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The mixture Pd(OAc), + nPPh, (n 1 2) and the complex P~(OAC)~(PP~,),  commonly used as catalysts 
in reactions involving aryl and vinyl halides, aryl triflates or allylic acetates spontaneously generate a 
zerovalent palladium complex that reacts with iodobenzene. Triphenylphosphine reduces the divalent 
palladium from the complex Pd(OAc),(PPh,), by an intramolecular reaction and is oxidized to tri- 
phenylphoephine oxide. In the presence of an ex- of txiphenylphoephine, the zerovalent palladium complex 
generated in situ has the same 31P NMR and cyclic voltammetry properties as those of Pdo(PPh3)@ 

Introduction 
Most reactions involving aryl and vinyl halides, aryl 

triflates, and allylic acetates are catalyzed by zerovalent 
palladium complexes.' However in some cases, particu- 
larly in the Heck reaction (arylation or vinylation of ole- 
fii), the catalyst consists of the divalent complex Pd- 
(OAC)&PP~, )~~  or a mixture of a divalent palladium salt 
Pd(OA& with twoh*b*da or more than t ~ o ~ 7 ~ ~ @ 9 ~  equiva- 
lenta of a phosphine ligand usually PPhp Since divalent 
palladium complexes do not activate aryl or vinylic halides, 
aryl triflatee, and allylic acetates, as zerovalent complexes 
do, there are many speculations on the origin of the zer- 
ovalent palladium complex which is able to activate these 
substrates, e.g:, what is the reagent able to reduce the 
divalent pallad" to zerovalent palladium: the olefin, the 
triphenylphosphine, the allylic acetate, etc.? We report 
therefore some evidence that triphenylphosphine can re- 
duce Pd(OAc)z to a zerovalent palladium complex, using 
31P NMR and cyclic voltammetry as analytical techniques 
to detect and characterize the formation of zerovalent 
palladium complexes. 

Results 
I. Investigation of the System Pd(OAc)2 + 2PPhS. 

A mixture of the brown solid Pd(OAc),, 2 mM, in THF (or 
DMF) with 2 equiv of triphenylphosphine PPh,, fiist led 
to a yellow solution containing a complex that has been 
characterized by its reduction peak, Pd = -1.38 V vs SCE 
in THF (-1.18 V in DMF) (Figure la), similar to that of 
an authentic sample of P ~ ( O A C ) , ( P P ~ ~ ) ~ ~  

We observed that this mixture was not stable and that it 
led spontaneously but slowly to a species detected by its 
oxidation peak, Pa = +0.265 V in THF (+0.03 V in DMF) 
(Figure lb). The osidation peak current of this species 
increased with time concomitantly with a decrease of the 
reduction peak current of the divalent palladium complex 
P~(OAC)~(PP~& (Figure la,b). Starting directly from the 
authentic complex Pd(OAc),(PPh,), resulted in the same 
evolution. After addition of iodobenzene, the oxidation 
peak was no more observed. This suggests that the species 
that is formed from spontaneous evolution of the complex 
Pd(OAc),(PPhJ, is a zerovalent palladium complex PdO- 
(PPh3), able to react with iodobenzene in an oxidative 
addition? 
Pdn(0Ac),(PPh3), - - "Pdo(PPh3),,s + products (2) 

(3) 

Pd(OAc)P + 2PPh3 + Pd(OAc)z(PPh& (1) 

"Pd0(PPh3)," + PhI - Ph-PdLI(PPh,), + (n - 2)L 

* To whom correspondence should be addressed. 

Moreover the oxidation potential of this species is very 
similar to the oxidation potential of an authentic sample 
of Pdo(PPh3)4, EPox = +0.262 V in THF (+0.024 V in 
DMF), determined in the same experimental conditions, 
e.g. in the presence of acetate anions.' However, this 

(1) For reviews, see: (a) Heck, R F. Acc. Chem. Res. 1979,12,146. (b) 
Tsuji, J. Organic Syntheses via Palladium Compounds; Springer Verlag: 
New York, 1980. (c) Kumada, M. Pure Appl. Chem. 1980,52,669. (d) 
Negiehi, E. I. Acc. Chem. Res. 1982,15,340. (e) Heck, R. F. Org. React. 
1982.27.345. tfJ Heck. R. F. Palludium Reaeents in Oreanic Svntheses: 
Academ'ic P re i :  NewYork, 1985. (g) Still;, J. K. Angew. Ciem.,  Znt: 
Ed. Eml.  1986.25.608. 

