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Abstract

It is established that new reactive anionic palladium(0) complexes species are formed in which palladium(0) is ligated by either
chloride ions: Pd(0)(PPh;),Cl~ (when generated by reduction of PdCl,(PPh;),) or by acetate ions: Pd(0)(PPh;),(OAc)~ (when
generated in situ in mixtures of Pd(OAc), and PPh;). The reactivity of such anionic palladium(0) complexes in oxidative addition
to aryl iodides strongly depends on the anion born by the palladium(0). The structure of the arylpalladium(II) complexes formed
in the oxidative addition also depends on the anion. Indeed, intermediate anionic pentacoordinated arylpalladium(II) complexes
are formed: ArPdI(Cl)(PPh;);” and ArPdI(OAc)(PPh;), , respectively, whose stability depends on the chloride or acetate anion
brought by the palladium(0). ArPdI(CI)(PPh;), is rather stable and affords trans ArPdI(PPh;), at long times via a neutral
pentacoordinated solvated species ArPdI(S)(PPhs,), involved in an equilibrium with the chloride ion. ArPdI(OAc)(PPh,); is quite
unstable and rapidly affords the stable trans ArPd(OAc)(PPh;), complex. Consequently, the mechanism of the PdCl,(PPh;),-cat-
alyzed cross-coupling of aryl halides and nucleophiles has been revisited. The nucleophilic attack does not proceed on the trans
ArPdI(PPh,), complexes as usually postulated but on the intermediate neutral pentacoordinated species ArPdI(S)(PPhs), to afford
a pentacoordinated anionic complex ArPdI(Nu)(PPh;),  in which the aryl group and the nucleophile are adjacent, a favorable
position for the reductive elimination which provides the coupling product Ar—Nu. The mechanism of the Heck reactions
catalyzed by mixtures of Pd(OAc), and PPh; has also been revisited. The nucleophilic attack of the olefin proceeds on
ArPd(OAc)(PPh;), and not on the expected trans ArPdI(PPh;), complex which is never formed when the oxidative addition is
performed from Pd(0)(PPhs),(0Ac) . This work emphasizes the crucial role played by the anions born by the precursors of
palladium(0) complexes and rationalize empirical findings dispersed in literature concerning the specificity of palladium catalytic
systems. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction halides/triflates, allylic derivatives with nucleophiles [1]

(cross-coupling reactions [la,b,e,h,j,m], Stille reactions

Among the catalysts of organic reactions palladium
is the most versatile one since it catalyzes the formation
of C-C, C-H, C-N, C-0, C-P, C-S and C-CO-C
bonds from reactions of aryl halides/triflates, vinyl

* Dedicated to Professor Richard F. Heck and to Professor Jiro
Tsuji.

* Corresponding author. Tel. 4 33-1-44323388; fax: + 33-1-
44323325.

! Also corresponding author.

[1d,e,h,m], Suzuki reactions [lh,i,m], Heck reactions
[1b,c,e—h,j,m], Tsuji—Trost reactions [lc,fh,j—m]. In
the presence of an electron source, the reactivity is
reversed and reactions with electrophiles allow the for-
mation of C-C, C—H and C-CO, bonds [2].

The efficiency of palladium originates from its abil-
ity, when it is zerovalent, to activate C—X bonds (X =1
[3], Br [3b], Cl [3b], O [4]) by an oxidative addition
which provides an organopalladium(Il) complex prone
to react with nucleophiles [5,6]. The nucleophilic reac-
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tion provides a new organopalladium(Il) complex
which affords the final compound after one or several
steps [6]. A large variety of palladium(0) complexes are
used as catalysts, either isolated complexes such as
Pd(0)L, (L = phosphines) or complexes generated in
situ from mixtures of Pd(0)(dba), and phosphines. Pal-
ladium(II) complexes, PdX,L, (X =Cl, Br, I) are also
used as precursors of palladium(0) complexes, in the
presence of a reducer, very often the nucleophile itself.
When the later is not able to reduce the palladium(II)
complex, an external reducer is required such as hy-
drides, Grignard, organolithium, zinc or aluminum
reagents. Another source of palladium(0) complexes
consists in mixtures of divalent Pd(OAc), and phos-
phine ligands. Through considerable empirical testing
of different catalytic systems, Pd(0)L, complexes have
been proven to be more or less able to catalyze reac-
tions with almost all kinds of nucleophiles whereas the
three others sources of palladium(0) complexes appear
to be more specific of a given reaction. Mixtures of
Pd(0)(dba), and phosphines are used frequently in al-
lylic substitutions (Tsuji—Trost reactions). Mixtures of
Pd(OAc), and phosphine ligands are efficient in Heck
reactions and PdX,L, in cross-coupling and Stille reac-
tions. This classification should not be taken too strictly
since it requires some nuances and restrictions. Indeed,
some Heck reactions are catalyzed by Pd(0)L, com-
plexes, however in the presence of acetates as a base
[1f]. Pd(0)(BINAP), catalyzes asymmetric Heck reac-
tions provided acetate ions were present [7].

The efficiency of the palladium catalyst is expected,
of course, to strongly depend on the ligand of the
palladium atom. However, for a given ligand, it is
surprising that the overall reactivity also depends on
the precursor of the palladium(0) complex since there is
a general agreement on the fact that the low ligated,

14-electron Pd(0)L, complex is always the active species
which initiates the catalytic cycle via its oxidative addi-
tion [1].

In order to understand why different sources of
palladium(0) are so specific, we investigated the struc-
ture and the reactivity of the different resulting palla-
dium(0) complexes in oxidative additions. Moreover,
since the oxidative addition might not be the rate
determining step of the catalytic cycle, the structure of
the organopalladium(IT) complexes resulting from the
oxidative addition was also investigated as well as their
reactivity in the further step of a real catalytic cycle, i.e.
their reaction with nucleophiles. All these investigations
have been made in the context of a catalytic cycle
sequence, i.e. starting from the real precursors of the
palladium(0) complexes. The alternative and more
spread approach consists in investigating mechanisms
at the stoichiometric level on separated and indepen-
dent steps, i.e. not in the context of the overall catalytic
reaction. However, despite their intrinsic independent
value, such studies very often give rise to erroneous
results since they are often performed with isolated
(and thus stable) complexes that might not be the real
reactive species involved in the considered step when
this step belongs to a catalytic sequence instead of a
stoichiometric reaction. By this method, intermediate
complexes may be overlooked although they may play
a crucial role in the catalytic reaction. Moreover, inves-
tigation of mechanisms by studying one step indepen-
dently from the previous one, i.e. not in the chemical
context of the previous one, very often results in the
by-pass of the role of presumed innocent species such
as anions or cations which are present in the catalytic
sequence and not in the isolated step model and which
may even induce changes of the rate determining step.
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In any catalytic cycle, the total amount [Cat],,, of
catalyst is present under several reactive forms, Cat,,
Cat,,..., Cat,, which are distributed all along the cata-
lytic sequence (see Scheme la), and the available con-
centration of each of these forms of the catalyst is
regulated by steady state considerations. At most, the
relative concentration of each of the catalytic forms is
given by the thermodynamic Boltzman distribution, so
that one has:

[Cat;] < [Cat]y,
x exp(—AG}/RT)/[Z, exp(— AG)/RT)]

where AG; is the free enthalpy difference between the
catalyst form Cat; and the most stable one taken as a
reference.

On the other hand, whenever the catalytic cycle is
very efficient, the rate of each of its chemical steps is
equal because of the steady state requirement. There-
fore, the rate of the catalytic cycle can be evaluated by
considering, for example the step which involves the
catalytic species of the highest energy. Let Cat* be this
species, and k*, the rate constant of its chemical reac-
tion (note that the reaction involves a bimolecular step
with a reactant Z, k* = k& x [Z]). Thus, owing to the
above equation, the maximum rate of the cycle is:

vmﬂx S k* X [Cat]lot
x exp(— AG**/RT)/[Z ,,, exp(— AG)/RT)]

Considering for example an Eyring formulation for k*
(or for kf), one obtains:

Umax < (KT/h) x [Cat]y,
x exp[ — (AG** + AG"*)/RT]
/[Z 1, exp(— AG}/RT)]
or for a bimolecular step with a collision frequency Z:

Umax < Z % [Cat]o[Z]

max —

x exp[ — (AG# * + AG"*)/RT]
/[Z 1,n eXp( - AG%/RT)]

where AG#* is the enthalpic barrier relative to the
reaction of species Cat*.

One can note 0GY,, = (AG** + AG"*). 6G?, is by
definition the energetic span of the cycle, i.e. the en-
thalpy difference between the point of highest energy
and that of lowest energy along the energetic path of
the catalytic sequence along one cycle of the reaction
(see Scheme 1b). Therefore the maximum rate of the
cycle is given by:

Umax < (KT/h) x [Cat];o,
x exp(— 0G?

max.

/RT)/[Z ,, exp(— AG}/RT)]

for a first order reaction of Cat* or by:

Umax < Z % [Cat],,[Z]
x exp(— oG

max,

/RT)/[Z,, exp(— AG}/RT)]

for a second order reaction.

Whatever is the case, it is thus obvious that v is
the largest possible when 6 G2, is the smallest possible.
In other words, the smallest §G?,, is, the fastest the
catalysis.

We wished to recall here this elementary result of
catalysis to show that the most common tentatives of
improving a catalytic cycle by improving the rate of its
slowest steps (i.e. precisely that one which implies the
species of lesser availability, that is Cat* here) has no
chance of success if the catalytic sequence is preserved
otherwise. Indeed, based on Hammond postulate, one
generally try to make the species more reactive by
increasing its energy, so that AG#* decreases. Obvi-
ously, this strategy is efficient under stoichiometric
conditions where the catalytic cycle has to rotate only
once (or only a few times) to complete the reaction. Yet
under true catalytic conditions the result is opposite
because the gain in lowering AG# * is more than lost by
the loss due to the increase in AG%*, so that the net
effect is that G2, increases and v,,,, decreases. This
can be easily verified by considering that the gain in
AG** is at most — B x A(AG®*), where S is the Bron-
stedt coefficient of the step considered and A(AG®*) is
the positive variation of A(AG®*) due to the fact that
the stability of species Cat* has been decreased to make
it more reactive. Therefore the net effect on G2, is
(1 — B) x A(AG®*), and since B <1, the net effect is
that that A(6G?,,,) is positive or at best negligible when
1.

