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Chloride ions play a very important role in palladium-catalyzed reactions. This review illustrates
how chloride ions modify: (i) the kinetics of the oxidative addition of aryl triflates, vinyl
triflates, allylic acetates to palladium(0) complexes; (ii) the structure of the aryl-, vinyl- or allyl-
palladium(II) complexes, generated in the oxidative addition, by formation of neutral aryl-, vinyl-
or η1-allyl-palladium(II) chloride complexes respectively, instead of cationic aryl-, vinyl- or (η3-
allyl)palladium(II) complexes; (iii) the mechanism of the second step of the catalytic cycle of the
Stille reactions of aryl or vinyl triflates by formation of neutral aryl- or vinyl- chloride complexes
able to react with the nucleophile; and (iv) the mechanism of the second step of the catalytic cycle
of the Tsuji–Trost reactions, i.e. the nucleophilic attack on allyl-palladium(II) complexes (neutral
η1-allyl-PdCl versus cationic (η3-allyl)palladium(II) complexes). Copyright  2004 John Wiley & Sons,
Ltd.
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INTRODUCTION

Many palladium-catalyzed reactions require additives to
be efficient. Among them, chloride ions play a specific
role; for a review, see Ref. 1. All palladium-catalyzed
reactions involving aryl or vinyl triflates are sensitive to
the presence of chloride ions, whose role may be positive
or negative, depending on ligands and solvents, as in
Stille reactions (cross-coupling of aryl or vinyl triflates with
organostannanes):2 – 11

ROTf + R′SnR′′
3

[Pd]−−−→
Cl−?

RR′ + TfOSnR′′
3 (1)

R = aryl, vinyl

Palladium-catalyzed nucleophilic substitution on allylic car-
boxylates (Tsuji–Trost reactions)12 – 18 are also sensitive to the
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presence of chloride ions, which may affect the reactivity,18 – 24

the regioselectivity19 – 21 and the enantioselectivity22 – 24 of the
catalytic reactions:

(2)

Chloride ions may be voluntarily added to the catalytic mix-
ture in large amounts or introduced in catalytic amounts
via the catalytic precursor, usually [Pd(η3-allyl)(µ-Cl)]2.19 – 24

In the latter case, the role of chloride ions is very often
neglected as a consequence of their catalytic concentra-
tion.

This review shows how the role of chloride ions in
catalytic reactions may be established, by finding out
the species whose structure is affected by the chloride
ions and then the mechanistic consequences in terms of
reactivity.

Copyright  2004 John Wiley & Sons, Ltd.
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STRUCTURAL AND KINETIC EFFECT OF
CHLORIDE IONS IN PALLADIUM-
CATALYZED REACTIONS OF ARYL
TRIFLATES

As recalled in Eqn (3), Stille reactions involving aryl triflates
are affected by the presence of chloride ions.4 – 11

Ar-OTf + RSnR′
3

[Pd]−−−→
Cl−?

ArR + TfoSnR′
3 (3)

The effect of chloride ions was first investigated by
Echavarren and Stille.4 Chlorides were supposed to be
involved in the first step of the catalytic reaction, i.e.
in the oxidative addition of aryl triflates to palladium(0)
complexes. Undefined and unstable complexes [ArPdLn]+

(n = 2 or 3?) would be generated in toluene or tetrahydrofuran
(THF; Scheme 1), whereas stable neutral complexes trans-
ArPdClL2 would be generated in the presence of chloride
ions (Scheme 1) and would react with the nucleophile.

The oxidative addition was reinvestigated by Farina et al.7

in 1993 in the more polar solvent N-methylpyrrolidone, but
the complexes formed in the oxidative addition in the absence
of added chlorides could not be characterized.

Cationic trans-[ArPdL2(DMF)]+,TfO−
complexes in the oxidative addition of aryl
triflates to palladium(0) complexes in the
absence of chloride
In 1995 we established that stable well-defined cationic
complexes trans-[ArPdL2(DMF)]+ were generated as free
ions in the oxidative addition of aryl triflates to Pd0

(PPh3)4

performed in the coordinated solvent dimethylformamide
(DMF):25

(4)

The cationic character of trans-[ArPd(PPh3)2(DMF)]+ com-
plexes was established by conductivity measurements in
DMF25 (Fig. 1); for a review see Ref. 26, whereas their struc-
ture was given by 31P NMR spectroscopy performed in DMF
(one singlet representative of two magnetically equivalent

Scheme 1.
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Figure 1. Kinetics of the formation of [trans-4-NO2 –C6H4 –Pd
(PPh3)2(DMF)]+,TfO− in the oxidative addition of 4-NO2 –C6H4 –
OTf (10 mM) to Pd0

(PPh3)4 (2 mM) in DMF at 20 ◦C. Variation of
the conductivity versus time. κ = κexp − κ0 (κexp: experimental
conductivity at t; κ0: initial residual conductivity of 2 µS cm−1).

