5.1 (6) 
3.9 (6) 
3.6 (6) 

2.15 (3) 

2.23 (3) 
2.04 (4) 
2.55 (4) 
2.09 (4) 
2.49 (4) 
2.6 (5) 
6.2 (5) 
2.0 (4) 
5.2 (4) 
2.6 (4) 
5.6 (4) 
3.6 (5) 
7.1 (5) 
3.4 (5) 
5.7 (4) 
3.3 (5)  
6.2 (5) 
2.6 (4) 
2.1 (4) 

2.12 (3) 

. .  
0.15 (5) 
0.12 (4) 
0.07 (4) 
0.43 (5) 
0.31 (5) 

3.3 (8) 
3.9 (6) 

-0.30 (5) 
-0.24 (5) 

-1.8 (7) 
-5.6 (6)  
0.8 (5) 
2.2 (5) 

-0.3 (5) 
-1.7 (4) 

0.0 (5) 
0.2 (4)  

-0.5 (6)  
0.2 (5)  
0.8 (5) 

-0.9 (5)  

. .  

0.09 (3) 
0.19 (3) 
0.17 (3) 
0.08 (4) 
0.43 (4) 
0.18 (4) 
0.59 (4) 

-0.4 (6)  
-1.6 (5)  
-0.5 (6) 

0.4 (5) 
0.2 (5)  

-1.2 (4) 
-0.1 (5) 

0.4 (4) 
-1.5 (4) 

-0.4 (4)  
-0.5 (5) 
-0.5 (5)  

0.3 (4) 
1.0 (4) 

. .  

-0.10 (4 
-0.18 (3 

0.21 (3 
0.04 (4 
0.11 (4 

-0.19 (4 
-0.01 (4 

0.1 (4) 
0.2 (4)  

-0.8 (5)  
-1.5 (4)  

-0.5 (4)  
0.5 (4)  
0.4 (4) 

-0.1 (4) 
-0.4 (5) 
-2.9 (4) 

0.6 (5) 
3.6 (4) 
0.9 (4) 
0.0 (4)  

atom X 'y z atom X Y z 

H(71)b 0.164 0.482 0.451 H( 81) 0.312 0.498 0.039 
H(72)b 0.111 0.410 0.418 H( 82) 0.376 0.428 0.059 

Estimated standard deviations in the least significant figure@) are given in parentheses in this and all subsequent tables. 
The form of the anisotropic thermal ellipsoid isexp[-(P(l1)h' + P(22)k' + P(33)Z2 + 2p(12)hk + 2p(13)hZ + 2p(23)kl)]. 
The quantities given in the table are the thermal coefficients X103. OB = 3.0 A'. 

C7' 

Figure 1. Perspective view of the complex (pH)2RuS(CO)6(p 
P(C6Hs)CHzP(CeH5)2)2 (3a). Phenyl rings about phosphorus 
atoms have been omitted for clarity. Vibrational ellipsoids are 
given at the 30% probability level. 

parent crystallographic symmetry C2 (vide infra) and 
consists of an isosceles triangle of metal atoms (Ru(1)- 

3.0367 (5) A; Ru( 1) lies on the Cz axis). Both cluster faces 
are capped in a similar way by identical ligand units p-P- 
(C&-I&2H2P(C&& which are related by the Cz symmetry 
operation. The first phosphorus atom P(1) of a ligand unit 
bridges the Ru(l)-Ru(2) edge (Ru(l)-P(l) = 2.2958 (6) A; 
Ru(2)-P(1) = 2.3262 (6) A) while the second phosphorus 
atom P(2) is coordinated to Ru(2)* (Ru(2)*-P(2) = 2.3863 
(6) A) (Ru-P bond lengths are in the range of those ob- 
served in cluster species involving termina127-28 or bridg- 
ing1m2 phosphorus ligands). The same bonding situation 

Ru(2) = Ru(l)-Ru(2)* = 2.8361 (2) A; Ru(2)-Ru(2)* = 

(27) De Boer, J. J.; Van Doom, J. A.; Mastere, C.  J. Chem. SOC., Chem. 
Commun. 1978,1006. 

