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Halide ions react with PdX2(PPh3)2 (X = Cl, Br, I) complexes PdX3(PPh3)– in THF and DMF. The equilibrium constants
have been determined by cyclic voltammetry.in an equilibrated reaction in which the phosphane ligand is

substituted by the halide X– to form anionic complexes

signals appeared in the presence of 120 equivalents ofIntroduction
nBu4NCl (Figure 1): one signal at δ 5 25.27 characteristic

It has been established that halide ions are good ligands of the phosphane PPh3 and a second one at δ 5 27.42 as-
for palladium(0) complexes.[123] The best way to investigate signed to the anionic species PdCl3(PPh3)2 by comparison
the effect of halide ions on the structure and reactivity of with an authentic sample of [PdCl3(PPh3)2, nBu4N1]. [7]

palladium(0) complexes in oxidative addition with aryl hal-
ides[225] was to generate them by electrochemical reduction
of PdX2(PPh3)2 in the presence of various amounts of hal-
ides X2 (X 5 Cl, [2] [3] Br, [3] I [3]) in THF. However, during
the course of these reactions, it was observed that the re-
duction peak of PdX2(PPh3)2 was affected by the presence
of added X2 so that its usual single bielectronic reduction
peak became split into two peaks whose relative currents
depended on the halide concentration: the higher the con-
centration of X2, the higher the second reduction peak cur-
rent relative to the first one. [2] [3] This phenomenon was first

Figure 1. 31P-NMR spectrum (162 MHz) of a solution ofdiscarded and tentatively interpreted as the formation of
PdCl2(PPh3)2 (3 mmol·dm23) and nBu4NCl (360 mmol dm23) in 3

an intermediate palladium(I) complex by reduction of the mL of THF and 0.2 mL of [D6]acetone with H3PO4 as an exter-
nal referencepalladium(II) complex. Its stabilization by halide ions as an

anionic 18-electron dimer e.g. [PdI(PPh3)2X2]2
22 would in-

The signal of PdCl2(PPh3)2 was still present even in thedeed make it less easily reduced than PdIIX2(PPh3)2, thus
presence of a large excess of chloride ions suggesting thatgiving rise to the second reduction peak. [2] [3]

Cl2 substituted one phosphane from PdCl2(PPh3)2 throughHowever, careful investigation of this reaction led us now
an equilibrated reaction (Equation 1).to reconsider our first tentative hypothesis and to establish

that reactions of halides X2 with PdX2(PPh3)2 result in sub-
stitution of one phosphane ligand with formation of an
anionic PdX3(PPh3)2 species; this palladium(II) complex is

The dynamic of this equilibrium is relatively slow com-more difficult to reduce. In other words, the two peaks re-
pared to the time-scale of the NMR experiment since threepresent the reduction of two different palladium(II) com-
distinct narrow signals were observed for PdCl2(PPh3)2,plexes. [6]

PdCl3(PPh3)2, and PPh3 (Figure 1). Similar equilibria have
been observed using 31P-NMR spectroscopy by treatingResults and Discussion
nBu4NBr with PdBr2(PPh3)2 and nBu4NI with PdI2(PPh3)2

Evidence of the Formation of PdX3(PPh3)2 in THF (Equation 2, Table 1).
Complexes by Reaction of X2 and PdX2(PPh3)2 by
31P-NMR Spectroscopy in THF and DMF

The 31P-NMR spectra of PdCl2(PPh3)2 (3 mmol dm23)
in THF exhibited a single signal at δ 5 23.80. Two new

In DMF, in the absence of any added halide ions, the[a] Ecole Normale Supérieure, Département de Chimie, CNRS
31P-NMR spectra of PdCl2(PPh3)2 exhibited three signals.URA 1679,
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Table 1. 31P-NMR signals and reduction peak potentials of palladium(II) complexes involved in the equilibrium PdX2(PPh3)2 1 X2

v

PdX3(PPh3)2 1 PPh3, with nBu4N1 as the countercation

X Cl Br I Cl Br I

δ[a] δ[a] δ[a] Ep [V][b] Ep [V][b] Ep [V][b]

PdX2(PPh3)2 THF 23.80 22.57 13.34 21.040 20.830 20.725
PdX2(PPh3)2 DMF 24.36 22.86 13.35 21.015
PdX3(PPh3)2 THF 27.42 29.3 30.70 21.255 21.075 21.025
PdX3(PPh3)2 DMF 28.12 21.370

[a]162 MHz versus H3PO4 as external standard. 2 [b] Volt versus SCE at a gold disk electrode at 0.2 V s21 at 25 °C.

