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formation for 2a including bond lengths and angles (Table Sl), 
anisotropic temperature factors for non-hydrogen atoms (Table 
S2), and atomic parametere for hydrogen atoms (Table S3) (3 
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S4) (9 pages). Ordering information is given on any current 
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Some new RhPd and RhPt heterobinuclear complexes containing the 2-(dipheny1phosphino)p idine 

dium(I1) and platinum(I1) complexes. The reaction of 1 with C~S-[P~(CNBU~)~C~,]  gave [ (rlWsHa)- 
(CNBut)Rh(p-Ph2PPy)Pd(CNBut)C1]C1 (2b); if the reaction was performed in the presence of T1PF6, the 
corresponding PF6- salt (2a) was isolated. The structure of 2a, containing benzene and methanol molecules 
of solvation, has been determined by X-ray crystallography. The crystal is monoclinic, with space group 
P2,/n, and the cell constants are a = 24.485 (3) A, b = 10.262 (2) A, c = 17.626 (3) A, = 101.40 (4)O, and 
Z = 4. The structure has been refined to a final R value of 0.045. The cation consists of the ($- 
CsHs)(CNBut)Rh and (CNBut)CIPd moieties held together by the Ph2PPy bridge and the Rh-Pd bond. 
The Pd atom exhibits a nearly square-planar coordination geometry, and the ligands about rhodium are 
disposed in a distorted tetrahedral environment. The angles at rhodium between the centroid of the 
cyclopentadienyl ring and the other ligands are larger than those formed by the other ligands. The Rh-Pd 
bond distance is 2.631 (2) A; the Ph2PPy is twisted by 35.4 (2 )O  about the Rh-Pd bond to avoid unfavorable 
contacts. Compound 2b readily undergoes metathesis with KI, giving the corresponding iodo derivative 
[ (~6-CsHs)(CNBut)Rh(p-Ph2PPy)Pd(CNBut)I]I (4); compound 4 was also the product of the reaction of 
2b with CHJ or CH212. The reaction of 1 with [Pd(COD)Cl,] (COD = cycloocta-1,5-diene) occurs by 
displacement of COD to give [ (CsHs)Rh(CO)(p-Ph2PPy)PdClz], (5). Reaction of 1 with cis-[Pt- 
(DMSO),(CHS)21 (DMSO = dimethyl sulfoxide) gave the compound [ (rp-C~HdRhOL-CO)Gc-Ph,PPy)Pt(CHd,l 
(6) in which a rhodium-platinum bond is present. The analogous reaction with C ~ ~ - [ P ~ ( D M S O ) ~ C ~ ~ ]  yielded 
the RhQPtr complex [ (T~-C&&R~C~(~-P~~PP~)P~(CO)C~] (8); the reaction formally involves the oxidative 
addition of a d8 platinum species to a d8 five-coordinated rhodium(1) complex. The results show that the 
rigid short-bite Ph2PPy ligand and the nature of the ligands coordinated to palladium(I1) or platinum(I1) 
complexes strongly influence the course of the reactions described. 

(Ph,PPy) bridging ligand have been prepared by reacting [Rh(~6-C,H,)(CO)(Ph,PPy)] (1) with d r palla- 

The synthesis and reactivity of binuclear transition- 
metal complexes continue to be the subject of considerable 
interest; this is due to their potential for novel stoichio- 
metric and catalytic reactions.'-' In principle, in a het- 
erobimetallic complex each metal center could undergo the 
reactions observed in their mononuclear compounds; in 
addition, when the metals are held in close proximity by 
bridging ligands, novel modes of reactivity, as a conse- 
quence of intermediate steps involving formation or 
breaking of a metal-metal bond, insertion into the met- 
al-metal bond, ligand mobility from terminal to bridging 
site, and bridging modes involving the substrate molecules, 
can be observed. Our goal is to prepare homo- and het- 
erobimetallic compounds in which two metal centers are 
held together by short-bite ligands and to investigate their 

(1) Comprehemiue Orgonometollic Chemistry; Abel, E. W., Stone, F. 
G. A., Wilkineon, G., Ede.; Pergamon: Oxford, England, 1982. 

(2) Balch, A. L. In Homogeneous Cotolysis with Metol Phosphine 
Complexes; Pignolet, L. H., Ed.; Plenum Press: New York, 1983; p 167. 

(3) Puddephatt, R. J. J.  Chem. SOC. Rev. 1983,99. 
(4) Sanger, A. R. In Homogeneow Cotolysiu with Metol Phosphine 

Complexes; Pignolet, L. H., Ed.; Plenum Press: New York, 1983; p 216. 

0276-7333/91/2310-l613$02.50/0 0 

behavior in small molecule activation processes. 
We have recently reported6s6 the 2-(diphenyl- 

phosphino)pyridine (Ph,PPy) complex [Rh($-CsHs)- 
(CO)(Ph,PPy)], in which the PhzPPy acta as a monoden- 
tate P-bonded ligand, and ita reactions with [Rh(CO),Cl], 
and [Ir(C0)2(p-toluidine(C1] to give the unsymmetric 
complexes [ (~6-C,Hs)Rh(~-CO)(p-Ph2PPy)M(CO)Cl] (M 
= Rh, Ir); interestingly, the complex [ (qb-C,H,)Rh(p- 
CO)(p-Ph,PPy)Rh(CO)CI] reactss with alkynes activated 
by electron-withdrawing groups, giving the tetranuclear 
species [ (~6-CSH,)Rh(~-acetylene) (p-Ph,PPy)Rh( CO) (p- 
Cl)], (acetylene = CH302CC2C02CH3,  

The monodentate metal-containing ligand [Rh($- 
C,H,)(CO)(Ph,PPy)] (1) would be suitable for the syn- 
thesis of new kinds of heterobimetallic complexes. Here, 
we report the reactions of 1 with d8 metal complexes of 

C2H602CC2CO2C2Hs). 

(5) Bruno, G.; Lo Schiavo, S.; Rotondo, E.; Arena, C. G.; Faraone, F. 

(6) Rotondo, E.; Lo Schiavo, S.; Bruno, G.; Arena, C. G.; Cobetto, R.; 
Organometollics 1989,8, 886. 

Faraone, F. Znorg. Chem. 1989,28,2944. 
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Scheme I 

Lo Schiauo et al. 

2 a  

palladium and platinum, some simple reaction chemistry 
of the heterobimetallic RhPd complexes as well as the 
crystal and molecular structure of the rhodium-palladium 
metal-metal-bonded complex [ (tls-C5H5)(CNBut)Rh(cc- 
Ph2PPy)Pd(CNBut)C1]PF6 (2a). The heterobinuclear 
complexes reported here are good candidates for the study 
of site selectivity in their reactions with electrophilic and 
nucleophilic reagents; the results will be the subject of 
further publications. 

Results and Discussion 
Synthesis and Characterization of the Complexes. 

The addition of monodentate metal-containing ligands to 
coordinatively unsaturated metal-ligand species, or their 
precursors, has already been shown to constitute a route 
to heterobimetallic complexes containing bridging lig- 
and~.~* '  We have used this synthetic route to prepare new 
rhodium-palladium and rhodium-platinum bimetallic 
complexes containing Ph2PPy as bridging ligand. 

