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Carbon Dioxide as a C1 Building Block. Mechanism of 
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Christian Amatore,* Anny Jutand,* Fouad Khalil, and Merete F. Nielsen1 

Ecole Normale Superieure, Departement de Chimie, URA CNRS 1110, 24 rue Lhomond, 
75231 Paris Cedex 05, France. Received December 18, 1991 

Abstract: The reduction of aryl halides in the presence of stoichiometric amounts of carbon dioxide and catalytic amounts 
of Pd"Cl2(PPh3)2 has been previously reported to result in the formation of the corresponding carboxylic acids. It is shown 
here that the mechanism proceeds via a catalytic cycle initiated by the one-step, two-electron reduction of the divalent palladium 
complex followed by oxidative addition of the aryl halide to the resulting poorly ligated zerovalent palladium center "Pd0CPPh3J2", 
to afford the corresponding ff-arylpalladium(II) intermediate. One-step, two-electron reduction of the latter yields an anionic 
(r-arylpalladium(O), ArPd°(PPh3)2", which reversibly dissociates to restore the low-ligated zerovalent palladium complex, 
"Pd°(PPh3)2", while producing a free a-aryl anion, Ar". Nucleophilic attack of carbon dioxide by the latter yields the carboxylate 
derivative, ArCO2", while oxidative addition of the aryl halide to "Pd°(PPh3)2" completes the catalytic cycle. It is thus concluded 
that the palladium-catalyzed carboxylation proceeds only through the involvement of diamagnetic palladium-centered intermediates, 
in contradiction with what has been established previously for the nickel catalysis of the same reaction. 

Introduction 

Several approaches exist by which carbon dioxide can be ac
tivated to be used as a C1 building block in organic chemistry.1"5 

One of the most simple, at least conceptually, consists of the 
carboxylation of an organic substrate by means of a pseudo 
Grignard reaction. Thus an organic halide or pseudo-halide can 
be reduced to the corresponding anion3a,cAf'g'iJIU1 (or an unsaturated 
organic material reduced to its anion radical4'5), which then nu-
cleophilically adds to carbon dioxide, resulting in carbon-carbon 
bond formation: 

R X + 2e — R " + X" or unsat + e — unsaf" (1) 

Nu" (R" or unsaf") + CO2 — N U C O 2 " (2) 

However, the main drawback of these approaches is the high 
reactivity of the corresponding anions or anion radicals, which 
may undergo several competing reactions, protonation leading to 
an overall reductive hydrogenation of the organic substrate being 
one of them.6 A second difficulty is that they require the organic 
substrate to be reducible before CO2, which may be impossible 
for situations of synthetic interest, where the organic moiety is 
not activated by the presence of electrophores or extended orbital 
delocalization. To bypass both difficulties several groups have 
examined the possibility of using transition metal complexes to 
catalyze the organic halide reduction in eq 1,3t>.«.w.i<,i,o-q Thus a 
zerovalent transition metal can be generated, e.g., by reduction 
of one of its divalent precursors, at a potential much less negative 
than that of the organic substrate or of carbon dioxide; oxidative 
addition of the organic halide to the zerovalent metal center affords 
a divalent organometallic species, prone to react with carbon 
dioxide after its activation by electron transfer:3M 

M"L2X'2 + 2e — M0L2 + 2X'" (3) 

M0L2 + R X - RM11L2X (4) 

RM11L2X + 2e + CO2 — RCO2- etc. (5) 

This presents an obvious advantage over the direct reduction in 
eq 1, since the above process allows the reductive activation of 
an organic substrate at a potential generally less negative than 
that of its direct reduction. Several groups have taken advantage 
of this property for proposing nickel- or palladium-mediated 

* To whom any correspondence should be addressed. 
f Present address: Department of General and Organic Chemistry, the H. 

C. Orsted Institute, Universitetsparken 5, DK-2100 Copenhagen 0, Denmark. 

electrocarboxylations of aromatic or benzylic halides:3b'eh'ik'1'<>^! 

ArX + CO2 + 2e — ArCO2" + X" (6) 

ArCH(CH3)X + CO2 + 2e — ArCH(CH3)CO2" + X" (7) 

It is noteworthy that these preparative processes are catalytic 

(1) For reviews on carbon dioxide activation by metal complexes, see, e.g.: 
(a) Darensbourg, D. J.; Kudaroski, R. A. Adv. Organomel. Chem. 1983, 22, 
129. (b) Behr, A. Angew. Chem., Int. Ed. Engl. 1988, 27, 661. (c) Braustein, 
P.; Matt, D.; Nobel, D. Chem. Rev. 1988, 88, 747. 

(2) For documented reviews on the electrochemical activation of carbon 
dioxide, see ref 1 and the following: (a) Silvestri, G. In Carbon Dioxide as 
a Source of Carbon; Aresta, M., Forti, G., Eds.; NATO Advanced Study 
Institute Series C; Reidel: Dordrecht, 1987; pp 339-369. (b) Silvestri, G.; 
Gambino, S.; Filardo, G. In Enzymatic Model Carboxylation Reduction 
Reactions and Carbon Dioxide Utilization; NATO Advanced Study Institute 
Series C; Reidel: Dordrecht, 1990; Vol. 314, pp 101-127. 

(3) For electrocarboxylation of organic halides or pseudo-halides, see: (a) 
Baizer, M. M.; Chruma, J. L. J. Org. Chem. 1972, 37, 1951. (b) Troupel, 
M.; Rollin, Y.; Perichon, J.; Fauvarque, J. F. New J. Chem. 1981, 5, 26. (c) 
Fuchs, P.; Hess, U.; Hoist, H. H.; Lund, H. Acta Chem. Scand., Ser. B 1981, 
35, 185. (d) Barba, F.; Guirado, A.; Zapata, A. Electrochim. Acta 1982, 27, 
1335. (e) Fauvarque, J. F.; Chevrot, C; Jutand, A.; Franjois, M.; Perichon, 
J. J. Organomel. Chem. 1984, 264, 273. (f) Ruettinger, H. H.; Rudorf, W. 
D.; Matschiner, H. Electrochim. Acta 1985, 30, 155. (g) Sock, 0.; Troupel, 
M.; Perichon, J. Tetrahedron Lett. 1985, 26, 1509. (h) Torii, S.; Tanaka, H.; 
Hamatani, T.; Morisaki, K.; Jutand, A.; Pfluger, F.; Fauvarque, J. F. Chem. 
Lett. 1986, 169. (i) Fauvarque, J. F.; Jutand, A.; Francois, M. New J. Chem. 
1986, 10, 119. (j) Koch, D. A.; Henne, B. J.; Bartak, D. E. / . Electrochem. 
Soc. 1987,134, 3062. (k) Fauvarque, J. F.; Jutand, A.; Francois, M. / . Appl. 
Electrochem. 1988,18, 109. (1) Fauvarque, J. F.; Jutand, A.; Francois, M.; 
Petit, M. A. J. Appl. Electrochem. 1988,18, 116. (m) Heintz, M.; Sock, 0.; 
Saboureau, C; Perichon, J.; Troupel, M. Tetrahedron 1988, 44, 1631. (n) 
Maran, F.; Fabrizio, M.; D'Angeli, F.; Vianello, E. Tetrahedron 1988, 44, 
2351. (o) Fauvarque, J. F.; de Zelicourt, Y.; Amatore, C; Jutand, A. J. Appl. 
Electrochem. 1990, 20, 338. (p) Amatore, C; Jutand, A. J. Am. Chem. Soc. 
1991, 113, 2819. (q) Amatore, C; Jutand, A. J. Eleclroanal. Chem. Inter-

facial Electrochem. 1991, 306, 141. 

(4) For electrocarboxylation of unsaturated hydrocarbons, see: (a) 
Wawzonek, S.; Wearring, D. J. Am. Chem. Soc. 1959, 81, 2067. (b) 
Tkatchenko, I. B. M.; Ballivet-Tkatchenko, D. A.; El Murr, N.; Tanji, J.; 
Payne, J. D. French Patent 2542764, 1984; Chem. Abstr. 1985,102, 069341. 
(c) Pletcher, D.; Girault, J. / . Appl. Electrochem. 1986,16, 791. (d) Daniele, 
S.; Ugo, P.; Bontempelli, G.; Fiorani, M. J. Eleclroanal. Chem. Interfacial 
Electrochem. 1987, 219, 259. (e) Gambino, S.; Gennaro, A.; Filardo, G.; 
Silvestri, G.; Vianello, E. J. Electrochem. Soc. 1987, 134, 2172. (f) Schultz 
von Itter, N.; Steckhan, E. Tetrahedron 1987, 43, 2475. (g) Dunach, E.; 
Perichon, J. J. Organomel. Chem. 1988, 352, 239. (h) Labbe, E.; Dunach, 
E.; Perichon, J. / . Organomel. Chem. 1988, 353, C51. (i) Dunach, E.; Derien, 
S.; Perichon, J. / . Organomel. Chem. 1989, 364, C33. (j) Derien, S.; Dunach, 
E.; Perichon, J. J. Am. Chem. Soc. 1991, 113, 8447. 
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in transition metals. This establishes that the zerovalent transition 
metal undergoing oxidative addition in eq 4 must be regenerated 
by a succession of steps following the initial reduction of RM11L2X 
in eq 5.3P*7 The exact nature of the reactions initiated by this 
reduction step appears then to be essential for the regeneration 
of the catalyst. Moreover, this sequence also governs the activation 
of the organic moiety and therefore its reactivity vs any electro-
phile, e.g., CO2. 