(28) Forbes, E. J.; Goodhand, N.; Jones, D. L.; Hamor, T. A. J. Orga- 
nomet. Chem. 1979,182, 143. 

(29) See ale0 the X-ray structure of RU~(CO)~(~~~~)~.~(CH~)CO: 
Lavigne, G.; Lugan, N.; Bonnet, J.-J. Acta Crystallogr., Sect. B in press. 

(30) Ehtarayau, IC; hlnai ,  L.; Huber, G. J. Organomet. Chem. 1981, 
209,85. 

Ruthenium-Ruthenium 

Ruthenium-Phosphorus 

2.3262 (6) 

2.8361 (2) Ru(2)-Ru(2)* 

2.2958 (6) Ru(2)*-P(2) 

Ruthenium-Carbon 
1.868 (6) Ru( 2)-C( 2) 
1.881 (6) Ru( 2)-C( 3) 

Carbon-Oxygen 
1.150 (6) C(2)-0(2) 
1.139 (7) C(3)-0(3) 

Phosphorus-Carbon 
1.845 (2) P(2)-C(ll) 
1.820 (2) P(2)-C(17) 
1.843 (2) 

Caxbon-Carbon 
1.377 (3) C(l1)-C(12) 
1.378 (4) C(12)-C(13) 
1.363 (5) C(13)-C(14) 
1.333 (5) C(14)-C(15) 
1.406 (4) C(15)-C(16) 
1.354 (3) C(16)-C(ll) 
1.384 (3) C(20)-C(21) 
1.383 (4) C(21)-C(22) 
1.356 (5) C(22)-C(17) 

3.0367 (5) 

2.3863 (6) 

1.878 (3)  
1.888 (2) 

1.135 (3)  
1.135 (3) 

1.819 (2) 
1.828 (2)  

1.393 (3) 
1.376 (4) 
1.359 (4) 
1.353 (4) 
1.382 (3) 
1.375 (3) 
1.351 (5)  
1.392 (4) 
1.367 (3) 

is, indeed, observed for the second ligand unit; i t  thus 
appears that  the two equivalent ruthenium-ruthenium 
bonds Ru(l)-Ru(2) and Ru(l)-Ru(2)* are supported by 
the bridgehead atoms P(1) and P(l)*, respectively, while 
the third one Ru(2)-Ru(2)* is unsupported. In keeping 
this, we originally expected to find the two hydride ligands 
bridging the two equivalent Ru(l)-Ru(2) and Ru(1)-Ru- 

(31) Iwaaaki, F.; Maya, M. J.; Raithby, P. R.; Taylor, P. L.; Wheatley, 

(32) Natarayan, K.; Scheidsteger, 0.; Huttner, G. J. Organomet. 
P .  J. J. Organomet. Chem. 1981,213,185. 

Chem. 1981,209,85. 
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Figure 2. Stereoview of the complex ( p - ~ ) Z ~ ~ S ( ~ ~ ) 6 ( p - ~ ( ~ 6 ~ S ) ~ ~ z ~ ( ~ 6 ~ 5 ) z ) z  @a). 

Figure 3. Distribution of carbonyl ligands in (p-H)zRu3(C0)6- 
(~-P(CBH5)CH2P(C6H5)z)z (3a). The disorder of both carbonyl 
ligands bonded to Ru(1) is related to the alternate occupation 
of the two hydride sites H(2) and H(2)*. 