The reaction of [Rh(tls-CsHs)(CO)(Ph2PPy)] (1) with 
~is-[Pd(CNBu~)~C1,1, in the presence of T1PF6, in di- 
chloromethane solution, gives as the final product the 
cationic complex [(~6-C6H6)(CNBut)Rh(p-Ph2PPy)Pd- 
(CNBut)Cl]+ as the PF6 salt (2a). Complex 2a was isolated 
in good yields as an orange crystalline, air-stable solid and 
was fully characterized by IR and 'H and 31P{1HJ NMR 
spectroscopy and a single-crystal X-ray diffraction analysis. 
The 'H NMR spectrum, in CDC1, shows resonances for 
the tert-butyl group at  6 1.16 and 1.61 ppm, as singlets, 
and a doublet of doublets for the cyclopentadienyl protons 
at  6 5.51 ppm = 1.45 Hz; 2Jm = 0.50 Hz). As usual 
the 6-hydrogen of the pyridine ring gives a distinct reso- 
nance that is further shifted toward higher frequency by 
the Coordination of the nitrogen to the palladium (6 = 8.72 
ppm for 1 and 6 = 9.62 ppm for 2a). NOE experiments 
allowed the unambiguous assignment of the resonances of 
the two nonequivalent tert-butyl protons. Signal en- 
hancement of the resonance a t  6 1.16 ppm could be de- 
tected by irradiating the proton in the 6-position on the 
pyridine ring. Enhancement of the signal a t  6 1.61 ppm 
could be detected when the cyclopentadienyl protons were 

3b 

irradiated. This supports a structure in which the Pd and 
Rh atoms each coordinate a CNBut group, as in 2a. The 
31P(1H) NMR spectrum, in CDCl,, shows a doublet a t  6 
37.19 ppm (lJm = 148.4 Hz). The NMR spectra are not 
temperature dependent, and this excludes exchange pro- 
cesses in solution. In the IR spectrum the u(CN) bands 
at 2180 and 2170 cm-l are consistent with the presence of 
two different terminal isocyanide ligands; the strong u- 
(PdCl) a t  276 cm-' supports a structure in which the 
chlorine atom is nearly trans to the Rh-Pd bond. I t  is 
well-known that a metal-metal bond acts as a ligand with 
a strong trans-labilizing effect.8 

In the absence of TlPF6, comp!en 1 reacts with cis- 
[Pd(CNBut),C12] to give the cation [ ($-C5Hs)(CNBut)- 
Rh(p-Ph2PPy)Pd(CNBut)C1]+ as the C1- salt (2b); several 
recrystallizations are required to obtain the product in an 
analytically pure form. 

The capability of both CO and CNBut ligands to act as 
bridging ligands together with the tendency of Ph2PPy to 
induce metal-metal bond formation support the reaction 
sequence reported in Scheme I. All the reaction steps 
following the nucleophilic attack of the pyridine nitrogen 
atom are very fast, and only the presence of the starting 
material and 2 can be demonstrated spectroscopically. 
Concomitant transfer of carbon monoxide from rhodium 
to palladium and of CNBut from palladium to rhodium 
probably occurs through the intermediates 3a and 3b in 
which both these ligands are bridging. Subsequently the 
palladium center releases carbon monoxide giving 2a. 
Although there is no spectroscopic evidence, the inter- 
mediate coordination of CO to the palladium center seems 
very likely; the Pd-CO bond normally appears to be weak 
due to the lack of an efficient a back-b~nding.~ The 
formation of such a palladium carbonyl intermediate is also 
supported by the isolation of the platinum derivative 8. 
The rhodium-palladium bond arises from donation of an 
electron pair from the 18-electron Rh' center to the un- 
saturated 1Celectron Pdn center. This interaction can be 
induced by the rigid, short-bite ligand Ph2PPy. 

The complex 2b reacts easily with KI, in CH2C12 solu- 
tion, to give the corresponding iodide derivative [(qs- 
C5H& (CNBut)Rhb-Ph2PPy)Pd (CNBut) I] I (4). Analytical, 

(7) See, for example: (a) White, G. 5.; Stephnn, D. W. Organometallics 
1988, 7, 903 and references therein. (b) Chaudret, B.; Delavaux, B.; 
Poilblanc, R. Coord. Chem. Rev. 1988,86,191. (c) Fanizzi, F. P.; Sunley, 
G. J.; Wheeler, J. A.; Adams, H.; Bailey, N. A.; Maitlis, P. M. Organo- 
metallics 1990, 9, 131. (d) Bandini, A. L.; Banditelli, G.; Bonati, F.; 
Minghetti, G.; Demartin, F.; Manaaeero, M. Znorg. Chem. 1987,26,1351. 
(e) Shulman, P. M.; Burkhardt, E. D.; Lundquiet, E. G.; Pilato, R. S.; 
Geoffroy, G. L. Organometallics 1987, 6, 101. 

(8) (a) Cotton, F. A.; Dumbar, K. R. J. Am. Chem. Soc. 1987, 109, 
3142. (b) Farr, J. P.; Olmetead, M. M.; Balch, A. L. Inorg. Chem. 1983, 
22, 1229. (c) Cowie, M.; Gibson, J. A. Organometaltics 1984,3,984. (d) 
Cowie, M.; Dickson, R. S.; Hames, B. W. Organometallics 1984,3,1879. 

(9) (a) Calderezzo, F.; Belli Dell'Amico, D. Inorg. Chem. 1981,20,1310. 
(b) Belli Dell'Amico, D.; Calderazzo, F.; Veracini, C. A.; ZandonB, N. 
Inorg. Chem. 1984,23, 3030 and references therein. 
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Rh-Pd and Rh-Pt Heterobinuclear Complexes 

conductivity, IR, and NMR data were all consistent with 
a formulation of 4 as an iodo derivative analogous to 2b. 
The complex 4 is also the product of the reaction of 2b with 
CH31 and CH212. Although the mechanism of the forma- 
tion of 4 in these reactions is unknown, it seems unlikely 
that the reaction occurs by initial oxidative addition of 
CHJ or CH212 to the rhodium(1) center. Probably the 
Rh+Pd dative bond makes the rhodium center not suf- 
ficiently basic to promote the oxidative-addition reaction. 
Also the charge on the complex does not favor such a 
process, which requires the formation of a cationic inter- 
mediate.'O Taking into account the nature of the reaction 
product, the most plausible possibility seems to be the 
oxidative addition of CHJ or CH212 to the palladium(I1) 
center, which subsequently loses the corresponding chloro 
derivative by reductive elimination. However, it is not 
possible to rule out a radical mechanism. 

The reaction of 1 with [Pd(COD)C12] (COD) = cyclo- 
octa-1,5-diene) involves COD displacement to give a neu- 
tral product. Compound 1 reacts with [Pd(COD)Cl,], in 
CH2C12 solution, giving a green-black solid, nonconducting 
in dichloromethane solution, which analyzes as RhPd- 
(C@&PhaPy)(CO)Cl2 (5), together with compounds that 
we were not able to characterize owing to their extensive 
decomposition. The 'H NMR spectrum, in C D Q  solution, 
shows the cyclopentadienyl protons as a doublet of 
doublets at 6 5.53 ppm (,JW = 0.6 Hz; 3JpH = 1.4 Hz); 
the 31P{1H) NMR spectrum shows a doublet at 6 38.92 ppm ('Jw = 158.7 Hz). The 13C NMR spectrum of a sample 
obhned starting from 'SCO-enriched 1 shows the carbonyl 
resonance as a doublet of doublets centered at 6 196.3 ppm 
('J~c. = 74.12 Hz; ,Jcp = 14.6 Hz), indicating that the CO 
coordination to the rhodium is retained. In the IR spec- 
trum the compound shows bands at 333 and 270 cm-' in 
the v(MC1) region; the former indicates the presence of a 
terminal chloride bonded to a palladium center while the 
band at lower frequency supports the presence of bridging 
chloride or of a chloride in a trans position with respect 
to a metal-metal bond.* The v(C0) at  1903 cm-' is in 
agreement with 13C NMR spectra and rules out any 
structure with the carbonyl group coordinated to the 
palladium, as a higher value of v(C0) is expected for a 
carbonyl group bonded to a palladium(I1)  enter.^ 