I --I - - -  - _  - 
(2) 6) YG-ane, T.; Kikukawa, K.; Takagi, M.; Matsuda, T. Tetrahe- 

dron 1973,29,955. (b) Dieck, H. A.; Heck, R. F. J. Org. Chem. 1975,40, 
1083. (c) Meldpolder, J. B.; Heck, R. F. J. Org. Chem. 1976,41,265. (d) 
Patal, B. A.; Heck, R. F. J. Org. Chem. 1978,43,3898. (e) Arai, I.; Doyle 
Daves, G., Jr. J. Org. Chem. 1979,44, 21. (f) Iida, H.; Yuasa, Y.; Kiba- 
yashi, C. J.  Org. Chem. 1980,45,2938. (9) Cacchi, S.; Arcadi, A. J. Org. 
Chem. 1983,48,4236. (h) Cacchi, 5.; Palmeri, G. Synthesis 1984,575. 
(i) Arcadi, A.; Bemmhi, E.; Burini, A; Cacchi, S.; Marinelli, F.; Pietroni, 
B. Tetrahedron Lett. 1988,29,481. (j) Arcadi, A,; Bemocchi, E.; Cacchi, 
S.; Caglioti, L.; Marinelli, F. Tetrahedron Lett. 1990,31, 2463. 

(3) Dieck, H. A.; Heck, R. F. J. Am. Chem. SOC. 1974,96, 1133. (b) 
Ziegler, C. B.; Heck, R. F. J. Org. Chem. 1978,43, 2941. (c) Patel, B. A,; 
Dickerson, J. E.; Heck, R. F. J. Org. Chem. 1978,43,5018. (d) Johnson, 
P. Y.; Wen, J. Q. J. Org. Chem. 1981,46, 2767. (e) Kim, J.-I. I.; Patel, 
B. A.; Heck, R. F. J.  Org. Chem. 1981,46,1067. (f) Hallberg, A.; West- 
erlund, C. Chem. Lett. 1982,1993. (9) OConnor, J. M.; Stallman, B. J.; 
Clark, W. G.; Shu, A. Y. L.; Spada, R. E.; Stevenson, T. M.; Dieck, H. A. 
J. Org. Chem. 1983,48,807. 01) Bgckvall, J. E.; Nordberg, R. E.; Vigberg, 
J. Tetrahedron Lett. 1983,24,411. (i) Cacchi, S.; Morera, E.; Ortar, G. 
Tetrahedron Lett. 1984,25,2271. (j) Mori, M.; Kimura, M.; Uozumi, Y.; 
Ban, Y. Tetrahedron Lett. 1985,26,5947. (k) Andemon, C. M.; Kar- 
abelas, K.; Hallberg, A. J.  Org. Chem. 1985,50,3891. (1) Andemon, C. 
M.; Hallberg, A. J. Org. Chem. 1987,52,3529. (m) N h n ,  K.; Hallberg, 
A. Acta Chem. Scand. B 1987,41,569. (n) N h o n ,  K.; Hallberg, A. Acta 
Chem. Scand. 1990,44, 288. 

(4) (a) Tsuji, J.; Yamakawa, T.; Kaito, M.; Mandai, T. Tetrahedron 
Lett. 1978,2075. (b) Shimizu, I.; Yamada, T.; Tsuji, J. Tetrahedron Lett. 
1980,21,3199. (c) Mori, M.; Oda, 1.; Ban, Y. Tetrahedron Lett. 1982,23, 
5315. (d) Fiaud, J. C.; Aribi-Zouioueche, L. Tetrahedron Lett. 1982,23, 
5279. (e) Mori, M.; Kanda, N.; Oda, I.; Ban, Y. Tetrahedron 1985,23, 
5465. (f) Karabelas, K.; Westerlund, C.; Hallberg, A. J. Org. Chem. 1985, 
50, 3896. (g) Andersson, C. M.; Larason, J.; Hallberg, A. J.  Org. Chem. 
1990,52,5757. 

(5) Stephenson, T. A.; Morehome, S. M.; Powell, A. R.; Heffer, J. P.; 
Wilkinson, G. J. Chem. SOC. 1965, 3632. 

(6) Fitton, P.; Johnson, M. P.; Mc, J. E. J. Chem. SOC., Chem. Com- 
mon. 1968, 6. 

(7) (a) In fact the oxidation peak of the in situ generated zerovalent 
palladium showed a shoulder at  +0.13 V in THF. The electrochemical 
oxidation of Pdo(PPh3), in THF, occurred at  .Po. = +0.359 V with a 
shoulder a t  +0.262 V. These two oxidation peaks are respectively as- 
signed to the oxidation of Pdo(PPh3)3(THF) and Pd0(PPh&.l2 In the 
presence of 2 equiv of acetate anions (introduced as nBlqNOAc), the 
zerovalent palladium complex was more easily oxidized, at  +0.23 V with 
a shoulder a t  +0.106 V. In DMF, the in situ generated zerovalent pal- 
ladium presented a single oxidation peak. The electrochemical oxidation 
of Pdo(PPh3), in DMF also exhibited a single peak a t  .Pa - +0.064 V 
assigned to Pdo(PPh3)3(DMF).12 In the presence of 2 equiv of acetate 
anions, the palladium complex was more easily oxidized, at  +0.024 V. 
These results suggest that acetate anions can stabilize zerovalent palla- 

as chloride anions d0.O (b) Amatore, C.; Jutand, A.; M'Barki, M. 
A. Unpublished results. 