(2)* bonds in addition to the bridging phosphorus atoms 
P(1) and P(l)*. Nevertheless, several important features 
give evidence for a different situation: (i) the 'H NMR 
spectrum of 3a in the high-field region shows two hydride 
multiplets (6 -15.87 (1 H) 6 -19.35 (1H)) in agreement with 
the existence of two nonequivalent sites (vide infra); (ii) 
the highest peak in a tridimensional Fourier map is located 
on the C2 axis, giving a reasonable position for the H(1) 
hydride ligand bridging the Ru(2)-Ru(2)* vector. This 
observation is fully consistent with the long bonding dis- 
tance Ru(2)-Ru(2)* = 3.0367 (5) A in agreement with the 
currently observed lengthening influence of a bridging 
hydride l i g a ~ ~ d . ~ ~ ~ ~  Consequently, the second hydride 
ligand could be expected to bridge one of the two equiv- 
alent metal-metal bonds available, i.e., Ru(l)-Ru(2) or 
Ru(l)-Ru(2)*, thus disturbing the crystallographic sym- 
metry of the molecule. As shown in experimental part, a 
Fourier difference map allows an aproximate location of 
this atom consistent with this assumption; (iii) finally, 
conclusive evidence for hydride location can be obtained 
from the orientations of equatorial carbonyl ligands which 
are depicted in Figure 3. The value of 107.20 (6)O found 
for both angles Ru(2)*-Ru(2)-C(3) and Ru(2)-Ru(2)*-C- 
(3)* is significantly larger than the corresponding average 
Ru-Ru-CO (equatorial), 97.95O, in R U ~ ( C O ) ~ ~ . ~ ~  Such a 

(33) Churchill, M. R.; De Boer, B. G.; Rotella, F. J. Znorg. Chem. 1976, 

(34) Bau, R.; Koetzle, T. F.; Pure Appl. Chem. 1978,50, 55 and ref- 

(35) Churchill, M. R.; Hollander, F. J.; Hutchinson, J. P. Znorg. Chem. 

15,1843 and references therein. 

erences therein. 

1977,16, 2655. 

Figure 4. Perspective view of the complex (p-H),R~~(co)~(p-  
A S ( C ~ H ~ ) C H ~ A ~ ( C ~ H ~ ) ~ ) ~  (3b). Vibrational ellipsoids are given 
at the 30% probability level. Phenyl rings about phosphorus 
atoms have been omitted for clarity. 

Figure 5. Distribution of carbonyl ligands in (p-H)zRu3(CO)6- 
(p- As ( C6Hs) CHzAs ( C6H5) z) (3b). The orientations of carbonyl 
ligands are well related to the presence of two hydride ligands 
bridging the metal-metal vectors Ru(l)-Ru(3) and Ru(2)-Ru(3). 

perturbation is consistent with the presence of the bridging 
hydride H( l ) ,  in agreement with current observations in 
hydrido cluster c ~ m p l e x e s . ~ ~ ~ ~ ~  The second p-hydride 
ligand H(2) would be expected to induce similar repulsions 
about the adjacent carbonyl ligands. Accordingly, the 
disorder of the two carbonyl ligands bonded to Ru(1) (see 
Experimental Section) is related to the alternate occupa- 
tion of the sites H(2) and H(2)*: the presence of a hydride 
in site H(2) is consistent with carbonyl groups C(lb)O(lb) 

(36) Churchill, M. R.; De Boer, B. G. Znorg. Chem. 1977, 16, 878. 
(37) Jeannin, S.; Jeannin, Y.; Lavigne, G. Inorg. Chem. 1978,17,2103. 
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Within the Ru, Triangle 
Ru( ~ ) - R u (  l)-Ru(2)* 64.739 (9) Ru(l)-Ru(2)-Ru(2)* 57.630 (9) 

P( 1 )-Ru( 1 )-Ru( 2) 52.63 (1) P( 2)-Ru(2)*-Ru(2) 85.59 (2) 
96.81 (1) P( 1 )-RIA( ~ ) - R u (  1 ) 

P(l)-Ru(B)-Ru( 2)* 77.16 (2) P(l)-Ru(l)-Ru(2)* 81.96 (2)  

Ru(2)-Ru(l)-C( l b )  115.2 (2) R u ( ~ ) * - R u ( ~ ) - C ( ~ )  107.20 (6) 
Ru(l)-Ru(2)-C( 2) 102.56 (8) Ru( 2)*-Ru( 1 )-C(1)* 90.6 (2) 

C( 1)-Ru(1 )-C( 1 b)* 94.1 (3) C(2)-Ru(2)-C(3) 91.65 (9) 

P( 1)-Ru( 1)-C( l b )  110.7 (2) P( l)-Ru(l)-C(l)* 106.0 (2) 

Ru-Ru-P 

51.67 (1) P( 2)-Ru( 2)*-Ru( 1) 