The displacement of the COD ligand from the [Pd(CO- 
D)C12] moiety by the pyridine nitrogen atom of 1 gives 
formally an unsaturated 14electron palladium(II) species; 
this transient intermediate can lead to a tetracoordinated 
16-electron species either by formation of chloro-bridges, 
giving the tetranuclear species 5a, or by a dative RhLPdn  
bond, where the rhodium(1) 18-electron center acts as a 
Lewis base. In the latter case, the product can be for- 
mulated as the bimetallic species 5b. Molecular weight 
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S I  5 b  

determinations, in CH2C12 solution at different concen- 
trations, suggest the presence of a dimeric species. NMR 
spectra, a t  different concentrations (5 X lov3 to 5 X lo-" 
M) and temperatures, rule out the possibility that an 
equilibrium between 5a and the corresponding solvato 

Scheme I1 
, 

1 - DMSO 

I 

dimeric form or the species 5b can be operating in the 
range of temperature and concentration explored. On this 
basis, we are inclined to prefer structure 5b for the reaction 
product of 1 with [Pd(COD)C12]. Compound 5 reacts, in 
CH2C12 solution, with the neutral ligands pyridine and 
triphenylphosphine, breaking the Ph2PPy bridge; [Pd- 
( ~ y ) ~ C l ~ ]  and 1 are the products of the reaction with 
pyridine while [(~6-c6H6)Rh(co)PPh3] and a mixture of 
uncharacterized products are formed in the reaction with 
PPhP In contrast, compound 5 reacts with CNBut, in the 
presence of TlPF6, giving the cationic complex 2a. 

The addition of cis-[Pt(DMSO),(CH,),I to a dichloro- 
methane solution of 1 slowly gives a red violet solution 
from which crystals of [ (I~~-C~H~)R~(CL-CO)(~-P~,PP~)- 
Pt(CH3),] (6) have been obtained by adding ethyl ether. 
The infrared spectrum of the product shows a strong v(C0) 
band at 1806 cm-l indicating the presence of bridging 
carbon monoxide. The 'H NMR spectrum, in CDC13 so- 
lution, shows two methyl resonances at 6 0.86 (,JM = 78.8 
Hz) and 1.09 ppm (,Jm = 87.5 Hz) with platinum sat- 
ellites. The cyclopentadienyl protons show resonance at 

spectrum, in CDC13, shows a doublet at 6 50.0 ppm ('JV 
= 190.2 Hz). The presence of the platinum satellites in 
the expected 1:41 intensity ratio (,JPtp = 125.6 Hz) clearly 
indicates the existence of the rhodium-platinum bond and 
the fact that the Ph,PPy is bound to rhodium through the 
phosphorus atom as in precursor 1. The formation of 
[(I~'-C,H,)R~(~-CO)(~-P~~PPY)P~(CH,)~] (6) by reacting 
1 with cis-[Pt(DMS0),(CHJ2] (DMSO = dimethyl sulf- 
oxide) is the result of the presence in the platinum(I1) 
substrate of the strongly trans-labilizing alkyl groupdl and 
of the labile DMSO ligands; the alkyl groups are strongly 
bonded to the metal center and are not able to occupy 
bridging sites. No traces of products other than the 
starting material and 6 have been detected by monitoring 
the reaction with 'H and 31P(1H) I W R  spectroscoy. Thus 
DMSO ligand displacement and rhodium-platinum bond 
and bridging carbonyl group formation take place in fast 
steps that do not allow accumulation of intermediate 7 
(Scheme 11). 

The reaction of 1 with ~is-[Pt(DMS0)~C1,1, a t  room 
temperature, in CH2C12 solution, gives the heterobimetallic 
complex [ (~6-C6H6)RhC1(r-Ph,PPy)Pt(co)cl] (8) as the 
final product. Complex 8 was isolated in moderate yields 

6 5.13 ppm ( 2 J w  'JPH = 0.8 Hz). The "P('H) NMR 

(10) (a) Oliver, A. J.; Graham, W. A. G. Inorg. Chem. 1970, 9, 243; 
1971, IO, 1166. (b) Hart-Davis, A. J.; Graham, W. A. G. Inorg. Chem. 
1971, 10, 1653. 

(11) Minniti, D.; Alibrandi, G.; Tobe, M. L.; Romeo, R. Inorg. Chem. 
1987,26,3956. 
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Scheme 111 

Lo Schiauo et al. 

* DMSO - 1 + c~s-[F?(DMSO),CI,] - 
PAN = Ph,PPy 

LI 

8 

Rh-PI-CI 
I co 

as a dark red microcrystalline solid, stable in air for a few 
days. It was fully characterized by 'H, 31P(1HJ and 13C 
NMR and IR spectroscopy and elemental analysis. At- 
tempts to grow X-ray quality crystals have been unsuc- 
cessful. The 'H NMR spectrum in CDC13 shows the cy- 
clopentadienyl proton resonance as a doublet ( , J w  is 
unresolved) a t  6 5.40 ppm ('JpH = 1.8 Hz). The 31P(1H) 
NMR spectrum, in CDC13, shows a doublet at 6 40.93 ppm 
(lJW = 152.48 Hz). The presence of platinum satellites 
(VPw = 165.9 Hz) indicates the existence of a rhodium- 
platinum bond. The 13C NMR spectrum of a sample ob- 
tained starting from 13C0 enriched [Rh($-C,H,)(CO)- 
(Ph,PPy)] (1) shows the carbonyl resonance as a singlet 
a t  6 172.36 ppm flanked by the platinum satellites ('Jptc 
= 1952 Hz), indicating CO coordination to the platinum 
center. In accordance with the NMR data, the IR spec- 
trum shows the terminal carbon monoxide stretching 
frequency at  2052 cm-'; this value is a t  higher frequency 
than that in the precursor 1 and in neutral rhodium(1) 
complexes and falls in the range usually found for a CO 
bonded to a platinum centerag The u(PdC1) bands at  300 
and 268 cm-' indicate that one chlorine atom is terminal 
while the other can be either bridging or trans to the 
rhodium-platinum bond. The compound 8 can be re- 
garded as containing RhLPtn (8a) or RhLPtl (8b) species. 

Rh-Pt-CI 
I /  

'CI 
0 

8 b  

In 8a, the 18-electron Rh' center acts as a Lewis base, 
giving rise to a dative R h L P t "  bond, while in 8b the 
rhodium-platinum bond would be the result of a bonding 
interaction between the Rh" and Pt' centers. The for- 
mulation 8b is supported by the magnitude of 3JpH for the 
cyclopentadienyl proton resonance; this has been related 
to the oxidation state of the rhodium atom.sJoJ2 In bi- 
metallic rhodium(1) complexes containing the short-bite 
bridging ligand PhzPCHzPPh2 (dppm) or PhzPPy the 3JpH 
values are about 1.0 Hz[l.l Hz in [($-C,H,)Rh(rc- 

(12) (a) Oliver, A. J.; Graham, W. A. G. Znorg. Chem. 1970,9,2853. (b) 
Hart-Davis, A. J.; Graham, W. A. G. Znorg. Chem. 1970, 9, 2658. (c) 
Werner, H.; Fearer, R. Angew. Chem., Znt. Ed. Engl. 1979,18,158. (d) 
Faraone, F.; Bruno, G.; Lo Schiavo, S.; Treeoldi, G.; Bombieri, G. J. 
Chem. SOC., Dalton Tram. 1983,433. 