In other words, even if the cycle proves better under
stoichiometric conditions or nearly stoichiometric ones
(viz. only a few rotations are required), it will be slower
under catalytic ones. This surprizing result is apparently
contradictory with common considerations. However,
and albeit not usually cast in these terms, this result is
well known in catalysis. Indeed, consider for example
the poisoning of a catalytic sequence. Poisoning con-
sists in fact into a considerable stabilization of one of
the catalyst reactive forms generally by a down-hill but
reversible complexation, etc. In other words, this
amounts to considerably increase §G?,, and therefore
decrease considerably wv,,,. Fundamentally, what is
happening is that the poison is killing the catalytic
sequence because it stores almost all the catalyst under
a too much stable form. Considering this example, one
should easily understand that destabilizing the most
unstable forms of the catalyst amounts to do the same,
i.e. to poison the cycle, since what matters is only
enthalpy differences and variations and not true en-
thalpy values.

A correlate to this conclusion is obviously that one
makes the catalytic sequence the fastest possible by

max
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making the energy span G, the smallest possible,

even if that has the opposite effect for stoichiometric
conditions. In other, to increase the rate of a catalytic
conversion, one needs to stabilize the catalytic forms of
highest energy and destabilize those of the lowest en-
ergy, so that the net effect is to lessen 0G2,, (see
Scheme 1c¢). In this review, we will show several exam-
ples of such situations, in which the positive effect of
added ions is readily explained by such considerations.
Albeit these ions (i.e. halides, acetate, etc.) do not
participate chemically in the real chemical sense in the
catalytic efficiency, they contribute efficiently to the
catalytic sequence by a considerable shrinking of the
energy span 6 G, of the cycle.

We wish to discuss in this review some mechanistic
investigations on palladium-catalyzed reactions taking
into account the precursor of the palladium(0). They
result in the discovery of new organometallic species
and consequently new catalytic cycles are proposed
which rationalize some empirical results observed in
literature.

2. Methods for the investigation of the mechanism of
transition metal-catalyzed reactions

Transition metal-catalyzed reactions proceed by cata-
lytic cycles involving metal complexes in different oxi-
dation states. Most metal complexes are either oxidized
or reduced or both. Consequently they are easily de-
tected and characterized by means of electrochemical
techniques (voltammetry, amperometry, chronoamper-
ometry...etc) and their reactivity monitored by the
same techniques taking advantage of the fact that re-
duction/oxidation currents are proportional to the spe-
cies concentration.

Two approaches are available:
® Steady state voltammetry is used as an analytic tech-

nique to characterize a metal complex already

present in solution. It is characterized by its reduc-
tion/oxidation potential and its concentration deter-
mined by the value of its reduction/oxidation
current. Its reactivity with a substrate can be investi-
gated by monitoring the evolution of its reduction/
oxidation current as a function of time, by means of

a rotating disk electrode which provides sigmoid

shaped waves whose plateau currents are propor-

tional to the species concentration. Moreover, if a

new electroactive metal complex is formed during

the course of the reaction, it may also be detected
and characterized by its reduction/oxidation peak
and the yield of the reaction determined by the value
if its reduction/oxidation current. Thus, it is possible

to characterize the reagents and the products of a

chemical step as well as its kinetics. This steady state

technique is then similar in principle to spectroscopic

methods and affords kinetic data for chemical reac-
tions with half-reaction times ¢,, higher than a few
tens of seconds.

Transient voltammetry evidences for the existence of
an equilibrium between different complexes by the
relative variation of the reduction/oxidation peak
current of the different species when the scan rate is
varied. Scan rate fixes the time scale of the experi-
ment. The reduction/oxidation of one species at the
electrode surface causes a continuous shift of the
equilibrium in the diffusion layer and the concentra-
tion of the species, measured by its reduction/oxida-
tion current, does not reflect its true concentration
but a dynamic concentration (CE mechanism [8]).
For shorter and shorter times, the equilibrium is less
and less easily shifted and for very short times (high
scan rates), a dynamic equilibrium is frozen while it
is perfectly labile at long times (low scan rates). This
allows the determination of the equilibrium concen-
trations of the different complexes and then the
equilibrium constant. The thermodynamics and ki-
netics of the equilibrium can thus be characterized
by transient voltammetry or by potential step
chronoamperometry performed during a time 6 on
the reduction/oxidation waves of the different spe-
cies. In this context, electrochemical methods are
more akin to NMR spectroscopy since the progres-
sive freezing of an equilibrium upon increasing the
scan rate (voltammetry) or shortening the pulse du-
ration ¢ (chronoamperometry) is analogous to coa-
lescence in NMR spectroscopy.

In cases of equilibrated reactions, the species ob-
served as the major one in solution is not necessary
the real reactive one because the later may be in-
volved in an endergonic equilibrium. As for classical
techniques able to monitor reactions, the effective
reactive species will be identified only through a
detailed investigation of the kinetics.

Cyclic voltammetry may also be used to generate, by
successive electron transfers and chemical steps, sta-
ble or short-lived organometallic species, by reduc-
tion/oxidation of metal complexes. Knowledge of the
absolute number of electron(s) involved in any elec-
trochemical process allows the determination of the
oxidation state of the cascade of complexes which
may then be electrogenerated from a given stable
complex [9]. Again the kinetics of the electrogener-
ated species with a choice substrate can be moni-
tored by increasing the scan rate of the cyclic
voltammetry (or diminishing the duration of a po-
tential step in chronoamperometry), i.e. by decreas-
ing the time scale for the chemical reaction.
Evolution of the voltammogram as a function of the
scan rate (or time) affords kinetic data for chemical
reactions with half-reaction times #,, from 0.1 s to
10 ns. Transient species can thus be generated or
detected and their reactivity characterized.
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Table 1

Comparative reactivity of palladium(0) in the oxidative addition with phenyl iodide as a function of the precursor®

C. Amatore, A. Jutand / Journal of Organometallic Chemistry 576 (1999) 254-278

No. Precursor of Pd(0) Major species Reactive species kopp M~ 's™1) 20°C in THF kapp M~ 's71) 25°C in
(2 mmol dm—3) (S = solvent) (in DMF) DMF

1 PA(O)L, PA(0)L, SPA(0)L, 16 (16) 25

2 PdBr,L, +2¢ Pd(0)L,Br Pd(0)L,Br 400

3 PACLL, +2¢ Pd(0)L,Cl Pd(0)L,CI - 530

4 PACLL, +2e+ 50Li* Pd(0)L,ClLi Pd(0)L,ClLi 1320

5 PACI,L, +2e + 1Zn>* Pd(0)L,C1,ZnCl Pd(0)L,CL,ZnCl 1480

6 Pd(0)(dba), + 2L Pd(0)(dba)L, SPA(O)L, 2.7 (1.9)

7 Pd(0)(dba), +4L Pd(0)(dba)L, SPA(0)L, 2 (1.3)

8 PA(0)L, + 1AcO Pd(0)L4(OAC) - Pd(0)L,(OAC) - 21

9 Pd(OAc),+ 5L PA(0)L,(OAc)—,H*  Pd(0)L,(OAc)~,H* 41

10 Pd(OAc),+5L+3NEt;  Pd(0)Ly(OAc) Pd(0)L,(OAC) - 2

1 Pd(OAc),+3L PA(0)L,(OAc),H*  Pd(0)L,(OAc)~,H* 140

12 Pd(OAc),+3L+3NEt;  Pd(0)L,(OAc) Pd(0)L,(OAC) - 65

e,
a “pd(0)L,L,” + PhI — “PhPdXL,” +(n—2)L+n'L’ (L = PPhs).

n'-n

However, whereas electrochemical techniques allow a
fine investigation of the mechanistic features (kinetics
and thermodynamics), they cannot afford structural
information. Indeed from a reduction/oxidation peak, it
is not possible to determine with certainty the structure
of a complex unless by comparison to authentic sam-
ples. When authentic samples are not available, the
structural information shall be provided by combining
electrochemical results with other techniques such as 'H
and *'P spectroscopy. Indeed, NMR spectroscopy pro-
vides detailed structural information but does not allow
a fine investigation of fast kinetics. Thus complemen-
tary use of NMR spectroscopy and electrochemical
techniques proves essential for the investigation of
mechanisms. Similarly, other spectroscopic methods
can be combined to provide together with the electro-
chemical data a detailed kinetic and structural view of
a complicated reactive system.

The efficiency of this dual approach for mechanistic
studies will be illustrated in the following by the investi-
gation of several eclemental steps such as oxidative
addition, ligand exchange, insertion, reductive elimina-
tion, a series of studies which have been determinant
for the elaboration of non-classical but more realistic
catalytic cycles.

3. Mechanism of the oxidative addition of aryl halides
with palladium(0) complexes as a function of their
precursors

In1976, Pd(0)(PPh,), was the first complex tested in
cross-coupling reactions of aryl halides with Grignard
and organolithium reagents by Fauvarque et al. [5a]. At
that time, it was known that the 18-electron complex
dissociates in solution to form a stable 16-electron

Pd(0)(PPh;); (Eq. (1), S = solvent) [10]. Existence of the
14-electron Pd(0)(PPhs), (Eq. (2)) has been established
later on the basis of kinetic studies [11a] which led to
the conclusion that the low ligated 14-electron
Pd(0)(PPh;), is the actual reactive species in oxidative
addition with aryl iodides (Eq. (3)).

Pd(0)(PPhs), S SPA(0)(PPhs); + PPh, K,/[PPhy] > 1

(D
SPd(0)(PPh,); & SPA(0)(PPh,), + PPh, K,/[PPh,] « 1

(2)
ArX + SPd(0)(PPh,),  ArPdX(PPhy), +S K 3)

However Pd(0)(PPh;); is the major species in solution.
Despite the high reactivity of Pd(0)(PPhs;), in the oxida-
tive addition step (3), the overall reaction (4) is slow
(Table 1) because the concentration of Pd(0)(PPh,), is
maintained at very low levels because of the extremely
up-hill nature of the equilibrium (2).

ArX + Pd(0)(PPhs), — ArPdX(PPh,), + 2PPh, &

app

“4)
The rate of the overall oxidative addition (Eq. (4)) thus
decreases when the concentration of the phosphine
increases (k,,, = kK,/[PPh;] [11]), a feature which was
crucial in unraveling the role of Pd(PPh;),.