Pd2Cl4(PPh3)2 (δ 5 33.54) by comparison with authentic valent complex PdIICl3(PPh3)2. This assumption has been
confirmed by the cyclic voltammetry of an authentic samplesamples. [9] These results suggest that the equilibrium ac-

cording to Equation 3[10] operates in DMF and not in THF of [PdCl3(PPh3)2, nBu4N1] [7] performed in THF which ex-
hibited the unique reduction peak R2 (Figure 2b). More-and is frozen on the time-scale of 31P-NMR spectroscopy.
over, when 10 equivalents of PPh3 were added to
PdCl3(PPh3)2, the reduction peak R2 of PdCl3(PPh3)2 dis-
appeared and was replaced by the reduction peak R1 of

In DMF, the 31P-NMR spectra of PdBr2(PPh3)2 also ex- PdCl2(PPh3)2 (Figure 2b), evidencing the backward reac-
hibited three signals. However, the signal at δ 5 25.47, as- tion of equilibrium 2 (X 5 Cl).
signed to the dimer Pd2Br4(PPh3)2, was detected at traces
level compared to that of PdBr2(PPh3)2 at δ 5 22.86. A
solution of PdI2(PPh3)2 exhibited a single signal at δ 5
13.40 in DMF suggesting that the dimer Pd2I4(PPh3)2 was
not formed.

The formation of anionic species was also observed by
performing cyclic voltammetry on mixtures of nBu4NBr
and PdBr2(PPh3)2, as well as on mixtures of nBu4NI andDetermination of the Equilibrium Constant KX by
PdI2(PPh3)2 in THF. The reduction peak potentials of theCyclic Voltammetry in THF and DMF
neutral and anionic complexes are collected in Table 1.

As recalled in the introduction, progressive addition of From 31P-NMR spectroscopy, the equilibrium according
nBu4NCl to a solution of PdCl2(PPh3)2 (1.5 mmol·dm23 in to Equation 2 was found to be slow compared to the time-
THF containing nBu4NBF4 0.3 mol·dm23) provoked a split scale of the NMR experiment. In cyclic voltammetry, the
of its bielectronic reduction peak R1 at Ep 5 21.04 V versus reduction of PdX2(PPh3)2 at R1 is governed by a CE mecha-
SCE into two reduction peaks, R1 and R2 at Ep 5 21.25 V nism.[11] If the equilibrium according to Equation 2 is fast
versus SCE (Figure 2a). [2] [3]

compared to the time-scale of the cyclic voltammetry, re-
duction of PdX2(PPh3)2 at R1 should result in a shift of the
equilibrium to its left-hand side by the continuous con-
sumption of PdX2(PPh3)2 due to its reduction in the dif-
fusion layer. A dynamic concentration should be measured
which becomes larger as the scan rate is reduced. If not,
thermodynamic equilibrium concentrations can be deter-
mined. The ratio r 5 i/i0 [i: reduction peak current at R1 of
PdCl2(PPh3)2 in the presence of 100 equivalents of
nBu4NCl; i0: same current but in the absence of added
nBu4NCl] was then plotted versus the logarithm of the scan
rate (Figure 3a).

This ratio clearly does not depend on the scan rate which
Figure 2. Cyclic voltammetry performed in THF (containing means that within the time-scale of the cyclic voltammetry
nBu4NBF4, 0.3 mol·dm23) at a steady gold disk electrode (i.d. 5 investigated here (0.2 < v < 20 V s21), equilibrium 2 is0.5 mm) with a scan rate of 2 V s21, at 25 °C: (a) PdCl2(PPh3)2

frozen, so that the thermodynamic concentration of(1.5 mmol·dm23) in the presence of 0 (——), 14 ( 2 2 2 ), 85 ( ···· )
equivalents of nBu4NCl; (b) [PdCl3(PPh3)2, nBu4N1] PdCl2(PPh3)2 in the equilibrium can be determined by the
(0.8 mmol·dm23): alone (——); in the presence of 10 equivalents ratio r 5 i/i0 5 [PdCl2(PPh3)2]equil/[PdCl2(PPh3)2]0. This al-of PPh3 ( ···· )

lows the determination of the equilibrium constant KCl. In
the present case, the dynamics of equilibrium 2 are not ac-From the 31P-NMR investigation reported above, it can

be inferred that the second reduction peak is not relevant cessible because it would require scan rates much lower
than 0.2 V s21, which could not be used since diffusion pro-to the reduction of intermediate palladium(I) complexes as

earlier proposed[2] [3] but to the reduction of the anionic di- cesses would be contaminated by convection.
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PdX2(PPh3)2 (i ~ D1/2) [12] does not vary with the exper-
imental conditions i.e. when the concentration of nBu4NX
and consequently the ionic strength increases. This has been
checked by performing cyclic voltammetry of PdX2(PPh3)2