0276-7333/92/2311-309$03.00/0 Q 1992 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Se
pt

em
be

r 
8,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 S
ep

te
m

be
r 

1,
 1

99
2 

| d
oi

: 1
0.

10
21

/o
m

00
04

5a
01

2



3010 Organometallics, Vol. 11, No. 9, 1992 Amatore et al. 

' 

b 

I e " 

U 

-0.1 -1 -1.1 +O.J 0 -0.1 
1 I 1 I 1 

E, VOlU V I  SCE E, volts V I  SCE 

Figure 1. (a) Cyclic voltammetry of Pd(OA& (2 mM) and PPhs 
(4 mM) in DMF (0.3 M nBu,NBF$ at a stationy gold disk 
electrode (0.d. = 0.5 mm) with a scan rate of 0.2 V-S , from -0.5 
to -1.5 V. The cyclic voltammetry has been performed as a 
function of time: (-) 4, (-) 14, (- - -1 33 min. (b) Cyclic vol- 
tammetry of the zerovalent palladium complex, generated in situ 
from Pd(OAc)z (2 mM) and PPhS (4 mM), in DMF (0.3 M 
nBu4NBF4) at the m e  electrode, with a scan rate of 0.2 V d ,  
from -0.5 to +0.5 V. The cyclic voltammetry has been performed 
as a function of time: (-) 7, (-e) 17, (---) 31 min. 

species was not very stable in the absence of any substrate 
and suddenly decomposed after 30 min before complete 
transformation of divalent palladium to zerovalent palla- 
dium, to give an orange solution in which no oxidation 
peake could be detected. It is known that the complex 
Pdo(PPh&, in solution in THF (or DMF) is mainly present 
as Pdo(PPh3)s with traces of the low-ligated Pdo(PPh3)t 
and that this solution is not stable in the absence of excess 
phosphines or  halide^.^ 

Pdo(PPh3)4 F, Pdo(PPh3)3 + PPh3 K1 >> 1 (4) 

Pdo(PPh3)3 r* Pdo(PPh3)2 + PPh3 Kz << 1 (5) 

PdO(PPh3)Z --c ..... (6) 

In the above report experiments in which only 2 equiv of 
triphenylphosphine per palladium were present, it is 
therefore easily understood why the in situ generated 
low-ligated zerovalent palladium was not stable. Attempt 
to characterize this species by 31P NMR (6 VB H3P04) led 
to spectra in which we could detect the characteristics 
signals of the triphenylphosphine oxide in THF at 24.38 
ppm (25.47 ppm in DMF), P ~ ( O A C ) ~ ( P P ~ , ) ~  at 14.48 ppm 
(15.08 in DMF)to and three signals at 61 = 21.23, 62 = 13.16, 
and J3 = 12.67 ppm (respectively 21.20, 13.39, and 13.08 
ppm in DMF). The characteristic signal of the free ligand 
a t  -0.525 ppm (-0,541 ppm in DMF) was not observed. 
Running 31P NMR spectra as a function of time resulted 
in the growth of the signal of the triphenylphosphine oxide, 
of that of the signal at bl, and to a larger extent of those 
at and b3, at the expense of the signal of the divalent 
palladium P ~ ( O A C ) ~ ( P P ~ ~ ) ~  Both signals 62 and a3 dis- 
appeared when iodobenzene was added to the NMR sam- 
ple; they could then be reasonably assigned to eerovalent 
palladium complexes. Noteworthy, the signal at 61 was st i l l  
present. We could notice that the intensities of the two 
signals at and S3 were always equal whatever the time, 
so they seem to characterize a single nonsymmetrical 
zerovalent palladium complex containing two chemically 

(8) (a) Mann, B. E.; Mueco, A. J.  Chem. Soc., Dalton Tram. 1976, 
1673. (b) Kuran, W.; Musco, A. Inorg. Chim. Acta 1976, 12, 187. (c) 
Fauvarque, J. P.; Pfltiger, F.; Troupel, M. J. Organomet. Chem. 1981, ao8, 
419. (d) Amatore, C.; Pflilger, F. Organometallics lW,9, 2276. 
(9) Amatore, C.; Azzabi, M.; Jutand, A. J.  Am. Chem. Soc. 1991,113, 

8375. 
(10) Goodfellow, J. A.; Stephenson, T. A.; Comock, M. C .  J .  Chem. 