- DMSO - 

c- 

9 

I 
PnN 

, ,R-CI 
C 
0 

1 0  

Ph,PPy)(p-CO)Rh(CO)Cl];S 0.8 Hz in [(~6-C,H,),Rhz(p- 
dppm)(p-CO)]'3]; for the corresponding rhodium(I1) com- 
plexes, the 3&H value is intermediate between that of the 
rhodium(1) precursor and that of the oxidative-addition 
rhodium(II1) product [1.66 Hz in [ ($-C,H6)Rh(p- 
Ph,PPy)(p-I)Rh(CO)I,] and 2.19 Hz in [($-C,H5)I,Rh(p- 
Ph2PPy)Rh(CO)13]5]. Thus the 3JpH value of 1.8 Hz for 
the cyclopentadienyl proton resonance in 8 indicates ox- 
idation of the rhodium atom and supports 8b. The cor- 
relation of the changes of 'Jw with the rhodium formal 
oxidation state and the coordination geometry14 appears 
not to be applicable to binuclear cyclopentadienyl(phos- 
phine)rhodium complexes.', 

The formation of [ (~5-C5H6)RhC1Gc-PhzPPy)Pt(CO)C1] 
(8), by reacting 1 with cis-[Pt(DMSO),Cl,], involves 
transfer of carbon monoxide from rhodium to palladium 
and of the chloride ligand from the palladium to the 
rhodium atom. The reaction in some aspects resembles 
that of 1 with ~is-[Pd(CNBu~)~C1,1; significantly, in this 
case, the transfer involves the charged chloride ligand. The 
reaction sequence reported in Scheme 111 seems to be very 
likely for the reaction. The first step involves displacement 
of DMSO by the pyridine nitrogen atom of 1; the dis- 
placement of the second DMSO ligand gives the inter- 
mediate 9 in which the CO is bridging and the Rh-Pt bond 
is also present. This intermediate is very similar to the 
compound 6. The presence of the chloride ligand makes 
possible the formation of a new bridge and, a t  the same 
time, CO transfer to the platinum center as in 10. An 
intramolecular redox process with charge transfer from 
rhodium to platinum through the metal-metal bond could 
also be operating in this step. The rigid short-bite PhzPPy 
ligand, which brings the two metals in close proximity, 
seems to be the determining factor of this process. The 
formation of an anionic intermediate by initial halide 
transfer from palladium to rhodium, such as that observed 
by Balch16 in the synthesis of [RhPt(Ph,PPy)z(CO)C13], 
can be ruled out by 1 being a 18-electron species. Oxidative 
addition of platinum(I1) or palladium(I1) complexes to a 
rhodium(1) center with formation of formally RhLPd' and 

(13) Faraone, F.; Bruno, G.; Lo Schiavo, S.; Bombieri, G.; J. Chem. 

(14) Pregoein, P. S.; Kunz, R. W. N M R  Basic Princ. Prog. 1979,16, 

(15) See, for example, the lJ~hp in [Rh(~6-C~s)(CO)(Ph~PpY)] (199.8 

(16) Farr, J. P.; Olmstead, M. M.; Wood, F. E.; Balch, A. L. J.  Am. 

SOC., Dalton Tram. 1984,533. 

110. 

Hd,6 [(rls-CsHs)Rh(p-CO)(p-Ph,PPy)Rh(CO)C1] (175.6 Hz)' and [($- 
C6H~)Rh(a-acetylene)G-PhzPPy)Rh(CO)(~-Cl)]z (175.9 Hz).' 

Chem. SOC. 1983, 105, 792. 
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Rh-Pd and Rh-F't Heterobinuclear Complexes 

Table I. Fractional Coordinates for Non-Hydrogen Atoms 
atom x Y z 

0.69184 (2) 
0.72396 (2) 
0.9035 (1) 
0.8718 (5) 
0.8810 (6) 
0.8496 (6) 
0.9233 (7) 
0.9289 (8) 
0.9474 (8) 
0.65617 (9) 
0.77331 (8) 
0.6573 (3) 
0.6185 (3) 
0.5675 (3) 
0.5434 (7) 
0.5854 (6) 
0.5302 (5) 
0.6880 (3) 
0.6810 (3) 
0.6690 (4) 
0.7242 (5) 
0.6371 (6) 
0.6374 (8) 
0.7935 (3) 
0.7648 (4) 
0.7113 (4) 
0.7061 (4) 
0.7577 (4) 
0.6953 (2) 
0.6609 (3) 
0.6619 (4) 
0.6980 (4) 
0.7338 (3) 
0.7315 (3) 
0.8351 (3) 
0.8659 (4) 
0.9132 (4) 
0.9306 (4) 
0.9014 (4) 
0.8527 (3) 
0.7964 (3) 
0.7585 (3) 
0.7722 (4) 
0.8231 (5) 
0.8614 (4) 
0.8490 (3) 
0.5285 (6) 
0.5481 (6) 
0.5294 (7) 
0.4920 (7) 
0.4712 (7) 
0.492 (1) 
0.5503 (6) 
0.5366 (7) 
0.515 (1) 

0.96101 (5) 
0.77583 (6) 
0.1096 (3) 
0.075 (1) 
0.2455 (9) 
0.065 (1) 

-0.023 (1) 
0.133 (2) 
0.159 (2) 
1.1410 (2) 
0.7276 (2) 
0.7058 (7) 
0.6557 (7) 
0.596 (1) 
0.683 (2) 
0.481 (2) 
0.564 (2) 
1.0647 (7) 
1.1366 (6) 
1.2340 (9) 
1.286 (1) 
1.343 (1) 
1.170 (1) 
0.781 (1) 
0.6610 (9) 
0.693 (1) 
0.831 (1) 
0.8835 (8) 
0.8379 (6) 
0.8558 (8) 
0.7721 (9) 
0.669 (1) 
0.6513 (8) 
0.7357 (7) 
0.8213 (7) 
0.7867 (8) 
0.8546 (9) 
0.9558 (9) 
0.9935 (8) 
0.9258 (8) 
0.5604 (7) 
0.4581 (8) 
0.3334 (8) 
0.3109 (9) 
0.410 (1) 
0.5346 (8) 
0.214 (1) 
0.163 (2) 
0.047 (2) 

-0.021 (1) 
0.029 (2) 
0.152 (3) 

-0,062 (2) 
0.024 (3) 

-0.093 (2) 

-0.08024 (3) 
0.02212 (3) 
0.2201 (2) 
0.1409 (5) 
0.2227 (9) 
0.2432 (7) 
0.224 (1) 
0.3002 (8) 
0.190 (1) 

-0.1628 (1) 
-0.0685 (1) 
-0.0417 (4) 
-0.0767 (4) 
-0.1235 (5) 
-0.184 (1) 
-0.161 (1) 
-0.0715 (7) 
0.0079 (4) 
0.0556 (4) 
0,1119 (5) 
0.1548 (6) 
0.0652 (7) 
0.1655 (8) 
0.1233 (4) 
0.1261 (4) 
0.1347 (5) 
0.1381 (4) 
0.1332 (4) 

-0.1752 (3) 
-0.2447 (4) 
-0.3062 (4) 
-0,2974 (5) 
-0.2259 (4) 
-0.1661 (4) 
-0,0777 (4) 
-0,1331 (5) 
-0.1392 (5) 
-0.0903 (6) 
-0.0344 (5) 
-0.0284 (5) 
-0.0525 (4) 
-0.0713 (5) 
-0.0435 (5) 
0.0029 (5) 
0.0213 (5) 

-0,0071 (4) 
0.386 (1) 
0.3279 (8) 
0.2984 (9) 
0.329 (1) 
0.386 (1) 
0.418 (1) 
1.006 (1) 
0.953 (1) 
1.059 (1) 

RhePtl species have been observed in the synthesis of the 
complexes [RhPd(Ph PPy)2(CO)C13],1s-18 [RhPt- 
( P h 2 P P y )  ,(CO) Cls] ,li-18 [ R h P d (  CNCH,),( 1.1- 
Ph2PPy),Cl21+,l8 and [Rh2Pd(CO)2b-dpma)2C13]+ lo (dpma 
= bis[ (diphenylphosphino)methyl]phenylarsine). It was 
demonstrated that the formation of a metal-metal bond 
is a determining factor in these reactions.l0 The formation 
of MLM1 (M = Pd, Pt) complexes by reacting Mn species 
with Mo species is well-known.21 

(17) Farr, J. P.; O h t a d ,  M. M.; Balch, A. L. J. Am. Chem. SOC. 1980, 
102,6664. 