Therefore, it is of considerable interest to by-pass
equilibrium (2) in order to generate Pd(0)L, complexes
quantitatively in the absence of extra phosphine. This
was achieved for the first time in 1976, by using
PdCI,(PPh;), [5a] or PhPdI(PPh;), [12] as a tentative
source of Pd(0)(PPh;), when they are reduced by a
Grignard reagent. However, despite the efficiency of
this strategy at the preparative scale, the fact that the
reaction still proceeded through Pd(0)(PPh;), under
these conditions remained to establish.
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3.1. PdX,L, (X= CI, Br, I) as precursor of Pd(0)L,
(L = PPh;)

PdX,(PPh,), (X = Cl, Br, I) complexes are reduced in
THF in a single reduction peak R, (Fig. la) [13].
Determination of the absolute number of electron(s)
involved in this reduction peak proves it to be a two-
electron transfer [9]. Thus, electrochemical reduction of
PdX,(PPh;), (X =Cl, Br, I) affords palladium(0). The
later is characterized by its oxidation peak O,, detected
on the reverse scan (Fig. 1a). Double step chronoam-
perometry performed on the reduction peak and then
on the oxidation peak shows that the reduction of the
palladium(II) complex to the palladium(0) complex is
quantitative. When the reduction of PdX,(PPh;), (X =
Cl, Br, I) is performed in the presence of phenyl iodide,
the oxidation peak O, of the palladium(0) is no more
detected on the reverse scan (Fig. 1b), showing that the
oxidative addition of phenyl iodide with the electrogen-
erated palladium(0) complex is rapid and takes place
during the few second duration of the scan [13b]. When
the scan rate is increased, i.e. when the time scale for
the oxidative addition decreases, the oxidation peak of
the palladium(0) is progressively restored. Plotting the
variation of the oxidation peak current relative to the
initial one versus the logarithm of the scan rate affords
the kinetics of the oxidative addition (Fig. 2a) and
allows the determination of the scan rate v, corre-
sponding to the half-reaction time ¢, ,, (viz. v, oc 1/t,,,)
and thus the rate constant of the oxidative addition
(Table 1, entries 2 and 3). As an example, ¢,, =80 ms
when the palladium(0) is generated by reduction of
PdCI,(PPh;), (2 mmol dm ~3) in the presence of PhI (2
mmol dm ~3) [13b]. This result demonstrates that tran-
sient, short-lived and thus very reactive species can be
generated by electrochemical reduction and kinetic data

(b)

E, volts vs SCE

Fig. 1. Cyclic voltammetry of PdCl,(PPh;),, 2 mmol dm ~3 in THF
(containing n-Bu,NBF,, 0.3 mol dm~3) at a steady gold disk elec-
trode (i.d. 0.5 mm) with a scan rate of 0.2 V s—! 20°C. (a)
PdCL,(PPh;), alone; (b) in the presence of Phl, ten equivalents.

on their reactivity are available (which is impossible
with classical analytical techniques, UV, NMR). Under
these conditions, the oxidative addition performed from
the palladium(0) complex generated by reduction of
PdCl,(PPh;), is more than 30 times faster than that
performed from Pd(0)(PPh,), (Table 1) evidencing the
inhibiting role of extra PPh, due to equilibrium (2)
when one starts from Pd(0)(PPh,),.

The bielectronic reduction of PdCIl,(PPh,), was sup-
posed to produce the low ligated complex Pd(0)(PPh,),.
However the 3'P-NMR spectrum of this complex, syn-
thesized after an exhaustive electrolysis with consump-
tion of 2 Faradays per mol of PdCL,(PPh,),, exhibits
three signals [13b]. The relative magnitude of these
three signals depends on the palladium concentration as
well as on the chloride concentration (added as n-
Bu,NCI prior the electrolysis) suggesting that at least
three different palladium(0) complexes are generated by
reduction of PdCl,(PPh;),. All the complexes undergo
oxidative addition with Phl. The rate of the oxidative

(a)

log (|PhI{/v)

i (b)
3.0
q iz | ¢
|Ph1] ®
20 -2 -1
1 L 1 | 1 1 1 [
Tog |C17|

Fig. 2. (a) Cyclic voltammetry of PdBr,(PPhs),, 2 mmol dm 3 in
THF (containing n-Bu,NBF,, 0.3 mol dm~3) at steady gold disk
electrodes (i.d. 0.5 or 0.125 mm) in the presence of PhI (1-10
equivalents) at different scan rates v (0.2 < v < 1000 V s~ ). Variation
of r=i, (Pd°)/i, (Pd®), versus log[Phl]/v. k=400 M~ Is~1. (b) Oxi-
dative addition of PhI with the palladium(0) generated by reduction
of PdCl,(PPhs),. Variation of log(v, ,/[Phl]) versus the concentration
of C1~ (introduced as n-Bu,NCl) for [PdCl,(PPh;),] = (O) 1 and (@)
2 mmol dm ~3. Solid lines are simulated curves according to Scheme
2 with Kge=70 M~!, kyKpa=9x10° M~ 's~! and ko=72
M~ s~ 1 20°C.
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PAChL(PPhs),
l +2e
- 2~
. cl 1 1*¥ k L PR L Ll
Lo /Nt | B D] Cikae I ]
Pd(0)  Pd(0) = = "pd(©)
L7 Na/ hL L <N
kAl+PhI kBl”’hI kc |+ Phl
Scheme 2.

addition is slowed down upon decreasing the palladium
concentration and increasing chloride ions concentra-
tion (Fig. 2b). Therefore, the palladium(0) complex
generated by reduction of PdCl,(PPh,), is ligated by
chloride ions to form three anionic species, including
one dimer and involved in fast equilibria (Scheme 2).

Resolution of the pertinent kinetic equations affords
theoretical curves that fit the experimental voltammetric
data (Fig. 2b) [13b]. The dimer is the most reactive
species. Yet under usual conditions, its concentration is
too low to account significantly in catalytic cycles.
Reduction of PdBr,(PPh,), affords only two mononu-
clear species (Scheme 3) with Pd(0)(PPh;),Br — the most
reactive one [14].

For a given concentration of halide, the palladium(0)
complexes ligated by chloride ions are more reactive
than those ligated by bromide ions (Table 1) [13b].

Furthermore, it should be stressed that the halide
ligation/deligation reactions in Schemes 2 and 3 are
considerably faster than oxidative addition to PhI.
Thus, the complex Pd(0)(PPh;), cannot exist in solution
as soon as it is generated in the presence of halide ions
(borne by the precursor or released during the catalytic
cycle). Anionic palladium(0) species are formed by co-
ordination of the palladium(0) center by halides. These
results are in agreement with a paper reported by
Negishi et al. who proposed for the first time, that
halide ligated palladium(0) complexes are formed by
chemical reduction of PdX,(PPh;), (X = Cl, Br) by RLi
or R,AlH reagents [15]. The authors pointed out that
the structure of the resulting complexes (characterized
by 3'P-NMR spectroscopy) strongly depends on the
halide X and on the chemical reducer, more precisely
on the cation accompanying the chemical reducer, sug-
gesting that negatively charged species are formed such
as Li,X,Pd(0)(PPh;), (n=1 or 2). However, the reac-

PdBr(PPhs),
l+ 2e
2-
L< - B L Br
Pd(0)—Br] Pd(0)
L7 L7 NBr
Scheme 3.

tivity of these complexes in oxidative additions was too
high to be monitored by classical methods such as
SIP-NMR spectroscopy. However, since we have just
explained that kinetics can be investigated by cyclic
voltammetry, the effect of the cation could be exam-
ined. The anionic palladium(0) complexes are generated
by reduction of PdCI,(PPh;), in the presence of cations
(Li*, Zn®>* introduced, respectively as LiBF, and
Zn(BF,),) and the reactivity of the resulting complex
with PhI is monitored by cyclic voltammetry as re-
ported above. The oxidative addition is found to be
faster in the presence of cations (Table 1). Interaction
of the cation with the chloride ligated to the palla-
dium(0) center results in the formation of ion pairs in
which a more naked and thus more reactive palla-
dium(0) complex is exposed, being then close to
Pd(0)(PPh;),, as in compounds 1 and 2.

Lw -
Pd(o)mnC]u-uZnC]
L/

1 2

BN vl o+
Pd(0)Cli Li
L/

These results show that the structure and the reactiv-
ity of the palladium(0) not only depends on the palladi-
um(IT) precursor (influence of anions) but also on the
way they are generated (influence of cations). Chemical
reductions introduce cations and thus more reactive
palladium(0) complexes are generated. This stresses out
that in a catalytic cycle, presumed innocent ions such as
anions (halides released by the aryl halides) or cations
(brought by the nucleophiles) may in truth severely
interfere in the nature and kinetics of the oxidative
addition.

3.2. Pd(OAc), +nL as precursor of Pd(0)L,
(L = PPh;)

A catalytic system often used in Heck reactions (ary-
lation of olefins) consists in mixtures of Pd(OAc), and
phosphines [1b,c,e—h,j,m]. The palladium(IT) salt was
usually considered to be reduced in situ to a palla-
dium(0) complex which is then able to activate aryl
halides by oxidative addition [3]. However, the reduc-
tant and the mechanism of the reduction were
unknown.

Cyclic voltammetry performed on mixtures of
Pd(OAc), + 2PPh;, in THF and DMF, exhibits initially
only the reduction peak of Pd(OAc),(PPh,), (Fig. 3a)
[16]. However, this complex is not stable as evidenced
by the decay of its reduction current as a function of
time (Fig. 3a). Simultaneously an oxidation peak ap-
pears whose current increases as a function of time
(Fig. 3b), showing that a palladium(0) complex is spon-
taneously generated from Pd(OAc),(PPh,),. This palla-
dium(0) is not stable when generated in situ from
Pd(OAc), + 2PPh;. In order to get and observe more
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Fig. 3. (a) Cyclic voltammetry of Pd(OAc),, 2 mmol dm ~3, and PPh;, 4 mmol dm ~3, in DMF (containing n-Bu,NBF, 0.3 mmol dm ~?3) at a
steady gold disk electrode (i.d. 0.5 mm) with a scan rate of 0.2 V s ~ !, as a function of time (=) 4, (--) 14, (--) 33 min, 20°C. (b) Cyclic voltammetry
of the palladium(0) complex generated in situ from Pd(OAc),, 2 mmol dm ~3, and PPhs, 4 mmol dm ~3, as a function of time, (=) 7, (--) 17, (--)
31 min, 20°C. (c) Variation of the plateau currents at a rotating gold disk electrode (i.d. 2 mm, w = 105 rad s~ ') of a mixture of Pd(OAc),, 2
mmol dm ~3 and PPh;, 20 mmol dm ~3, versus time. 25°C. (V) Variation of the reduction current at — 1.3 V of Pd(OAc),(PPh;),. (®) Variation
of the oxidation current at + 0.4 V of the palladium(0) formed in situ. The solid lines are the theoretical predictions according to Eqs. 6 and 8

with k; =42 x 10~* s~ ! (Eq. (6)) and k, = 1.8 x 103 s~ ! (Eq. (8)).

stable complexes, mixture of Pd(OAc), + nPPh; (n > 2)
had to be investigated. In the 3'P-NMR spectrum of a
mixture of Pd(OAc), + 10PPh;, one notices the decay
of the signal of Pd(OAc),(PPh;), with time and the
concomitant growth of a broad signal characteristic of
palladium(0) complexes involved in an equilibrium with
PPh; whose signal as free ligand is never observed.
After 2 h only two signals are detected, the broad signal
of the palladium(0) complex and the signal of
triphenylphosphine  oxide (O)PPh; [16]. Thus,
triphenylphosphine reduces the palladium(II) to a palla-
dium(0) complex. Osawa and Hayashi have reported
similar NMR experiments performed with Pd(OAc),
and BINAP ligand. BINAP oxide was then character-
ized by *'P-NMR spectroscopy together with a palla-
dium(0) complex ligated by BINAP [17].