SOC., Dalton Tram. 1978, 1196. 
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Figure 2. Variation of the plateau currenta at a rotating old 

the system Pd(OA& (2 mM) and PPh3 (20 mM) as a function 
of time: (a, +) Variation of the oxidation current in the in situ 
generated zerovalent palladium in DMF, at a potential of +0.4 
V and at 25 O C ;  (b, 0) variation of the reduction current of the 
divalent palladium complex in DMF, at a potential of -1.30 V 
and at 25 "C; (c, A) same conditions as in (a) but in THF, (d, 0)  
same conditions as in (a) but at 60 OC; (e, e) some conditions 
as in (a) but in the presence of H20 (20 mM). 

disk electrode (0.d. = 2 mm; u = 0.02 V d ;  w = 106 rad6 f ) of 

different triphenylphosphine ligands. The signal at 61 
could either represent a palladium complex that did not 
react with iodobenzene or a phosphorus derivative without 
palladium, viz. an intermediate leading to the formation 
of triphenylphosphine oxide (a phosphonium salt for ex- 
ample). In the absence of iodobenzene, the solution pro- 
gressively decompoeed and at least three new NMR signale 
could be detected but not assigned. 

At this point of the NMR and electrochemical studies, 
we could conclude that the systems P ~ ( O A C ) ~ ( P P ~ S ) ~  or 
Pd(OAc)z + 2PPh3 slowly evolve to the formation of tri- 
phenylphosphine oxide and zerovalent palladium complex 
able to react with iodobenzene. Any attempt to isolate the 
zerovalent palladium complex fail@ therefore, we decided 
to investigate the reaction in the presence of an excess of 
triphenylphosphine, so that any zerovalent palladium 
formed during the reaction could be stabilized. 

11. Invmtigation of the System Pd(OAt& + 10PPh8. 
In the presence of 10 equiv of triphenylphoephine the same 
phenomenon was observed; e.g., a slow formation of a 
zerovalent palladium complex detected by ita oxidation 
peak at EPoI = +0.24 V in THF (+0.054 V in DMF)' with 
concomitant disappearance of the divalent palladium 
precursor complex. The reaction went to completion after 
2 h (Figure 2), and the resulting zerovalent complex was 
stable in THF and DMF. 

The 31P NMR spectrum of this solution in THF exhib- 
ited only three signals, triphenylphosphine oxide at 24.42 
ppm (25.46 ppm in DMF), P ~ ( O A C ) , ( P P ~ ~ ) ~  at 14.42 ppm 
(15.14 ppm in DMF), and a signal at -4.70 ppm (-4.95 ppm 
in DMF) but no signal corresponding to free phosphine. 
Evolution as a function of time showed a growth of the 
triphenylphosphine oxide signal at the expense of that of 
P ~ ( O A C ) ~ ( P P ~ ~ ) ~ ,  while the signal at -4.70 ppm shifted 
gradually to lower field to -3.97 ppm (from -4.95 to -3.84 
ppm in DMF). Addition of PhI to the NMR sample re- 
sulted in the disappearance of the signal at -3.97 ppm 
(-3.84 ppm in DMF) and formation of free triphenyl- 
phosphine at -5.25 ppm (-5.41 ppm in DMF). Beside the 
signal of O=PPh3 we could observe new signals, one at 
24.50 ppm (23,39 ppm in DMF) assigned to the insertion 
complex Ph-Pd-I(PPh3)z, by comparison with an au- 
thentic sample: and a second one at 21.15 ppm (21.28 ppm 
in DMF) that was identical with the NMR signal obtained 
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Zerovalent Pd from Pd(OAc), and PPh3 

after addition of acetate anions to an authentic sample of 
Ph-Pd-I(PPh&" 

Ph-Pd-I(PPh& + OAC- --c Ph-Pd-OAc(PPh3)l + I- 
(7) 

Such an arylpalladium acetate intermediate has already 
been postulated.2f 
These resulta yield evidence that the signal detected at 

-3.97 ppm (-3.84 ppm in DMF) characterizes a zerovalent 
palladium complex which reacts with iodobenzene to form 
the insertion complex with liberation of free phosphine. 
Moreover the 31P NMR spectrum of an authentic sample 
of Pdo(PPh3)4 in the presence of various amounts of tri- 
phenylphosphine similarly exhibited a unique signal with 
a chemical shift dependent on the excess of ligand.', The 
characteristic signal of Pdo(PPhJ4 was a broad peak at +9 
ppm which shifted to upper field and became thinner and 
thinner in the presence of excess ligand (5.48 ppm when 
7 equiv of PPh3 was added in DMF). We assign this 
unique signal to be the average signal of three species in 
fast equilibrium, Pdo(PPh3)3, Pd0(PPh3),, and PPh3 (eq 
5).'2 