(18) Farr, J. P.; Olmetead, M. M.; Balch, A. L. Znorg. Chem. 1983,22, 
1229. 

(19) (a) Balch, A. L.; Foeeett, L. A.; Olmetaad, M. M.; Oram, D. E.; 
Reedy, P. E., Jr. J. Am. Chem. SOC. 198b, 107,5272. (b) Bailey, D. A.; 
Balch, A. L.; Foeeett, L. A.; Olmstaad, M. M.; Raedy, P. E., Jr. Znorg. 
Chem. 1987,26,2413. 

(20) Guuneram, R. R.; Wood, F. E.; Balch, A. L. Znorg. Chem. 1984, 
23, 1307. 
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Table 11. Selected Bond Distances (A) and Angles (deg) 

C1-Pd-C (6) 
Cl-Pd-N(3) 
C(6)-Pd-N(3) 
Rh-Pd-C (6) 
Pd-Rh-C (14) 
Pd-Rh-C(l2) 
Pd-Rh-C(l) 
P(l)-Rh-C( 1) 
Rh-P( 1)-C(27) 
Rh-P(l)-C(BO) 

Rh-C(l)-N(l) 
N(l)-C(2)-C(5) 
N(l)-C(2)-CW 
C(3)-C(2)-C(5) 
Pd-C(6)-N(2) 
N(2)-C(7)-C(10) 
N(2)-C(7)-C(8) 
C(8)-C(7)-C(lO) 

C(4)-C(WC(5) 

Bond Distances 
2.406 (2) Pd-C(6) 1.901 (8) 
2.631 (1) Rh-P(l) 2.241 (2) 
2.112 (6) RhC(11) 2.209 (7) 
1.928 (7) RhC(13) 2.235 (9) 
2.241 (8) Rh-C(l5) 2.257 (8) 
2.246 (8) C(l)-N(l) 1.147 (9) 
1.827 (8) C(2)-C(3) 1.43 (2) 
1.820 (6) C(2)-C(5) 1.45 (2) 
1.811 (7) N(2)-C(7) 1.48 (1) 
1.49 (1) C(7)4(9) 1.51 (1) 
1.46 (2) C(ll)-C(12) 1.42 (1) 
1.16 (1) C(12)-C(13) 1.39 (2) 
1.51 (1) C(14)-C(15) 1.39 (1) 
1.49 (2) N(3)-C(20) 1.362 (9) 

1.43 (1) N(3)-C(16) 1.355 (8) 
2.653 (5) 

1.40 (1) C(17)-C(18) 1.37 (1) 

Bond Anglee 
89.6 (2) Rh-Pd-Cl 173.0 (1) 
92.7 (2) Rh-Pd-N(3) 93.3 (2) 

177.3 (3) Pd-Rh-C(l5) 104.5 (2) 
84.3 (2) Pd-Rh-C(l3) 143.8 (3) 

110.8 (3) Pd-Rh-C(l1) 127.9 (2) 
164.8 (2) Pd-Rh-P(l) 78.50 (5) 
76.4 (2) P(l)-C(27)-C(32) 119.5 (5) 
90.9 (2) Rh-P(l)-C(Sl) 121.3 (2) 

107.1 (2) C(l)-N(l)-C(2) 177.6 (8) 
112.4 (2) N(l)-C(2)4(4) 106.8 (8) 
113 (1) P(l)-C(21)4(26) 120.5 (6) 
174.9 (7) C(3)4(2)-C(4) 106 (1) 
107.9 (8) C(6)-N(2)-C(7) 175.5 (7) 
109.6 (9) N(2)-C(7)-C(9) 106.5 (7) 
113 (1) C(9)-C(7)-C(10) 113 (1) 
171.8 (7) C(8)-C(7)-C(9) 109.1 (9) 
108.8 (8) C(12)-C(13)-C(14) 109.6 (9) 
107.3 (8) C(ll)-C(l5)-C(14) 108.5 (8) 
111.4 (9) C(16)-N(3)-C(20) 119.0 (6) 

P(l)-C(20)-C(19) 126.6 (6) N(3)4(20)-C(19) 121.3 (7) 
Pd-N(3)-C(20) 119.7 (4) P(l)-C(20)-N(3) 112.2 (5) 
Pd-N(3)-C(16) 121.3 (5) P(l)-C(21)-C(22) 120.0 (6) 
Cp*-Rh-C(l) 128.7 (3) Cp*-Rh-P(l) 128.7 (1) 
N(3)-C(16)-C(17) 121.3 (7) Cp*-Rh-Pd 135.0 (1) 

Other palladium(I1) and platinum(I1) complexes, such 
as [Pt(SEt.&,Cl,] and [Pt(PPh,)Cl(p-Cl)],, failed to react 
with complex 1. 

Molecular Structure of [(q6-C5H6)(CNBut)Rh(p- 
Ph2PPy)Pd(CNBut)Cl]PF6~C6H6~CH30H (2a). The 
crystal structure consists of hexafluorophosphate salts of 
cationic heterobinuclear complexes and benzene and 
methanol molecules of solvation in a 1:l:l ratio. A per- 
spective view of the structure of the cation, giving the 
atom-labeling scheme, is shown in Figure 1. The mole- 
cules of solvation and the PF6- ion have been omitted for 
clarity; there is no interaction of the solvation molecules 
with the cation or anion. Final atomic positional param- 
eters are given in Table I. Selected bond distances and 
angles are given in Table 11. 

Complex 2a consists of the (q5-C5H5)(CNBut)Rh and 
(CNBut)CIPd moieties held together by the Ph2PPy bridge 
and the rhodium-palladium bond. The Rh-Pd distance 
at 2.631 (1) A is within the range expected for a rhodium- 
palladium bond and is longer than that of 2.594 (1) A 
reported for [RhPd(Ph2PPy)2(CO)C13]16-18 bu t  slightly 
shorter than that of 2.699 (1) A reported for [Rh2Pd- 
(CO),(1.1-dpma)~Cl~]+ (dpma = bis[(diphenyl- 
phosphino)methyl] phenylarsine). The rhodium atom ex- 
hibits a distorted tetrahedral coordination geometry. The 
angles at Rh between the centroid of the cyclopentadienyl 

(21) Fm,  J. P.; Wood, F. E.; Balch, A. L. Znorg. Chem. 1983,22,3387 
and references therein. 
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1618 Organometallics, Vol. 10, No. 5, 1991 Lo Schiavo et al. 