Ru-Ru-C 0 

OC-Ru-CO 

P-Ru-C 

P( l  )*-Ru( 1)-C(1b) 111.9 (2) P( 1 )*-Ru( 1 )-C( 1 )* 99.9 (2) 
c-P-c 

C(4)-P(l)-C( 5) 
C(4)-P(2)-C(ll) 

102.19 (9) 
104.3 (1) 

Ruthenium-Ruthenium 

2.906 (1) 
2.859 (2)  Ru(2)-Ru(3) 

Ruthenium-Arsenic 
2.451 (2) Ru( 2)-AS(4) 
2.454 (2) Ru( 3)-AS( 3) 
2.428 (2) Ru( 3)-AS( 2) 
Ruthenium-Carbon 

1.83 (1) Ru(2)-C(5) 
1.87 (1) Ru(3)-C(4) 
1.86 (1) Ru(3)-C(6) 

Carbon-Oxygen 
1.16 (2) C(4)-0(4) 
1.15 (2) C(5)-0(5) 
1.14 (1) C(6)-0(6) 

Arsenic-Carbon 
1.97 (1) AS(2)-C(21) 
1.97 (1) AS(2)-C(15) 
1.97 (1) AS(3)-C(27) 

1.961 (7)  AS(4)-C(39) 
1.99 (1) AS(4)-C(33) 

3.089 (2) 

2.523 (2) 
2.470 (2) 
2.555 (2) 

1.90 (1) 
1.87 (1) 
1.93 (1) 

1.16 (1) 
1.16 (2) 
1.12 (2) 

1.927 (6) 
1.932 (7)  
1.973 (6) 

1.943 (7)  
1.919 (7) 

and C(l)*O(l)* (Ru(2)-Ru(l)-C(lb) = 115.2 (2)'); alter- 
natively, occupation of site H(2)* is consistent with car- 
bonyl groups C(l)O(l) and C(lb)*O(lb)*. Consequently, 
in a given molecule, 3a, the Cz symmetry works for the 
whole molecule but the hydride H(2) and related carbonyl 
groups bonded to Ru( 1). 

B. Structure of 3b. The crystal structure of 3b con- 
sists of the packing of four discrete trinuclear molecules 
per unit cell. A perspective view of a molecule, 3b, is shown 
in Figure 4; i t  includes the labeling scheme which is 
somewhat different from that one used for 3a owing to the 
fact that in 3b all atoms are in general positions. Intera- 
tomic distances and bond angles are presented in Tables 
IX and X, respectively. Although a close similarity with 
3a can be observed, the main features to note are the 
following ones: (i) the molecule has no crystallographic 
symmetry; (ii) no disorder of carbonyl groups is now ob- 
served; (iii) the position of carbonyl ligands (see Figure 5 )  
agrees well with previous observations that the two hydride 
ligands bridge the inequivalent metal-metal bonds Ru- 
(1)-Ru(3) and Ru(2)-Ru(3). Indeed, Ru-Ru-C(O) angles 
adjacent to the hydride positions are significantly larger 
than others (see Table X); (iv) the ruthenium triangle is 
no longer isosceles, since ruthenium-ruthenium bond 
lengths in 3b are well related to the presence of hydride 

C(4)-P(2)-C( 17) 103.8 (1) 
C( 11 )-P( 2)-C( 17) 103.9 (1) 

90MHz 

6ppm -17.87 19.35 

Figure 6. 'H NMR spectrum of the complex 3a in the high-field 
region showing two hydride resonances with superimposed 
phosphorus coupling. 

ligands. A comparison of various Ru-Ru bonds in 3a and 
3b is given: 

3a 3b 

/* ' \Ru 2859 (2)  4 YP\ 
R ~ - - R ~  2 8361 (21 a R ~ -  

30367  (51 A Ru- 3089 ( 2 )  4 
\ / R u  

RU- 

Although a lengthening influence is currently assigned to 
a bridging hydride ligand, the above table supports the 
previous o b s e r ~ a t i o n ~ ~  that metal-metal bond lengths in 
dibridged species M-X-M-H are also dependent on the 
nature of the bridgehead atom X. 

