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are presaturated, only the resonances at 6.76 ppm showed 
NOE, allowing assignment of this set of resonances to H6. 
Presaturation of the methylene protons of the ethyl group 
showed only H4 to give appreciable NOE, locating the ethyl 
group on CB. Similar NOE measurementa were carried out 
on other products and their regioisomers determined. 

We are studying the mechanism of this reaction and the 
influence of other tridentate ligands and nucleophiles. 
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Summary: A new series of binuclear palladium com- 
plexes bridged by the diphosphine biddimethyl- 
phosphino)methane (dmpm) is reported. The complex, 
Pd,Cl,(dmpm),, has been prepared and found to have 
remarkably high solubility and stability in aqueous solu- 
tions. I n  aqueous solutions, the complex exists as Pd,- 
(OH),(dmpm), at pH > 4. I n  either aqueous or nona- 
queous solvents, Pd,X,(dmpm), (X = CI, OH, OR) inserts 
one equivalent of CO into its Pd-Pd bond to give Pd,X,- 
(p-COXdmpm),. The structure of Pd,CI,(p-CO)(dmpm)q 
has been determined by X-ray diffraction. 

'This paper is dedicated to the memory of Professor Earl L. 
Muetterties. 
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Figure 1. Drawing of Pd2Cl2(pC0)(dmpm) with al l  non-hydrogen 
atoms. 

We report the synthesis and reactivity of bis(di- 
methy1phosphino)methane-bridged binuclear palladium 
complexes which have an unusual property: high solubility 
in aqueous solutions. Numerous reporb of diphosphine- 
bridged binuclear transition-metal complexes have ap- 
peared in recent y e a r ~ . ' - ~ ~ J ~  The impetus for many of 
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these studies has been the need to identify the chemistry 
of discrete, interacting dimetallic sites, which relate to 
catalytic reactions occurring on metal surfaces. Our 
present study is among the first dealing with complexes 
bridged by the relatively sterically undemanding alkyl 
diphosphine bis(dimethy1phosphino)methane (dmpm). 
Recently K a r ~ c h ~ ~  and P ~ d d e p h a t t ~ ~ ~ '  reported the 
preparation and structure of dmpm-bridged Ag and Pt 
complexes, respectively. 

The new palladium complex, Pd2C12 (dmpmI2 (I), was 
prepared by addition of a slurry of [Pd(CO)C1],3° to a 
CHzC12 solution of dmpm at  -75 "C. The solution was 
concentrated and diethyl ether added to precipitate a 
yellow-orange solid. The solid was dried in vacuo, giving 
yields of 60-90%. 1 has the composition C1J&P4C12Pd2 
and has been characterized by 'H, 31P(1H), and 13C('H) 
NMR, IR, and UV-vis SpectroscopYn as well as by Raman 
spectroscopy.a 

(28) PdzClz (p-CO)(dmpm),: Anal. Calcd for CiiH~OP~C12Pd2: C, 
22.61; H, 4.83. Found C, 22.35; H, 4.58. 'H NMR (CD2C12) 6 2.71 (m), 
1.61 (m), 1.48 (m); siP(lHJ NMR (HQ04 external, CDZC&/CH&lz) 6 1.28 
(e); isCliH} NMR (CD,Cld 6 244 (q, J = 5.3 Hz), 41.9 (CHe m), 16.9 (CHa, 
q, J = 8.7 Hz), 13.8 (&I;, m); IR-(CD2C12) 1710 (a), 1415 (m), 1290 (mi 
1260 (m), 1180 (w), 1140 cm-' (w); UV-vis(X,, nm (4) (CHzClZ) 241 
(18400), 284 ( I I W ) ,  383 (Sooo), 444 (11700), (CHsCN) 239 (15200), 284 
(87001, 386 (4800), 442 (8800). 

(29) Cameron, T. S.; Gardner, P. A.; Grundy, K. R. J.  Organomet. 
Chem. 1981,212 C19. 