Figure 1. View of the cation [(o5-C5H5)(CNBut)Rh(pU-Ph2PPy)Pd(CNBut)C]+ of 2a. 

ring Cp* and the other ligands are larger than those ex- 
pected for a tetrahedral coordination and are larger than 
those of the other ligands. A similar situation was found 
in bimetallic rhodium-cyclopentadienyl complexes in 
which the C5Hs is os-coordinated.12dJ3~2z The carbon- 
carbon distances in the cyclopentadienyl ligand range from 
1.39 to 1.43 A with an average value of 1.406 A. The 
average Rh-C(CsHs) distance [2.234 A] and the Rh-Cp* 
separation are in the range found in 1 and analogous 
rhodium-cyclopentadienyl  system^.^^^^^ The Ph2PPy is 
twisted by 35.4 (2)' about the Rh-Pd bond such that the 
N on the Pd and P on the Rh metals reduce the unfa- 
vorable contacta of the pyridine ring with the CNJ3ut ligand 
and of the phenyl groups with the cyclopentadienyl ring. 

The bond distances and angles are consistent with a 
square-planar geometry at  the palladium atom. The N- 
(3)-Pd-C(6) bond angle of 177.3 ( 2 ) O  reflects the trans 
orientation of the pyridine ring and the isocyanide ligand. 
The Pd-Cl bond distance of 2.406 (2) A is somewhat long 
and can be explained by the high trans influence of the 
rhodium-palladium bond. Several reports indicate that 
a metal-metal bond produces a lengthening of the trans 

(22) (a) Faraone, F.; Bruno, G.; Lo Schiavo, S.; Piraino, P.; Bombieri, 
0. J.  Chem. SOC., Dalton Trans. 1983, 1819. (b) Bruno, C.; Lo Schiavo, 
S.; Puaino, P.; Faraone, F. Organometallics 1985,4,1098. (c) Lo Schiavo, 
S.; Bruno, C.; Nicolb, F.; Piraino, P.; Faraone, F. Organometallics 1985, 
4,2091. (d) Lo Schiavo, S.; Bruno, C.; Piraino, P.; Faraone, F. Organo- 
metallics 1986, 5,  1400. (e) Bruno, C.; Lo Schiavo, S.; Rotondo, E.; 
Piraino, P.; Faraone, F. Organometallics 1987, 6, 2502. 

(23) (a) Mills, M. S.; Paul-, E. F. J. Orgammet. Chem. 1967, IO, 331. 
(b) Herrmann, W. A.; Bauer, C.; Kriechbaum, G.; Kunkely, H.; Ziegler, 
M. L.; Speth, D.; Cuzzolz, E. Chem. Ber. 1982,115,878. (c) Herrmann, 
W. A,; Goddard, C. K. R.; Bernal, I. J.  Organomet. Chem. 1977,140,73. 

metal-ligand bondq8 The Rh-P, Pd-N(3), Rh-C(l), and 
Pd-C(6) bond distances fall within the range usually found 
for these bonds.22 

Conclusions 
The reactions of 1 with d8 palladium(I1) and platinum- 

(11) complexes proceed by coordination of the pyridine 
nitrogen atom of 1 to palladium(II) or platinum(II) centers. 
These reactions appear to be strongly dependent on the 
presence of labile ligands (DMSO, COD) or of ligands with 
a strong trans-labilizing effect (alkyl group) bound to a 
palladium(I1) or a platinum(I1) center. Steric factors and 
the possibility that the reaction occurs with concomitant 
movement of terminal ligands to the bridging site are very 
important in determining the course of reaction and the 
nature of the products. The rigidity and the short bite 
angle of the Ph2PPy ligand induces metal-metal bond 
formation. Steric interactions between the ligands coor- 
dinated to palladium(I1) and platinum(I1) and the ligands 
of the five-coordinated rhodium(1) center can give rise to 
bridging coordination mode of terminal ligands and, in 
some cases, to transfer of ligands from one metal center 
to another. When transfer of a charged ligand occurs, the 
interaction involves oxidative addition. This is what is 
observed in the reaction of 1 with C ~ S - [ P ~ ( D M S O ) ~ C ~ ~ ] .  

Experimental Section 
Established methods were used to prepare the compounds 

[R~(T~$~H~)(CO)(P~~PP~)],~ ci~-[Pd(CNBu')2Cl,],~ [Pd(CO- 
D)Cl2], CIS- [ Pt(DMS0)2(CH&]2s and ck-[Pt(DMSO)&lp] All 

(24) Otsuka, S.; Tatsuno, Y.; Ataka, K. J .  Am. Chem. SOC. 1971,93, 
6705. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 1
, 2

00
9

Pu
bl

is
he

d 
on

 M
ay

 1
, 2

00
2 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

00
05

1a
06

2



Rh-Pd and  Rh-Pt Heterobinuclear Complexes 

other reagents were purchased and used as supplied. Solvents 
were dried by standard procedures. All experiments were per- 
formed under an atmosphere of purified nitrogen. IR spectra were 
obtained as Nujol mulls on KBr plates by using a Perkin-Elmer 
FTIR 1720 spedrophotometer 'H, 'T, and 31P NMR spectra were 
recorded on a Bruker WP80-SY or a Varian Model Gemini-300 
spectrometer. 

'H and '9c NMR spectra were referenced to internal tetra- 
methylsilane and 31P spectra to external 85% H3P0,; positive 
chemical shifts are for all nuclei to higher frequency. Conductivity 
measurements were made with a Radiometer CDM 3 conductivity 
meter. Molecular weights were determined with a Knauer va- 
por-pressure osmometer. Elemental analyses were performed by 
Malisee-Reuter Milwanal ytishes Laboratonum, Elbach, Germany, 
and by the Microanalytical Laboratory of the Organic Chemistry 

Organometallics, Vol. 10, No. 5, 1991 1619 

cm-'; v(PdC1) 270,333 cm-'. 'H NMR (CDCls): 6 5.53 (dd, C a s ,  

74.12, 'JPc = 14.6 Hz). Anal. Calcd for C23HlDC1zNOPPdRh: C, 
43.40; H, 3.01; N, 2.20; C1, 11.14. Found: C, 43.22; H, 3.03; N, 
2.18; C1, 11.25. 

Reaction of 5 with CNBu'. A dichloromethane solution (30 
mL) containing 3 (0.100 g, 0.157 "01) was treated with an ex- 
of CNBut (0.032 g, 0.386 mmol) and TIPFB. The color of the 
solution turned from dark red to yellow. On addition of hexane 
(50 mL), a yellow solid was obtained; this was separated by fil- 
tration, washed with diethyl ether, and dried. The product was 
identified as 2a by IR, NMR, and analytical data. 

Reaction of 5 with Pyridine. A few drops of pyridine were 
added to a stirred CHzClz solution (20 mL) of 3 (0.120 g, 0.188 
mmol). Immediately a white precipitate was formed while the 
color of the solution turned from dark red to orange. On addition 
of diethyl ether (40 mL), a further white precipitate was formed. 
It was separated by filtration, washed with diethyl ether, and dried 
in vacuo. It was identified as C ~ ~ - [ P ~ ( C ~ H ~ ) ~ C ~ ~ ]  by comparison 
with an authentic sample. Removal of the solvent from the mother 
liquor gave 1. 