PPh3 in a trans position), by fast atom bombardment and
electrospray mass spectrometry.25

Neutral trans-ArPdClL2 complexes in the
oxidative addition of aryl triflates to
palladium(0) complexes performed in the
presence of chloride in DMF
Neutral complexes trans-ArPdCl(PPh3)2 are generated by
addition of chloride ions as n-Bu4NCl: (i) to trans-
[ArPd(PPh3)2(DMF)]+ complexes formed in the oxidative
addition of aryl triflates; (ii) to the Pd0

(PPh3)4 complex before
the introduction of the aryl triflates (Scheme 2).25 Neutral
complexes trans-ArPdCl(PPh3)2 are also generated in the
oxidative addition of aryl triflates to [Pd0

(PPh3)2Cl]− gener-
ated in the reduction of PdCl2(PPh3)2 (Scheme 2).27

Consequently, the structure of the aryl-palladium(II)
complexes generated in the oxidative addition of aryl triflates

Scheme 2.

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 574–582
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to palladium(0) complexes is affected by the presence of
chloride ions: neutral complexes are formed instead of
cationic ones.25,27

Accelerating effect of chloride ions in the
oxidative addition of aryl triflates to
palladium(0) complexes
The kinetics of the oxidative addition of aryl triflates to
Pd0

(PPh3)4 was monitored by amperometry at a rotating disk
electrode, taking advantage of the fact that the oxidation
current of Pd0

(PPh3)4 is at any time proportional to its
concentration. The rate constant kapp of the overall oxidative
addition (Scheme 2) was then determined (Fig. 2, Table 1).25

The oxidative addition is faster in the presence of chloride
ions added to Pd0

(PPh3)4 before the introduction of the
aryl triflates. The values of the rate constants kCl

app of the
overall oxidative addition (Scheme 2) are gathered in Table 1.
A large amount of chloride ions relative to Pd0

(PPh3)4 is
required (as in catalytic reactions) to observe a significant
accelerating effect with highly reactive aryl triflates, whereas
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Figure 2. Kinetics of the oxidative addition of 4-EtOCO–C6H4

–OTf (65 mM) to Pd0
(PPh3)4 (2 mM) in DMF (containing

n-Bu4NBF4, 0.3 M) at 20 ◦C, monitored by amperometry at
a rotating gold disk electrode polarized at +0.18 V versus
SCE, on the oxidation wave of Pd0

(PPh3)3. Variation of ln x
versus time (x = [Pd0]t/[Pd0]0) = it/i0; i: oxidation current of
Pd0

(PPh3)3 at t; i0: initial oxidation current of Pd0
(PPh3)3).

the accelerating effect is more pronounced with poorly
reactive aryl triflates.25 This accelerating effect is due to the
formation of anionic species [Pd0

(PPh3)2Cl]− when chloride
ions are added to Pd0

(PPh3)4.25,28 The rate constant kCl

(Scheme 2) which characterizes the intrinsic reactivity of
[Pd0

(PPh3)2Cl]− generated by the reduction of PdCl2(PPh3)2

in the absence of any phosphine is also determined (Table 1).27

It is the most reactive complex due to its anionic structure
and to the absence of extra phosphine.

Consequently, the chloride ions play a dual role in
the oxidative addition of aryl triflates to Pd0

(PPh3)4 in
DMF: (i) formation of neutral trans-ArPdCl(PPh3)2 instead
of cationic trans-[ArPd(PPh3)2(DMF)]+ and (ii) acceleration
of the oxidative addition.25