for X 5 Cl, Br, I, in the presence of various amounts of
nBu4NX but with a large excess of PPh3 (10 equivalents),
so that the equilibrium according to Equation 2 was com-
pletely shifted to its left-hand side and consequently only
the reduction peak R1 of PdX2(PPh3)2 was observed. Under
these conditions, the reduction peak current i of
PdX2(PPh3)2, at a constant scan rate, was found to vary
with the concentration of nBu4NX (X 5 Cl, Br). This is
illustrated in Figure 3b where the ratio rD 5 i/i0 [i: reduction
peak current at R1 of PdCl2(PPh3)2 in the presence of n
equivalents of nBu4NCl and 10 equivalents of PPh3; i0:
same current but in the absence of added nBu4NCl] was
plotted versus log [nBu4NCl]. The ratio rD differs from
unity at high chloride concentrations. This suggests that the
diffusion coefficient of PdCl2(PPh3)2 is not constant but de-
creases upon increasing the concentration of chloride ions
because of the higher and higher viscosity of the solution.
Consequently, the equilibrium constant KX was determined

Figure 3. (a) Variation of the ratio r 5 i/i0 versus the logarithm of
as explained above but by plotting the ratio i/(i0 3 rD) in-the scan rate (v in V·s21); i: reduction peak current at R1 of

PdCl2(PPh3)2, 1.5 mmol·dm23 in THF (containing nBu4NBF4, stead of i/i0 versus log n (Figure 4). The values of the equi-
0.3 mol·dm23) in the presence of 100 equivalents of nBu4NCl; i0: librium constant KX (X 5 Cl, Br, I) are collected in Table 2.same current but in the absence of added nBu4NCl at 20 °C; the
reduction peak currents were measured at steady gold disk electro-

Table 2. Equilibrium constant KX for the equilibrium PdX2(PPh3)2des (i.d. 5 0.5 mm for v < 5 V·s21 and i.d. 5 0.125 mm for v > 5
1 X2

v PdX3(PPh3)2 1 PPh3, with nBu4N1 as the countercationV·s21); (b) variation of the ratio rD 5 i/i0 versus the logarithm of
at 25 °Cthe concentration of nBu4NCl; i: reduction peak current at R1 of

PdCl2(PPh3)2, 1.5 mmol·dm23 in THF (containing nBu4NBF4,
0.3 mol·dm23) in the presence of n equivalents of nBu4NCl and 10 X Cl Br I
equivalents of PPh3; i0: same current but in the absence of added
nBu4NCl; the reduction peak currents were measured at a steady

1013KX THF 10 (±1) 0.9 (±0.1) 1.7 (±0.3)gold disk electrode (i.d. 5 0.5 mm) with a scan rate of 0.2 V·s21

1013KX DMF 2 (±1) n.d. n.d.at 20 °C

From this expression one obtains

r2 2 2r(1 1 nKX/2) 1 1 5 0 Figure 4. Determination of the equilibrium constant KCl (see Equa-
tions 2 and 4) in THF at 20 °C; plot of i/(i0 3 rD) versus the loga-
rithm of n (equivalents of nBu4NCl); i: reduction peak current at R1so that
of PdCl2(PPh3)2, 1.5 mmol·dm23 in THF (containing nBu4NBF4,
0.3 mol·dm23) in the presence of various amounts of nBu4NCl; i0:

r 5 1 1 nKX/2 2 {(nKX/2)2 1 nKX}1/2 (4) same current but in the absence of added nBu4NCl; the reduction
peak currents were measured at a steady gold disk electrode (i.d. 5
0.5 mm) with a scan rate of 0.2 V·s21; for the definition of rD seeThe ratio r 5 i/i0 was measured for various amounts of X2

caption of Figure 3b; the solid lines are the theoretical predictions[n equivalents/PdII] at a given scan rate. Plotting the exper- according to Equation 4
imental value of r versus log n at a given rate constant and
comparison with the theoretical curve should allow the de- The equilibrium constant KCl has been determined at dif-

ferent temperatures in THF. The equilibrium according totermination of KX. However, this calculation is based on
the fact that the reduction peak current i at R1 is pro- Equation 2 favors production of the anionic species at

higher temperatures. The Arrhenius plot of lnKCl versus 1/portional to the concentration of the species PdX2(PPh3)2

which is in fact true if the diffusion coefficient D of T (Figure 5) allows the determination of the activation par-
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ameters from the slope and intercept, so that ∆H0 5 20 kJ complexes, Pt2Cl4(PR3)2. [14] However, PdX2(PPh3)2 remains

the more stable complex in THF and DMF for moderatemol21 and ∆S0 5 2 20 J K21.
halide ion concentrations. The phosphane substitution is
easier for chloride ions which reveals the higher nucleo-
philic affinity of Cl2 for the palladium(II) center than that
of Br2 or I2. This can be understood as an interaction be-
tween “hard” Lewis acids and bases. The substitution of the
phosphane by the chloride is more efficient in THF than in
DMF probably due to the lower capacity of THF relative
to DMF to solvate chloride ions compared to the larger
anionic species PdX3L2.