In a previous work3p,q we have shown that the catalysis of the 
electrocarboxylation of aromatic halides by NiCl2(dppe), dppe 
= Ph2P(CH2) 2PPh2, occurred via the process in eqs 3 and 4, 
followed by the one-electron reduction of the insertion complex 
ArNi"(dppe)X to afford a paramagnetic nickel(I) species, 

ArNi"(dppe)X + e — ArNi'(dppe) + X" (8) 

which further reacted with carbon dioxide, via a two-step 
mechanism, to afford a nickel(I) arenecarboxylate: 

ArNi'(dppe) + CO2 — ArNiIH(dppe)(C02) — 
ArC02Ni'(dppe) (9) 

One-electron reduction of the latter gave eventually the desired 
arenecarboxylate and regenerated the zerovalent nickel catalyst: 

ArC02Ni'(dppe) + e — ArCO2" + Ni°(dppe) etc. (10) 

This example suffices to demonstrate that the catalysis of the 
sequence in eqs 1 and 2 may not necessarily proceed via a Grignard 
analog, i.e., of an aryl anion stabilized by coordination to a 
transition metal center, but may as well involve paramagnetic 
intermediates (eq 9).8 This result is to be paralleled with the 
fact that all the divalent nickel precursors of Ni°(dppe), e.g., 
Ni"Cl2(dppe), also undergo a reduction in two one-electron 
steps,7'8d 

Ni"Cl2(dppe) + e — Ni'Cl(dppe) + Cl" (£1/2 = 
-0.77 V vs SCE) (11) 

Ni'Cl(dppe) + e — Ni°(dppe) + Cl" (£1/2 = 
-1.36 V vs SCE) (12) 

rather than an overall two-electron reduction as depicted in eq 
3. This two-step reduction is not characteristic of nickel(II)-
centered complexes since, for example, replacement of the dppe 
ligand by bipyridine9 or by two monodentate phosphine ligands 
results in the observation of an overall two-electron reduction 
wave.10 

Such a dichotomy, viz., a one-electron vs one overall two-
electron reduction, exists also for the analogous palladium(II) 
complexes, Pd11Cl2P2, where P is a phosphorus-centered ligand. 
When P2 consists of two monodentate phosphines, i.e., P = 

(5) For electrocarboxylation of carbonyl compounds, see: (a) Le Moing, 
O. A.; Delaunay, J.; Lebouc, A.; Simonet, J. Tetrahedron 1985, 41, 4483. (b) 
Silvestri, G.; Gambino, S.; Filardo, G. Tetrahedron Lett. 1986, 27, 3429. (c) 
Wagenknetch, J. H. U.S. Patent 4582577, 1986; Chem. Abstr. 1986, 105, 
050861; U.S. Patent 4601797, 1986; Chem. Abstr. 1987, 106, 024982. (d) 
Bulhoes, L. O. de Sousa, Zara, A. J. J. Electroanal. Chem. Interfacial 
Electrochem. 1988, 248, 159. (e) Di Lorenzo, S.; Silvestri, G.; Gambino, S.; 
Filardo, G. Chem. Eng. J. (Lausanne) 1989, 40,187. For electrocarboxylation 
of imines, see: (f) Komenda, J.; Hess, U. Z. Phys. Chem. (Leipzig) 1984, 265, 
17. (g) Komenda, J.; Fiala, R.; Hess, U. Z. Phys. Chem. (Leipzig) 1987, 268, 
48. (h) Hess, U.; Bluemke, C. O. Z. Chem. 1988, 28, 144. (i) Hess, U.; 
Granitza, D.; Thiele, R. Z. Chem. 1988, 28, 188. (j) Silvestri, G.; Gambino, 
S.; Filardo, G. Gazz. Chim. ltal. 1988, 118, 643. 

(6) See, for example; Weinberg, N. L. In Technique of Electroorganic 
Synthesis; Wiley Interscience: New York, 1975; Part II, p 189 and refs 3c, 
d, and g. 

(7) (a) Amatore, C; Jutand, A. Organometallics 1988, 7, 2203. (b) 
Amatore, C; Jutand, A.; Mottier, L. J. Electroanal. Chem. Interfacial 
Electrochem. 1991, 306, 125. 

(8) Compare refs 7 and the following: (a) Tsou, T. T.; Kochi, J. K. J. Am. 
Chem. Soc. 1979, 101, 7547. (b) Tsou, T. T.; Kochi, J. K. J. Org. Chem. 
1980, 45, 1930. (c) Colon, L; Kelsey, D. R. J. Org. Chem. 1986, 51, 2627. 
(d) Fox, M. A.; Chandler, D. A.; Lee, C. J. Org. Chem. 1991, 56, 3246. 

(9) Amatore, C; Azzabi, M.; Calas, P.; Jutand, A.; Lefrou, C; Rollin, Y. 
J. Electroanal. Chem. Interfacial Electrochem. 1990, 288, 45. 

(10) Troupel, M.; Rollin, Y.; Sibille, S.; Fauvarque, J. F.; Perichon, J. J. 
Chem. Res., Synop. 1980, 5, 26. 

Table I. Preparative Scale Electrolysis of P-ZC6H4Pd11XP2 (0.5 
mmol), in the Presence of Saturated Carbon Dioxide (0.205 M'3), in 
THF (50 mL), with 0.3 M NBu4BF4, at 20 0 C 

P-ZC6H4Pd11XP2 

Z P2 X 

H dppe Br 
H (PPh3)2 Br 
CH3

4 (PPh3)2 I 
CH3CO (PPh3)2 Br 
CN' (PPh3)2 Br 

electrolysis potential 
(V vs SCE) 

-1.80 
-2.25 
-2.00 
-2.25 
-1.70 

F/mol 

2.0 
2.5 
2.2 
2.5 
1.6'' 

yield (%)' 
(ArCO2H) 

80 
74 
98 
66* 
56' 

"Isolated yields, defined vs the initial starting material. *20% of 
dimer (CH3COC6H4)2 was isolated. 'Synthesized in situ by the stoi
chiometric reaction of Pd°(PPh3)4 with p-ZC6H4X, prior to electrolysis. 
''Electrolysis was interrupted after 75% conversion of the initial start
ing material. 'Isolated as p-terephthalic acid. 

pph39,i 1,12a pBu3,
12a etc., reduction OfPd11Cl2P2 occurs via a single 

two-electron wave, e.g., 
Pd11Cl2(PPh3);, + 2e — "Pd°(PPh3)2" (£ ] /2 = 

-1.04 V vs SCE) (13) 

whereas it proceeds via a one-electron wave when P2 is a bidentate 
ligand such as dppe or dppp,12a dppp = Ph2P(CH2)3PPh2, e.g.: 
PdIICl2(dppe) + e — PdKdPPe)Clx^"" etc. (£1/2 = 

-1.26 V vs SCE) (14) 

Interestingly, this dichotomy is again paralleled by that observed 
for the reduction of the corresponding (o--aryl)palladium(II) 
derivatives. For example, C6H5PdnI(PPh3)2 undergoes an overall 
two-electron12b reduction at EP = -1.98 V vs SCE at 0.2 W (vide 
infra), whereas C6H5PdnI(dppe) is reduced via a one-electron12b 

process {E? = -1.79 V vs SCE at 0.2 V-s"1). It is noteworthy that 
Pd"Cl2(PPh3)2 is an active catalyst in electrocarboxylations3h 

whereas, in contradiction with the case of nickel (eqs 8-10), 
Pd"Cl2(dppe) is inactive as a catalyst, although the reduction of 
C6H5PdnBr(dppe) in the presence of carbon dioxide affords a good 
yield of benzoic acid (see Table I and ref 3h). 

What precedes clearly establishes that, despite an apparent 
unity, at least two main mechanistic classes must be considered 
so as to rationalize the catalytic behavior of transition metal 
complexes in electrocarboxylation of organic halides (eqs 6 and 
7). The first class involves those systems that require a one-
electron activation of the intermediate (<r-aryl)metal derivative 
formed by oxidative addition of the organic halide to the zerovalent 
metal complex produced via a two-step reduction of the divalent 
precursor M11X2L2. In this class, whose paragon is Ni"Cl2(dppe), 
catalysis proceeds by a succession of chemical and electron-transfer 
steps involving paramagnetic intermediates, as recalled above (eqs 
8-10) . 3 M The second class, much less understood at this stage, 
corresponds to a one-step, two-electron activation of the inter
mediate (o--aryl)metal derivative formed by oxidative addition of 
the organic halide to the zerovalent metal complex, this latter 
species being now produced via a one-step overall two-electron 
reduction of the divalent precursor M11X2L2. On the basis of our 
present knowledge, this second class appears to be the exclusive 
class effective for systems involving palladium-centered catalysts 
and is best represented by PduCl2(PPh3)2. Although several 
preparative processes using this catalyst, including electro
carboxylation of aromatic halides,3h have been reported, the 

(11) (a) Amatore, C; Azzabi, M.; Jutand, A. J. Am. Chem. Soc. 1991, 
113, 1670. (b) Amatore, C; Azzabi, M.; Jutand, A. J. Am. Chem. Soc. 1991, 
113, 8375. 

(12) (a) The absolute overall electron stoichiometrics for the electro
chemical reductions of Pd11Cl2Pj were determined to be as follows: n - 2.04 
± 0.15 (P2 « (PPh3)2 in THF), '" n = 1.90 ± 0.20 (P2 = (PBu3): in DMF), 
«=1.11 ±0.12 (P2 = dppe = Ph2P(CH2)2PPh2 in THF), n = 1.20 ±0.11 
(P2 = dppp = Ph2P(CH2)3PPh2 in THF). The determinations were carried 
out by the combined use of steady-state voltammetry at a gold disk ultram-
icroelectrode (25-^m diameter) and transient chronoamperometry at gold disk 
microelectrodes (0.5-O.125-mm diameter) according to the procedure de
scribed in ref 9. For all determinations ferrocene was used as an internal 
standard (see ref 9). (b) n = 0.95 ± 0.20 and n = 1.9 ± 0.15 were determined 
in THF for C6H5Pd11UdPPe) and C6H5Pd11I(PPh3J2, respectively, according 
to the same procedure, with ferrocene as an internal standard. 



7078 J. Am. Chem. Soc, Vol. 114, No. 18, 1992 

R1H 

+ 1 0 -1 -2 
1 • ' • 

E, volts vs SCE 

Figure 1. Cyclic voltammogram of C6H5PdnCl(PPh3)2, 2 mM, in THF, 
with 0.3 M NBu4BF4, at a gold disk electrode (i.d. 0.5 mm), in the 
presence of CO2, 5 mM. Scan rate 0.2 V-s"1. At 20 0C. 