Mechanistic consequences
As recalled in the Introduction, the palladium-catalyzed
Stille coupling of aryl triflates is very sensitive to the
presence of chloride ions (Eqn (3)).4 – 11 Espinet et al.10 have
observed that, in THF, the Pd0L4-catalyzed cross-coupling
of vinyl(tributyl)tin (CH2 CH–SnBu3) with fluorinated aryl
triflates, ArF –OTf (ArF = C6F5 or C6Cl2F3), was slower in
the presence of chloride ions when the ligand was PPh3. On
the contrary, the coupling was accelerated in the presence of
chloride ions when the ligand was AsPh3. This puzzling effect
of chloride ions is rationalized as follows.10 Whatever the
ligand, trans-ArF –PdClL2 (L = PPh3 and AsPh3) complexes
are formed in the oxidative addition. When the ligand is
PPh3, the oxidative addition of ArFOTf to Pd0

(PPh3)4 is fast
(it is shown above that it is accelerated by the presence
of chloride ions)25 and the transmetallation (reaction of
CH2 CH–SnBu3 with trans-ArF –PdCl(PPh3)2) becomes rate
determining because trans-ArF –PdCl(PPh3)2 complexes are
less reactive than the trans-[ArF –Pd(PPh3)2(THF)]+,TfO− or
[ArF –Pd(PPh3)3]+,TfO− that would have been formed in the
absence of any chloride ions.10 This is why chloride ions have
a negative effect on the catalytic reaction.

When the ligand is AsPh3, the transmetallation is fast
because of the easier exchange of AsPh3 than PPh3 by
CH2 CH–SnBu3 from trans-ArF –PdCl(AsPh3)2 to gener-
ate the key intermediate ArF –Pd(η2-CH2 CH–SnBu3)Cl
(AsPh3).10 The oxidative addition of ArFOTf to Pd0

(AsPh3)4

is then rate determining and is highly accelerated by chloride
ions (as for Pd0

(PPh3)4).25 This is why chloride ions have a
positive effect on the cross-coupling.

Table 1. Accelerating effect of chloride ions on the rate of the oxidative addition of aryl triflates to palladium(0) complexes (2 mM) in
DMF at 20 ◦C (Scheme 2)

ArOTf 4-NO2 –C6H4 –Otf C6H5 –OTf 1-naphthyl–OTf

Cl− equiv.a/Pd0
(PPh3)4 0 150 0 150 0 150

kapp (M−1 s−1), kCl
app (M−1 s−1) 0.32 0.59 1.7 × 10−3 33 × 10−3 0.075 0.43

kCl (M−1 s−1)b — — — — 5.5b —

a Added as n-Bu4NCl.
b Reactivity of [Pd0(PPh3)2Cl]− generated in the electrochemical reduction of PdCl2(PPh3)2.

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 574–582
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This is an illustration of the important role that chloride ions
may play in catalytic reactions involving cationic palladium
complexes by changing the rate-determining step of the
catalytic cycle.

STRUCTURAL AND KINETIC EFFECT OF
CHLORIDE IONS IN PALLADIUM-
CATALYZED REACTIONS OF VINYL
TRIFLATES

Whereas aryl triflates may react in palladium-catalyzed
Stille reactions (Eqn (3)) in the absence of chloride ions, the
latter are always required in Stille reactions involving vinyl
triflates:2,3,5 – 9

Vinyl–OTf + R–SnR′
3

[Pd]−−−→
Cl−

Vinyl–R + TfO–SnR′
3 (5)

In 1986, Scott and Stille3 investigated the mechanism of
the oxidative addition of vinyl triflates to Pd0

(PPh3)4.
Undefined unstable complexes, postulated as cationic
[η1-vinyl–PdII

(PPh3)n]+,TfO− (n = 2 or 3?), were supposed
to be formed in THF, whereas stable, well-characterized
neutral η1-vinyl–PdIICl(PPh3)2 complexes were generated in
the presence of added chloride ions (Scheme 3).3

Cationic trans-[(η1-vinyl)PdIIL2(DMF)]+,TfO−
complexes in the oxidative addition of vinyl
triflates to palladium(0) complexes in the
absence of chloride
In 2003 we reinvestigated the mechanism of the oxidative
addition of vinyl triflates to Pd0

(PPh3)4 in DMF. Cationic
trans-[η1-vinyl–PdII

(PPh3)2(DMF)]+,TfO− is generated due
to the good coordinating properties of DMF:29

(6)

Two complexes, 1a+ and 1b+, have been unambiguously
characterized by conductivity measurements26,29 (Fig. 3), 1H,
31P NMR spectroscopy and electrospray mass spectrometry,
in oxidative additions performed under stoichiometric
conditions.