(30) Schnabel, W.: Kober, Ehrenfried J. Organomet. Chem. 1969.19, - 
455. 

(31) Complex 2 crystallized in the space group Pz 212 with a = 15.511 
(21, b = 11.107 (2), c = 12.346 (2) A, 2 = 4, p d  1 . 4  gfcm3, p o w  = 1.83 
g/cm3 for the formula unit PdlC12P4(CO)Cld-IH,. Intensity data were 
collected by using Mo Ka radiation by the w-scan technique in the range 
3O < 28 < 5 4 O  on a locally modified Enraf-Nonius CAD-4 diffractometer. 
A total of 2534 unique reflections from the octant (+h, +k, +1) have been 
obtained. Three standard reflections were monitored every 100 reflec- 
tions and showed no evidence of crystal decomposition. The structure 
WBB solved by MvLTAN-least-squaresFourier methods and is refined 
presently to R1 and R2 values of 0.048 and 0.070, respectively, for 131 
parameters and 1784 observations with F > 3u(F). The heavy atoms 
Pd, C1 and P along with the bridging C and 0 abms were refined an- 
isotropically while all other carbon atoms were refined isotropically. The 
H a tom were not located. The linear absorption coefficient H = 22 an-', 
and therefore no absorption correction waa made. The extimated max- 
imum and minimum T are 0.64 and 0.52 respectively. The quantities 
minimized were R' = x(IFoi - IF&/ and R2 = [xw(lF,,I - lFc1)2/ 
xwF,2]1/2 where w = l/[u(n + (0.04 #/I2. The eed of an observation 
of unit weight is presently 2.43. The programs wed to solve the structure 
were part of the Structure Determination Package of B. A. Frenz and 
Aseociates, College Station, TX, and Enraf-Nonius, Delft, Holland. All 
calculations were performed on a DEC 11/60 computer in the Purdue 
University Department of Chemistry X-ray Diffraction Facility. Tablee, 
including thermal parameters of all atom, their atomic positions, all bond 
lengths and angles, and observed and calculated structure factors, are 
found in the supplementary section of this paper. 

(32) Mague, J. T.; Mitchener, J. P. Znorg. Chem. 1969,8, 119. 
(33) Karsch, H. H.; Schubert, U. 2. Naturforsch. B 1982,37B, 186. 
(34) Balch, A. J.; Lee, C.; Lindsay, C. H.; Olmstead, M. M. J. Orga- 

(35) Prinele. S. G.: Shaw. B. L. J. Chem. SOC.. Dalton Tram. 1983.889. 
nomet. Chem. 1979,177, C22. 

(36) L i n i  S: S. M'.; Puddephatt, R. J.; Manojlovic-Muir, L.; Muir, K. 
W. J.  Organomet. Chem. 1983,255, C11. 

(37) Ling, S. S. M.; Puddephatt, R. J.; Manojlovic-Muir, L; Muir K. 
W. Znorg. Chim. Acta 1983, 77, L95. 

(38) Pd2(p-SOz)Clz(dmpm)z: Anal. Calcd for Cl~zeP4ClzS02Pd2: C, 
19.37: H. 4.55. Found: C. 19.83: H. 4.33. 'H NMR ICD,CM 6 2.34 (m). 
1.62 (m),' 1.39 (m); S'P[iHJ"MR (CD2C12/CH2C&, HsP04=exLmal) 6 9.d4 
(e); 'sC('H) NMR (CD2C12) 25.74 (CH2, m), 15.23 (CH,, m), 13.13 (CH3, 
m); IR (Nujol) 1150 (m), 1030 (m) 940 (m) cm-'. 

(39) [Pd~C12(p-CS~)(dmpm)p].'/2(CHsCH2)20: Anal. Calcd for 

NMR (CD2C12) 6 2.39 (m), 1.79 (m), 1.63 (m), 1.45 (m); 13C('HJ NMR 
(CD2C12 CH2C12) 6 27.96 (CH2, m), 12.86 (CH,, m); 3iP(iHJ NMR (&Po4 
ex temd  CD2C12/CH2C12) 6 -8.83 (m); IR (Nujol) 935, 1010 cm-'. 