Scheme I 

Pd11CI2(PPh3 I2 

+ 2e - 2Cr 

T 

"Pd 0 IPPh 3 ) , " 

* \ 
ArCO2" V + 2e-X" V A r X 

': +CO2 

ArPd11X(PPh3I2 

corresponding catalytic mechanisms remain unknown. It is the 
purpose of the work hereafter to cast some understanding on this 
mechanism, particularly for what concerns its crucial step(s), viz., 
the reaction(s) initiated by the two-electron activation of the 
(o--aryl)palladium(II) intermediate. 

Results 
General Outline of the Catalytic Sequence. In the presence of 

catalytic amounts (10%) of PdnCl2(PPh3)2 and saturated carbon 
dioxide, the reduction of aromatic halides affords high yields of 
arenecarboxylate.3h Whenever the potential is set at the potential 
of the reduction wave of PdnCl2(PPh3)2, one observes only a net 
consumption of two electrons per Pd"Cl2(PPh3)2, with the 
quantitative formation of the (o--aryl)palladium(II) derivative:1111 

Pd11Cl2(PPh3), + 2e - "Pd°(PPh3)2
B {El/2 = 

-1.04 V vs SCE) (15) 

"Pd°(PPh3)2" + ArX — ArPd"X(PPh3)2 (16) 

This suggests that the latter species must necessarily be reduced 
for the electrocarboxylation to proceed. This is further confirmed 
by the fact that the electrolysis of authentic samples of p-
ZC6H4Pd11X(PPh3) 2 in the presence of saturated carbon dioxide 
(ca. 0.2 M in THF)13 affords the corresponding arenecarboxylates, 
as shown in Table I, in complete agreement with the results 
presented in ref 3h.14 

(13) The concentration of saturated carbon dioxide in THF has been 
reported to be 0.205 M, under very similar conditions (viz., T = 25 0C instead 
of 20 0C as used in this study). See: Gennaro, A.; Isse, A. A.; Vianello, E. 
J. Electroanal. Chem. lnlerfacial Electrochem. 1990, 289, 203. 

(14) (a) The close agreement between the results reported in ref 3h and 
those in Table I is as expected since, irrespective of their galvanostatic (ref 
3h) or potentiostatic control (Table I), the electrolysis proceeds in both cases 
at the reduction potential of the (o--aryl)palladium(II) derivative, which is the 
starting material under our conditions or that is constantly regenerated by 
oxidative addition (eq 16) of the aryl halide to the zerovalent palladium 
catalyst under the conditions of ref 3h. (b) One observes nevertheless that 
under our conditions almost no aromatic derivative ArH is formed, whereas 
significant yields of the latter are reported in ref 3h. This discrepancy may 
be rationalized (vide infra) by observing that the proticity of the medium is 
certainly much lower under our experimental conditions (anhydrous THF vs 
DMF in ref 3h). 

Amatore et al. 

Table H. Cyclic Voltammetry Data for p-ZC6H4Pd"X(PPh3)2, 2 
mM, in THF, with 0.3 M NBu4BF4, at a Gold Disk Electrode (i.d. 
0.125 mm). Peak Potentials of Waves R1

2, Oz, and O at 10 V-s"1, in 
V vs SCE, at 20 0 C 

P-ZC6H4Pd11X-
(PPh3)2 

Z 

H 
H 
H 
CH3 

CH3CO 

CN 

X 

Cl 
Br 
I 
I 
Br 

Br 

^ R 1 * 

-2.12 
-2.10 
-2.02 
-2.04 
-2.01 
-2.57° 
-1.92 
-2.36' 

£V 
-0.53 
-0.53 
-0.53 
-0.55 
-0.49 
-0.69* 
-0.46 

^ o 
0.19 
0.18 
0.19 
0.17 
0.19 

0.19 

"WaveRj0"=0 0 "Wave 0*CH*C0. 'Wave R2
CN. 

R 3CH 3CO 

E, volts vs SCE 

Figure 2. Cyclic voltammograms of p-ZC6H4Pd"Cl(PPh3)2, 2 mM, in 
THF, with 0.3 M NBu4BF4, at a gold disk electrode (i.d. 0.125 mm). 
Scan rate 10 V-s"1. At 20 0C. Z = H (a), CN (b), or CH3CO (c). 

Under these conditions, cyclic voltammetry of C6H5PdnI(PPh3)2 
(compare Figure 1) shows that its reduction wave, R1", is chem
ically irreversible (up to scan rates of 500 V-s"1) and corresponds 
to an overall two-electron process (« = 1.9 ± 0.15).12b Moreover, 
reduction of C6H5PdIII(PPh3)2 results also in the formation of 
"Pd°(PPh3)2", as evidenced by the appearance of its oxidation wave 
O on the anodic trace in Figure I.15 

These series of observations allow delineation of the general 
mechanistic features of palladium-catalyzed electrocarboxylation 
of organic halides, which are summarized in Scheme I. AU the 
steps of the catalytic chain are well documented,9,11 except its 
crucial steps, viz., the reduction of the (<r-phenyl)palladium(II) 
derivative and the reaction(s) of the resulting activated organic 
moiety leading eventually to the acid and regeneration of the 
catalyst. In the following we want therefore to focus our attention 
on these processes. We will first examine them in the absence 
of a purposely added electrophile and then examine any modi
fication introduced by the presence of an electrophile such as 
proton or carbon dioxide. 

Reduction Mechanism of (<r-Phenyl)palladium(II) Intermediates 
in the Absence of a Purposely Added Electrophile. Several sub
stituted (o--aryl)palladium(II) derivatives, p-ZC6H4Pd"X(PPh3)2, 

(15) (a) As established by comparison to the oxidation wave of "Pd0-
(PPh3)2" observed in the reduction of Pd11X2(PPh3J2, X = Cl, Br, or I." (b) 
In the following, the electrogenerated zerovalent palladium species is denoted 
by "Pd°(PPh3)2"; yet we have shown1 lb that under the experimental conditions 
used in this study it consists mainly of an anionic species, Pd°(PPh3)2Cl", 
resulting from coordination of the low-ligated zerovalent palladium center by 
a halide ion. (c) Note that the reoxidation wave of "Pd°(PPh3)2" observed 
in cyclic voltammetry in the absence of added chloride ions appears to be only 
ca. 60% of what it should be according to a stoichiometric production of the 
species and its stoichiometric oxidation. As it has been established thoroughly 
in a previous work," this phenomenon is due to the involvement of several 
equilibria which occur while the anodic sweep of the voltammogram is per
formed. The reoxidation process occurs then via the partial involvement of 
CE'8 mechanisms. Under double step chronoamperometric conditions'8'" this 
complication is not observed, as evidence by the value of [i(2&) Ii(B)] «= 
-0.293."bJ8 
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Figure 3. Cyclic voltammetry results for p-ZC6H4Pd11X(PPhJ)2, 2 mM, in THF, 0.3 M NBu4BF4, at a gold disk electrode (i.d. 0.125 mm, for v > 
10 V-S"'; i.d. 0.5 mm, for v < 10 V-s"'). Variations of the relative peak current intensities of waves O and O z [R = P0z/(P0 + P0Z), filled symbols 
in a, b, c] and of waves R,CN and R2

CN [R = 2ITR2CN/(ITR|CN + 2I?R2CN);21 open circles in b]. (a) Z = H, X = Cl (A), Br ( • ) and I ( • ) . (b) Z = CN, 
X = Br. (c) Z = CN, X = Br; (A) alone, ( • ) in the presence of C6H5OH, 2 mM, or (•) in the presence of CO2, 7 mM. 

Z = CN (X = Br), CH3CO (X = Br), H (X = Cl, Br, I), CH3 
(X = I), have been prepared according to classical procedures16 

by the reaction of the corresponding para-substituted halobenzenes 
with zerovalent palladium, Pd°(PPh3)4, and their cyclic voltam
metry was examined as a function of scan rate. It is observed, 
as expected,7 that the voltammetric reduction is not influenced 
significantly by a change of halogen, except for a slight variation 
of the peak potential of wave R1

2 (compare Table II). The effect 
of the phenyl substituent results in more drastic changes, as ev
idenced by the three representative voltammograms shown in 
Figure 2. When Z = H (Figure 2a), a single, two-electron 
irreversible reduction wave, R,H is observed. It is associated with 
the formation of two products, whose oxidation waves, 0 H and 
O, are detected on the anodic trace.172 It is noteworthy that waves 
O and 0 H are independent of the halide, as shown in Table II; 
this evidences that the halide ion is expelled during the reduction 
occurring at wave R1

H. Moreover, wave O is identical with that 
featuring the two-electron oxidation of "Pd^PPh^",11'15 sug
gesting that the latter is produced upon the reduction at wave R1", 
with other products, including that oxidized at wave 0H: 

C6H5Pd11X(PPh3);, + 2e — "Pd°(PPh3)2" + X" + etc. (17) 

The respective magnitude of the peak currents173 of waves 0 H 

and O is dependent on scan rate, wave O vanishing at high scan 
rates, as shown by the variations of R = iVVO^o" + ,To) m Figure 
3a.17b Moreover a double step chronoamperometric investiga
tion"3 shows that the sum of the anodic currents of waves 0 H and 
O normalized to that of the cathodic current of wave R1", viz., 

(16) (a) Fitton, P.; Johnson, M. P.; Mc Keon, J. E. J. Chem. Soc, Chem. 
Commun. 1968, 6. (b) Fitton, P.; Rick, E. A. / . Organomet. Chem. 1971, 
28, 287. 

(17) (a) The magnitudes of the anodic waves appear to be considerably 
smaller than those of the reduction waves. This is due to a partial loss of 
products because of their diffusion away from the electrode while the potential 
is scanned positively, (b) This ratio incorporates a contribution due to dif
fusion, owing to the different potential locations of the two waves; thus, the 
yield in the product oxidized at wave Oz (Z = H, CN, CH3CO) is smaller 
than suggested by the magnitude of R = P0Zf(P0Z + P0). See refs 18 and 
compare: Kuchynka, D. J.; Amatore, C; Kochi, J. K. Inorg. Chem. 1986, 25, 
4087. However, these distortions due to diffusion are taken into account in 
the simulation of voltammograms (compare the working curve in Figure 5). 