Scheme 3.
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Figure 3. Kinetics of the oxidative addition of CH2 C(n-Bu)–
OTf (2 mM) to Pd0

(PPh3)4 (2 mM) in DMF at 10 ◦C:
�, variation of the molar fraction of the ionic complex
[CH2 C(n-Bu)–Pd(PPh3)2(DMF)]+,TfO− versus time, moni-
tored by conductivity; ž, variation of the molar fraction of
Pd0

(PPh3)3 versus time, monitored by amperometry at a rotat-
ing gold disk electrode.

However, the cationic trans-[Vinyl–Pd(PPh3)2(DMF)]+,
TfO− complexes are less stable than the cationic aryl ones,
trans-[ArPd(PPh3)2(DMF)]+,TfO−, since a slow degradation
takes place at room temperature with formation of the
vinyl-phosphonium salt [vinyl–PPh3]+,TfO− (Eqn (7)). This
reaction also gives a palladium(0) complex detected in 31P
NMR spectroscopy if the oxidative addition is performed
under stoichiometric conditions (Eqn (7)). When the oxidative
addition is performed with excess vinyl triflates (as in
catalytic reactions), the palladium(0) complex generated in
Eqn (7) undergoes a second oxidative addition as in Eqn (6).
The subsequent formation of the vinyl-phosphonium and
a palladium(0) complex occurs until the total conversion
of PPh3 to [vinyl–PPh3]+. The detection of a stable
vinyl–palladium(II) complex is thus made impossible when
the oxidative addition is performed with vinyl triflates in
large excess.29

(7)

Structural and kinetic effect of chloride in the
oxidative addition of vinyl triflates to
palladium(0) complexes in the presence of
chloride: mechanistic consequences
Since Scott and Stille3 have shown that neutral complexes
trans-η1-vinyl–PdCl(PPh3)2 are formed when the oxidative

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 574–582
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addition is performed in the presence of added chloride ions,
we have focused our research on the effect of chloride ions
on the kinetics of the oxidative addition of vinyl triflates
to Pd0

(PPh3)4 in DMF. In the absence of any chloride ions,
the determination of the rate constant kapp of the oxidative
addition (Eqn (6)) by amperometry (Fig. 3, Table 2) shows
that vinyl triflates are considerably more reactive than aryl
triflates (compare Tables 1 and 2).29 The oxidative additions
were so fast that the kinetics were investigated in the presence
of extra PPh3 (10 equivalents) in order to decrease the rate of
the reaction by decreasing the concentration of the reactive
complex Pd0

(PPh3)2 relative to that of the unreactive complex
Pd0

(PPh3)3.30

In the presence of a large amount of chloride ions (200
equivalents), the oxidative addition is slightly faster than
that in the absence of chloride (Table 2, entries 2 and 3).29

Consequently, since the accelerating effect of the chloride
ions on the oxidative addition is very low, one can assume
that the beneficial role of chloride ions in Stille reactions
involving vinyl triflates is not due to a faster oxidative

Table 2. Kinetics of the oxidative addition of vinyl triflates to
Pd0

(PPh3)4 (2 mM) in DMF at 30 ◦C (Eqn (6)). Effect of chloride
ions added as n-Bu4NCl

Entry Vinyl-OTF Additive kapp(M−1 s−1)

1 — 5300

2 — 530

3 2b Cl− (200 equiv) 730

4 — 1530

5 — 3200

6 — 660

7 — 170

addition; rather, it is due to the stabilization of the cationic
complex trans-[η1-vinyl–PdII

(PPh3)2(DMF)]+ as the neutral
complex trans-η1-vinyl–PdCl(PPh3)2, in order to avoid the
decomposition of the cationic complex into the phosphonium
salt.29

STRUCTURAL AND KINETIC EFFECT OF
CHLORIDE IONS IN PALLADIUM-
CATALYZED ALLYLIC SUBSTITUTIONS

Palladium complexes are efficient catalysts of nucle-
ophilic substitutions on allylic carboxylates (Tsuji–Trost
reactions):12 – 24

(8)

Whatever the catalytic precursor (Pd0L4, Pd0
(dba)2 +

nL, [Pd(η3-allyl)(µ-Cl)]2 + 4L, etc.) (dba is trans, trans-
dibenzylideneacetone), the mechanism of the Tsuji–Trost
reactions is supposed to involve cationic complexes
[(η3-allyl)PdL2]+ with AcO− as the counter anion (free ions
in DMF, ion pairs in THF) generated in a reversible oxidative
addition (Scheme 4).31,32