Since the oxidation peak potential and the *'P-NMR
signal of the palladium(0) generated in situ from
Pd(OAc), and 5PPh, differ from those of Pd(0)(PPh;),,
AcO~ ions were suspected to play a role. Addition of
acetate ions to Pd(0)(PPhs;), provokes a shift of its
unique but broad 3'P-NMR signal, suggesting that
acetate ions actually interfere in equilibrium (2) to form
anionic species such as Pd(0)(PPh,),(OAc)~ (n=2, 3)
which are still involved in a fast equilibrium with the
phosphine (Eq. (10)) [18], thus being similar in behavior
as halide ions vis a vis palladium(0) complexes (Section
3.1).

By means of a rotating disk electrode polarized on
the oxidation wave of the palladium(0) and on the

reduction wave of Pd(OAc),(PPh,),, the evolution of
the palladium(0) concentration (proportional to its oxi-
dation current) and that of the palladium(II) precursor
(proportional to its reduction current) are monitored as
a function of time (Fig. 3¢) [19]. The formation of the
palladium(0) is first order in palladium and zero order
in PPh;. This means that the rate determining step for
the formation of the palladium(0) complex is an in-
tramolecular reduction (Eq. 6) in which PPh; reduces
the palladium(II) via an inner sphere atom transfer and
is oxidized to phosphine oxide through an intermediate
phosphonium salt, as in Mitsonobu reactions (Egs. 6
and 7).
fast

Pd(OAc), + 2PPh; — Pd(OAc),(PPh;),
(under mixing) ®)

PPh; OAc wds

Pd(IIb G=a2:107% PO} PPhs)(OAc)™ + AcO-PPhs*
Ac PPh3

(6)
AcO—PPh;" + H,0 — AcOH + (O)PPh, + H* (7)
“Pd(0)(PPhs)(OAc) ~” + PPh; > Pd(0)(PPhs),(OAc) ~

(®)

Overall reactions:
Pd(OAc), + 3PPh; + H,O

— Pd(0)(PPh;),(OAc) ~ +H* + AcOH + (O)PPh,
)
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Pd(0)(PPh,),(OAc) -
+ PPh, 2 Pd(0)(PPh,);(OAc)~ K (10)

The unstable palladium(0) complex formed in the
rate determining step (Eq. 6) is stabilized by fast liga-
tion of excess phosphine (Egs. (8) and (10)) affording
anionic palladium(0) species ligated by acetate ions and
phosphines [18,19]. In our experiments with PPh,, the
rate of formation of the palladium(0) is not affected by
the presence of water (Table 2 entries 3 and 6) which
indicates that water (Eq. (7)) in not involved in the rate
determining step of the reaction [19,20].

The spontaneous formation of palladium(0) com-
plexes from mixture of phosphines and palladium(II)
salt is not restricted to acetate salts but takes place as
soon as an oxygenated ligand is present on the palladi-
um(II) center. Palladium(0) complex are thus generated
from Pd(OCOCF;), (Table 2) [21], from PdCIl,(PPh;),
in basic medium (through the intermediary of Pd-
CI(OH)(PPh;), as reported by Alper et al. [22]), from
cationic complexes such as [Pd(I)(PPh;),, (BF,),] pro-
vided water is present [23] (through the formation of
[PA(IT)(OH)(H,O)(PPh,),, BF,] which becomes the rate
determining step of the overall reaction) [24]. The for-
mation of palladium(0) from Pd(OAc), is general what-
ever the phosphine (aromatic [19], aliphatic [19],
hydrosoluble such as TPPTS [25] (Table 2)). The rate
constant for the formation of palladium(0) complexes
from mixtures of Pd(OAc), and para-substituted tri-
arylphosphines follows a Hammett correlation (p = +
2.4 at 25°C) which means that the formation of the
palladium(0) complex is faster when the triarylphos-
phine is substituted by an electron withdrawing group
[19]. We observed a single exception with the tri(ortho-
tolylphosphine) for which no palladium(0) complex is
spontaneously formed from Pd(OAc),. This abnormal
behavior has been then elucidated by Herrmann et al.
who have established the formation of a palladacycle in
this case [26].

We have established that phosphines are able to
reduce Pd(OAc), to palladium(0) complexes. However,
when involved in a Heck reaction, Pd(OAc), has to face
reagents other than phosphines, such as bases (NEt;) or
alkenes which have also been suspected to act as reduc-

Table 2
Comparative rate constant k, for the formation of Pd(0) as a function
of the precursor in DMF at 25°C

No. Precursor of Pd(0) (2 mmol dm~3) 10* &, s71)
1 Pd(OCOCF), + 10PPh, 50

2 Pd(OAc), + 10TPPTS 1

3 Pd(OAc), + 10PPh, 42

4 Pd(OAc),+ 10PPh; + SONEL, 40

5 Pd(OAC), + 10PPh; + 50(1 — decene) 39

6 Pd(OAc), + 10PPh; + 10H,0 3.9

ers. The rate of formation of palladium(0) has therefore
been determined in the presence of NEt; and 1-decene
[19]. From Table 2 (entries 3—5), one deduce that were
these reagents able to reduce Pd(OAc),, the correspond-
ing rates of reduction are much slower than for the
triphenylphosphine, since their presence does not affect
the reaction.

The kinetics of the oxidative addition of Phl with the
palladium(0) generated in situ from mixtures of
Pd(OAc), and nPPh; (n > 3) in DMF is monitored by
amperometry at a rotating disk electrode [18]. The
potential of the electrode is set at + 0.2 V versus SCE
and the decay of the oxidation current of the palla-
dium(0) complex is recorded as a function of time after
addition of phenyl iodide. The oxidative addition is
slower when the concentration of PPh; increases (com-
pare entries 9 and 11 in Table 1) whereas it does not
depend on the acetate concentration. This indicates that
the reactive species in the oxidative addition is involved
in an up-hill equilibrium in which PPh; is released but
not OAc ™~ so that the reactive species is the less ligated
complex Pd(0)(PPh;),(OAc)~ (Eq. (10), K5 =35 x 10?
mol ! dm?). On the basis of these results, the reactivity
of {Pd(0)(PPh;),+ 1AcO~} and that of the palla-
dium(0) generated from the mixture {Pd(OAc),+
S5PPh;} should be very similar since they formally lead
to the same major species in  solution:
Pd(0)(PPh;);(OAc)~ with one equivalent of PPh; in
both cases and one equivalent of (O)PPh; in the second
one. Comparison of entries 8 and 9 (Table 1) evidences
however a higher and unexpected reactivity for the
second system. This unexpected effect can be easily
explained by taking in account that protons are formed
in the overall formation of palladium(0) from Pd(OAc),
(Eq. (9)). These protons probably interfere with the
acetate of Pd(0)(PPh;),(OAc)~ to form a more naked
and thus more reactive complex 3 close to Pd(0)(PPh;)..

L . .
Pd(0) i OAc unH
L/
3

The effect of protons would then be extremely similar
to that of cations vis-a-vis Pd(0)(PPh;),Cl—, as we
report above in Section 3.1 (compare compound 3 to
compounds 1 and 2). This hypothesis could be checked
by addition of a base, NEt;, which by neutralizing the
protons, slows down the oxidative addition (compare
entries 9 and 10 in Table 1) thus bringing a rate
comparable to that of {Pd(0)(PPh,), + 1AcO~} (com-
pare entries 8§ and 10 in Table 1) [18]. Thus, the two
systems {Pd(0)(PPh;), + 1AcO ~} and the palladium(0)
generated from the mixture {Pd(OAc), + 5PPh;} have
the same reactivity provided the protons of the second
system are neutralized by a base such as NEt; which is
often used in Heck procedures.
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The mixture {Pd(OAc), 4+ 3PPh;} which leads to the
quantitative formation of the most reactive species
Pd(0)(PPh;),(OAc)~ is the most reactive system in
agreement with the above discussion and a decelerating
effect of the base, NEt;, on the rate of the oxidative
addition is again observable (entries 11 and 12 in Table
1). In the absence of any base, the palladium(0) com-
plex  generated from  Pd(OAc), + 3PPh;, ie.
[Pd(0)(PPh;),(OAc) —, H "] is relatively unstable and its
stability improves dramatically in the presence of NEt;.
As postulated above, neutralization of protons results
in the formation of a complex Pd(0)(PPh,),(OAc)~
more stable than [Pd(0)(PPh,),(OAc)—, H*] and thus
less reactive in the oxidative addition. The mechanistic
consequences of this effect of the base will be discussed
later on, when examining the mechanism of the Heck
reaction (Section 5.2).

3.3. Pd(0)dba), + nL as precursor of Pd(0)L,
(dba = trans,trans-dibenzylidenacetone)

The air stable Pd(0)(dba), complex associated to
monodentate (L) or bidentate (L—L) phosphine affords
efficient palladium(0) catalysts [1,c,f,h,j—m,27]. The ef-
fective palladium(0) is generated in situ and thus inves-
tigation of the role of the ligand in catalytic reaction is
made easier than starting from air sensitive Pd(0)L,
complexes. Moreover, the number of phosphine ligand
introduced with Pd(0)(dba), can be limited to two (for
monodentate phosphines) or to one (for bidentate
phosphines), a feature of importance when the phos-
phine is an expensive chiral ligand. In this context, it
was implicitly admitted until our work that dba was a

Pd(dba)(PPh3),
(a)

WL\%W%WMMMMWM

20 0 ppm

Fig. 4. 3'P-NMR spectrum (162 MHz) in 3 ml of THF and 0.2 ml of
acetone-d, with H;PO, as an external reference. (a) Pd(dba), (14
mmol dm~3) + two equivalents of PPh,. (b) Pd(dba), (14 mmol
dm~3) + four equivalents of PPhs.

very labile ligand and mixtures of {Pd(dba), + 2L} and
{Pd(dba), + 4L} were considered as formally equivalent
to Pd(0)L, and Pd(0)L,, respectively. However,
Pd(PPh;), is often more efficient than {Pd(dba),+
4PPh;} and even more efficient than {Pd(dba),+
2PPh;} as evidenced at several occasions in literature
[28], suggesting that dba plays a role in catalytic pro-
cesses. This prompted us to investigate precisely the
kinetic role of the innocent ligand dba.