(40) The Raman spectrum of Pd2C12(dmpm)2 in CH2C12 exhibits u- 
(Pd-Pd) = 140 and u(Pd-Cl) = 257 cm-I. Raman spectra of related 
Pd-Pd bonded complexes: Pd2C12(dppm)2 in CH2C12 u(Pd-Pd) = 140 and 
u(Pd-Cl) = 236 cm-'; PdzCl2(dmpm), in H 2 0  v(Pd-Pd) = 140 and u(Pd- 
0) = 351 cm-'; Pd2Br2(dppm)2 (CH2C12) u(Pd-Pd) = 138 and u(Pd-Br) 
= 161 cm-'; Pd2Br2(dmpm) (CH2C12) u(Pd-Pd) = 123 and u(Pd-Br) = 169 
cm-'. 

C1sHaP4SzC120o.sPdz: C, 23.30; H, 4.97. Found: C, 23.23; H, 5.17. 'H 

7 I 

0 300 400 500 
1 (nm) 

Figure 2. UV-vis spectra of Pd2C12(dmpm)2 in H20 (-) and in 
aqueous 1 M NaCl (---). In the absence of Cl-, the principal 
species in aqueous solution is Pd2(OH)2(dmpm)z. The addition 
of Cl- shifts the equilibrium such that the principal species in 
solution is Pd2C12(dmpm)z. 

Complex 1 readily adds 1 equiv of CO to give Pd2C12- 
(p-CO)(dm~m),~  (2), which exhibits v(C0) = 1710 cm-' 
and has been characterized by X-ray diffra~tion.~' The 
structure of 2 is presented in Figure 1. The molecule 
possesses an 'A frame" structure6 with two Pd centers 
having approximately square-planar geometries and 
sharing a common carbonyl ligand. The Pdm-Pd separation 
is 3.169 (1) A, which suggests a nonbonding metal-metal 
interaction. The structure of 2 has no crystallographically 
imposed symmetry. The bridging CO is slightly asym- 
metric, with bond distances Pdl-C(1) 1.988 (10) and 
Pd2-C(1) 1.948 (11) 8, and bond angles Pdl-C(1)-0(1) 
122.77 (a), Pd24(1 )4 (1 )  130.00 (a), and Pdl-C(1)-Pd2 
107.23 (52)O. The C(1)-O(1) bond distance is 1.180 (12) 
A. 

Complex 1 is reactive with respect to the addition of 
numerous other small molecules. For example, p-S0238 and 
p-CS239 complexes have been obtained as analytically pure, 
crystalline solids and characterized by 'H, 31P(1H), and 
13C('H) NMR. Complex 1 also forms stable 1:l complexes 
with HzC2& CNMe.46 The addition of small molecules 
to the Pd-Pd bond of 1 parallels the addition of S02,13 
CNMe,5 and acetylene8 to the Pd-Pd bonds and of CSzB 
to the Pt-Pt bonds of related dppm- (bis(dipheny1- 
phosphin0)methane) bridged complexes. 

A most surprising departure in the chemistry of 1 com- 
pared to its dppm-bridged relatives is its reactivity with 
water. Complex 1 is unusually soluble and stable in 
aqueous solutions. The 'H and 31P(1H) NMR data for 1 

~~ ~ 

(41) Pd2(0H)2(p-CO)(dmpm)2 'H NMR (DzO) 6 3.04 (m), 2.10 (a), 1.57 
(m); 31P(iH) NMR (DzO, HSP04 external) 3.56 (8 ) ;  isC('H) NMR (D20) 
6 246 (4, Jpc = 5.4 Hz), 168.06 (m), 39.56 ( C H 2 ,  m), 15.50 (CHI, m), 11.75 
(CH,, m); UV-vis (&, nm (e))(HzO) 221 (l8000), 292 (12000), 372 
(4000), 498 (1700). The resonance at  6 168.06 in the 13C(1HJ NMR 
spectrum may correspond to some small degree of CO insertion into the 
Pd-0 bonds of 5. 