(18) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley: New 
York, 1980. 

(19) (a) The first potential step, of duration 8, was performed on the 
plateau of wave RiH and was followed by a second potential step of identical 
duration on the plateau of wave O. (b) For a chemically reversible system 
the ratio of the currents at 26 and 0 is [i(2«)/i(8)] = 2"1'2 - 1 = -0.293.'» The 
same result applies for the case of the more complicated kinetic sequences 
considered here, provided that each oxidation occurring at waves Oz and O 
involves two electrons (see, e.g., refs 11 and Kuchynka et al. in footnote 17b). 

[(I'0H + Jo)/iR,H]fl, is constant and close to 0.29319b irrespective 
of the step time duration 8 (0.1-100 ms). This series of results 
establishes (i) that the product PH, detected by its oxidation wave 
OH , decays with time to afford "Pd0(PPh3)2", the latter being 
oxidized at wave O, and (ii) that "Pd°(PPh3)2" and PH, whose 
oxidations require two electrons each, are the only palladium-
containing products resulting from the reduction of C6H5Pd11X-
(PPh3)2 at wave R!H.19b These conclusions are best summarized 
by the sequence of reactions in Scheme II: 

Scheme II 

C6H5PdnX(PPh3)2 + 2e — PH + X" (wave R1") (18) 

PH _^ "PrJf(PPh3)J" + P,H (19) 

PH - 2e — etc. (wave 0H) (20) 

"Pd°(PPh3)2" - 2e — etc. (wave O) (21) 

where P'H, a species containing no palladium center, is not de
tectable by either oxidation or reduction under our conditions 
(however, vide infra when Z is an electron-withdrawing group). 

A very close situation is obtained for Z = CN (Figure 2b), 
except that now two reduction waves, R)CN and R2

CN, are observed, 
the second one being chemically reversible. Upon scan reversal, 
they are followed by a set of two oxidation waves,17 a situation 
very reminiscent of that observed in Figure 2a. It is noteworthy 
that the oxidation pattern is almost independent of the fact that 
the negative scan is extended so as to encompass wave R2

CN or 
not. Moreover, one of the oxidation waves is identical with wave 
O, observed for Z = H, whereas the peak potential of the other, 
OCN, is slightly less negative than that of its homolog O" (compare 
Table II). The normalized sum of the peak currents of the two 
oxidation waves is again time independent, and its magnitude 
establishes that these two waves correspond altogether to a two-
electron reoxidation of all palladium-containing species.20 The 
variations of their relative peak currents are represented in Figure 
3b as a function of the scan rate. It is seen that these variations 
are akin to those observed in Figure 3a for Z = H. They evidence 
that the product, PCN, oxidized at wave OC N , also decays with 
time to afford "Pd°(PPh3)2", whose oxidation occurs at wave 0." 
Let us now focus our attention on the reduction waves. The first 
one, R1

0N, is chemically irreversible and involves a two-electron 
consumption irrespective of the scan rate,20'21c as was observed 

(20) This is established by the comparison of the peak currents to the case 
Z = H, where this result has been quantitatively established by double step 
chronoamperometry (vide supra). 
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for Z = H. Its peak potential is also close to that of wave R1", 
although slightly less negative (compare Table II), in agreement 
with the electron-withdrawing properties of the cyano substituent. 
The second reduction wave, R2

CN, is chemically reversible and 
identical with that observed for an authentic sample of benzonitrile. 
Its peak current is time dependent, increasing upon decreasing 
the scan rate. Moreover, its variations as a function of the scan 
rate parallel those of wave O (compare Figure 3b).21 This is 
evidence that the amount of benzonitrile reduced at wave R2

CN 

(i) results from further evolution of the product, P™, formed upon 
reduction at wave R,CN and (ii) is formed concomitantly with 
"Pd°(PPh3)2". This allows one to detail further the mechanism 
proposed above in Scheme II. On the one hand the product labeled 
F z (Z = H in Scheme II) is now identified as the protonated aryl 
ligand of the starting material. On the other hand, because of 
matter conservation, this result imposes that P z , the primary 
product of the two-electron reduction at wave R1

2, must be the 
anionic zerovalent palladium species: p-ZC6H4Pd°(PPh3)2-.22 

These conclusions are summarized in Scheme III. 

Scheme III 

P-ZC6H4Pd11X(PPh3)J + 2e — 
/>-ZC6H4Pd0(PPh3)f + X- (wave R1

2) (22) 

p-ZC6H4Pd°(PPh3)2- -£* "Pd°(PPh3)2" + /J-ZC6H5 (23) 

P-ZC6H5 + e «=> P-ZC6H5- (waveR2
z) (24) 

p-ZC6H4Pd°(PPh3)2- - 2e — etc. (wave O2) (25) 

"Pd°(PPh3)2" - 2e — etc. (wave O) (26) 

Tie mechanism in Scheme III is further supported by the results 
obtained for the reduction of p-CH3COC6H4Pd"X(PPh3)2. At 
low scan rates (less than 1 V-s"1) the voltammetry of the acetyl 
derivative is akin to that observed when Z = CN, in agreement 
with the comparable electron-withdrawing characters of the cyano 
and acetyl substituents; thus two reduction waves, R,CH3C0 and 
R2

CH'C0, are followed by the observation of wave O only during 
the anodic scan. In agreement with the general formulation in 
Scheme III, wave R2

CH'C0 features the reduction of acetophenone, 
as checked with an authentic sample. The latter is produced 
almost quantitatively, via eqs 22 and 23, at scan rates less than 
1 V-S-'. Increasing the scan rate results in a decay of wave R2

CH3C0 

and progressive overlapping of the two reduction waves,21c with 
the consequence that at scan rates above 10 V-s"1 one single 
irreversible wave is observed. In this time domain a second ox
idation wave, 0C H ) C 0 , is also observed within the same potential 
range where waves 0 H or 0 C N are observed (compare Table II 
and Figure 2c). In agreement with the formulation in Scheme 
III, the growth of wave 0CH,C0 upon increasing the scan rate 
occurs with a concomitant decay of wave O. However, a peculiar 

(21) (a) In Figure 3b, the top horizontal scale has been shifted by 0.875 
logarithm units with respect to the bottom scale (actual experimental scan rate 
values) to account for the difference in time delays due to the different 
potential locations of the waves. Compare ref 7a. Also, due to a difference 
in diffusion coefficients of benzonitrile and (<r-aryl)palladium species, as well 
as a difference in electrochemical kinetics, the current peak of the benzonitrile 
reduction wave has been normalized by considering that the production of 
benzonitrile was quantitative at scan rates smaller than 0.1 V-s-'. (b) In R 
= 2I'PRJCN/(I''R|CN + 2IP

R2CN), the double of the benzonitrile normalized peak 
current is used to account for the fact that benzonitrile gives a one-electron 
wave, while the arylpalladium(II) complex is reduced along a two-electron 
wave.l2b A proper interpretation of R variations would require a perfect 
knowledge of the electrochemical reduction mechanisms occurring at waves 
R,z, O, and Oz. (c) Any attempt to characterize these processes kinetically 
failed since all these waves are controlled by overall kinetics of charge transfer 
with half-widths about 130-150 mV and shifts of their peak potentials by ca. 
90-100 mV/unit of log v. Although this suggests'8 a values on the order of 
0.3 (upon considering that the kinetics is controlled by the first electron 
exchange), no detailed chemical meaning can be inferred from such values, 
since it is not known whether the initial electron transfer is concerted or not 
with bond breaking (R|Z) or bond formation (O and Oz). 

(22) (a) Owing to matter conservation, the product oxidized at wave Oz 

must contain (i) a Pd°(PPh3)2 moiety and (ii) an aryl ligand. (iii) In addition, 
we know that it does not contain halide ion (vide supra and Table II). p-
ZC<jH4Pd°(PPh3)2~ is the minimal chemical structure that meets all the above 
requirements, (b) Compare to ClPd°(PPh3)2" or BrPd°(PPh3)2- in ref lib. 

Table III. Cyclic Voltammetry of p-CNC6H4Pd"Br(PPh3)2, 2 mM, 
at a Gold Disk Electrode (i.d. 0.125 mm), at 20 0C. Peak Potentials 
(100 V-s"') of Waves R,CN, R2

CN, OCN, and O relative to That of the 
Benzonitrile Reduction Wave, as a Function of Solvent"'6 

solvent 
THF 
DMF 
DMSO 

A £ ? R , C N " 

0.37 
0.29 
0.17 

A £ ? R 2 C N * 

0.00 
0.00 
0.00 

AfP0CN* 

1.95 
1.85 
1.85 

A£?0
4 

2.60 
2.43 
2.39 

Bl/2 (V-S-') ' 

28 
200 
750 

"Containing 0.3 M NBu4BF4. »A£PX = E"x - Ev^™^- 'Scan 
rate required for the peak currents of waves 0 C N and O to be identical 
(see text). 

additional feature is observed for this system, due to the intrinsic 
reducibility of the acetophenone moiety.23 Thus, when the 
negative scan is extended to ca. -2.8 V, a third, two-electron 
irreversible reduction wave, R3

CH)C0, is observed, as shown in 
Figure 2c. For scan rates around 10 V-s"1, scanning over this wave 
results in the appearance of a third oxidation wave, 0*CH3C0, 
observed at a more negative potential than wave 0C H 3 C 0 . Si
multaneously, the peak current of wave 0CH3C0 decays. At higher 
scan rates (100 V-s"1 or above) wave R3

CHJCO becomes reversible 
and involves the consumption of one electron. Under these cir
cumstances, wave 0*CHjCO disappears, wave 0CH3C0 being restored 
at its full magnitude (i.e., its peak current is almost independent 
of whether the potential scan is extended to encompass wave 
R3CH3CO o r n o t ) ^ qualitative explanation for this peculiar be
havior consists in considering that the kinetic sequence in Scheme 
IH may be complicated by the reduction, at wave .R3