Preparation of [ ( qs-C6Hs)Rh( p-CO) (p-Ph,PPy)Pt (CHS)z] 
(6). To a dichloromethane solution (30 mL) of [Rh(qs-C6Hs)- 
(CO)(Ph,PPy)] (0.280 g, 0.610 mmol) was added solid [Pt- 
(DMSO)z(CH3)z] (0.200 g, 0.52 mmol) and the reaction mixture 
left stirring for 24 h. During this time the color of the solution 
turned from orange to red-violet. The solvent was evaporated 
off under reduced pressure and the solid residue washed several 
times with 5mL portions of diethyl ether-pentane (1:l) to remove 
the unreacted [Rh(q6-CsHs)(CO)(PhzPPy)] and then extracted 
with benzene (20 mL). By addition of hexane (40 mL) to the 
resulting violet solution, the product precipitated as a dark violet 
solid (0.221 g, 0.322 "01) in 62% yield. IR (KBr, Nujol): v(C0) 
1806 cm-'. 'H NMR (CDC13): 6 0.86 (CH3, = 78.8 Hz), 1.09 
(CH3, ' J m  = 87.5 Hz), 5.13 (t, CsH6, 3 J p y 3 J w  = 0.8 Hz). 

Hz). Anal. Calcd for C&=NOPPtRh C, 43.87; H, 3.68, N, 2.05. 
Found C, 43.62; H, 3.70; N, 2.00. 

Preparation of [(~-CsH6)Rh(Cl)(p-Ph~Py)Pt(CO)C1] (8). 
Solid [Pt(DMSO)zC1z] (0.138 g, 0.326 mmol) was added to a 
dichloromethane solution (30 mL) of [Rh(qs-C~~(CO)(PhzPpY)] 
(0.150 g, 0.326 mmol), and the resulting mixture was left stirring 
for ca. 6 h. During this time, a color change from orange to rust 
red occurred, and formation of a very small amount of metal from 
decomposition was evidenced. The solution was fitered and then 
chromatographed on a neutral alumina column (2 X 10 cm) 
saturated with benzene. With CHzClz used as eluting solvent, 
a red fraction was separated; on addition of hexane (20 mL), the 
product was obtained as a dark red microcrystalline solid (0.099 
g, 0.137 mmol) in 42% yield. IR (CsI, Nujol): v(C0) 2052 cm-'; 
v(PtC1) 268 cm-'; v(RhC1) 300 cm-'. 'H NMR (CDC13): 6 5.40 

lJW = 1952 Hz). Anal. Calcd for C23HlDC12NOPPtRh: C, 38.08; 
H, 2.64; N, 1.93; C1,9.77. Found C, 37.96; H, 2.86; N, 1.89; C1, 
9.89. 
X-ray Data Collection and Structure Refinement. Suitable 

orange crystals of 2a were obtained by slow evaporation of solvent 
from a methanol-benzene (1:l) solution. Diffraction measure- 
ments were made on a Pw 1100 four-circle diffractometer using 
graphite-monochromateed Mo Ka (A = 0.71069 A) radiation. 
Accurate unit cell dimensions and crystal orientation matrices 
were obtained from least-quam refinement of 28, x ,  and J. values 
of 25 strong reflections in the range 16' < 28 < 32O. Compound 
2a crystallizes in the monoclinic space group P2,/n, with a = 
24.485 (3) A, b = 10.262 (2) A, c = 17.626 (3) A, j3 = 101.40 ( 4 ) O ,  

V = 4341.4 (3) A3, 2 = 4 and D,, = 1.53 g cm". Lorentz and 
polarization corrections were applied to the intensity data, but 
no absorption correction was made due to the low absorption 
coefficient (p  = 9.75 cm-') and the fairly uniform dimensions of 
the crystal. Crystals and electronic stability were confiimed by 
the constancy of three check reflections measured every 120 min 
of X-ray exposure. 

The structures were solved by using standard Patterson 
methods, successive least-squares refinements, and difference 

'J~H = 1.40 Hz, ' J w  = 0.6 Hz). "P{'HJ NMR (CDC13): 6 38.92 
(d, 'J~hp = 158.7 Hz). "C NMR (CDC13): 6 196.3 (dd, 'Jmc = 

31P{1H) NMR (CDC13): 6 50.0 (d, ' J m  = 190.2 Hz, 'Jptp = 125.6 

(d, C a s ,  3 J p ~  = 1.80 Hz). "P{'H) NMR (CDCls): 6 40.93 (d, ' J m  
= 152.48 Hz, 'Jptp 165.9 Hz). "C NMR (CDCl3): 6 172.36 (8, 

Institute of Milan. 
Prepara t ion  of [(qs-CsHs)(CNBut)Rh(p-PhzPPy)Pd- 

(CNBut)Cl]PFB (2a). To  a dichloromethane solution (20 mL) 
of [Rh(qs-C~~(CO)(PhzPpY)] (0.150 g, 0.326 "011, were added 
cis-IPd(CNBu').Clol (0.112 e. 0.326 mmol) and TlPF, (0.114 e, .I .I. . 
0.3i6 mmol) in rapid succe&on. The mixture was ieft under 
stirring for ca. 20 min.; during this time the color solution turned 
from yellow to orange. The solution was then filtered and reduced 
in volume (10 mL), and on addition of diethyl ether, compound 
2a was obtained as an orange microcrystalline solid (0.295 g, 0.293 
mmol) in 90% yield. IR (CsI, Nujol): v(CN) 2180, 2170 cm-'; 
v(PdC1) 276 cm-'. 'H NMR (CDC13): 6 1.16, 1.61 (8,  But), 5.51 

(CDClJ: 6 37.19 (d, ' J~hp  = 148.4 Hz). Anal. Calcd for 

Found: C, 43.49; H, 4.19; N, 4.72; C1, 4.10, F, 12.92. 
Prepara t ion  of [(q6-C5Hs)(CNBut)Rh(p-PhzPPy)Pd- 

(CNBut)Cl]Cl (2b). A dichloromethane solution (20 mL) con- 
taining [Rh(qs-C6Hs)(CO)(PhzPPy)] (0.132 g, 0.287 mmol) and 
cis-[Pd(CNBut)2Clz] (0.098 g, 0.287 mmol) was left stirring for 
ca. 20 min. Then 60 mL of diethyl ethel-heptane (21) was added. 
When the mixture was allowed to stand, the compound precip- 
itated as a yellow microcrystalline solid from the solution. The 
analytically pure product was obtained after several recrystalli- 
zations from dichloromethane-diethyl ether as a solid (0.182 g, 
0.235 mmol) in 82% yield. IR (CsI, Nujol): v(CN) 2175, 2170 
cm-'; v(PdC1) 272 cm-'. 'H NMR (CDC13): 6 1.16, 1.61 (s, But), 

(CDC13): 6 37.19 (d, lJ~hp = 148.4 Hz). Anal. Calcd for 
C82HmC12N3PPdRh C, 49.60; H, 4.81; N, 5.42; C1,9.15. Found 
C, 49.70; H, 4.83; N, 5.45; C1, 9.21. 

Prepa ra t ion  of [ (q-CsHs)(CNBut)Rh(p-PhzPPy)Pd- 
(CNBut)I]I (4). Method a. Solid KI, in slight excess, was added 
to a solution of [ (qs-C,H~(CNBut)Rh~-PhZppY)Pd(CNBut)C1]C1 
in CH2Cl2. The reaction mixture was left stirring for 2 h. The 
solution was filtered and the solvent evaporated off under reduced 
preasure. By crystallization from CHzClrdiethyl ether the product 
was obtained as a red orange solid. Anal. Calcd for 
CgzH871zNSPPdRh: C, 40.13; H, 3.89; N, 4.38; I, 26.49. Found: 
C, 40.42, H, 3.91; N, 4.40; I, 26.52. 