Structures of 3a and 3b in Solution. Despite the 
reported differences in the solid state, both dihydride 
species 3a and 3b were found to have a similar behavior 
in solution. Considering the complexity of phosphorus 
coupling in 'H NMR spectrum of 3a (see Figure 6), the 
problem was first elucidated with the arsenic derivative. 
Complete 'H NMR data are displayed in Table XI. The 
'H NMR spectrum of 3b also appears in Figures 7 and 8. 
The occurrence of two signals in the high-field region (6 
-16.08, -20.11) is consistent with the existence of two in- 
equivalent bridging hydrido ligands. Such a disturbance 

I 

(38) Churchill, M. R.; Wasserman, H. J. Inorg. Chem. 1981,20,2905 
and references therein. 



1048 Organometallics, Vol. 1, No. 8, 1982 Lavigne, Lugan, and Bonnet 

Table X. Bond Angles (Des) with Esd's for (AI-H),R~,(CO),(~-P(C,H,)CH,P(C,H,),), 
Within the Ru, Triangle 

Ru( 1 )-Ru( ~ ) - R u (  3)  58.34 (4) Ru( ~ ) - R u (  l)-Ru( 2) 64.79 (4) 
Ru( ~ ) - R u (  ~ ) - R u (  1 ) 

As(l)-Ru(l)-Ru(B) 53.75 (3) As( ~ ) - R u (  ~ ) -Ru(  1) 96.80 (4) 
As( 1 )-Ru( l)-Ru( 3)  84.50 (4) As(4)-Ru( ~ ) - R u (  3) 86.04 (5) 

As( ~ ) - R u (  l)-Ru( 3)  54.08 (4) As(3)-Ru( ~ ) - R u (  2) 78.60 (4) 
As( 1 )-Ru( ~ ) -Ru(  1 ) 96.85 (4) 
As( 1 )-Ru( ~ ) - R u (  3) 80.98 (4) As(2)-Ru(3)-Ru(2) 84.26 (4) 

Ru( 2)-Ru( 1)-C( 1) 92.6 (5) Ru( l)-Ru( 2)-C( 3) 97.0 (4) 
Ru( ~ ) - R u (  1)-C( 2) 112.8 (5)  Ru( ~ ) - R u (  2)-C( 5) 110.4 (3) 
Ru( 1 )-Ru( 3)-C( 4) 108.4 (4)  Ru( ~ ) - R u (  3)-C( 6)  102.8 (3) 

56.87 (3) 
R u - R u - As 

As( ~) -Ru(  l)-Ru( 2 )  83.58 (4) As( ~ ) - R u (  ~ ) - R u (  1) 53.57 (4) 

54.50 (4) As( 2 )-Ru( ~ ) - R u (  1 ) 

Ru-Ru-CO 

OC-Ru-CO 
C(l)-Ru(l)-C(2) 94.0 (7)  C( ~ ) - R u (  3)-C( 6) 90.0 (5) 
C( ~ ) - R u (  2)-C( 5 )  94.3 (5) 

As-Ru-C 
C(l)-Ru(l)-As(l) 98.3 (4)  C( ~ ) -Ru(  2)-As( 1 ) 88.9 (4)  
C( 1 )-Ru( 1 )-As( 3) 106.3 (4) C( ~ ) -Ru(  2)-As( 4) 92.2 (3) 
C(2)-R~(l)-As(l) 111.6 (4)  C( ~ ) - R u (  2)-As( 1 ) 102.7 (4) 
C( ~ ) - R u (  1 )-As( 3) 107.6 (4) C( ~ ) - R u (  2)-As(4) 106.0 (4) 

C(21)-As(2)-C(15) 103.8 (4)  C(33)-As(4)-C(39) 101.6 (4)  
C(21)-As(2)-C(7) 100.8 (4) C(33)-As(4)-C( 8) 101.7 (4)  
C(15)-As( 2)-C( 7)  102.2 (4) C(39)-As(4)-C(8) 102.4 (4)  

c-As-c 

C(8)-&(3)-C(27) 101.4 (4) C( 9)-As( 1 )-C( 7)  100.9 (4) 