CH3CO, of the 
p-acetylphenyl ligand of the anionic palladium species formed at 
wave R1CHJC0 (eq 22). At moderate scan rates, this would lead, 
via an ECE/DISP24 classical sequence, to the two-electron, 
two-proton reduction of the carbonyl bond into the corresponding 
alcohol:23 

p-ZC6H4Pd°(PPh3)2- + e — 
-(P-ZC6H4)PdO(PPhJ)2- (wave R3

2) (27) 

-(p-ZC6H4)Pd°(PPh3)2- - £ • '(p-ZHC6H4)Pd°(PPh3)2- (28) 

•(p-ZHC6H4)Pd0(PPh3)f + e — -(p-ZHC6H4)Pd°(PPh3)2-
(29) 

-(p-ZHC6H4)Pd°(PPh3)2- - £ • (p-ZH2C6H4)Pd°(PPh3)2-
(30) 

(p-ZH2C6H4)Pd°(PPh3)2- - 2e — etc. (wave 0* z) (31) 

where ZH2 represents a CH3CH(OH) substituent. The relative 
positions of waves 0C H 3 C 0 and o*CH3CO (see Table II) are in 
qualitative agreement with the respective electronic effects of a 
Z (i.e., CH3CO) or a ZH2 substituent. Therefore, besides in
troducing more complexity in the interpretation of the voltammetry 
of the acetyl derivative, this peculiar behavior is an additional 
indirect proof of the validity of the attribution of wave O2 to the 
oxidation of a phenyl-containing (and palladium-containing) 
species. However, for most of the following studies the cyano 
derivative was chosen as a model compound, since its cyclic 
voltammetry represents all the significant mechanistic features 
outlined in Scheme III, without the additional peculiar behaviors 
observed for the cases where Z = H or CH3 (viz., the nonob-
servation of wave R2

2 because of the nonreducibility of benzene) 
or Z = CH3CO (viz., the progressive overlapping of waves R1

2 

and R2
2 and further mechanistic complication due to the carbonyl 

reduction in the sequence of eqs 27-31). 

Effect of Changing the Solvent. On qualitative grounds, the 
voltammetry of the (a-p-cyanophenyl)palladium(II) derivative 
remains identical when THF is changed to more polar and less 

(23) For a review on reduction of carbonyls into the corresponding alcohols, 
see, e.g.: Baizer, M. M. In Organic Electrochemistry; Lund, H., Baizer, M. 
M., Eds.; Marcel Dekker: New York, 1991; pp 433f. 

(24) (a) Amatore, C; Gareil, M.; Saveant, J. M. J. Electroanal. Chem. 
Interfacial Electrochem. 1983, 147, 1. (b) Amatore, C. In Organic Elec
trochemistry; Lund, H.; Baizer, M. M., Eds.; Marcel Dekker: New York, 
1991; pp 76, 77. 
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Table IV. Cyclic Voltammetry Data for /j-ZC6H4Pd"X(PPh3)2, 2 
mM, in THF, with 0.3 M NBu4BF4, as a Function of Additive. 
Values of Scan Rates, u1/2, Required for the Peak Currents of Waves 
Oz and O to be Identical. Gold Disk Electrode (i.d. 0.125 mm), at 
20 0C 

P-ZC6H4Pd"-
X(PPh3); 

X 
I 
Cl 
Br 
I 

Br 
Br 

additive (concn) 
none 
none 
none 
none 
PPh3 (5 mM) 
PPh3 (10 mM) 
PPh3 (20 mM) 
none 
none 
PPh3 (5 mM) 
PPh3 (10 mM) 
PPh3 (20 mM) 
C6H5OH (2 mM) 
C6H5OH (2 mM) + PPh3 (5 mM) 
CO2 (5 mM) 
CO2 (5 mM) + PPh3 (2.5 mM) 

Vl/2 (V-S-

65 
100 

8.0 
5.3' 

150" 
280" 
550" 

10 
28' 

400» 
900» 

1600» 
1100 
3000 
1900 
3200 

"D1/2 (V-S"1) = 9.2 + 27.1 [PPh3] (mM); correlation coefficient 
0.999. »D,/2 (V-S-') = 36.8 + 79.5 [PPh3] (mM); correlation coeffi
cient 0.998. 

aproticsolvents such as DMF3tU4bor DMSO. Table III presents 
the variations of the peak potential of the four waves involved in 
the corresponding voltammograms. Table III also gives the value, 
V1/2, of the scan rate required for the peak currents of waves O 
and O C N to be identical, this measure being almost directly related 
to the inverse of the lifetime, t^2, of the anionic species p-
CNC6H4Pd°(PPh3)2-.

25 Comparison of the data in the last column 
of Table III shows that the rate of dissociation of this intermediate 
increases drastically with the proton-donor and coordinating 
abilities of the solvent. Such a result is in qualitative agreement 
with a thermodynamically favored dissociation upon increasing 
the solvent ability to solvate/protonate the aryl anion and to 
coordinate the low-ligated zerovalent palladium species, "Pd0-
(PPh3J2". To examine the validity and possible generality of this 
latter point, we examined the kinetic effects due to an addition 
of PPh3 or of halide ions to the medium. Indeed, these species 
are expected to stabilize the zerovalent palladium moiety.llb 

Effect of Addition of PPh3. Addition of PPh3, 5-20 mM, to 
the system in THF does not result in a qualitative change of the 
voltammetry of the (a-p-cyanophenyl)palladium(II) derivative, 
except for a drastic increase of the rate of dissociation of the 
intermediate oxidized at wave 0 C N and an expected change in 
the shape of wave O due to the easy coordination of "Pd0CPPh3) 2" 
by triphenylphosphine:"b 

"Pd°(PPh3)2" + PPh3 — Pd°(PPh3)3 (32) 

A similar effect was observed for the unsubstituted phenyl de
rivative (Z = H). Both series of results are summarized in Table 
IV, under the form of the variations of u1/2, the scan rate such 
that the peak currents of waves O and O z are equal (vide supra),25 

as a function of the phosphine concentration. It is noteworthy 
that a good linear correlation is observed between V1,2 (in V-s"1) 
and [PPh3] (in mM): Uw2 = 9.2(1 + 2.9[PPh3]), for Z = H and 
X = I (entries 4-7 of Table IV; correlation coefficient 0.999), 
and vl/2 = 36.8(1 + 2.2[PPh3]), for Z = CN and X = Br (entries 
9-12 of Table IV; correlation coefficient = 0.998). 

Effect of Halide Ions. As noted above (compare Table II), the 
peak potential of wave O z observed in the voltammetry of p-
ZC6H4Pd11X(PPh3J2 was insensitive to the nature of the halide 
ion present in the (a-aryl)palladium(II) derivative, depending only 
on the nature of the substituent Z. In apparent contrast with this 

(25) At a given scan rate, v, the time elapsed between scanning wave R,z 

and wave Oz is t = (S15R1Z + £p
0z - 2£inv)/i>, where v is the scan rate, £inv 

is the potential of scan inversion, and the £>"s are the respective potential peaks 
of the two waves (compare ref lib). Thus t,n = (£p

R,z + £?0z- 2Eim)/v]/1. 

result, the rate of disappearance (eq 23) of the species oxidized 
at wave O z was influenced by the nature of the halide as is evident, 
e.g., in Figure 3a for Z = H. Table IV shows that this rate 
increased by a factor of 20 when going from iodine (fourth entry 
of Table IV) to chlorine (second entry of Table IV). A similar 
effect is noticed when the voltammetries are performed in the 
presence of purposely added halide ions. For example, the addition 
of a 5-fold excess of B-Bu4NBr to a solution of p-
CNC6H4PdnBr(PPh3)2, 2 mM, resulted in an increase of vl/2 by 
a factor of 2 and in a modification of the shape and peak potential 
of wave O. On the basis of our previous studies,"b these effects 
can be easily rationalized by considering that the low-ligated 
zerovalent species, "Pd0CPPh3) 2", produced in eq 23 is stabilized 
by halide ions (Cl" » Br" > I~): 

"Pd°(PPh3)2" + X- — Pd°(PPh3)2X- (33) 

On kinetic grounds, the situation is then equivalent to, although 
less effective than, that observed in the presence of added phos
phine. 

Effect of an Added Electrophile. The formulation given in 
Scheme III to describe the formation of "Pd°(PPh3)2" from the 
anionic (<r-aryl)palladium(0) complex requires a proton source. 
In the THF solutions investigated this proton source may consist 
of residual water or the tetrabutylammonium cation.14b To avoid 
possible complications due to such weak or difficultly controllable 
proton sources, phenol was added to the medium so as to inves
tigate the role of a proton donor. Thus addition of a 1 equiv of 
phenol resulted in an increase of the rate of the overall reaction 
in eq 23 by a factor ca. 40, as shown by the corresponding increase 
of Ui/2,

25 the scan rate required for the peak currents of waves 
O and O z to be equal (compare Table IV, entries 9 and 13, and 
Figure 3c for Z = CN). In agreement with the formulation in 
Scheme III, the decay of wave O z in the presence of phenol was 
associated with a concomitant increase of the aromatic reduction 
wave, as could be observed for Z = CN. 