Conversely, we have reported that the affinity of Cl2 for
palladium(0) centers is less than that of Br2 or I2 which

Figure 5. Arrhenius plot for the equilibrium PdCl2(PPh3)2 1 Cl2 can be rationalized as an interaction between “soft” cen-
v PdCl3(PPh3)2 1 PPh3 (with nBu4N as counter-cation) in THF

ters. [3] Those results evidence the ability of halide ions tocontaining nBu4NBF4 (0.3 mol·dm23); variation of ln KCl versus
1/T coordinate both palladium(0) and palladium(II) complexes

and thus probably to influence further reactions involvingThe small value of ∆S0 is indicative of a reaction in which
such complexes. We have already reported the consequencesthere is no variation of the numbers of species in solution.
of the ligation of palladium(0) complexes by halide[325] or
acetate ions[5] [15] on the mechanism of palladium-catalyzed
reactions. Although palladium(II) dihalide complexes areMiscellaneous Reactions
less involved as promoters of catalytic reactions than pal-

All reactions investigated above concern the substitution ladium(0) complexes, arylpalladium(II) halide complexes
of the phosphane ligand by the same halide X2 as those are postulated to be crucial intermediates in palladium(0)-
present in PdX2(PPh3)2. Reactions are more complicated catalyzed reactions involving aryl halides. Reactions of hal-
when different halides are considered. For example: when ide ions X92 with ArPdX(PPh3)2 complexes do not result
30 equivalents of nBu4NI were added to a solution of in a substitution of one phosphane ligand but rather substi-
PdCl2(PPh3)2 (2.4 mmol·dm23) in THF, PPh3 was detected tution of the halide X2 to form neutral ArPdX9(PPh3)2

in the 31P-NMR spectrum as a narrow signal indicative of complexes. [16] In fact, we have established that
the substitution of the phosphane ligand by one iodide ion ArPdX(PPh3)2 complexes are not reactive intermediates in
which generates anionic species: PdCl2I(PPh3)2. cross-coupling[3] [5] or Heck[5] [15] reactions and the effect of

chloride or acetate anions on the course of these reactions
PdCl2(PPh3)2 1 I2 R PdCl2I(PPh3)2 1 PPh3 (5) is to produce new anionic or neutral complexes such as

ArPdX(Cl)(PPh3)2
2, ArPdX(OAc)(PPh3)2

2, ArPd(OAc)-However, this complex could not be characterized since
(PPh3)2 where the two phosphane ligands remain attachedan unresolved broad signal was present at δ 5 17.5 suggest-
to the palladium(II) centering that scrambling reactions occurred by equilibria such as

in Equation 6 and/or 7.

Experimental Section
General: 31P-NMR spectra were recorded with a Bruker W 400
spectrometer (162 MHz) with H3PO4 as an external reference. Cyc-
lic voltammetry was performed with a home-made potentiostat andUnder these conditions, several neutral or anionic com-
a waveform generator Tacussel GSTP4 or EGG. The cyclic voltam-plexes may be formed: PdICl(PPh3)2, PdI2(PPh3)2,
mograms were recorded with a Nicolet 301 oscilloscope.PdCl2I(PPh3)2, PdClI2(PPh3)2, PdI3(PPh3)2 involved in

different and simultaneous equilibria, responsible for the Chemicals: DMF was distilled from calcium hydride under vacuum
and kept under argon. Commercial nBu4NCl, nBu4NBr, nBu4NIunresolved broad signal observed in the 31P-NMR spec-
(Acros) were used after crystallisation. They were melted and driedtrum.
under vacuum. PdCl2(PPh3)2, PdBr2(PPh3)2, PdI2(PPh3)2, was pre-
pared according to described procedures. [17]

Discussion and Conclusion Electrochemical Set Up and Electrochemical Procedure for Cyclic
Voltammetry: Experiments were carried out in a three-electrode cell

Halide ions can substitute a phosphane ligand in connected to a Schlenk line. The counter electrode was a platinum
PdX2(PPh3)2 complexes to afford anionic species wire of ca. 1 cm2 apparent surface area; the reference was a satu-

rated calomel electrode (Tacussel) separated from the solution byPdX3(PPh3)2 by an equilibrium. Similar anionic
a bridge filled with 3 mL of THF or DMF containing nBu4NBF4NiCl3(PR3)2 (R 5 isopropyl) complexes have been reported
(0.3 mol·dm23).to be formed by phosphane substitution[13] while

PtCl3(PR3)2 complexes are usually synthesized by allowing General Procedure: 12 mL of THF or DMF containing nBu4NBF4

(0.3 mol·dm23) was poured into the cell followed by PdCl2(PPh3)2chloride ions to react with phosphane-deficient dimeric
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