Table XI. Summary of 'H NMR Data" 
hydride signals 

coupling const, Hz 
Ru-Ru 

A 
Ru-Riu 

complexes methylene signals '"/ '"/ J H , H b  J H - H ~  J H - H ~  

l a  4.11 (4 H, t )  
3a 
l b  3.81 (4 H. s)  

4.78 (2 H, br), 3.47 (2  H, br) -17.87 (1 H, br) -19.35 (1 H, br) 

lb* 4.57 (4 H; s)  -19.45 (1 H, S) 

2b* 4.06 (2  H, q*), 2.93 (2 H, 9) -14.05 (1 H, d )  -18.49 (1 H, dd) 13.2,12.1 2.2 1.4 
3b 4.74 (2 H, q), 3.13 (2 H, q*) -16.08 (1 H, dd) -20.11 (1 H, d )  12.5, 11.7 3.6 2.2 

2b 4.64 (2  H, s), 2.24 (2 H, q) -14.56 (1 H, 8 )  11.3 

3b* 3.75 (4 H, q*) -16.18 (2 H, d)  -19.43 (1 H, S) 13.2 3.6 very weak 
Chemical shifts are in ppm relative to  internal Me,Si. br = broad resonance; s = singlet; d = doublet; dd = doublet of 

Methylene. Methylene-hydride. doublet; q = quartet; q* = quartet with superimposed hydride coupling (see text). 
Hydride-hydride. 

on the symmetry of the molecule induces a magnetic in- 
equivalence of the two methylene groups; it supports our 
treatment of this system with the labeling shown in 11. 

I1 

Features in the 'H NMR spectrum of 3b (Table XI) can 
be discussed as follows: (i) the existence of an AB quartet 
for the first methylene resonance (6 4.74 (2 H, JAB = 12.5 
Hz)) is consistent with the magnetic inequivalence of H 
nuclei within this group; (ii) a more inticate f i i e  is found 
for the second methylene resonance KL (6 3.13 (2 H, J a  
= 11.7 Hz)) since the left part of the observed quartet is 
split (Figure 7). This feature would suggest that  K is 

coupled to an additional nucleus (vide infra); (iii) in the 
high-field region, the hydride nucleus X is coupled to the 
second hydride nucleus R (6 -20.11 (d, 1 H, JRx = 2.2 Hz); 
(iv) although a doublet would also be expected for the 
second hydride nucleus R, this resonance arises as a 
doublet of doublets (6 -16.08 (1 H)). 

The occurrence of features ii and iv strongly suggest that 
the hydride nucleus R is coupled to the methylene proton 
K ( J a  = 3.6 Hz). A selective irradiation of R has proved 
to restore a symmetric quartet for the resonance of the 
methylene protons KL. Moreover a simulation of the 
entire 'H spectrum has been performed by using the 
procedure described elsewhere:39 i t  fits well with the ob- 
served one and shows features in good agreement with 
structural data, i.e., the hydride ligand X lies in the plane 
of the ruthenium triangle being thus far away from both 
methylene groups. In contrast, the hydride ligand R is 
bridging a ruthenium-ruthenium bond which is also sup- 
ported by the bridgehead arsenic atom; this situation 
brings the hydride ligand R out of the plane of the ru- 

(39) Bother-By, A. A.; Castellano, S. "Quantum Chemistry Program 
Exchange"; Indiana University: Bloomington, IN, 1900; No. 111. 
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thenium triangle, thus favoring the observed interaction 
which we believe to be a through-space coupling. 

Two additional experiments were performed in order to 
check the correctness of this interpretation. First, a var- 
iable-temperature 'H NMR experiment provided infor- 
mations on the mobility of hydride ligands. As shown in 
Figure 8, no exchange between R and X is observable on 
the NMR time scale, since no coalescence of hydride sig- 
n& occurs in the temperature range 293-373 K. However, 
coalescence of the two methylene signals occurs a t  360 K, 
clearly indicating a fast exchange of R between the two 
equivalent sites available to it. Same experiment per- 
formed with the phosphorus derivative 3a showed the 
coalescence of the methylene signals a t  320 K. In both 
cases, an edge-terminal-edge scrambling pathway in- 
volving thus a terminal hydride intermediate may work; 
evidence of such a process would require a variable-tem- 
perature '3c experiment which has not been realized, owing 
to the low solubility of the complex. 