142) IR ICH,CN) 1585 (8 ) .  1290 (a, br), 1185 (a), 1170 (a), 1130 (w); 'H 

:D,CN,H3P04 external, 'WO enriched) 6 4.2 (ddd); '%('H) NIV 
(CD3CN) 6 244 (q, Jpc 5.2 Hz), 158 (a), 130 (a), 126 (a), 120 (s), 116 (a). 

(44) IR (CH3CN) 1715 (m), 1605 (ah), 1595 (s), 1295 (s), 1265 (s), 1220 
(a), 1170 (8,  br) cm-' 'H NMR (CHsCN) 6 7.20 (m), 6.87 (a), 6.78 (d). 

(45) 'H NMR (CD2ClJ 6 6.51 (4, JPH = 14hz), 2.10 (m), 1.54 (m), 1.36 
(m). 3iP(1HJ NMR (CD& external H,PO4) 6 -9.06 (8 ) .  IR (CD2Cl2) 

(46) lH NMR (CD2C12) 6 3.28 (m), 1.58 (m), 1.52 (m), (methylene 
protons are buried under methyl resonances at  6 1.58 and 1.52); 31P(1H) 
NMR (CD2C12, external H,PO,) 6 1.50 (br, a); IR (CH2Cl2) u(CN) 1680 
(m), 1635 ( 8 )  cm-'. 

2200 (m) cm-'. 
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in DzO compared to CD2C12 or CD3CN reveal little about 
the differences in identity of 1 in aqueous vs. nonaqueous 
 solvent^.^' However, significant differences in the elec- 
tronic absorption spectra in aqueous solutions are ob- 
served. In HzO, the UV-vis spectra of 1 exhibits the same 
features as those seen in CH2Clz or CH3CN, but uniformly 
red-shifted by -15 nm. The identity of 1 in aqueous 
solution is largely established by the following set of ob- 
servations. The addition of AgBF, to aqueous solutions 
of 1 leads to precipitation of AgCl and no apparent change 
in the UV-vis spectrum. This result contrasts strongly to 
that obtained in CH3CN solution where spectra obtained 
before and after AgCl precipitation are markedly different. 
The addition of Cl- to aqueous solutions of 1 leads to a blue 
shift of the spectrum such that in 1 M NaCl the observed 
UV-vis spectrum is remarkably similar to those obtained 
in CH2C12 or CH,CN solutions without excess chloride. 
The UV-vis spectra of 1 in H20 and 1 M aqueous NaCl 
are presented in Figure 2. Conductivity data suggest that 
a t  pH 7, 1 is a neutral complex in H20. When 1 is dis- 
solved in aqueous solution, the pH decreases and the so- 
lution conductivity increases to a value consistent with a 
1:l ele~trolyte.~' These results suggest that liberation of 
2 equiv of HC1 accompanies dissolution of 1 in H20. We 
note that addition of excess NaCl to aqueous solutions of 
1 results in an increase in pH consistent with the rever- 
sibility of eq 1. Raman spectra for 1 in H20 display 
n 

Pyez PMez 
n 

PMe2 PMe2 

(1) 
I 
Pd-0 H P-CI HO-Pd- Cl-Pd- 

I 2HzO I I 
I I I I 2 HCI 

PMe2 PMe2 PMez PMe2 
..../ v 
1 3 

v(Pd-Pd) = 140 cm-', consistent with related Pd-Pd 
bonded diphosphine-bridged complexes.40 Raman spectra 
in H20 also reveal no bands assignable to ~ ( P d - c l ) . ~ ~  
However, a band at  351 cm-l in HzO is consistent with 
v(Pd-0). These observations collectively point to the 
identity of 1 in aqueous solution as a neutral, Pd-Pd- 
bonded binuclear complex, resulting from the substitution 
of hydroxide for chloride in the positions trans to the 
Pd-Pd bond, eq 1, to give Pd2(OH)z(dmpm)2 (3). In an 
apparently similar reaction, treatment of 1 with 2 equiv 
of NaOPh leads to Pdz(OPh)2(dmpm)z (4). 