Similar effects were observed when carbon dioxide was added 
to the medium instead of phenol. At any given scan rate, wave 
O grew at the expense of wave Oz , thus requiring a larger v[/2 

value so that P0Z = <p
0 (see, e.g., Figure 3c for Z = CN). As 

shown in Table IV, entries 9 and 15, the addition of CO2, 5 mM, 
resulted in an increase of the rate of disappearance of wave 0 C N 

by a factor ca. 65. Moreover, in the presence of carbon dioxide, 
the fading-out of waves O z was not associated with a production 
of the aromatic compound, since even at small scan rates its 
reduction wave remained vanishingly small, as could be established 
when Z = CN. Such a finding is in agreement with the prepa
rative scale results, since, in the presence of CO2, the main reaction 
product is the arenecarboxylate (compare Table I and ref 3h). 
This establishes that the overall reaction of the anionic species 
formed in eq 22 (Scheme III) with carbon dioxide is faster than 
its reaction with the medium in eq 23: 

+CO2 

/>-ZC6H4Pd°(PPh3)2- • "Pd°(PPh3)2" + P-ZC6H4CO2-
(34) 

Effect of the Palladium Complex Concentration. Figure 4 
presents a series of voltammograms for the (p-cyanophenyl)-
palladium(II) cr-complex, as a function of its concentration. To 
avoid possible kinetic complications, these experiments were 
performed in the presence of excesses of halide ions, triphenyl-
phosphine, and phenol. Comparison of the respective sizes of waves 
R2

CN, 0C N , and O clearly demonstrates that the palladium com
plex concentration drastically affects the overall kinetics. In
creasing its concentration results in a decrease of the rate of the 
overall reaction in eq 23 of Scheme III, as evidenced by the 
decrease of wave R2

CN and the increase of wave 0 C N . Such a 
behavior clearly establishes that eq 23 (or eq 34) cannot be an 
elementary step as suggested by its above formulation, but nec
essarily involves a complex sequence of reactions. 

Discussion 
All the previous results are in qualitative agreement with the 

general formulation in Scheme III, establishing that electron-
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R2CN 

RlCN 

I I I I I 
+ 1 O -1 -2 -3 

E, volts vs SCE 

Figure 4. Cyclic voltammogram of p-CNC6H4Pd"X(PPh3)2 in THF, 
with 0.3 M NBu4BF4, at a gold disk electrode (i.d. 0.125 mm) as a 
function of the substrate concentration, in the presence of added PPh3, 
5 mM; C6H5OH, 5 mM; and NBu4Br, 5 mM. Scan rate 100 V-s"1. At 
20 0C. [p-CNC6H4Pd"X(PPh3)2] = 1 mM (solid line), 2 mM (dashed 
line), or 4 mM (dotted line). Note that the current scales have been 
adjusted so that the peak current of wave R1

0"1 is approximately constant, 
to ease the comparison of the variations of the other waves. 

transfer activation of the (er-aryl)palladium(II) intermediate in 
Scheme I occurs via an overall two-electron process leading to 
the formation of an anionic (o--aryl)palladium(O) derivative. The 
presence of an added electrophile (proton or carbon dioxide) or 
of triphenylphosphine did not alter this overall reaction course, 
as evidenced by the independence of the general voltammetric 
behavior with respect to these factors, yet they affect drastically 
the lifetime of the (o--aryl)palladium(O) anionic intermediate. 
Therefore, the main mechanistic feature that is not determined 
at this stage210 deals with the exact nature of the reactions of this 
intermediate with electrophiles and/or free phosphine. Of im
portance for the following discussion are the two following facts: 
(i) the effects of electrophiles and free phosphine have been ob
served to be cumulative, and (ii) the overall rates of the processes 
in eqs 23 or 34 are decreased upon increasing the (o--aryl)palla-
dium(II) complex concentration. Several mechanisms can be 
conceived that qualitatively agree with these experimental ob
servations. However, most of these kinetic possibilities must be 
ruled out on the basis of known chemistry. Thus mechanisms that 
would require an electrophilic attack on the anionic zerovalent 
palladium to be reversible16 must be eliminated because the reverse 
reaction would involve the oxidative addition of a zerovalent 
palladium complex to a carbon-hydrogen (eq 23) or a carbon-
carbon bond (eq 34). We have therefore to consider only the two 
limiting cases summarized in Scheme IV. They have been ten
tatively classified according to the "associative" or "dissociative" 
nature of the reactions of ArPd0P2" with an electrophile (E+) or 
a phosphine ligand (P). 
Scheme IV 
associative mechanism: 

ArPd0P2- + P ** Pd0P3 + Ar" ( * P ) 

A r + E + - ArE (k'E) 

ArPd0P2- + E + - ArE + Pd0P2 (fcE) 

Pd0P2 + P ~ Pd0P3 (K'P) 

dissociative mechanism: 

ArPd0P2" <=> Pd0P2 + Ar" (K) 

A r + E + - ArE (k'E) 

Pd0P2 + P ~ Pd0P3 (K'P) 

(26) So as to account for the cumulative effects of added electrophile and 
phosphine ligand. 

Amatore et al. 

Each of these mechanisms corresponds to a particular rate law 
for the disappearance of the anionic intermediate ArPd0P2", i.e., 
to particular variations of [P&./(P& + 'To)] with the scan rate 
(compare Figure 3). These individual rate laws are given in eqs 
35 and 36, respectively, for the associative and the dissociative 
mechanism ([Pd]b represents the initial palladium(II) complex 
concentration). 

d [ArPd0P2-] /dt = 
-(fcE + *'EtfP[P]/([Pd]b [ArPd0P2D)[E+][ArPd0P2-] (35) 

d [ ArPd0P2-] /dt = 
-k'BKK'P[P] [E+] [ArPd0P2-] /([Pd]b- [ArPd0P2"]) (36) 

It is noteworthy that, because of involvement of palladium 
concentration in their denominators, each rate law predicts a 
decrease of the overall rate of dissociation of ArPd0P2" upon 
increasing the complex concentration, in agreement with the 
experimental observations (compare Figure 4). If kE is not null, 
the rate law in eq 35 is not symmetrical in [E+] and [P]. It 
therefore suggests a different kinetic behavior with each of these 
parameters, in contradiction with the experimental observations. 
We can then conclude that if the associative mechanism is con
sidered, only the limit with kE = 0 has an experimental significance 
under our conditions. Both mechanisms in Scheme IV correspond 
then to the same rate law given in eq 37 (where fcap = k'EKP-
([P][E+]), for the associative mechanism, or k*v = k'EKK'P-
([P] [E+]), for the dissociative one).27 Because of their identical 

d [ ArPd0P2I /dt = 
-(^7[PdP)[ArPd0P2-]/!!- ([ArPd0P2"]/[Pd]")) (37) 

rate laws, the two mechanisms cannot be distinguished on the basis 
of kinetics. Their only difference is the one-step or two-step nature 
of the overall substitution, at the zerovalent palladium center, of 
the aryl ligand, Ar, by the phosphine, P. Since this substitution 
reaction is reversible under our conditions, the mechanistic im
plications of its exact nature (viz., associative or dissociative) are 
negligible for our purpose here. For what concerns the reactivity 
of the aromatic moiety with electrophiles, the two mechanisms 
can then be considered as minor variants, since both involve a 
reaction of the electrophile with a free o--aryl anion, by opposition 
to a reaction occurring within the palladium coordination shell. 

Let us now examine the experimental validity of both mecha
nisms on quantitative kinetic grounds. Figure 5 shows that the 
theoretical predictions28 based on the rate law in eq 37 agree 
satisfactorily with the experimental variations of [P&KP& + P0)] 
for all the systems investigated in this study. The resulting values 
of the overall rate constants k^ (in eq 37, viz., k'EKK'P[P][E+] 
or k'EKP[P] [E+] accordingly) are reported in the caption of Figure 
5. Owing to the intricate nature of these overall rate constants, 
any rationalization of their variations as a function of the electronic 
properties of the phenyl substituent is difficult. On the one hand, 
it is expected that an electron-withdrawing group will increase 
the value of the equilibrium constant KP or (KK'P) because of a 
larger stabilization of the o--aryl anion than of the anionic zero
valent center. On the other hand, the stabilization of the c-aryl 
anion should result in a decreased rate constant, k E, for its reaction 
with an electrophile. 

(27) The concentrations of the electrophile and of the phosphine are in
cluded in the expressions of £"p to account for the cases where, in the absence 
of these reagents, their roles are performed by the medium (vide infra and 
eqs 40-44). 

(28) (a) The working curve in Figure 5 has been simulated considering an 
average relative position of the three electrochemical waves R,z, Oz, and O, 
since the relative variations of (Ef

Rlz + Er
0z - 2£inv)

25 and ( ^ 0
 _ Ep

0i) are 
small (<10%) for the series of systems considered in Figure 5 (compare Table 
II). Note, however, that on a strict basis each system should be represented 
on a single working curve derived for the precise relative positions of the three 
waves. Yet the error introduced by considering a single curve is negligible 
vis-a-vis that due to the precision of the measurements of P0Z and P0. (b) 
For the simulations, the processes at waves R1

 z, Oz, and O have been con
sidered as being controlled by the kinetics of electron transfer with a values 
of 0.3, so as to match the experimental observations.21' (c) Simulations were 
performed according to a classical explicit finite difference procedure.18 
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Figure 5. Cyclic voltammetry data for /j-ZC6H4Pd"X(PPh3)2 (1 mM < 
[Pd]" < 4 mM), at gold disk electrodes (i.d. 0.125 mm, for v > 10 V-s'1; 
i.d. 0.5 mm, for v < 10 V-s"1)- At 20 0C. Unifying representation of the 
variations of the relative peak current intensities of waves O and Oz with 
the scan rate and palladium concentration [compare R = (PfWO1O + '1O2) 
in Figure 3], for the systems investigated in this study. The solid line 
corresponds to the rate law in eq 3728 with the given values of feap.27 

In Figure 5, k*p was determined for each situation on the basis 
of the formulation in eq 37.27 However, a closer inspection of the 
k*v variations as a function of added phosphine concentration shows 
that kap is not proportional to the latter as predicted from its 
definition in eq 37 (viz., Ac*p = ZfEATp[PPh3][E

+], for the associative 
mechanism, or Jfcap = A:'EA:A:'P[PPh3][E

+]), but rather follows a 
linear correlation with this parameter, in agreement with the 
observed correlations of D1/2 with [PPh3] (compare Table IV). 
Thus, for Z = H and X = I (correlation coefficient 0.999), 

kap = (9.0 X 10"4)(1 + 2.8[PPh3]) (38) 

and for Z = CN and X = Br (correlation coefficient 0.998), 

A:ap = (3.2 X 10-3)(1 + 2.3[PPh3]) (39) 

where Acap is in M-s"1 and [PPh3] in mM. However, such results 
are not contradictory with the mechanisms in Scheme IV. Indeed, 
for the sake of simplicity, coordination of "Pd0P2" by a phosphine 
ligand only was considered in Scheme IV. Yet, at least two other 
possible ligands exist: the solvent (&) and the halide ion (X-).llb'29 

Therefore, at least three simultaneous (true or overall) equilibria 

(29) Negishi, E. I.; Takahashi, T.; Akiyoshi, K. / . Chem. Soc, Chem. 
Commun. 1986, 1338. 

contribute to the formation of Ar : 

ArPd°(PPh3)f + PPh3 ~ Pd°(PPh3)3 + A r {KPPh) (40) 

ArPd°(PPh3)2- + $ *» <£Pd°(PPh3)2 + A r (Ks) (41) 

ArPd°(PPh3)2- + X- <-» Pd°(PPh3)2X- + A r (ATx) (42) 

Similarly several electrophiles may compete for reacting with Ar : 
the medium (M) itself, most presumably involving a protonation 
by the tetrabutylammonium cation or residual water, and the 
purposely added electrophile (E+). 