However, the efficiency, regioselectivity and enantioselec-
tivity of the Tsuji–Trost reactions may be affected by the
catalytic precursor or by the presence of chloride ions pur-
posely added in the reaction, as evidenced by the groups of
Bäckvall,19,20 Hayashi,21 Lloyd-Jones22,23 and Trost.24

In 1968, Powell and Shaw33 established that dimeric
[Pd(η3-allyl)(µ-Cl)]2 complexes led to neutralη1-allyl–PdClL2

complexes when four equivalents of PPh3 were added
to [Pd(η3-allyl)(µ-Cl)]2. In 1981, Åkermark et al.34 reported
a difference in reactivity and regioselectivity in the
reaction of dimethylamine with the neutral complex
η1-CH3 –CH CH–CH2 –PdCl(PPh3)2 (supposedly gener-
ated in situ by reaction of [Pd(η3-CH3 –CH–CH–CH2)(µ-Cl)]2

Scheme 4.

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 574–582
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with four equivalents of PPh3) when compared with its reac-
tion with an isolated cationic complex [(η3-CH3 –CH–CH–
CH2)Pd(PPh3)2]+BF4

−.
This strongly suggested that voluntarily added chloride

ions or chloride ions introduced via the dimeric precursor
[Pd(η3-allyl)(µ-Cl)]2 may affect the structure and reactivity
of the allyl-palladium(II) complex that has supposedly been
involved in the nucleophilic attack.

Formation of neutral η1-allyl-palladium
chloride complexes
In 2001 and 2003, we established that neutral η1-allyl–PdClL2

(5α) and (5γ ) (L = monophosphine) were generated in
chloroform, acetone, THF and DMF: (i) by addition of four
equivalents of L to [Pd(η3-allyl)(µ-Cl)]2 in the absence
of any chloride scavenger (route B in Scheme 5); (ii) by
addition of chloride ions (as n-Bu4NCl) to cationic complexes
[(η3-allyl)PdL2]+ (route C); (iii) in the oxidative addition of
allylic acetates to Pd0

(dba)2 + 2PPh3 when it is performed in
the presence of Cl− (route D), the oxidative addition then
becoming irreversible; (iv) in the oxidative addition of allylic
chlorides to Pd0L4 complexes (route E), as summarized in
Scheme 5.35,36

Similarly, neutral complexes η1-allyl–PdCl(P,P) (7α) and
(7γ ) were generated with bidentate P,P ligands (Scheme 6).36

Scheme 5.

Scheme 6.

Whatever the ligand, monodentate or bidentate, the neutral
complexes η1-CH2 CH–CH2 –PdClL2 (5) or η1-CH2 CH–
CH2 –PdCl(P,P) (7) exhibit similar 1H NMR patterns
consisting of a doublet (JHH = 10 Hz) integrating for four
protons and a quintet (JHH = 10 Hz) integrating for one
proton, suggesting a fast equilibrium between (5α) (R = H)

and (5γ ) (R = H) (Scheme 5) and (7α) and (7γ ) (Scheme 6).36

In 2001, Braunstein et al.37 reported the characterization
of an η1-allyl–PdIICl(P,N)(P,N = bis(oxazoline)phenylphos-
phonite) complex. In 2002, Kollmar and Helmchen38

reported the synthesis of an η1-allyl–PdCl(P,N) (P,N =
phosphinooxazoline) complex. The η1-allyl–PdCl com-
plexes were obtained in both cases by treating a dimeric
[Pd(η3-allyl)(µ-Cl)]2 with two equivalents of the correspond-
ing P,N ligand, in the absence of any chloride scavenger.

This is further evidence that the presence of chloride ions
strongly favors the η1-allyl structure, and it emphasizes the
crucial role of presumably ‘innocent’ ligands, such as chloride
ions, that do not behave as simple counter anions of cationic
[(η3-allyl)PdL2]+ complexes but may modify their structure. It
is shown in the following that they also modify the reactivity
of allyl-palladium(II) complexes with nucleophiles.

