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C-H Allylic Bond Cleavage to generate an Active Hydridopalladium Species for the 
Alkoxycarbonylation of Alkenes. X-Ray Crystal Structure of 
[ ( Ph3PCH2CH=CHPh)4( PdC16)( SnC16)] 
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On the basis of  a reactivity study using various alkenes and of the X-ray crystal structure analysis o f  the title compound 
isolated from the al koxycarbonylation reaction, the formation of an active Pd(H)(SnC13) species, generated f rom the 
[PdCI2( PPh3)2]SnC12-PPh3 system, is proposed. 

The transition-metal catalysed synthesis of esters by direct 
addition of carbon monoxide and an alcohol to an alkene 
[eqn. (l)] has recently been recognised to involve a metal 

hydride species. 1 Previous results by Knifton2 have revealed 
that terminal alkenes can be transformed selectively into the 
corresponding linear ester under a high pressure (20 MPa) 
provided that SnC12 was added to the catalyst precursor 
[PdC12(PPh3)2]. It has been proposed but not proved that the 
hydrogen of the active Pd-H species involved arises from the 

Recently, we have studied the catalytic methoxycarbonyla- 

,,,C02Me 
RA + CO + MeOH -+ R 

(1) alcohol.l.2 
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Table 1 Isomeric distribution of products obtained by alkoxy- 
carbon ylationa 
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Turnover 
Compound Product frequency h-1 n : n + i (%) 

Q^" 
1 

Q 3 

P- 5 

Q 7 

I" 

cY-CoaMe 
Pa 

i! C02Me 

4 

bo 6 

4 

6 

v 
10 9 8 

90 

100 

100 

8 

a Run conditions: [PdC12(PPh3)2] = 1 mmol, [PPh3] = 2 mmol, 
[SnC12] = 2.5 mmol, alkene = 100 mmol, methanol (for 1 and 3) = 
200 mmol, solvent = 25 ml toluene, CO pressure = 4 MPa, T = 
100°C, t = 6 h (1) or 16 h (3, 5 and 7), yields: 2 (loo%), 4 (67%), 6 
(93%), 8 (58%). 

tion of 3-phenylpropene 13 and several representative alkenes 
of natural origin,4 not only to prepare novel esters but also to 
gain a deeper insight into the mechanism of the reaction. 
Milder conditions than those previously published2 have been 
employed (100 "C, 4 MPa) using the catalytic system 
[PdC12(PPh3)2]-2.5 SnC12-2PPh3. The results are shown in 
Table 1; 3-phenylpropene 1 is fully converted into the two 
corresponding linear (2a) and branched (2b) esters, limonene 
3 is selectively transformed into the less constrained ester 4, 
isopulegol 5 into lactone 6 or trans-isolimonene 7 into 
cyclopentanone 8, regardless of the presence or not of 
methanol for the two last substrates. 

Very recently, El Ali and Alpers have shown that [PdO- 
diphos] species catalyse the cyclocarbonylation of allylic 
alcohols or alkynols; the first step is suggested to be an 
oxidative addition of the alcohol to afford a H-Pd-OR 
complex. With the substrates 3,5 and 7, we have checked that 
[Pd(PPh3)4], with or without SnC12, does not induce any 
carbonylation at all. Thus, the generation of a hydride species 
from methanol can apparently be ruled out; it must arise 
directly from the C-H allylic cleavage of these substrates. 
Particularly relevant in this demonstration is the carbonyla- 
tion of 7 to afford 8. The formation of 8 obviously involves the 
two species 9 and 10. The formation of 10 can be envisaged to 
involve the species 11-13 which, however, have not been 
detected in the reaction mixture. Such a mechanism prevails 
for the carbonylation of isopulegol. 

The hydrogen source for the formation of the active Pd-H 
species seems to be the olefin, as evidenced by the isolation of 
the title compound from the reaction with 3-phenylpropene. 
Red crystals were obtained at room temp. upon decantation of 

13 12 11 

the red reaction mixture from black palladium, after the 
catalytic reaction. 

The X-ray crystal structure determinationt revealed that 
palladium(1v) and tin( ~ v )  hexachloride anions are associated 
with four triphenyl(3-phenylpropeny1)phosphonium cations 
as shown in Fig. 1. Thus, the molecule can be represented as 
[ (Ph3PCH2CH=CHPh)4(PdC16)(SnC16)]. We were puzzled by 
this structure which shows palladium(1v) metal centres where- 
as in fact it was palladium(I1) which was introduced under a 
reducing atmosphere. Black palladium was produced by a 
disproportionation reaction [eqn. (2)] and tin(I1) was oxidised 
into tin(1v) by palladium(I1) [eqn. (3)]. 

A combination of eqns. (2) and (3) gives eqn. (4), which 
3Pd" + SnII -+ 2Pd0 + PdIV + SnIV 

affords the same stoichiometry of SnIV : PdIV = 1 : 1 as in the 
crystal. Moreover, the phosphonium cations do not contain a 
phenylpropyl group but a 3-phenyl-prop-2-enyl group and 
thus require the substrate 1 to lose a hydrogen atom which is 
transferred to palladium [eqn. (5)]. 