If the inequivalence of the two methylene groups AB and 
KL is only related to the position of the hydride nucleus 
R, then occupation of the available site (R*) by an addi- 
tional proton should restore a perfect equivalence of both 
methylene signals. This was the main purpose of the 
second experience which was realized upon acidification 
of 3b with trifluoroacetic acid providing the cation [ ( p -  
H)3R~3(CO)BG-As(C6H,)cH2As(c6H5)2)~]+ (3b*). The 'H 
NMR spectrum of 3b*, displayed in Table XI shows fea- 
tures which allow the following conclusions. (i) The in- 
tegration of hydride signals shows a ratio 2/1, indicating 
that the additional nucleus occupies a site R* equivalent 
to R (6 -16.18 (d, 2 HI). The very weak coupling R-X is 
not observable is this spectrum. (ii) The additional hydride 
nucleus R* interacts with the methylene AI3 group in a way 
similar to the already observed interaction of R with KL. 
Consequently, both methylene resonances are no longer 
discernible and arise as a quartet K2L2, the left part of 
which is split (Figure 7; 6 3.75 (4 H, 6 3.75 JKL = 13.2 Hz, 
JKR = 3.6 Hz)). It should be noted that the chemical shift 
of the methylene signal in 3b* is close to the value observed 
when coalescence of the two signals occurs a t  360 K for 
3b. (iii) This spectrum allows an unambiguous assignment 
of the hydride resonances to the two different sites 

available in 3b, i.e., Ru-As-Ru-H and Ru-H-Ru. It thus 
appears that the effect of the bridgehead atom (As or P) 
is a lowering of the hydride resonance. Accordingly, 
acidification of the monohydride species 2b (it has been 
proved by neutron diffraction26 that in 2b the hydride 
ligand occupies the site bridged by the arsenic atom) 
provides an upperfield resonance in agreement with the 
fact that the additional hydride ligand occupies one of the 
two unsupported ruthenium-ruthenium bonds (see Table 
XI) * 

The study of these complexes raises a t  least two intri- 
guing questions. First, why in both complexes 3a and 3b 
a hydride ligand occupies a site related to a nonbridged 
metal-metal bond even though a site associated with a 
bridged metal-metal bond is available? Apparently, the 
latter site is not sterically hindered since it can be occupied 
by an additional hydrogen atom upon acidification. In 
regard to the preferred sites associated with metal-metal 
bonds Ru(2)-Ru(2)* in 3a and Ru(2)-Ru(3) in 3b, we 
would suggest that the large bit angle of both rigid face 
capped ligands accounts in determining large metal-metal 
separations Ru(2)-Ru(2)* = 3.0367 (5) 8, in 3a and Ru- 
(2)-Ru(3) = 3.089 (2) 8, in 3 b  this may lower the potential 
energy of the corresponding sites of bridging hydrido lig- 
ands. Another important question concerns the mecha- 

I 

A K L  

(B) 

K2 , 

Figure 7. 'H NMR spectra in the methylene region. (A) Complex 
O ~ - H ) Z R U S ( C O ) , O ~ - A ~ ( C ~ ~ ) C H ~ ( C ~ ~ ~ ~  (3b): 6 4.74 (2 H, AB, 
q, JAB = 12.5 Hz), S 3.13 (2 H, KL, quartet with superimposed 
hydride coupling KFt, Jm = 11.7 Hz, Jm = 3.6 Hz). (B) Complex 

H, KX2, quartet with superimposed hydride couplmg K2R2 JKL 
[ O ~ - H ) ~ R U ~ ( C O ) B ( ~ - A ~ ( C B H ~ ) C H ~ A S ( C ~ H ~ ) ~ ) ~ I +  (3y): 6 3.75 (4 

= 13.2 Hz, Jm = 3.6 Hz). 