Reactivity of cationic complexes
[(η3-CH2 –CH–CH2)Pd(PAr3)2]+,BF4

− with
morpholine in DMF in the absence of chloride
ions
The reaction of morpholine with [(η3-CH2 –CH–CH2)Pd{P
(4-Cl–C6H4)}3]+BF4

− (4a+,BF4
−) or [(η3-CH2 –CH–CH2)Pd-

{P(4-CH3 –C6H4)}3]+BF4
− (4b+, BF4

−), performed in DMF at
room temperature, gives the substitution product 10, which
remains ligated to Pd0

(PAr3)2 complex as in complexes 9, as
identified by UV spectroscopy (Scheme 7).36

The kinetics of the reaction of morpholine with cationic
complexes 4a+,BF4

− and 4b+,BF4
− was then monitored by

UV spectroscopy by recording the increase of the absorbance
of complexes 9a (Fig. 4a) or 9b with time. The limiting value of
the absorbance of 9a observed in the presence of morpholine
in large excess (Fig. 4a) was reached only after addition of two

Scheme 7.

Copyright  2004 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2004; 18: 574–582



580 A. Jutand Materials, Nanoscience and Catalysis

0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300

A
bs

or
ba

nc
e 

D

Time (s)

a

-2.5

-2

-1.5

-1

-0.5

0

0 100

ln
x

Time (s)

b

0.02

0.04

0.06

0 0.005 0.01 0.015

k
ex

p 
(s

-1
)

[morpholine] (mol L-1)

c

20 40 60 80
0

Figure 4. Kinetics of the reaction of morpholine with the cationic complex [(η3-CH2 –CH–CH2)Pd(PAr3)2]+,BF4
−
(Ar = 4-Cl–C6H4)

(4a+,BF4
−
) (0.5 mM) in DMF containing n-Bu4NBF4 (0.3 M) at −25 ◦C, monitored by UV spectroscopy. (a) Absorbance at 323 mm

of the palladium(0) complex (9a) versus time, after addition of 10 equivalents of morpholine. (b) Variation of ln x versus time
(x = ([9a]lim − [9a])/[9a]lim = (Dlim − D)/Dlim with D the absorbance of 9a at t and Dlim the final absorbance of 9a determined in
Fig. 4a). ln x = −kexpt. (c) Reaction order in morpholine: plot of kexp versus the morpholine concentration. kexp = kη3 [morpholine].

equivalents of morpholine, which shows that the complete
substitution on 4a+ to give the palladium(0) complex 9a
requires two equivalents of morpholine (Scheme 7). The
overall reaction may then be decomposed into two successive
steps: the rate-determining nucleophilic reaction, followed
by the fast deprotonation of complex 8 (Scheme 7). The
kinetics of formation of the palladium(0) complex 9 monitored
by UV spectroscopy (Fig. 4a) is thus indicative of the
kinetics of the nucleophilic attack. The value of the rate
constant kη3 was determined from Fig. 4b and c (Table 3):
ln x = −kη3 [morpholine]t.36

The effect of the ionic strength on this reaction was tested
by addition of n-Bu4NBF4 (0.3 M) to anticipate its effect were
the reaction to be performed in the presence of n-Bu4NCl.
The effect of the ionic strength is to accelerate (by 30%)
the nucleophilic attack slightly (compare the values of kη3

determined in DMF at −25 ◦C, Table 3).36

From the respective values of kη3 in Table 3, one observes
that the cationic complex ligated by 4-Me–C6H4)3P is less
reactive than that ligated by 4-Me–C6H4)3P. The ligand
(4-Me–C6H4)3P of the cationic palladium(II) center is more
electron rich than (4-Cl–C6H4)3P, which disfavors the
external nucleophilic attack on the allyl ligand.

Table 3. Comparative intrinsic reactivity of cationic
[(η3-allyl)PdL2]+ and neutral η1-allyl–PdClL2 complexes with
morpholine in DMF at 25 ◦C (Scheme 8)

L (4-Cl–C6H4)3P (4-CH3 –C6H4)3P

kη3 (M−1 s−1) 94a 1
kη1 (M−1 s−1) 0.91 0.29
KCl (M−1) 58 × 103 2.4 × 103

a kη3 = 4.2 M−1 s−1 at −25 ◦C. kη3 = 5.6 M−1 s−1 at −25 ◦C in the
presence of n-Bu4NBF4 (0.3 M).