(4) 

kPdC12 + PhH + PPh3 

-+kPdHCl + [Ph-PPh,]+, C1- ( 5 )  

Combination of eqns. (4) and ( 5 )  takes into account the 
formation of the title compound with simultaneous production 

?_Crystal data: C108H96P4PdSnC112, M = 2168.4, triclinic, space group 
P1, a = 10.797(2), b = 14.739(2), c = 17.084(2) A, (x = 91.33(1), p = 
99.75(1), y = 108.33(1)", D, = 1.42 g cm-3,Z = 1, crystal size 0.18 X 
0.20 x 0.34 mm, p(Mo-Ka) = 8.47 cm-1. Data were collected at 20 "C 
on a Nonius CAD4 diffractometer. Empirical absorption correction 
using DIFABS (min. 0.88, max. 1.12) was applied. Anomalous 
dispersion terms were applied. The structure was solved by a 
combination of direct method (SHELXS) and standard Patterson- 
Fourier techniques and refined by least-squares analysis using 
anisotropic thermal parameters for all non-hydrogen atoms. H atoms 
were located on a difference Fourier map and their coordinates were 
refined with an overall U(iso) thermal parameter. Of the 7033 
observed reflections, 4746 with I > 3 4 0  were used to solve and refine 
the structure to R = 0.033 and R,  = 0.035 (unit weights, 724 
least-squares parameters). The programs used were CRYSTALS and 

Atomic coordinates, bond lengths and angles, and thermal 
parameters have been deposited at the Cambridge crystallographic 
Data Centre. See Notice to Authors, Issue No. 1. 

ORTEP-2. 
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Fig. 1 Perspective ORTEP drawing of [(Ph3PCH2CH=CHPh)4(PdC16)(SnC16)] showing 50% thermal ellipsoids for non-hydrogen atoms. For 
more clarity, only two phosphonium groups have been represented as well as the complete coordination spheres for palladium and tin atoms 
(chlorine atoms with stars). Bond lengths (A) of interest are: Sn(1)-C1(2), 2.432(1); Sn(1)-C1(3), 2.412(1) and Sn(1)-C1(4), 2.404(1); 
Pd(5)-C1(6), 2.433(2); Pd(5)-C1(7), 2.404 and Pd(5)-C1(8), 2.421(2); P(9)-C( lo), 1.784(5); P(9)-C(28), 1.809(5); C(29)-C(31), 1.292(7). 

The SnIV and PdIV atoms are in octahedral environments and the P atom in a tetrahedral one. 

X 
PhaP, ,Cl 

Pd + -ph - 
X’ ‘PPh3 

L 
14 15 

15 - a- ’ Ph + PdH()O(PPh3)2 

[PW- ’ Ph]*,CI- 
16 

Scheme 1 Proposed pathway for the generation of the palladium 
hydride species; X = C1, SnC13 

of the Pd-H species under interest and a palladium(0) 
complex such as Pd(PPh3)4 [eqn. (6)].$ 

f Starting from 0.350 g of [PdC12(PPh3)2], 0.155 g of 
[(Ph3PCH2CH=CHPh)4(PdC16)(SnC16)] were expected from eqn. (6) 
and 0.120 g obtained; 31P NMR spectra of the supernatant solution 
show mainly the presence of [PdC12(PPh3)2] (6 23.05) and free PPh3. 

7PdC12(PPh3)2 + 4PhCH2CH=CH2 + SnC12 + 6PPh3 
-+ [(Ph3PCH2CH=CHPh)4(Pdc16)(snc16)] 

+ 4PdHCl(PPh3)2 + 2Pd(PPh3)4 (6) 
Eqn. (6) is certainly an oversimplification of what occurs in 

the system since yellow crystals of [PdC12(PPh3)2] were also 
found. Similarly, in the presence of SnC12 (Sn:Pd = 2.5) 
the complex [PdHC1(PPh3)2] affords certainly 
[PdH(SnC13)(PPh3)2], which was previously proposed by 
Knifton,2 and not yet identified. Under an atmosphere of CO, 
Hidai has identified the complex [Pd(CO)(PPh3)3] starting 
from [Pd(PPh3)4] .6 As indicated above, this palladium(0) 
complex is inactive for the methoxycarbonylation of 3 and 7. 
Palladium(1v) and tin(Iv) were engaged also (Na2PdC16 + 
SnC14 + 2PPh3) for 3; the reaction is characterized by a 
complete loss of selectivity since 26% of the ester is obtained 
in addition to several isomerized terpenes. 

A large number of allyl palladium complexes are described 
in the literature.7 On this basis we propose that the four 
substrates considered here generate an allyl species such as 15 
by hydride abstraction (Scheme 1). This intermediate gener- 
ates the phosphonium salt, presumably after elimination of 
l-phenyl-3-chloro-propene, followed by reaction with PPh3. 
Thus, the active species [PdHX(PPh3)2] is formed in this case 
because a significant fraction of palladium introduced is 
sacrificed giving inter ulia the palladium(1v) complex analysed 
here. 
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