3.3.1. Pd(0)(dba),+nL (n=> 2, L= monodentate
phosphine ligands)

'H-NMR spectra of Pd(dba), in chloroform d,
shows one free and one ligated dba (Eq. (11)). A
3IP.NMR spectrum performed on a solution of
Pd(dba), and 2PPh;, in THF or DMF, exhibited two
signals of equal amplitude characteristic of two differ-
ent phosphorous atoms on the palladium(0) center (Fig.
4a) [29]. These signals are assigned to the complex
Pd(dba)(PPh;), (Eq. (12)) in which a monoligation of
the dba ligand on the palladium induces the presence of
two non-equivalent phosphorous atoms [29,30]:

/JPh
PhiR_ (Q
Pd—[[ "O
Phsp” PhJ
Pd(0)(dba), — Pd(0)(dba) + dba (11)
Pd(0)(dba) -+ 2PPh; — Pd(0)(dba)(PPh,), (12)

After adjunction of two additional equivalents of PPh,
the two signals of Pd(0)(dba)(PPh;), are still present
but a broad signal appears at upper field (Fig. 4b).
Under no circumstances probed in our studies, the free
ligand PPh, signal is observed. Therefore, the broad
upperfield signal characterizes palladium(0) complexes
in equilibrium with the ligand PPh; (Eq. (13)) (S=
solvent).

_ _[SPL,][L]
SPd(0)L, & SPd(O)L, +L K, = “SPAL (13)

From these two series of experiments, one readily infers
that the mixture {Pd(dba), + 2PPh;} cannot be equiva-
lent to Pd(0)(PPh;), but that the major complex present
is Pd(0)(dba)(PPh;),. A mixture {Pd(dba), + 4PPh,} af-
fords at least two major complexes, Pd(0)(dba)(PPhs;),
and SPd(0)(PPh,); [29].

Cyclic voltammograms of Pd(dba), (2 mmol dm ~?)
in the presence of two equivalents of PPh;, in DMF or
THF, (containing n-Bu,NBF,, 0.3 mol dm~?) exhibit
two oxidation waves O, and O, (Fig. 5a). The major
oxidation peak O, characterizes the complex
Pd(dba)(PPh,), whereas the plateau-shaped oxidation
wave O, characterizes the more easily oxidized species,
SPd(PPh,), involved in a dynamic equilibrium (CE
mechanism [8]) with Pd(dba)(PPh;), (Eq. (14)) [29].
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Fig. 5. (a) Cyclic voltammetry performed in DMF (containing n-Bu,NBF,, 0.3 mmol dm ~3) at a stationary gold disk electrode (0.5 mm diameter)
with a scan rate of 0.2 V s~ !. Oxidation of Pd(dba), (2 mmol dm ~?) in the presence of various equivalents n of added PPh; as shown in the
insert. (b) Reduction of Pd(dba), (2 mmol dm~3) in the presence of various equivalents n of added PPh; as shown in the insert. (c)
Chronoamperometric oxidation of Pd(dba), (2 mmol dm ~3) in DMF (containing n-Bu,NBF,, 0.3 mol dm ~?) in the presence of various amounts
of added PPh;, performed at gold disk electrodes (0.5 mm or 25 pm diameter) at 20°C. Variations of R, = ip /(io, + io,) as a function of the pulse
duration @ and the phosphine concentration: [PPh;], = 20 (@), 40 (O) mmol dm ~3. (d) Same chronoamperometric experiment in THF.

Pd(0)(dba)L, + S 2 SPA(0)L, + dba
0, 0,

K = [SPAL,][dba] (14)
[Pd(dba)L,]

Upon increasing PPh; concentration, wave O, be-
comes peak-shaped and increases at the expense of that
of O, (Fig. 5a). Simultaneously, dba is released in
solution as attested by the increase of its two reduction
peak currents at R, and R, (Fig. 5b). This demonstrates
that complexes Pd(0)(dba)(PPh;), and SPd(0)(PPh;);
are involved in a second equilibrium involving now the
phosphine ligand (Eq. (15)) [31].

Pd(0)(dba)L, + L = SPd(0)L; + dba
0, 0,

_ [SPdL;][dba]

iy

The value of the equilibrium constant K, between
Pd(dba)(PPh;), and SPd(PPh,); (Eq. (15)) has been
determined by chronoamperometry. In cyclic voltam-
metry, for a given concentration of PPh,, the ratio
iol/i02 of the oxidation currents of O, and O, decreases
when the scan rate increases, i.e. when the time scale
decreases. This behavior is characteristic of a CE mech-
anism involving two species in equilibrium, as in Eq.
(15). The oxidation peak currents (usually proportional
to the concentrations) are then not representative of the
concentrations of the two complexes in the bulk solu-
tion but of the dynamic concentrations resulting from
the shifting of the equilibrium (Eq. (15)) towards the
most easily oxidized species, i.e. to its right hand, by the
continuous oxidation of SPd(PPh,); in the diffusion

layer. For shorter and shorter time scales (i.e. larger
scan rates), the equilibrium (Eq. (15)) is less and less
shifted to the right by the oxidation of SPd(PPh;), until
the equilibrium is frozen. The oxidation currents are
determined by chronoamperometry which allows, in
this case, more precise measurements than by cyclic
voltammetry. The oxidation currents o, and Io, + 1o,
are measured by performing two series of potential
steps of same duration 6, one on O, and the other one
on O,. The ratio R, = io,/(io, + io,) is plotted versus the
time scale 6 of the chronoamperometric experiments
and exhibits a plateau at short @ values in which the
equilibrium is kinetically frozen (Fig. 5c—d). The equi-
librium constant K|, is then available from the value of
this plateau (Table 3) [29].

The complex Pd(0)(dba)(PPhs), is also characterized
in UV spectroscopy through observation of its absorp-
tion band at A, =396 nm, in DMF (Fig. 6) [32,33].
This absorption band progressively disappears when
PPh; is progressively added to the solution and com-

Table 3
Determination of the equilibrium constant K|, by different techniques
at 20°C*

Technique K,

DMF THF
Chronoamperometry 0.16 +0.02 0.234+0.03
UV spectroscopy 0.16 +0.02 n.d.

Kinetics of the oxidative addition 0.140+0.015 0.232 4+ 0.007
by steady state amperometry

2 Pd(0)(dba)(PPh,), +PPh;+S & SPA(0)(PPh,); +dba K,(15).
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Fig. 6. UV spectroscopy performed in DMF in a 1 mm path cell at
20°C. Pd(dba), (0.1 mmol dm ~3) +nPPh;. n=2(+),4(V), 6 (O),
10 (A), 20 (O), 50 (@), 100 (@) equivalents.

pletely disappears when at least 50 equivalents of PPh,
are added to Pd(dba)(PPh;), (Fig. 6). This means that
at least 50 equivalents of PPh; are necessary to com-
pletely displace dba from Pd(dba)(PPh,),. Thus, dba in
Pd(dba)(PPhs;), is not as labile as usually postulated. K
can be determined by UV spectroscopy and calculated
from the ratio x = (Dy— Dg,)/(Dy— D) (D,, initial
absorbance of Pd(0)(dba)(PPh,),, at 4 =450 nm; D,
absorbance at the equilibrium position for a given value
of n (equivalent of PPh;); D_, absorbance when the
equilibrium is totally shifted to its right-hand side)
(Table 3) [32]: Ky=x(1+x)/(1 —x)(n—2—Xx).

700.
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Fig. 7. Variations of the apparent rate constant, k*» (M~ ! s~ 1) of
the oxidative addition of PhI (5-20 equivalents) with the palla-
dium(0) generated from mixtures of Pd(dba), (2 mmol dm ~3), dba
and PPh,, as a function of dba and PPh; concentrations, in DMF
and THF (containing n-Buy,NBF,, 0.3 mol dm ~3). Initial concentra-
tion of Pd(dba),: 2 mmol dm ~ 3; concentration of added PPh;: 10—80
mmol dm ~3; concentration of added dba: 0 (@), 20 (V), 40 (@)
mmol dm~3 in THF and 20 (O), 40 (+), 60 (A) mmol dm ~3 in
DMF 20°C.

-dba+S§ +L

Pd(dba)l, «—=> SPdL, =—> SPdl; Ko=Ki/K;
+dba-S§ L

K g l+PhI UKy

PhPdIL,

Scheme 4.

A third route for the determination of K is afforded
by kinetic investigation of the reactivity of mixtures of
Pd(dba), + nPPh; (n>2) in oxidative addition with
phenyl iodide [29]. A rotating disk electrode is polarized
on the plateau of waves O, (SPd(PPh;);) or O,
(Pd(dba)(PPh,),) and the decay of the oxidation cur-
rent, featuring that of all palladium(0) complexes, is
recorded as a function of time, after addition of Phl.
The overall rate of the oxidative addition follows a
kinetic law first order in Phl and first order in palla-
dium(0) and is slower when the concentration of the
phosphine and/or the concentration of dba increase
(Fig. 7) [34]. The reactive species is the lowest ligated
complex SPd(PPh;), involved in a fully dynamic equi-
librium with the mains species SPd(PPh,); and
Pd(dba)(PPh;), as in Scheme 4.

The kinetic law corresponding to the mechanistic
Scheme 4 is first order as observed, with an apparent
rate constant given by:

k

Kapp = 1 + [dba]/K, + [PPh;]/K,

1.e.

LI S S 0 S L
kupoo[PPhs]  |k[PPhs] ' kK,| ' kK,[PPhy]

which fits the experimental data (Fig. 7). The experi-
mental intercept of the linear regression does not de-
pend on [PPh;] which means that 1/k[PPh;] is much
smaller than 1/kK,, so that only kK, can be determined
from the intercept. kK, is determined from the slope
and K, from the ratio of these two values (Table 3) [29].

Determination of K, by three independent techniques
results in similar values (Table 3). Interestingly, two of
these methods (chronoamperometry and kinetics) in-
volve conditions in which ionic strength is high (sup-
porting electrolyte: n-Bu,NBF,, 0.3 mol dm %) while
the third one (UV) involves low ionic strength (no salt
added). Thus the good coherence between the three sets
of values in Table 3 demonstrates that ionic strength
has no effect on this equilibrium. Whatever the solvent,
the value of K, is less than unity which shows that for
comparable overall dba and PPh; concentrations (i.e. as
in usual procedures), the overall equilibrium (15) is in
favor of Pd(dba)(PPhs),. This is then the major com-
plex in solution, whereas the reactive species in the
oxidative addition, SPd(PPh;), is present as traces.
Consequently, the following order of reactivity is estab-
lished in THF and DMF (Table 1) [29]:
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Pd(PPh,), > {Pd(dba), + 2PPh,} > {Pd(dba), + 4PPh,}

which definitively demonstrates that {Pd(dba),+
2PPh;} is by no way equivalent to Pd(PPh;), and
{Pd(dba), + 4PPh;} to Pd(PPh,), as usually admitted.
These kinetic findings and quantitative data cast there-
fore light on many puzzling results reported in litera-
ture [28].