Method b. CHJ (0.5 mL) or CH212 (0.5 mL) was added to a 
CHzClz solution of [ (ss-CSHs) (CNButt)Rh(p-PhzPPy)Pd- 
(CNButt)Cl]Cl. The reaction mixture was left under stirring for 
about 4 h. The solvent was evaporated off under reduced pressure 
to give the product as a red orange solid. Anal. Found: C, 40.21; 

(dd, CbH6, 'JPH = 1.45 Hz, ' J w  = 0.50 Hz). "P{'H) NMR 

C a H & F & P p m  C, 43.46, H, 4.21; N, 4.75; C1,4.00; F, 12.88. 

5.53 (dd, CsHs, 'JPH = 1.43 Hz, ' J w  = 0.50 Hz). "P{'H) NMR 

H,3.92; N,-4.41; I, 26.53. 
Preparation of [(sP-CsHs)Rh(CO)(r-Ph2PPy)PdClz] (5). To 

a dichloromethane solution (20 mL) of [Rh(qs-CsH&(CO)- 
(Ph'PPy)] (0.100 g, 0.218 mmol) was added solid [Pd(COD)Cl,] 
(0.062 n. 0.217 mmol) and the resultinn mixture stirred for ca. 
10 min:'During this t h e ,  the color of tge solution changed from 
orange to dark red. Addition of diethyl ether-heptane (3:l) (60 
mL), followed by slow evaporation of the solvent, leads to the 
precipitation of the product as a green black microcrystalline solid 
(0.122 g, 0.192 mmol) in 88% yield. IR (CsI, Nujol): v(C0) 1903 

(26) Drew, D.; Doyle, J. R. Inorg. Synth. 1972, 13, 63. 
(26) Eabom, C.; Kudu,  K.; Pidcock, A. J. Chem. Soc., Dalton Trans. 

1981. 933. - - - -, - - -. 
(27) Price, J. H.; Williamson, A. N.; Scha", R. F.; Wayland, B. B. 

Inorg. Chem. 1972,11,1280. 
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Fourier maps. Anisotropic temperature factors were introduced 
for all non-hydrogen atoms. Hydrogen atoms were added at 
calculated positions and included in the structure factor calcu- 
lations with a common thermal parameter (U = 0.08 A2). 

Of 8394 reflections, measured with an 28-u scan technique in 
the range 3 < 28 < 50°, 4630 having Z > 3a(4 were used to refiie 
518 parameters to final residuals of R = 0.045 and R,  = 0.049. 

The weighting scheme used in the last refinement cycles was 
w = 1.000/(~(F0)+0.001163F~), which showed reasonable con- 
sistency in a test of wA2 for data sectioned with respect to  both 
Fo and (sin @)/A. Scattering factors for non-hydrogen atoms were 
taken from ref 28 and for hydrogen atoms from ref 29. Anomalous 
dispersion corrections for Rh, Pd, C1, and P atoms were taken 
from ref 30. 

All calculations were performed with s ~ ~ ~ x 7 6 9 ~  and pARST92 seta 

(28) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A 1968,24, 
ne. 
d L l .  

(29) Stewart, R. F. J .  Chem. Phys., 1970,53, 3175. 
(30) International Tables for X-ray Crystallography; Kynoch Press: 

Birmingham, England 1974; Vol. IV. 

of programs on the IBM 4341 computer at the "Centro di Calmlo 
dell' Universiti di Messina". The refined structure waa plotted 
with use of the ORTEP program (Figure 1). Full lists of bond 
distances and angles, hydrogen coordinates, anisotropic tem- 
perature factors, and calculated and observed structure factors 
are available as supplementary material. Non-hydrogen coor- 
dinates are shown in Table I. 
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page. 
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The rhodium(II1) complexes L2Rh(H)C12 [L = tricyclohexylphosphine or triisopropylphosphine] are 
excellent catalysts for the hydrogenolysis of chloroarenes. The reaction proceeds under biphasic [40% 
NaOH, PhCH,] conditions, or to give somewhat higher product yields, under phase-transfer conditions, 
using benzyltriethylammonium chloride as the quaternary ammonium salt. The reaction occurs under 
mild conditions, and many functional groups [e.g. R, OR, CF3, COAr, COOH, NH2] are compatible for 
the carbon-chlorine bond cleavage process. 

Carbon-halogen bonds in aromatic compounds are 
usually quite resistant to reactions with nucleophiles and 
transition metal complexes. Aryl iodides, which are ex- 
pensive, are able to undergo Ullmann' and SRNl type2 
transformations. They can also participate in transition- 
metal-catalyzed cross-coupling reactions, olefin arylation 
reactions as well as some carbonylation proce~ses .~ 
Bromoarenes are appreciably less reactive substrates in all 
of these reactions. The cheapest haloarenes, chloro- 
benzenes, are much more inert and are usually incapable 
of undergoing reactions observed with iodoarenes and 
bromoarenes. Recently, carbonylation reactions of 
chloroarenes have been discovered by the use of novel 
palladium complexes as catalysts.' The low chemical 
reactivity of the aryl carbon-chlorine bond can be ra- 
tionalized on the basis of kinetic and thermodynamic 

(1) Mundy, B. P.; Ellerd, M. G. Name Reactions and Reagents in 
Organic Synthesis; Wiley: New York, 1988. 

(2) Roesi, R. A.; de Roeei, R. H. Aromatic Substitution by the S,l 
Mechanism; American Chemical Society: Waehington, DC, 1983. 

(3) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Prin- 
ciples and Application of Organotransition Metal Chemistry; University 
Science Books: Mill Valley, CA, 1987. 

(4) (a) Ben-David, Y.; Portnoy, M.; Milstein, D., J .  Am. Chem. SOC. 
1989,111,8742. (b) Jhfaud, V.; Thiroll-Carat, J.; Basset, J. M. J.  Chem. 
SOC., Chem. Commun. 1990, 426, and references cited therein. 

(DPhxl = 96 kcal/m01)~ factors. 
Phase-transfer catalysis (PTC) has been widely used in 

the synthesis of organometallic complexes and for tran- 
sition-metal-catalyzed organic reactions! Recently, PTC 
was shown to be effective for the generation of electron-rich 
and coordinatively unsaturated transition-metal complexes 
by reductive elimination of hydrogen chloride from some 
hydrido transition-metal chlorides (eq l).7 For example, 

the rhodium hydrides [(Cy3P)2Rh(H)C12] (Cy = cyclohexyk 
1) and [(i-Pr3P),Rh(H)C12] (i-Pr = isopropyl; 2), in the 
presence of KOH or NaOH, are able to catalyze H/D ex- 
change between dihydrogen and aromatic hydrocarbons? 

(5) Cox, J. D.; Pilcher, G. Thermochemistry of Organic and Organo- 
metallic Compounds; Academic Press: London, 1970. 

(6) (a) Alper, H. Adu. Organometal. Chem. 1981,19,183. (b) Caeear, 
L. Ann. N.Y. Acad. Sci. 1980,333,208. (c) Alper, H. Fund. Res. Hom- 
ogen. Catal. 1984, 4, 79. (d) Petrignani, J. F. The Chemistry of the 
Carbon-Metal Bond; Hartley, F. R. Ed.: Wiley: New York, 1989 Vol. 5, 

(7) (e) Gruehin, V. V.; Akhrem, I. S.; Vol'pin, M. E. Metalloorgan. 
Khim. 1988,1,474; J.  Organometol. Chem. 1989,371,403. (b) Gruahin, 
V. V.; Vymenits, A. B.; Vol'pin, M. E. J. Organometal. Chem. 1990,362, 
185. (c) Gruahm, V. V.; Vymenits, A. B.; Yanowky, A. I.; Struchkov, Yu. 
T.; Vol'pin, M. E. Organometallics 1991, 10, 48. 

pp 63-106. 
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