The great stability of the resulting zerovalent species 
allowed a kinetic investigation of this system, using 
steady-state cyclic voltammetry, performed at a rotating 
disk electrode, as the analytical tech~iique.'~ The electrode 
was polarized at a potential (+0.4 V in THF and DMF) 
on the plateau of the oxidation wave of the zerovalent 
palladium, and the resulting current was recorded as a 
function of time. The same technique was used to monitor 
the disappearance of the starting divalent complex Pd- 
( O A C ) ~ ( P P ~ ~ ) ,  upon polarization on the plateau current 
of ita reduction wave: -1.45 V in THF (-1.30 V in DMF). 
Figure 2 shows the formation of Pdo(PPh3)3 at the expense 
of Pd(OAc),(PPh& From c w e s  a and b, we can conclude 
that the rate of formation of the zerovalent palladium and 
the rate of disappearance of the starting divalent palladium 
are identical. The rate of formation of the zerovalent 
palladium does not depend significantly on the solvent 
(compare curves a-DMF and c-THF), increases with tem- 
perature (curve d), and is not affected by the presence of 
additional water (curve e). We observed also that the rate 
of formation of the zerovalent palladium complex did not 
depend on the triphenylphosphine concentration. At  the 
end of the reaction, addition of a known amount of an 
authentic sample of Pdo(PPh3)4 resulted in an increase of 
the oxidation peak current of the in situ generated zero- 
valent complex and allowed the determination of the 
chemical yield of the zerovalent palladium complex which 
was found quantitative in THF and DMF. Cyclic vol- 
tammetry performed on the resulting solution exhibited 
the chemically reversible reduction peak of triphenyl- 
phosphine oxide at EPRed = -2.61 V (-2.50 V in DMF). 
However the proximity of this reduction peak with the 
reduction of the solvent did not allow the precise deter- 
mination of the yield of 0-PPh,; yet the magnitude of 
ita reduction peak was in agreement with an almost 
quantitative yield. 

We could monitor the reactivity of the generated zero- 
valent palladium complex with iodobenzene by recording 
the variation of the plateau current of ita oxidation wave 

24.50 ppm 21.15 ppm 

Organometallics, Vol. 11, No. 9, 1992 3011 

as a function of time after addition of PhI.8c99 When the 
electrode was polarized at +0.4 V, the current f i t  rapidly 
dropped to zero and then slowly increased to regain almost 
ita initial value (Figure 3). The decreasing part of the 
curve represents the kinetics of the oxidative addition of 
iodobenzene with the zerovalent palladium.8cB Since iodide 
anions are oxidized at +0.34 V, the increasing part of the 
curve may represent the kinetics of the slow substitution 
of the insertion complex Ph-Pd-I(PPh3), by a free acetate 
anion, affording free iodide, oxidized at the electrode (eq 
7). This hypothesis was confirmed by the fact that when 
the electrode was polarized at +0.2 V, e.g. at a potential 
where iodides are not oxidized, the current dropped to zero 
and stabilized at this value. 

Discussion 
It is clearly established from 31P NMR spectroscopy and 

cyclic voltammetry that P ~ ( O A C ) ~  in solution in THF or 
DMF fiit reacts with triphenylphosphine to form a com- 
plex Pd(OAc),(PPhJ, which spontaneously evolves to give 
triphenylphosphine oxide and a zerovalent palladium 
complex, able to react with iodobenzene. In the presence 
of only 2 equiv of triphenylphosphine the resulting low- 
ligated zerovalent palladium is not stable as expected. 
Starting from the complex Pd(OAc),(PPh,), leads to the 
same conclusion. However, in the presence of excess 
phosphine ligand, a stable and well-defined zerovalent 
palladium complex has been detected and characterized 
by comparison with an authentic sample of Pdo(PPh3)4. 
These results clearly establish that triphenylphosphine can 
reduce Pd(OA&. The fact that a zerovalent palladium 
complex is formed from Pd(OAc),(PPh3), in the absence 
of triphenylphosphine and the fact that, in the presence 
of an excess of ligand, the kinetics of formation of the 
zerovalent palladium complex does not depend on the 
triphenylphosphine concentration suggest that the re- 
duction step takes place from the complex Pd(OAc),- 
(PPh3), by an intramolecular reaction. The role of the 
extra phosphine ligands is only to stabilize the resulting 
low-ligated zerovalent palladium. The reduction is quan- 
titative. 