3.3.2. Mixtures of Pd(dba), +n(p-Z—CszH,);P (n > 2)

Mixtures of Pd(dba), and nL (L = para-Z-substi-
tuted triphenylphosphines, » >2) in DMF and THF,
lead to the formation of Pd(dba)L, and SPdL, in
equilibrium with SPdL, (Scheme 4) [32]. For a given
value of n, the equilibrium between Pd(dba)L, and
SPdL, (Eq. (15), constant K§) lies more in favor of
SPdL; when the phosphine is less electron rich (Ham-
mett correlation for K§ with p = + 4). For comparable
cone angles, the release of dba from Pd(dba)L, to form
SPdL, is easier and easier when the phosphine becomes
less and less electron rich.

Whatever Z, the less ligated complex transient species
SPdL, remains the only reactive one in the oxidative
addition with phenyl iodide (Scheme 4). It is generally
admitted that the oxidative addition is sensitive to
electronic factors: it is faster when the phosphine is
more electron rich. In contrast with this spread knowl-
edge, when the palladium(0) complex is generated from
mixtures of Pd(dba), and nL (L = para-Z-substituted
triphenylphosphines, n > 2), the oxidative addition does
not follow a monotonous correlation. Instead, bell
shaped curves are obtained with a maximum whose
value and position depend on #, i.e. on the phosphine
concentration (Fig. 8) [32]. As evidenced by these stud-
ies, the overall reactivity in the oxidative addition is
governed by two factors: (i) the intrinsic reactivity of
SPdL, in the oxidative addition expressed by kZ
(Scheme 4) and (ii) the concentration of SPdL, which is

controlled by the values of the equilibrium constants
K% and K§. When the phosphine becomes more elec-
tron rich, the complex SPdL, becomes more nucle-
ophilic and k% increases. But its concentration
decreases because the equilibrium constants K7 and K§
decrease and the equilibria (14) and (15) shift more in
favor of Pd(dba)L,. As a results of these two antagonist
effects, bell shaped curves are obtained.

3.3.3. Mixtures of Pd(dba), +nTFP (n> 2,
TPF = tri-2-furylphosphine)

The tri-2-furylphosphine ligand TFP, has been re-
cently introduced as ligand in palladium(0)-catalyzed
reactions [35a] and found to be very often more effi-
cient than PPh;. The kinetics of the oxidative addition
has been investigated and compared to that involving
PPh,.

The determination of the equilibrium constant K,
between Pd(dba)(TFP), and SPd(TFP); (Eq. (15))
shows that whatever the solvent, THF or DMF,
KPP > KPPh3133]. Thus, the displacement of dba from
the complex Pd(dba)L, to form SPdL, is easier for TFP
than for PPh;. Since TPF is less basic than PPh;, the
effect of the basicity on the value of K|, is consistent
with the trend evidenced in the case of para-substituted
phosphines (see above).

Reactivities of mixtures of Pd(dba), +nTFP have
been compared to those of Pd(dba), + nPPh,, as a
function of #n, in oxidative addition with phenyl iodide.
In DMF, the mixture {Pd(dba), +»TFP} was more
reactive than {Pd(dba), + nPPh,} whatever n (n > 2). In
THF, the mixture {Pd(dba), + nTFP} was less reactive
than {Pd(dba), + nPPh;} when n =2 or 4, whereas the
reverse order of reactivity was observed when n>6
(Fig. 9) [33]. Thus, in THF, the order of reactivity
strongly depends on the value of n. This behavior is
easily rationalized within the framework established
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Fig. 8. Hammett plot for the oxidative addition of Phl with the palladium(0) generated in situ in mixtures of Pd(dba), and n (p-Z-C¢H,);P in
DMF at 20°C. [Pd(dba),] =2 mmol dm ~3; [PhI] = 10 mmol dm ~3. (a) n=2. (b) n=4. (c) n=9.
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Fig. 9. Kinetics of the oxidative addition of PhI (2 mmol dm ~ %) with
the palladium(0) complex generated in situ from mixture of Pd(dba),
(2 mmol dm~3) +nTFP (n=2, 4, ten equivalents) and from
Pd(dba), (2 mmol dm ~3) + nPPh; (n = 2, 4, ten equivalents) in THF

(containing n-Bu,NBF,, 0.3 mol dm~?3) at 20°C. Plot of the ratio

1TER3/1TER as a function of n.

above for para-substituted phosphines, by the involve-
ment of two antagonist effects in the overall reactivity.
When n=2, kFPPRSKTPS 5 [TFPRTEP and only equi-
librium (14) is involved. Since TFP is less basic than
PPh,, the intrinsic rate constant of the oxidative addi-
tion respects the order: kP13 > kTFP Conversely, since
KPP < KTFP under comparable conditions, the avail-
able concentration of SPd(PPh,), is less than that of
SPA(TFP),. As a consequence of these two antagonist
effects, PPh, results in a more reactive system than TFP
showing that kPP is considerably higher than kTFF.
For higher values of n, (n > 2) the equilibrium K|, has to
be taken into consideration with KFP" < KIFP. Thus
even if SPd(TFP), remains intrinsically less reactive
than SPd(PPh,),, its concentration becomes consider-
ably higher than that of SPd(PPh;), when n is large,
resulting in a higher overall reactivity for the TFP
ligand.

In synthetic conditions, in THF, mixtures of
Pd(dba), + nTFP are used as catalysts for small values
of n (n=2 or 4). As seen above, the use of TFP instead
of PPh; results in slower oxidative additions. Conse-
quently, the beneficial effect observed with TFP in
catalytic reactions does not originate from the oxidative
addition step which is then not the rate determining
step of the catalytic cycle but certainly from faster
nucleophilic attacks (or transmetallation) [35b] on the
arylpalladium(II) complexes formed in the oxidative
addition. Indeed, these complexes are expected to be
more electron deficient when ligated by TFP than by
PPh;.

3.3.4. Mixtures of Pd(dba), +n(L-L) (n=1,2;
L—L = bidentate phosphine ligands)

Chiral bidentate phosphine ligands are often used in
palladium-catalyzed reactions. In order to understand
the crucial role of the ligand in asymmetric inductions,
it is worth to characterize the palladium(0) complex(es)
active in oxidative additions, just in case this reaction
were responsible of the enantioselectivity. Oxidative
addition of PhI (although not chiral) with palladium(0)
complexes generated in situ in mixtures of Pd(dba), and
bidentate phosphines allows an easy identification of
the major complex in solution and the reactive species
as well.

Mixtures of Pd(dba), + 2L—L (where L—L is a biden-
tate ligand such as dppm, dppe, dppp, dppb, dppf and
DIOP) lead to the formation of Pd(L-L), complexes
which do not undergo oxidative addition with phenyl
iodide at room temperature, within all the time scales
investigated (ca. few hours) [36].

Pd(dba), + 2L—L - Pd(L—L), + 2dba (16)
Pd(L-L), + PhI— x — - (17)

Unexpectedly, vis-a-vis common knowledge, a mixture
of Pd(dba), + 2BINAP does not afford Pd(BINAP),
but instead Pd(dba)(BINAP) is formed which reacts
with Phl.

Pd(dba), + 2BINAP
—Pd(dba)(BINAP) + dba + BINAP (18)

Only mixtures of Pd(dba), associated with one equiv-
alent of bidentate ligand L—L are therefore of catalytic
interest in terms of reactivity in oxidative addition with
phenyl iodide. Mixtures of Pd(dba), + 1L-L affords
Pd(dba)(L—L) as the major complex (Eq. (19)) [36].

Pd(dba), + L-L — Pd(dba)(L—L) + dba (19)

The structure of Pd(dba)(L—L) complexes established
by *'P-NMR spectroscopy for L-L =dppm, dppb,
dppf, DIOP, BINAP [36], dppe, dppp [36,30] or by
X-ray spectroscopy for L-L =dppe [30], obeys the
general formula:

/]Ph
< " Pd —/U/<O

P/ PH

Whatever the ligand, dppf, DIOP or BINAP, the
oxidative addition with phenyl iodide is slower in the
presence of excess dba, showing that the reactive com-
plex SPd(L-L) is involved in an endergonic equilibrium
with the major complex Pd(dba)(L-L) and dba (Eq.
20). However, the reaction order in Phl differs from
unity (Fig. 10) which is shown to the fact that
Pd(dba)(L-L), although less reactive than SPd(L-L),
also reacts with phenyl iodide (Table 4, Scheme 5) [36].
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Fig. 10. Kinetics of the oxidative addition of PhI with the palla-
dium(0) complex generated in situ in the mixture of Pd(dba), (2 mmol
dm ~3) + one equivalent of DIOP, in THF at 40°C. Variation of
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The following order of reactivity has been observed
in THF (Table 4) [36]:{Pd(dba),+ 2PPh,} >
{Pd(dba),+ 1DIOP} > {Pd(dba), + 1dppf} > {Pd(dba),
+ IBINAP}. One generally considers that the more
basic the phosphine and the smaller its angle P-Pd-P,
the faster is the oxidative addition. Despite the fact that
DIOP is the most basic ligand and BINAP possesses
the smallest bite angle, PPh; reveals to be involved into
the fastest oxidative addition. This shows that thermo-
dynamic factors which control the available concentra-
tion of the most reactive species SPd(L-L) or SPdL,
are predominant and that under similar conditions, the
concentration of SPd(PPh;), is always considerably
higher than that of SPd(L-L) (L-L = DIOP, dppf or
BINAP).

In conclusion, whatever the phosphine ligand,
monodentate (L) or bidentate (L-L), mixtures of
Pd(dba), and n equivalents of phosphines result in the
formation of stable complexes Pd(dba)L, or
Pd(dba)(L—L) (n = 1) which are the major complexes in
solution [37]. These complexes release dba through an
equilibrium which controls the concentration of the less
ligated complexes SPdL, or SPd(L—L) which are the
most reactive species in oxidative addition with phenyl
iodide. Whereas Pd(dba)L., does not react in the oxida-
tive addition with Phl, Pd(dba)(L-L) reacts albeit more
slowly than SPd(L-L). Thus, the dba ligand plays a

Table 4

k)
Pd(dba)(L-L) +§ <—k""'l"" SPA(L-L) + dba K
Phll ko Phl l ky
PhPdI(L-L) PhPdI(L-L)
Scheme 5.

crucial role, since it is always present in the major but
less reactive complex Pd(dba)L, or Pd(dba)(L-L) and
thus controls the concentration of the dba-free most
reactive species. Intrinsic reactivity and concentration
of the reactive species may have antagonist effects and
as a result, non-linear Hammett correlations are ob-
served when the oxidative addition rate is plotted versus
the basicity of the phosphine, for monodentate ligands.

As a conclusion, dba in not a labile and innocent
ligand as usually considered. Moreover for bidentate
ligands, both Pd(dba)(L-L) and SPd(L-L) are reac-
tive. In the presence of a prochiral substrate, a chiral
recognition is expected to differ in Pd(dba)(L—L) and
Pd(L-L). Since the relative concentration of the two
reactive palladium(0) complexes varies with the dba
and Pd(dba), concentration, the overall asymmetric
induction might vary with the experimental conditions
whenever the oxidative addition step controls or is part
of the chiral induction.