Effect of chloride ions on the reactivity of
cationic [(η3-allyl)PdL2]+ complexes with
morpholine: comparative reactivity of neutral
η1-allyl–PdClL2 chloride complexes versus
cationic [(η3-allyl)PdL2]+ complexes
The nucleophilic attack of morpholine on the cationic
complexes 4a+,BF4

− and 4b+,BF4
− was found to become

slower and slower in the presence of increasing amounts of
chloride ions added as n-Bu4NCl in the concentration range
4.9–8.8 mM to minimize any effect of the variation of the ionic
strength.36 This decelerating effect cannot be interpreted as a
consequence of the increasing ionic strength, since the effect
of the ionic strength was to accelerate the nucleophilic attack
slightly (vide supra). A specific effect of n-Bu4NCl is thus
involved.

The addition of Cl− to the cationic complexes [(η3-CH2 –
CH–CH2)Pd(PAr3)2]+BF4

− led to the formation of the neutral
complexes η1-CH2 CH–CH2 –PdCl(PAr3)2.36 The fact that
the rate of the nucleophilic attack on the cationic complexes
depends on the Cl− concentration indicates that the two
complexes are in equilibrium with the Cl− (Scheme 8)
with KCl[Cl−] >> 1. Indeed, the cationic complexes were
no longer detected in the presence of one equivalent of
Cl− (C0 = 0.5 mM).

The cationic complexes 4+ might remain the reactive
complex even in the presence of a large excess of Cl−, or both
complexes 4+ and 5 might react in parallel with morpholine
to give the same palladium(0) complex 9 (Scheme 8).36 The
reaction of morpholine with 4+ is known as an external attack
onto the η3-allyl ligand,12 – 24 whereas reaction of morpholine
with 5 would be an SN2′ substitution at the η1-allyl ligand, as
proposed by Åkermark et al.34

According to Scheme 8, the kinetic law is given by
Eqn (9), with an apparent rate constant kapp expressed in
Eqn (10) (x = ([9]lim − [9])/[9]lim = (Dlim − D)/Dlim with D the
absorbance of 9 at t and Dlim the final absorbance of 9
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Scheme 8.

determined as in Fig. 4a).

ln x = [morpholine]
(

kη1 + kη3

KCl[Cl−]

)
t (9)

kapp = kη1 + kη3

KCl[Cl−]
(10)

The plot of kapp versus the reciprocal of the Cl−

concentration is linear (Fig. 5) with a positive intercept,
thus confirming the mechanism proposed in Scheme 8 and
establishing that the neutral complex 5 reacts in parallel with
the cationic complex 4+.

The values of kη1 and kη3 /KCl are determined from the
intercept and the slope of the straight line respectively,
thus allowing the determination of KCl (Table 3).36 From
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Figure 5. Kinetics of the reaction of morpholine (2 mM)
with [(η3-CH2 –CH–CH2)Pd(PAr3)2]+,BF4

−
(Ar = 4-Me–C6H4)

(4b+,BF4
−, C0 = 1 mM) in DMF, in the presence of various

amount of Cl− ions added as n-Bu4NCl, monitored by UV
spectroscopy in DMF at 25 ◦C. Variation of kapp versus the
reciprocal of Cl− concentration (Eqn (10)).

the comparative values of kη1 and kη3 , it is observed that,
for the same ligand, the cationic complex 4+ is intrinsically
considerably more reactive than the neutral complex 5.
However, in the presence of Cl−, the concentration of 4+

may be very low and the neutral complex 5 may become
the main reactive complex. If [Cl−] = 5 × 10−3 M, then the
contribution of the cationic complex 4a+ will only be 0.35 of
that of the neutral complex 5a, which then plays the essential
role in the reaction with morpholine.36

Consequently, one may switch from a nucleophilic attack
on the η3-allyl ligand of the cationic complex to an SN2′

substitution on the η1-allyl ligand of the neutral complex
when increasing the chloride concentration, thus affecting
the rate and probably the regioselectivity of the reaction. As
recalled in the Introduction, this double effect was observed
by Åkermark et al.34 However, in that study, neither the
equilibrium between the cationic and the neutral complexes
was considered, nor the effect of the chloride concentration.34

Comparison of the kη1 values in Table 3 indicates that the
neutral η1-allyl–PdCl(PAr3)2 complex is only slightly less
reactive when the electron-rich (4-Me–C6H4)3P is considered
compared with (4-Cl–C6H4)3P, whereas a stronger difference
was observed for the cationic complexes (compare kη3 in
Table 3). This suggests an SN2′ mechanism with Pd(PAr3)2

as the leaving group located far from the impact of the
nucleophilic attack, as proposed by Åkermark et al.34

CONCLUSIONS

It is shown that chloride ions play a very important role
in palladium-catalyzed reactions, since they are involved in
several steps of the catalytic cycles. They affect the structure
and reactivity of key intermediates in palladium-catalyzed
reactions.