While the complexes PdX2(PPh3)2 (X = C1, Br, I) are 
very stable in solution in THF (or DMF) and never evolve 
to the formation of zerovalent ~a l lad ium,~ it is reported 
that triphenylphosphine can reduce palladium oxide PdO 
or the divalent nitrate complex Pd(NO3IZ in the presence 
of excess ligand, to afford Pdo(PPh3)4 together with O= 
PPh, and N20.14 The authors claimed that the oxygen 
of the triphenylphosphine oxide came from the ligand NOs. 
It seems that the reduction of divalent palladium to zer- 
ovalent palladium only occm when the divalent palladium 
is associated with an oxygenated ligand, NO3-, AcO-, or 
oxide. In the case of Pd(OAc),, up to now, the origin of 
the oxygen of the triphenylphosphine oxide is not clear. 
We know that a free ligand AcO- is present in solution 
since, in the presence of iodobenzene, we could observe the 
reaction of the acetate anion with the insertion complex 
(eq 71, but no characterization of the other acetate ligand 
as free acetate (which could have been detected by ita 
oxidation peak, Do. = +0.9 V in THF) or other derivativea 
has been possible. 

The presence of water did not affect the rate of the 
formation of the zerovalent palladium. That means that 
if residual water is involved in the mechanism of the for- 
mation of zerovalent palladium, this reaction takes place 
after the rate-determining step of the reaction, which is 

(11) A third signal was detected at 21.41 ppm in THF (21.79 ppm in 

(12) Amatore, C.; Jutand, A.; Khalil, F.; Mottier, L. Unpublished 

(13) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: 

DMF) which has not been wigned. 

results. 

New York, 1980. (14) Malatesta, L.; Angoletta, M. J.  Chem. SOC. 1957, 1186. 
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complex. Triphenylphosphine can reduce divalent palla- 
dium diacetate to zerovalent palladium and is oxidized to 
Mphenylphoephine oxide. The reduction certainly consists 
in an intramolecular reaction from the complex Pd- 
( O A C ) ~ ( P P ~ J ~ .  In the presence of only two ligands, a 
low-ligated unstable complex is formed which can be 
trapped by iodobenzene by an oxidative addition. The 
stable complex which is generated in the presence of exma 
triphenylphosphine has the same 31P NMR and electro- 
chemical properties as the tetrakis(tripheny1phosphine) 
complex Pdo(PPhJr placed under identical conditions. 
The origin of the oxygen of the triphenylphosphine oxide 
is still under investigation. 

Experimental Section 
31P NMR spectra were recorded on a Bruker spectrometer (162 

MHz) using HpO, as an intemal reference. All the experiments 
were performed at  25 "C under argon. 

Chemicals. THF was dried on potassium hydroxide and 
distilled from sodium benzophenone. DMF was distilled from 
calcium hydride. Iodobenzene was commercial and used after 
filtration on alumina. Pd(0Ac)z and triphenylphosphine were 
from a commercial source (Janssen). Authentic samples of Pd- 
( O A C ) ~ ( P P ~ ~ ) ~ , ~  Pl1Pd1(PPh~)~,6 and Pd0(PPh3)416 were prepared 
according to deacribed procedures. nBu,NElF4 WBB obtained from 
the tetrabutylammonium hydrogen sulfate salt (Janssen) by 
treatment with NaBF, (Janssen) in water. The precipitate was 
recrystallized from ethyl acetate and petroleum ether, dried under 
vacuum, and stored under argon before use. nBu4NOAc was 
synthesized by treatment of the tetrabutylammonium hydrogen 
sulfate salt (Janssen) with NaOAc (Janssen) in water. Extraction 
of the tetrabutylammonium acetate salt by dichloromethane and 
evaporation of the solvent afforded a white solid, mp = 117 "C 
(Lit16 mp = 118 "C). 

Electrochemical Setup and  Electrochemical Procedure 
for Cyclic Voltammetry. Cyclic voltammetry was performed 
with a homemade potentiostatl' and a wave-form generator, PAR 
Model 175. The cyclic voltammograms were recorded with a 
Nicolet 3091 digital oscilloscope. Experiments were carried out 
in a threeelectrode cell connected to a Schlenk line. The counter 
electrode was a platinum wire of ca. 1-cm2 apparent surface area; 
the reference was a saturated calomel electrode (Tacussel) sep- 
arated from the solution by a bridge (3 mL) filled with a 0.3 M 
nByNBF, solution in THF (or DMF). A 12-mL volume of THF 
(or DMF) containing 0.3 M nBu4NBF4 was poured into the cell. 
A 5.4-mg amount (2 X M) of Pd(OA& was then added, 
followed by 12.6 mg (4 X M) of 
triphenylphosphine. The cyclic voltammetry was performed at 
a stationary disk electrode (a gold disk made from cross section 
of wire (0.d. = 0.5 mm) sealed into glass) with a scan rate of 0.2 
Vas-'. 