A r + E + ^ ArE (Jfc'E) 

A r + M —• ArH + etc. (*'*) 

(43) 

(44) 

Consideration of these additional reactions leads to a rate law 
identical with that in eq 37, yet /cap is now expressed as 

fc-P = (fcaP)0(l + #p p h j[PPh3])(l + kE[E+]) (45) 

where #P P h 3 = KmJ{K,[t] + Kx[Xr]) and kE = k'E/k'M[M]; 
(fc«p)0 = k'M[M](Kg[£] + ATx[X"]) is an intrinsic overall rate 
constant for the particular system and medium considered, viz., 
the rate constant observed in the absence of added ligand or 
electrophile. Comparison to the results in eqs 38 and 39 (where 
[E+] = 0) shows that the predictions of eqs 37 and 45 are in 
agreement with the experimental observations. Moreover, the 
values of # P P h 3 (viz., 2.8 mM"1 in eq 38 for Z = H and X = I, 
and 2.3 mM-1 in eq 39 for Z = CN and X = Br) are reasonably 
close, as expected. Indeed, each overall equilibrium in eqs 40-42 
results in the combination, true or thermochemical, of two re
actions, the first one (eq 46) being independent of the ligand L 
(where L is 8, X", or PPh3 accordingly): 

ArPd°(PPh3)2- ** "Pd°(PPh3)2" + A r (/cAr) (46) 

"Pd°(PPh3)2" + L «• ZPd°(PPh3)2 (K£) (47) 

Then, Kx = KArKZ, showing that #P P h 3 = KMKPnJ(KArKg[$] + 
*ArKx[X~]) = "PPh3A*,?^] + "x[X ]), is independent of the aryl 
ligand. Indeed, #pphj involves only equilibrium constants that 
are related to the stabilization of the low-ligated zerovalent 
palladium, "Pd°(PPh3)2", in eq 47. Furthermore, from the def
inition of (A:ap)0 in eq 45 and using the above relationships, one 
has the following: 

P = (^'pPhjVlA-ft'pPhjkN.Br = («#[^] + 
« X [ X - ] ) B , / ( « * [ * ] + Kx[X-]), = 

[(*a p)o]H,Br/[(*a p)oki - (BI /2 )H ,B , / (» I / 2 )H , I (48) 

where the last term in eq 48 is of the order of 1.5 (as deduced 
from the third and fourth entries of Table IV). This result is in 
reasonable agreement with the value of p (viz., 2.8/2.3 = 1.2) 
deduced from the slopes of the correlations in eqs 38 and 39. 

Let us consider now the reaction of A r with electrophiles. The 
formulation in eq 45 predicts that the ratio of the overall rate 
constants A;ap, in the presence or in the absence of electrophile, 
represents directly the value of (1 + kE[E+]). Thus, from the data 
in Figure 5 and in Table IV (9th and 13th entries for phenol, 9th 
and 15th for carbon dioxide), one shows that A r (Z = CN) reacts 
ca. 40 times faster with C6H5OH, 2 mM, and ca. 70 times faster 
with CO2, 5 mM, than it is protonated by the medium in the 
absence of added electrophile or proton donor. This drastic in
crease of rate in the presence of CO2 explains why, under prep
arative scale conditions, the arenecarboxylate is the major reaction 
product in the presence of carbon dioxide (note that [CO2] = 0.2 
M13 under the conditions of Table I). Yet, in apparent contra
diction with the formulation in eq 45, these numbers are signif
icantly reduced in the presence of added phosphine. Thus, the 
reaction with phenol (2 mM) is only ca. 7.5 times faster than the 
reaction with the medium when 5 mM PPh3 is present in the 
medium. Similarly, the reaction with CO2 (5 mM) is only ca. 
13.5 times faster than that with the medium when 2.5 mM PPh3 

is present in the medium. This suggests that in the absence of 
a purposely added ligand, such as PPh3, the phenolate or car-
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Scheme V 

Pd 11X^2(PPh3I2 

-Pd0IPPh3I2' 

ArPd11X(PPh3I2 

+ CO2 ' 
ArCO2" •* Ar" + "Pd°(PPh 3 ) 2" + 2e - X" 

ArPd0 IPPh3 I2" 

boxylate ions, resulting from the reaction of A r with phenol or 
carbon dioxide, respectively, also may participate synergically in 
the reaction by coordination of "Pd°(PPh3)2".30 Suppression of 
this additional effect in the presence of a better ligand such as 
PPh3 would then result in an apparent decreased reactivity of A r 
vs phenol or carbon dioxide. It is noteworthy that k'C02/k'ph0H 
85 ^COj/ ^pPhOH> which compares the reactivities of A r vs phenol 
or carbon dioxide, as deduced from eq 45, is found to be inde
pendent of the presence of PPh3 (k'CoJk'phOH = 0.72 in the 
absence of PPh3 and 0.73 in its presence). 

Conclusion 
On the basis of the above investigations, one is led to the 

conclusion that, in palladium-electrocatalyzed carboxylation of 
organic halides, the crucial step leading to the carbon-carbon bond 
formation occurs between a free cr-aryl anion and a free carbon 
dioxide, as summarized in Scheme V. 

This evidences that the organometallic catalyst does not play 
any chemical role in the carboxylation step, but simply helps the 
activation of the carbon-halogen bond, allowing the two-electron 
reduction of the organic halide to proceed at a potential less 
negative than that of the direct reduction.31 This is to be con
trasted to the case of the catalysis of the same reaction by Ni0-
(dppe) (eqs 8-10) in which the organometallic center plays a dual 
role.3p,q'7 (i) It allows the organic moiety to be activated at a less 
negative potential than that required for its direct reduction, but 
also (ii) controls the formation of the carbon-carbon bond in its 
coordination shell. This difference of behavior originates from 
the two-electron activation of the arylmetal complex in the case 
of palladium, whereas in the case of nickel a one-electron activation 
takes place, leading to a catalytic cycle involving paramagnetic 
intermediates. At this stage of our investigations, the reason for 
such a difference is not understood. However, it appears to be 
related not to the nature of the transition metal center, but rather 
to an effect induced by the phosphine ligand. Thus, monodentate 
phosphines seem to favor a two-electron activation, whereas bi-
dentate phosphines appear to lead to one-electron pathways.12 

Although, for the palladium-catalyzed reaction, the carbox
ylation step involves a free a-aryl anion, the rate of the overall 

(30) (a) Compare to refs lib and 29 for coordination of zerovalent pal
ladium by anions. Yet, this effect cannot be quantitative since otherwise it 
would cancel the observed negative order in palladium concentration, (b) In 
the presence of 2 equiv of n-Bu4NOAc, the oxidation peak of Pd0CPPh3J4 is 
shifted from 0.36 to 0.23 V vs SCE in THF, and from 0.06 to 0.02 V vs SCE 
in DMF (t> = 0.2 V-s"1): Amatore, C; Jutand, A.; M'Barki, M. A. Organo-
metallics, in press. 

(31) This is similar to "redox catalysis", with, however, the intermediacy 
of a definite intermediate (viz., ArPd11XP2) formed by reaction between the 
reduced form of the "redox mediator" (viz., "Pd0P2") and the organic halide. 
(a) For classical "outer-sphere" redox catalysis, i.e., without the formation of 
an intermediate adduct, see: Andrieux, C. P.; Saveant, J. M. In Investigation 
of Rates and Mechanisms of Reactions; Bernasconi, C. F., Ed.; Wiley: New 
York, 1986; Vol. 6, 4/E, Part 2, Chapter 7, pp 305-390. (b) For a recent 
discussion of these aspects, see: Hamouche, M.; Lexa, D.; Momenteau, M.; 
Saveant, J. M. /. Am. Chem. Soc. 1991, 113, 8455. 

carboxylation was shown to depend on the presence of phosphine 
or halide ions (positive effects) as well as on the catalyst con
centration (negative effect). This arises because, under the 
conditions of the reaction, most of the <r-aryl anion is "protected" 
by ligation to the palladium(O) center. The steady-state con
centration of the free <r-aryl anion, and therefore the overall rate, 
is then directly controlled by the degree at which the overall 
equilibrium in eq 49 (where £ represents any possible ligand, 
including either the solvent, a phosphine, a halide ion,llb or possibly 
ionic product(s) of the reaction30) lies to its right: 

ArPd0P2" + £**• ZPd0P2 + A r (49) 

Thus any stabilization of the low-ligated zerovalent palladium 
moiety, "Pd0P2", shifting the equilibrium in eq 49 to its right-hand 
side, results in an increase of the overall rate of carboxylation under 
the conditions of this study. Conversely, owing to the bimolecular 
nature of the backward reaction of eq 49, an increase of the 
palladium concentration results in a shift of the equilibrium in 
eq 49 toward its left-hand side, leading to a decrease of the overall 
rate of carboxylation. Note, however, that under preparative 
conditions with catalytic concentrations of palladium complex,311 

the combined role of these two factors is not straightforward. 
Indeed, coordination of "Pd0P2" will result in a decrease of the 
rate of the oxidative addition step (compare Scheme V). Similarly, 
a decrease of the palladium catalyst concentration results in a 
decrease of the electrolysis current intensity and, therefore, of the 
conversion rate with respect to the organic halide. It is thus 
understood that these factors must be optimized for each particular 
experimental situation, according to the nature of the rate-de
termining step of the catalytic sequence in Scheme V. 