Indeed, chloride ions modify the kinetics of the first step of
catalytic cycles, i.e. the oxidative addition of aryl triflates,25

vinyl triflates,29 and allylic acetates35 to palladium(0)
complexes (acceleration of the oxidative addition of aryl and
vinyl triflates and irreversibility of the oxidative addition of
allylic acetates).

Chloride ions modify the structure of the aryl-, vinyl-
or allyl-palladium(II) complexes, generated in the oxidative
addition, by formation of neutral aryl-, vinyl- or η1-
allyl-palladium(II) chloride complexes respectively,25,29,35,36

instead of cationic aryl-, vinyl- or (η3-allyl)palladium(II)
complexes.

Chloride ions modify the mechanism of the second step
of the catalytic cycle of the Stille reactions involving aryl
or vinyl triflates by the formation of neutral aryl- or vinyl-
palladium(II) chloride complexes10,25,29 which then react with
the organostannane derivative.10

Chloride ions also modify the mechanism of the second
step of the catalytic cycle of the Tsuji–Trost reactions, i.e. the
nucleophilic attack on allyl-palladium(II) complexes (neutral
η1-allyl- versus cationic (η3-allyl)palladium(II) complexes).
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At high chloride concentrations, the neutral η1-allyl–PdCl
complex may become the major reactive complex.36

The catalytic precursors of Tsuji–Trost reactions, i.e.
[Pd(η3-allyl)(µ-Cl)]2 + 4PAr3 or [(η3-allyl)Pd(PAr3)2]+BF4

−

are not equivalent, since in the presence of chloride ions
delivered by the precursor the intermediate which reacts
with the nucleophile might not be only the cationic com-
plexes [(η3-allyl)Pd(PAr3)2]+, as usually considered, but also
the neutral complexes η1-allyl–PdCl(PAr3)2.36 The regiose-
lectivity and enantioselectivity of the catalytic reactions may
then be affected by the presence of chloride ions purposely
added or introduced by the precursors.

REFERENCES

1. Fagnou K, Lautens M. Angew. Chem. Int. Ed. Engl. 2002; 41: 26.
2. Scott WJ, Crisp GT, Stille JK. J. Am. Chem. Soc. 1984; 106: 4630.
3. Scott WJ, Stille JK. J. Am. Chem. Soc. 1986; 108: 3033.
4. Echavarren AM, Stille JK. J. Am. Chem. Soc. 1987; 109: 5478.
5. Echavarren AM, Stille JK. J. Am. Chem. Soc. 1988; 110: 1557.
6. Farina V, Krishnan B. J. Am. Chem. Soc. 1991; 113: 9585.
7. Farina V, Krishnan B, Marshall DR, Roth GP. J. Org. Chem. 1993;

58: 5434.
8. Farina V, Roth GP. Recent advances in the Stille reaction. In

Advances in Metal-Organic Chemistry, Vol. 5, Liebeskind LS (ed.).
JAI Press: Greenwich, 1996; 1–53.

9. Farina V, Krishnamurthy V, Scott WJ. The Stille reaction. In
Organic Reactions, Paquette LA (ed.). John Wiley: New York,
1997; 1–637.

10. Casado AL, Espinet P, Gallego AM. J. Am. Chem. Soc. 2000; 122:
11 771.

11. Casado AL, Espinet P, Gallego AM, Martı́nez-Ilarduya JM.
J. Chem. Soc. Chem. Commun. 2001; 339.

12. Tsuji J. Palladium Reagents and Catalysts. John Wiley: Chichester,
1996; 290.

13. Godleski SA. Nucleophiles with allyl-metal complexes. In
Comprehensive Organic Synthesis, Vol. 4, Trost BM, Pflemming I,
Semmelhack MF (eds). Pergamon: Oxford, 1991; 585–661.

14. Consiglio G, Waymouth R. Chem. Rev. 1989; 89: 257.
15. Frost CG, Howard J, Williams JMJ. Tetrahedron Asymm. 1992; 3:

1089.
16. Pfaltz A. Acc. Chem. Rev. 1993; 26: 339.
17. Trost BM. Acc. Chem. Res. 1996; 29: 355.
18. Trost BM, Van Kanken DL. Chem. Rev. 1996; 96: 395.
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