The hydroxide (3) and phenoxide (4) are reactive with 
respect to the insertion of CO into Pd-Pd and Pd-OR (R 
= H, Ph) bonds. The treatment of 3 with 13C0 in neutral 
aqueous solution leads initially to Pd-Pd bond insertion, 
eq 2, to give Pd2(OH)2(p-'3CO)(dmpm),.41 The similarities 

A P&PMeZ 
* 

( 2 )  
c o  I *p I 

Pd' \Pd 
['OH 

PTe2 p7ez 
HO-Pd-Pd-OH e 

-*co HO'I 
PMez PMez 

I I 
PMez PMez v c/ 

3 5 
in 'H, 31P('HJ, and 13C('H} NMR data of 2* and 5,' suggest 
that the aqueous solution structure of 5 is similar to the 
structurally characterized 2. Significantly, the 31P(1H) 
NMR signal for 13CO-enriched 5 is a first-order doublet 
(Jp+ = 5.4 Hz), consistent with a single bridging CO. 

Preliminary investigations with the diphenoxide complex 
(4)42 suggest that CO insertion into Pd-OPh bonds occurs 
concurrently with Pd-Pd bond insertion. Spectroscopic 
data43 are consistent with the formulation of the product 
as a diphenyl ester of a dipalladium carboxylic acid, 

0276-7333/84/2303-0634$01.50/0 

Pdz(COPh)z(p-CO)(dmpm)z. Heating the 13CO-enriched 
diester leads to quantitative evolution of 13C02 and for- 
mation of Pdz(Ph)z(p-13CO)(dmpm)2." The insertion of 
CO into the Pd-OR (R = H, Ph) bonds of the new com- 
plexes reported herein is the subject of our ongoing in- 
vestigation. Studies of the insertion of other substrates, 
notably olefins and acetylenes, into Pd-Pd and Pd-OR are 
in progress. 
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Summary: The new tetrahedral mixed-metal cluster 
compounds P ~ O S ~ ( C O ) ~ ( P M ~ ~ P ~ ) , ( ~ ~ - S )  (2) and Os3W- 
(CO),,(PMe2Ph)2(p3-S) (4) have been prepared by the re- 
action of OS,(CO),&~-S) (1) with Pt(PMe,Ph), upon mixing 
at room temperature and with W(CO)S(PMe,Ph) in the 
presence of UV irradiation in yields of 26 % and 27 % , 
respectively, and have been characterized by single- 
crystal X-ray diffraction methods. 

Mixed-metal cluster compounds represent an important 
and rapidly developing new area of transition-metal cluster 
chemistry.' These compounds can serve as intermediates 
in the synthesis of novel heterogeneous catalysts2 or as 
precursors to homogeneous catalysts.3 Chiral tetranuclear 

(1) (a) Roberta, D. A.; Geoffroy, G. L. In 'Comprehensive Organo- 
metallic Chemistry"; Wilkinson, G., Stone, F. G. A., Abel, E., Eds.; Per- 
gamon Press: Oxford 1982; Chapter 40. (b) Bruce, M. I. J. Organometal. 
Chem. 1983,257,417. 
(2) Ichikawa, M. J. Catal. 1979,56, 127. 
(3) (a) Muetterties, E. L.; Krause, M. J. Angew. Chem., Znt. Ed. Engl. 

1983,22,135. (b) Whyman, R. In "Transition Metal Clusters"; Johnson, 
B. F. G., Ed.; Wiley: New York, 1980; Chapter 8. 
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