Experimental Section 
Chemicals. THF (Janssen) was stored over potassium hydroxide for 

24 h and distilled from a sodium benzophenone solution under an argon 
atmosphere just before use. It was transferred to the cells according to 
standard Schlenk procedures. A-Bu4NBF4 was obtained from the hy
drogen sulfate salt (Janssen) by treatment with NaBF4 (Janssen) in 
water. It was further recrystallized from ethyl acetate/petroleum ether, 
dried under vacuum, and stored under argon before use. /!-Bu4NBr was 
commercial (Janssen); it was further recrystallized from acetone/ethyl 
ether. Both salts were melted and dried under vacuum, and stored under 
vacuum before use. 

Tetrakis(triphenylphosphine)palladium was synthesized, according to 
a published procedure, by reduction of Pd"Cl2(PPh3)2 by NaBH4 in the 
presence of 2.5 equiv of PPh3.

32'33 Pd"Cl2(PPh3)2,
32 Pd"Cl2(PBu3)2,

32 

Pd"Cl2(dppe),34 and Pd1ICl2(dppp)35 were synthesized according to 
published procedures. 

fra«s-(<r-p-ZC6H4)Pd(PPh3)2X complexes were synthesized according 
to Fitton's procedure.16 1H NMR (250 MHz in CDCl3 vs TMS): Z = 
H, X = I, 6.25 (t, J = 7.5 Hz, 2 H), 6.36 (t, J = 7.5 Hz, 1 H), 6.63 (d, 
J = 7.5 Hz, 2 H), 7.3 (m, 18 H), 7.54 ppm (m, 12 H); Z = H, X = Br, 
6.25 (t, J = 7.5 Hz, 2 H), 6.39 (t, J = 7.5 Hz, 1 H), 6.66 (d, J = 7.5 
Hz, 2 H), 7.28 (m, 18 H), 7.52 ppm (m, 12 H); Z = H, X = Cl, 6.28 
(t, J = 7.5 Hz, 2 H), 6.42 (t, J = 7.5 Hz, 1 H), 6.68 (d, J = 7.5 Hz, 2 
H), 7.42 (m, 18 H), 7.65 ppm (m, 12 H); Z = CH3, X = I, 1.94 (s, 1 
H), 6.14 (d, / = 7.5 Hz, 2 H), 6.47 (d, J = 7.5 Hz, 2 H), 7.31 (m, 18 
H), 7.55 ppm (m, 12 H); Z = CN, X = Br, 6.35 (d, / = 7.5 Hz, 2 H), 
6.47 (d, J = 7.5 Hz, 2 H), 7.33 (m, 18 H), 7.57 ppm (m, 12 H); Z = 
CH3CO, X = Br, 2.3 (s, 3 H), 6.78 (s, 4 H), 7.3 (m, 18 H), 7.56 ppm 
(m, 12 H); C6H5Pd(dppe)I,36 2.3 (m, 4 H), 6.64 (t, J = 7.5 Hz, 1 H), 
6.73 (t, J = 7.5 Hz, 2 H), 7.07 (t, J = 7.5 Hz, 2 H), 7.32 (m, 8 H), 7.47 
(m, 8 H), 7.85 ppm (m, 4 H). 1H NMR spectra were performed in 
CDCl3 on a Bruker AC-250 MHz spectrometer using TMS as the in
ternal reference. 

Electrochemical Setup and Electrochemical Procedure for Cyclic 
Voltammetry or Double Potential Step Chronoamperometry. Cyclic 
voltammetry and double potential step chronoamperometry were per
formed as described in previous works of this group." A home-built 
potentiostat equipped with positive feedback for ohmic-drop compensa-

(32) Hartley, F. Organomet. Chem. Rev., Sect. A 1970, 6, 119. 
(33) Rosevear, D. T.; Stone, F. G. J. Chem. Soc. A 1968, 164. 
(34) Westland, A. D. J. Chem. Soc. 1965, 3060. 
(35) (a) Jenkins, J. M.; Verkade, J. G. Inorg. Synth. 1968, //, 108. (b) 

Steffen, W. L.; Palenik, G. J. Inorg. Chem. 1976, 15, 2432. 
(36) Fauvarque, J. F.; Jutand, A. Bull. Soc. Chim. Fr. 1976, 765. 
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tion was used.37 The reference electrode was an SCE (Tacussel) sepa
rated from the solution by a bridge (3 mL) filled with a M-Bu4NBF4 
solution in THF identical with that used in the cell. All potentials given 
here refer to this reference electrode. All the experiments reported here 
were performed at 20 0C. 

Electron consumptions in transient electrochemistry were determined 
following a method previously described that combines the use of classical 
working electrodes and ultramicroelectrodes.9 Other electrochemical 
procedures are identical with those previously described." Carbon di
oxide concentration was determined according to the procedure described 
in ref 3p. 

Preparative Scale Reductions of (<r-Aryl)palladium(H) Complexes in 
the Presence of Carbon Dioxide. The divided cell, experimental setup, 
and procedures were identical with those previously described.3p" An
hydrous carbon dioxide (Air Liquide) was continuously bubbled through 
the solution during the electrolysis so as to ensure constantly a saturating 
concentration. Electrolyses were performed with 0.5 mmol of starting 
material dissolved in 50 mL of THF, 0.3 M NBu4BF4 (catholyte). A 
lithium rod was used as a sacrificial anode (anolyte: 15-20 mL of THF, 
0.3 M NBu4BF4). The electrolyses were interrupted when the current 
reached 5-6 mA (limit for background current). The catholyte was 
poured into 200 mL of sodium hydroxide solution (1 N in water). The 
mixture was extracted three times with 80 mL of Et2O. The organic 
phase was dried over MgSO4, filtered, and evaporated. Aromatic com
pounds were identified (Ar-Ar; no ArH derivative could be observed) and 
titrated using 250-MHz 1H NMR, by dissolving the residue in 1 mL of 

(37) Amatore, C; Lefrou, C; Pfluger, F. J. Electroanal. Chem. Interfacial 
Electrochem. 1989, 270, 43. 

Introduction 
Coordinatively unsaturated metal species act as highly reactive 

intermediates in hydrogenation, hydrosilylation, hydroformylation, 
and other reactions catalyzed by soluble transition metal com
plexes.1 Mechanistic studies show that these complexes usually 
result from ligand dissociation or reductive elimination processes. 
Coordinative unsaturation has also been generated by photolysis, 
thermolysis, and electron transfer and with acidic, basic, or radical 
initiators.2 Under the proper conditions stable complexes can 
be isolated.23 Jordan et al. have reported that the reaction 

(1) Parshall, G. W. Homogeneous Catalysis. The Applications and 
Chemistry of Catalysis by Soluble Transition Metal Complexes; John Wiley 
and Sons: New York, 1980. 

(2) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles 
and Applications of Organolransition Metal Chemistry; University Science 
Books: Mill Valley, CA, 1987. 

CDCl3 with 1,1,2,2-tetrachloroethane as an internal standard, and com
parison with authentic samples. The aqueous phase was acidified to pH 
= 3-4 with HCl, 1 N. It was then extracted three times with 80 mL of 
Et2O, dried over MgSO4, filtered, and evaporated. The yield in ArCO2H 
was then determined using 250-MHz 1H NMR, by dissolving the residue 
in 1 mL of CDCl3 with 1,1,2,2-tetrachloroethane as an internal standard, 
and comparison with authentic samples of the carboxylic acids. For the 
case of the cyano derivative, p-terephthalic acid was isolated, owing to 
the facile hydrolysis of the cyano group under the basic conditions pre
vailing either during the electrolysis or during the workup of the solution. 
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between Cp2ZrR2 and [Ag][BPh4]
4 or [Cp2Fe][BPh4]

5 yields the 
[Cp2ZrR]+ cation, which is an active ethylene polymerization 
catalyst. These highly reactive intermediate species are useful 
catalysts and often exhibit unique reactivity.2'3 
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Abstract: One-electron oxidation of the d8 dialkyls Pd(CH3)2(dmpe), Pd[CH2Si(CH3)3]2(dmpe), and Pd(CH3)[P(r-Bu)2-

(CH2)2CH(CH2)2P(?-Bu)2], where dmpe = l,2-bis(dimethylphosphino)ethane, by chemical or electrochemical methods results 
in homolytic cleavage of the Pd-alkyl bond to produce an alkyl radical and the corresponding cationic palladium(II) monoalkyl 
complex. In the presence of a trapping ligand, PPh3, oxidation of Pd[CH2Si(CH3)3]2(dmpe) with [FeCp2]PF6, Cp = Tj-C5H5, 
produces Si(CH3)4 and [CH2Si(CH3)3]2 in a ratio similar to that obtained from the reaction between MgCl[CH2Si(CH3)3] 
and [FeCp2]PF6. Because of the chemical irreversibility of the homolytic cleavage process, uphill electron transfer between 
Pd[CH2Si(CH3)3]2(dmpe) and electrochemically generated FeCp2*"1" could be observed with k = 46 ± 7 M"1 s"1 at 60 0C. 

The oxidative cleavage reactions also exhibit selectivity. Oxidation of Pd(CH3)[P(?-Bu)2(CH2)2CH(CH2)2P('-Bu)2] results 
in exclusive loss of the CH3 group, and oxidation of Pd(CH3)(OPh)(dmpe) results in preferential cleavage of the Pd-O bond. 
These results suggest the oxidative cleavage chemistry developed for d0 metal alkyls can be extended to late transition metals. 
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