373PK 

363PK 

353PK 

3430K 

333PK 

323PK 

293PK 

1 1 

R X 

Figure 8. 'H NMR spectrum of 3 b  variable-temperature ex- 
periment showing the coalescence of methylene signals at 360 K 
(same experiment with complex 3a shows coalescence at 320 K). 
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nism of these reactions. Since no quantitative oxidative 
cleavage of dppm or dpam ligands occurs when la or l b  
are heated a t  80-85 "C for 90 min, the oxidative addition 
of hydrogen has likely preceded the oxidative cleavage of 
the ligand. Is there any possibility to obtain activation of 
hydrogen without oxidative cleavage of dppm or dpam 
ligands? Such a reaction has not been observed until now. 
The oxidative addition of hydrogen seems to promote 
subsequent cleavage of these ligands; it also provides a 
satisfactory control of these reactions which do not go 
further: both complexes 3a and 3b were recovered un- 
changed after prolonged reflux in dibutyl ether (145 "C). 

Prel iminary Catalyt ic  Runs. The hydrogenation of 
cyclohexanone was chosen as a first test, owing to the 
known efficiency of H4Ru4( CO)lz and related phosphine 
derivatives for this reaction.' The preliminary results 
mentioned here were obtained under experimental con- 
ditions close to those stated in the referenced paper7 no 
attempt was made to check the influence of temperature 
and hydrogen pressure on the rate of the hydrogenation 
reaction. Although attempts to use la as the loaded form 
of the catalyst gave poor conversion yields, direct use of 
the dihydride species 3a led to satisfactory results. I t  
should be noted that the rate of hydrogenation is lower 
than that obtained for H4R~4(C0)12.  Nevertheless, the 
amount of 89.8% conversion after 18 h is close to the best 
results obtained by using phosphine-substituted derivatives 
of H4R~4(C0)12  under closely related experimental con- 
d i t i o n ~ . ~  The important point, however, is that a degra- 
dation of the cluster frame of 3a is avoided under the 
reported conditions. Indeed, after the hydrogenation re- 
action, the cluster 3a could be recovered unchanged. This 
result supports previous design of nonfluxional face- 
bridging ligands in view of cluster c a t a l y s i ~ , ~ ? ~  despite the 
known limited use of such 

13C DNMR 

complexes under extremely 

severe conditions.40 Following the previous demonstra- 
tions that a reversible opening of metal-metal bonds may 
have a role in cluster catalysis,4l* we would suggest that 
the activity of 3a could be related to the observed mobility 
of the hydride ligand providing active sites through a re- 
versible opening of M-H-M bonds. 

We are now exploring possible new applications of these 
complexes in catalysis. Some of these applications may 
be inferred from our recent o b ~ e r v a t i o n ~ ~  that the di- 
hydrido cluster complexes can be synthetized through the 
reaction of la or lb  with water. We emphasize that in- 
vestigators in catalysis with phosphine-substituted clusters 
should be aware of possible transformations of such com- 
plexes under catalytic conditions. Let us recall an earlier 
communication2 concerning a hydroformylation of propene 
using Rh4(CO)lo(PPh3)z for which a catalytic reaction was 
observed together with decomposition of the phosphine. 
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A variabletemperature '% NMR study has been conducted on [(Ph3P)2N] [CORU~(CO)~~], a tetranuclear 
cluster with a chird arrangement of carbonyl ligands. The spectral data indicate that the lowest energy 
exchange process involves concerted motion of 12 of the 13 carbonyls and leads to interconversion of the 
two enantiomers of the cluster anion. 

The cluster anion [CORU~(CO)~,]- has been shown by an 
X-ray diffraction study to adopt the unique structure 
shown in Figure 1 with carbonyls bridging each of the three 
Co-Ru bonds.'P2 These bridging carbonyls are positioned 

such that each is nearly coplanar with one of the three 
CoRuz faces. Furthermore, as shown in Figure 2, the three 
terminal carbonyls on each Ru are nonequivalent. This 

(1) Steinhardt, P. C.; Gladfelter, W. L.; Harley, A. D.; Fox, J. R.; 
Geoffroy, G. L. Znorg. Chem. 1980,19, 332. 
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(2) The only other cluster known to have a distribution of CO ligands 
similar to that in [CORU~(CO)~J is [F~RU~(CO)~~(NO)]-: Fjare, D. E.; 
Gladfelter, W. L. J. Am. Chem. SOC. 1981,103, 1572. 
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