3.4. Conclusion

Although in almost every case, the reactive species in
oxidative addition is a palladium(0) complex ligated by
two monodentate phosphines L (or one bidentate phos-
phine, L-L), the overall reactivity is very dependent on
the precursor of the palladium(0) complex, as estab-
lished in Tables 1 and 4. This a priori surprising
observation arises from the fact that the reactive palla-
dium(0) complex is often present at low transient con-
centration because it is involved in endergonic
equilibria with the major but unreactive palladium(0)
complex, ligated by phosphine or dba. Anions (halides,
acetate ions) play a similar role. Both structure and
reactivity of palladium(0) complex are strongly affected
by the anions which are present on the palladium(II)
precursors and are formally available when the anionic
palladium(0) complexes are produced. In the following,

Comparative reactivity of palladium(0) complexes in the oxidative addition with phenyl iodide in THF, as a function of the ligand at 20°C

No. Precursor of Pd(0) (2 mmol dm~?) T (°C) PhI (mol dm—3) ti2 (s) ks /ky Bite angle P-Pd-P, 0 (°)
1 Pd(dba),+2PPh, 20 0.01 20 - -

2 Pd(dba),+ IDIOP 40 0.2 34 > 600 95.48

3 Pd(dba),+ 1dppf 40 0.2 110 >1000 99.07

4 Pd(dba),+ 1BINAP 40 0.2 16300 >400 92.69
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Fig. 11. Oxidative addition of PhI (ten equivalents) with the palla-
dium(0) complex generated by the 2-electron reduction of
PdCl,(PPh,), (concentration C°) in THF (containing n-Bu,NBF,, 0.3
mol dm ~3): variation of the apparent rate constant k*P for the
transformation of the anionic pentacoordinated PhPdICI(PPh;);
complex (formed as the primary intermediate in the oxidative addi-
tion) into the trans complex PhPdI(PPhs), as a function of C° (the
variation of C° induces a variation of the concentration of chloride
ions released by the electrochemical reduction of PdCL,(PPhs),).
C'=(0, @ 7.5, (A) 12.2, (V) 25 and (¢) 40 mmol dm ~ 3.

we will describe how these anionic palladium(0) com-
plexes condition the structure and reactivity of the
arylpalladium(IT) complexes formed in oxidative addi-
tion with aryl halides.

4. Structure of the arylpalladium(I) complexes
formed in oxidative addition with aryl halides as a
function of the precursors of the palladium(0) catalysts

4.1. Pentacoordinated anionic complexes: ArPdXX'L5
(X and X' = halide)

3P-NMR investigation of the oxidative addition of
Phl performed from the electrogenerated complex
Pd(0)(PPh;),Cl~ (see Section 3.1) in THF shows two
singlets [38]. One corresponds to the expected trans
PhPdI(PPh;), complex and its magnitude increases with
time. The second one, initially the main signal, corre-
sponds to a transient species which disappears as a

530 M''s!

Pd(0)(PPhs),Cl" + PhAl ————> ph—pqd -

function of time to afford the trans PhPdI(PPh;).,.
Upon addition of chloride ions, the trans PhPdI(PPh,),
is even smaller and its rate of formation becomes
slower. Whereas the trans PhPdI(PPh,), complex is not
oxidized electrochemically, the intermediate complex
exhibits an oxidation peak O, (Fig. 1b) in voltammetry
and its oxidation peak current increases with the chlo-
ride ions concentration [38].

It is thus concluded that the trans PhPdI(PPh;),
complex is not the primary reaction product but that it
is formed via evolution of an intermediate complex
detected in cyclic voltammetry and 3*'P-NMR spec-
troscopy, with a kinetics which is slower in the presence
of chloride ions (Fig. 11). Voltammetric measurements
prove that the oxidation peak potential of the primary
product of the oxidative addition depends on the nature
of the aryl moiety, on the halide borne initially by the
aromatic halide and on the phosphine. This shows that
all these fragments coordinate the palladium(II) center.
In addition, titration experiments with AgNO; show
that this transient complex contains one chloride ion.
This intermediate complex is therefore an anionic pen-
tacoordinated species ArPdXCIL; . It slowly affords
the trans PhPdI(PPh;), through an up-hill equilibrium
in which the chloride ion is released as indicated in
Scheme 6 ([PA(II)] = 2 mmol dm—3, S = THF) [38].

These results stress the important role of the chloride
ions borne by the palladium(0) involved in the oxida-
tive addition since the chloride concentration controls
the rate of formation of the trans PhPdI(PPh;), com-
plex as well as the existence and concentration of the
intermediate pentacoordinated complexes, potentially
reactive with nucleophiles (see Section 5.1). Similar
pentacoordinated anionic species have also been ob-
served in palladium acetate catalysts (See Section 5.2)
yet being much more frangible in the latter case.

4.2. Neutral complexes: ArPd(OAc)L,

The palladium(0) generated in situ from a mixture of
Pd(OAc), + 3PPh; is an anionic species ligated by one
acetate ion: Pd(0)(PPh;),(OAc) ~ (Section 4.2). Analysis
of the complexes formed in its oxidative addition with
Phl in THF and DMF, by *'P-NMR spectroscopy,

PPh; —. PPh;
Ll s | s
=== Ph—Pd"  + CI
| 1 | N1
PPhs ™ 30 min PPhs
. l
PhPAI(PPhs);
frans

Scheme 6.
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Fig. 12. 3'P-NMR spectrum (162 MHz) in 3 ml of DMF and 0.2 ml
of acetone-d; with H;PO, as an external reference. (a) Mixture of
trans PhPdI(PPh;), and 1.5 equivalents of nBu,NOAc. J,: trans
PhPdI(PPh,),; J,: trans PhPd(OAc)(PPhs),. (b) Solution resulting
from the oxidative addition of PhI (1 equivalent) to the palladium(0)
complex generated in situ from the mixture Pd(OAc), and 4PPh;. The
3IP-NMR signal at 25.43 ppm is that of the triphenylphosphine oxide
that has been generated together with the palladium(0) complex. d,:
trans PhPd(OAc)(PPh,),. d5: trans PhPd(PPh;),(DMF) *.

shows that the reaction does not afford the expected
complex PhPdI(PPh,),, as postulated in literature, but a
new complex identified as trans PhPd(OAc)(PPh,),

Table 5
Equilibrium constant K at 27°C*

X K

DMF THF
1 0.30 1.30
Br 0.10 0.20
Cl 0.04 n.d.

a PhPAX(PPhs),+AcO~ & PhPd(OAc)(PPhs),+ X~ K (24).

(Fig. 12b) by comparison with the authentic sample
synthesized by reacting AgOAc with trans
PhPdI(PPh;), [18,19].

(Pd(OAc), + 3PPh,} - — Pd(0)(PPhy),(OAc)~ (1)

Pd(0)(PPh,),(OAc) ~ + PhI — PhPd(OAc)(PPhs), + 1~
(22)

Analysis of the complexes formed in the oxidative
addition by *'P-NMR spectroscopy, shows an extra
signal J,, beside the signal 6, of the trans PhPd-
(OAc)(PPhy), (Fig. 12b). This extra signal is readily
assigned to the cationic complex PhPd(PPh;)," by com-
parison with an authentic sample synthesized by react-
ing AgBF, with trans PhPdI(PPh,),. In the presence of
an excess of added AcO~ ions (introduced as n-
Bu,NOAC), the signal of the neutral complex increases
at the expense of that of the cationic complex, evidenc-
ing the occurrence of the equilibrium (23) [18].

PhPd(OAC)(PPhs), & PhPd(PPh,);" + AcO~ 23)

Also, addition of acetate ions to solutions of trans
PhPdX(PPh,), (X=Cl, Br, I) provides trans PhPd-
(OAc)(PPhy), via nucleophilic substitution of the
halide by the acetate ion (Fig. 12a) (Eq. (24)) [18,39].
These reactions are equilibrated and the equilibrium
constants have been calculated from NMR data (Table
5) [18].

PhPdX(PPh,),+ AcO~ == PhPd(OAc)(PPhy), + X~ K

_ [PhPd(OAC)(PPh,),][X ~]
K= [PhPdX(PPh,),][AcO ~] @4

The detailed mechanism of reaction (22) has been
investigated by amperometry [18]. The rotating disk
electrode is polarized at + 0.2 V versus SCE on the
plateau of the oxidation wave of Pd(0)(PPh;),(OAc) .
Addition of one equivalent of PhI results in a decay of
the oxidation current as a function of time and provides
kinetic data on the rate of the oxidative addition (see
Section 3.2). However when the electrode is polarized
farther on the plateau of the oxidation wave of
Pd(0)(PPh;),(OAc) —, i.e. at 0.4 V, the oxidation cur-
rent first decreases and then increases again (Fig. 13a).
The decreasing section is identical to that observed
when the electrode potential is set at 0.2 V, showing
that the continuous disappearance of the anionic
Pd(0)(PPh;),(OAc) — is still observed as the first step of
the overall reaction. The later and increasing section
corresponds to the oxidation current of iodide ions
which are slowly released in solution after completion
of the first step of the oxidative addition. Thus the
formation of PhPd(OAc)(PPh,), in the oxidative addi-
tion proceeds in two separated steps as in Scheme 7
([PA(II)] = 2 mmol dm ~ 3) and proceeds therefore again
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Fig. 13. (a) Oxidative addition of PhI with the palladium(0) complex
generated in situ from Pd(OAc), (2 mmol dm ~3) and PPh; (20 mmol
dm~3), in DMF (containing n-Bu,NBF,, 0.3 mol dm~3) at 25°C.
Variation of the oxidation plateau current of the palladium(0) com-
plex at + 0.4 V, at a rotating gold disk electrode (i.d. 2 mm; @ = 105
rad.s~ ") in the presence of phenyl iodide (20 mmol dm~—3) as a
function of time. (b) Cyclic voltammetry of an authentic sample of
PhPd(OAc)(PPh;), (2 mmol dm ~3) in DMF (containing n-Bu,NBF,,
0.3 mol dm ~?) at a stationary gold disk electrode (i.d. 0.5 mm) with
a scan rate of 0.2 V s~ ! at 25°C.

via an anionic pentacoordinated phenylpalladium(II)
complex whose half-life time has been estimated to 30 s
[18].

Scheme 7 is formally identical to Scheme 6 except for
the different life times of the anionic pentacoordinated
complexes (30 s vs. hours). This emphasizes the role of
the anions Cl~ and AcO ~ brought by the precursor of
the palladium(0). Both anions influence the oxidative

65M's?

addition drastically in the sense that: (i) the structure of
the palladium(0) complex; (ii) the rate of the oxidative
addition; (iii) the half-life time of the anionic pentaco-
ordinated phenylpalladium(II) complexes; and (iv) the
structure of the final complex formed in the oxidative
addition, differ as a function of the anion and markedly
differ from those invoked in the so-called text book
mechanisms.