The kinetic measurements were performed by steady-state 
cyclic voltammetry at a rotating disk electrode (a gold disk (0.d. 
2 mm) inserted into a Teflon holder, Tacussel ED1 65109) with 
a scan rate of 0.02 V d  and an angular velocity of 105 r a d d  
(Tacussel controvit). The RDE was polarized on the plateau of 
the reduction wave of the bivalent palladium complex, and the 
reduction current was monitored as a function of time up to 100% 
conversion. In another set of experiments, the RDE was polarized 
on the plateau of the oxidation wave of the zerovalent palladium 
complex, and the oxidation current was monitored as a function 
of time. When the limit of the oxidation current was reached, 
10 equiv of iodobenzene was added to the cell, and the oxidation 
current was recorded to follow the kinetics of oxidative addition 
of PhI"sg and then the kinetics of the iodide substitution in the 
insertion complex PhPd(PPh3)z by acetate anions. 

NMR studies, an NMR tube filled with argon and 
equipped with a septum was f ied with the solution to be analyzed, 
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Figure 3. Variation of the oxidation plateau current at +0.4 V, 
at  a rotating gold disk electrode (0.d. = 2 min; u = 0.02 V-S-'; w 
= 105 r a d d ) ,  of the zerovalent palladium complex (generated 
quantitatively from Pd(OA& (20 mM) and PPh3 (20 mM) after 
3 h; Figure 2, curve a) in the presence of iodobenzene (20 mM) 
as a function of time in DMF at 25 "C. 

the intramolecular reduction step. 
A tentative explanation for the reduction of P ~ ( O A C ) ~ ,  

by triphenylphosphine can be summarized in the following 
scheme: 

fast 
Pd(0Ac)p + 2PPh3 - Pd(OAc)z(PPh3)z (1) 

"Pdo(PPh3)" + OAc- + AcO-PPh; (8) 

This latter reaction, a kind of reductive elimination, may 
be followed by fast steps leading to triphenylphosphine 
oxide as e.g. 

A d . ?  
+H20 \' 
-H+ 

Ad-PPh; - PPh3 - A d -  + H+ + O=PPh3 (9) 

H-0 

or 
CH3-CO-C 

+ A d -  
AcO -PPh3' - (JPPh3 - AQO + O=PPh3 (10) 

CH3-CO-0 

fast 
"Pdo(PPh3)" + 2PPh3 - Pd0(PPh& (1  1) 

The species "Pdo(PPh3)" can only be detected from the 
complex P ~ ( O A C ) ~ ( P P ~ ~ ) ~  in the absence of triphenyl- 
phosphine. In the 31P NMR spectrum of this system, the 
zerovalent palladium complex that reacted with iodo- 
benzene has been characterized by the two equal signals 
at b2 and b3, characterizing two different triphenyl- 
phosphine ligands. This low-ligated complex is certainly 
a dimer [Pd02(PPh3)2(OAc),Sy]x-, with solvent and acetate 
anions as ligands.' Its structure could not be further in- 
vestigated because of its instability. 

Conclusion 
The mixture Pd(OAcI2 and nPPh3 (n 1 2) or Pd- 

( O A C ) ~ ( P P ~ J ~ ,  which are commonly used as catalysts in 
reactions involving aryl and vinyl halides, aryl triflates, or 
allylic acetates, generates in situ a zerovalent palladium 

(15) (a) Rosevear, D. T.; Stone, F. G. A. J .  Chem. Soc. A 1988,164. (b) 

(16) Thompson, W. E.; Kraus, C. A. J. Am. Chem. SOC. 1947,69,1016. 
(17)  Amatore, C.; Lefrou, C.; Pfliiger, F. J. E lec t road .  Chem. In- 

Hartley, F. R. Organomet. Chem. Reu., Sect. A 1970, 6, 119. 

terfacial Electrochem. 1989, 270, 43. 
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by using a cannula according to standard Schlenk procedure. 
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The reaction of Pd(OAc)z with N-(4-methoxyphenyl)-a-benzoylbenzylideneamine yielded two different 
acetate-bridged ortho-palladated compounds, Pdz[4-OCH3C6H4N=C(COC6H5)C6H5lZ(r:OAc), (2 and 31, 
depending on the relative ratio of the reagents. Both diastereoisomeric complexes exhibit a nonplanar, 
open-book shape, differing only in the dihedral angle formed between the C6H5C--0 and the C6H5C=N 
planea; Le., they are atropieomers around the CO-CN bond, as could be established from X-ray diffraction 
data. Both complexes crystallize in the centrosymmetric triclinic space group P1, with 2 = 2. Unit cell 
parameters are as follows: compound 2, a = 14.206 (9) A, b = 15.764 (5) A, c = 11.149 (3) A, a = 92.46 
(2)O, /3 = 95.31 (4)O, y = 116.03 (4)O; compound 3, a = 11.889 (15) A, b = 13.209 (23) A, c = 15.436 (9) A, 
a = 87.34 (l)O, /3 = 78.51 (7)O, y = 87.73 (1)’. 

Introduction 
The ortho-palladation reaction of benzylamines and 

related derivatives is a well-known process. Also, the 
characteristic form of the complexes resulting from these 
reactions is known.’ Of special interest are those dimers 
containing two palladium centers linked by two bridging 
acetate groups. In these cases, the acetate groups can force 
the two square planes of each palladium atom to have a 
relatively small dihedral angle? resulting in the molecule 
adopting a nonplanar open-book shape. This configuration 
does not undergo inversion under literature conditions3 
(opposite to the fluxionality observed in other complexes 
exhibiting an open-book structure in the solid state4), and 
therefore, the complexes are chiral. This new kind of 
chirality has been postulated from NMR studies on car- 
boxylato-bridged ortho-palladated azines containing a 
chiral center at the carboxylated moiety? 

The benzoylbenzylideneamines prepared from chiral 
nonracemic amines exhibit mutarotation in several sol- 
vents! This fact was explained by assuming an equilib- 

(1) (a) Omae, I. J. Organomet. Chem. 1986, 35. (b) Omae, I. Chem. 
Rev. 1979, 79,287. (c) Albert, J.; Grand, J.; Sales, J. Synth. React. Inorg. 
Met.-Org. Chem. 1989,19,1009. 

(2) Skapki, A. C.; Smart, M. L. J. Chem. SOC. D 1970, 618. 
(3) Ciriano, M. A; Espinet, P.; Lalinde, E.; Roe, M. B.; Serrano, J. L. 

J.  Mol. Struct. 1989, l I ,  327. 
(4) (a) Churchill, M. R.; Maeon, R. Nature 1964,204,777. (b) Zocchi, 

M.; Tieghi, G.; Albinati, A. J. Chem. SOC., Dalton Tram. 1973, 883. 
(5) (a) Eepinet, P.; Lalinde, E.; Marc-, M.; Perez, J.; Serrano, J. L. 

Organometallics 1990,9,565. (b) Eepinet, P.; Perez, J.; Marm, M.; Roe, 
M. B.; Serrano, J. L.; Barber&, J: Levelut, A. M. Organometallics 1990, 
9,2028. (c) Espinet, P.; EtxebAa,  J.; Marc-, M.; Ram6n, A.; Serrano, 
J. L. Angew. Chem., Znt. Ed. Engl. 1989,28, 1065. 

rium between the atropisomers A and B (Figure l), re- 
sulting from the restricted rotation around the CO-CN 
bond, which becomes a chiral axis. Nevertheless, this 
proposal, which was based on kinetic considerations,’ was 
never unequivocally demonstrated because of the inability 
to isolate each atropisomer, probably due to the low ac- 
tivation energy for rotation. 

The interest in these compounds as ligands derives from 
the different adducts which can be formed, depending on 
the size of the cyclometalated ring? the nature of the 
heteroatom involved (oxygen or nitrogen), or the stereo- 
chemistry (cis or trans) adopted for the two imine mole- 
cules involved in the dinuclear species which must pre- 
sumably be formed. There is another factor related to the 
open-book shape of the complexes, which suggests the 
possibility of increasing the activation energy for rotation 
around the COCN bond sufficiently, to allow the isolation 
of the atropisomers, which would afford unambiguous 
evidence for both chiral axes (the CO-CN bond and the 
spine of the book). 

We herein report the synthesis, spectroscopic charac- 
terization, and X-ray diffraction data for the two atropi- 
someric complexes resulting from the reactions of Pd(0- 

(6) Garch-Ruano, J. L.; Pbrez-Ossorio, R. An. Quim. 1974, 70, 617. 
(7) Garcia-Ruano, J. L.; Henao, M. A.; Molina, D.; Pbrez-Oeeorio, R.; 

Plumet, J. Tetrahedron Lett. 1979, 3123. 
(8) According to the Cope rules (Cope, A. C.; Friedrich, E. C. J. Am. 

Chem. SOC. 1968,!?0,909) the formation of a five-membered ring must 
be specially favored with respect to the corresponding six-membered ones. 
This haa recently been reported in: Maassarani, F.; Pfeffer, M.; Borgne, 
G. L. Organometallics 1987,6,2043. Dupontt, J.; Pfeffer, M.; Daran, J. 
C.; Gouteron, J. J. Chem. Soc., Dalton Trans. 1988, 2421. 
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