4.3. Equilibrium between neutral and cationic
complexes

3IP.NMR spectroscopy shows that in DMF, the
complex PhPd(OAc)(PPh;), is involved in an equi-
librium with the cationic complex (see Section 4.2) (Eq.
(23)). This equilibrium can also be investigated by
cyclic voltammetry. Indeed a voltammogram of an
authentic sample of trans PhPd(OAc)(PPh;), exhibits
two successive reduction waves in DMF (Fig. 13b) [18].
The less cathodic one, R;, features the reduction of the
cationic complex whereas the second one, R,, is the
reduction peak of the neutral trans PhPd(OAc)(PPhs;),
complex (its current increases at the expense of that of
the cationic complex upon addition of acetate ions).

The same behavior 1is observed for trans
PhPdI(PPh;), and PhPdBr(PPh,), formed either by oxi-
dative addition of phenyl iodide with Pd(0)(PPh;), or
with the palladium(0) complexes generated in situ in
mixture of Pd(dba), + nPPh;. Their cyclic voltam-
mogram exhibits, in DMF, two reduction peaks R, and
R,, although both afford a single *'P-NMR signal [40].

PhPd(PPh,);" + X~ & PhPdX(PPhs),

(R, le) (R, 2¢)
Ky(X =Br, 1, OAc)

Ky = [PthX(PPh3)2]_ 25)
[PhPd(PPh,)," ][ X]

This occurs because NMR spectroscopy sees the real
status of the solution i.e., only the major species
PhPdX(PPh;), (X=1, Br) since the dynamic of the
equilibrium is too slow for the NMR time scale (MHz).
Conversely, in the voltammetric investigation, the re-
duction of the cationic complex at R, displaces the
equilibrium (25) to its left-hand side by continuous
consumption of the cationic complex within the diffu-
sion layer. The cationic complex can then be observed
even when present at very low concentration at equi-
librium (dynamic concentration). This shift depends on

30s

PPh, _l -
|II
Pd(0)(PPhs)(OAc) + PhAl ———— pp__ py-" — PhPd(OAC)(PPhs), + T

i ~ OAc trans
PPh3

Scheme 7.
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Fig. 14. Variation of the ratio ir /(ig, +ig,/2) (i, diffusion current
determined by chronoamperometry performed on the reduction peaks
R, and R, of PhPdBr(PPh;), (2 mmol dm~?) in DMF containing
n-Bu,NBF,, 0.3 mol dm ~ ) as a function of the logarithm of the step
duration time 6 20°C.

the time scale of the voltammetric scan. For short
times, the equilibrium is frozen. A plot of the relative
current i, and Ig, of the cationic and neutral com-
plexes versus time presents a plateau limit at short times
which corresponds to the relative equilibrium concen-
trations. This plateau value affords the equilibrium
constant Ky (Eq. (25)) (Fig. 14 and Table 6) from
which one deduces that the affinity of Cl— for the
palladium(IT) atom is higher than that of AcO~ [40].
Also from plots such as those in Fig. 14, one can
deduce the time scale in which the equilibrium starts to
unfreeze. This is given by the departure of the relative
current plot from its short time plateau. Fig. 14 shows
that for X =Br, the equilibrium becomes labile for
t > 50 ms.

Thus, in DMF, neutral ArPdX(PPh,), (X =1, Br, Cl,
OAc) complexes are involved in a moderately fast
equilibrium with cationic arylpalladium(I) complexes.
The cationic complexes might be more reactive with
nucleophiles [41,42] than the neutral complexes and
even if present at a small equilibrium concentration
might be the real reactive species. Moreover along a
catalytic process, the relative concentrations of the
cationic and neutral complexes might vary, because
controlled by the evolution of the relative concentration
of anions and cations which are released in the medium
while the catalytic cycles proceed.

Table 6
Equilibrium constant Ky in DMF at 20°C*

X Ky (mol~!
dm?)

Cl 19 x 103

Br 3.6x 103

1 1.7x103

OAc 0.75x 103

@ PhPd(PPh,); + X~ & PhPdX(PPhs), Ky (25).

4.4. Conclusion

Oxidative addition with aryl halides lead to a large
variety of arylpalladium(II) complexes: neutral, anionic
or cationic complexes [43]. Moreover, these complexes
may be linked by dynamic equilibria. The structure of
arylpalladium(II) complexes strongly depends on the
structure of the effective palladium(0) complex involved
in the oxidative addition and are affected by the anions
ligated to the palladium(0). We will now examine the
influence of the arylpalladium(II) complexes on nucle-
ophilic attacks involved in two important processes:
cross-coupling reactions and Heck reactions.

5. Reaction of arylpalladium(II) with nucleophiles

5.1. Mechanism of palladium-catalyzed cross-coupling
reactions
ArX 4+ Nu~ PIANuU + X~
Pd = Pd(0)(PPh;),, {PdCL,(PPh;), + Nu~ or H™}
(26)

Discovered in 1976 with Grignard and organolithium
reagents as nucleophiles by Fauvarque et al. [5a], this
reaction efficient for the formation of C—C bonds, was
successively extended to organozinc, aluminum
(Negishi et al. [1a,44]), stannyl (Stille et al. [45]) and
borane (Suzuki et al. [46]) derivatives [47]. The postu-
lated mechanism is given in Scheme 8a.

For low reactive aryl bromides, the rate determining
step is probably the oxidative addition (Eq. a) [5]
whereas for more reactive aryl iodides, transmetallation
(nucleophilic attack on the trans ArPdXL, complexes,
Eq. b) is considered as the rate determining step [48].
Reductive elimination from trans ArPdNuL, complexes
is also evoked as the rate determining step (Eqs ¢+ d)
[6,49]. However, all these mechanistic studies have been
made on different isolated systems, each featuring one
step of the postulated cycle and not in the context of a
whole catalytic cycle. In particular, it is worth to recall
that it has been observed that nucleophilic attacks of
Grignard or zinc enolates on trans ArPdI(PPh;), com-
plexes (Eq. b in Scheme 8a) provide the coupling
product yet with a rate smaller than the rate of the
catalytic reaction [5], suggesting that the trans
ArPdX(PPh,), complex is not involved in the catalytic
cycle. A simple way to escape this difficulty consists in
admitting that the real intermediate was a cis
ArPdX(PPh;), complex which must be first formed in
the oxidative addition [50]. Nucleophilic attack on the
cis complex would then afford a cis ArPdNuL, complex
and the cross-coupling product after a reductive elimi-
nation (Eq. d in Scheme 8a) and so the endergonic
trans—cis isomerization (Eq. c¢) would be by-passed.
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However, in Sections 3 and 4, we have seen that the
palladium(0) complex, generated by reduction of
PdCl,(PPh;),, is an anionic complex Pd(0)(PPh;),Cl~
so that the oxidative addition affords an anionic penta-
coordinated arylpalladium(Il) complex, ArPdXClI-
(PPh,);~ which provides, over long time periods, the
expected trans ArPdX(PPh,), [38]. In fact, this slow
reaction proceeds through a very fast but extremely
up-hill pre-equilibrium in which the anionic pentacoor-
dinated arylpalladium(II) complex releases the chloride
ion (Scheme 6). Since in our conditions, C1~ was the
best nucleophile and in the same time the best leaving
group, this fast up-hill equilibrium represents in fact a

degenerate  nucleophilic  substitution  proceeding
through a Sy1 mechanism (Eq. 27):
Il’Ph3 B Il>Ph3 PPh3 -
bal o oS |
N = O RS I
N |~ N
PPh3 PPh3 PPh3
(27)

Therefore, the mechanism that we characterize in this
degenerate version is certainly a good representation
for the actual nucleophilic substitution at the arylpalla-
dium(II) complex generated by oxidative addition to
anionic palladium(0) complex (Eq. 27). This enables to
propose a new catalytic cycle (Scheme 8b). The trans
ArPdX(PPh,), complex may be formed but only at long
time and as a terminal route. Consequently the nucle-
ophile attacks the intermediate pentacoordinated neu-
tral arylpalladium(I) complex (Eq. b’ in Scheme 8b),

giving rise to an anionic pentacoordinated complex
ArPdXNuL,; in which the Ar and Nu groups are
adjacent and in a favorable position allowing therefore
a fast reductive elimination (Eq. d'). As a proof for this
new mechanism, the anion 2-thiophenyl (electrogener-
ated from the bielectronic reduction of 2-iodothio-
phene) was reacted as a nucleophile with either the
trans PhPdI(PPh;), complex or with the electrogener-
ated PhPdICI(PPh;);~ complex. For the same reaction
time, the yield in the coupling product 2-Th-Ph was
50% with the frans neutral complex and 85% with the
anionic complex, showing that the reactivity of the
anionic complex is ca. 2.5 times larger than that of the
usually postulated trans ArPdXL, complex [51].

We can therefore exclude the trans ArPdXL, com-
plex as intermediate for the cross-coupling reaction
when this reaction is catalyzed by PdCl,(PPh;),. How-
ever, when the oxidative addition is performed from the
palladium(0) complex generated by reduction of
PdCL,(PPh;), in the presence of extra phosphine, the
trans less reactive ArPdXL, is formed in a fast phos-
phine-catalyzed reaction from the pentacoordinated an-
ionic species. This excludes a priori reactions of the
nucleophile with the intermediate pentacoordinated
arylpalladium(I) complex as proposed in the new
mechanism in Scheme 8b. However this observation is
made on one isolated step and the competition between
PPh; and Cl~ to stabilize Pd(0)(PPh,), is in favor of
PPh; due to the low chloride concentration. However,
when the catalytic reaction proceeds, the concentration
of halides, released from the aryl halides ArX, increases
and the new mechanism which proceeds via anionic

(a) Pd(0)Lg or {PdCI,L7 + Red} (b) PACI2(PPhs)2
Reduction
Ar-Nu Ar-X g Ly - Ar-X
Pd(0)L2 Ar-Nu ) Pd(O)-C—I]
@ @ @ @)
L L
l [ L T o1
(cis) Ar—Pd—L Ar— Pd—X (trang) | .«Nu Ar—pd
’ | Ar—Ppd | NX
Nu L | X
L @)
(LY L +S
© II‘ ®) Nu s Ar— lld \ Sicr

Ar—P[d —Nu - | X
L X Nu |
(trans) {‘

Ar—Pd—X
|
L

(trans)

Scheme 8. (a) Postulated mechanism. (b) New catalytic cycle.
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Pd(OAc), + riPPhs

'

PA(OAc)(PPhs),

(O)Pth‘/l/PPm

PAO)L, AX PAO)PPhs)(OA)|  —AX
NEt; A
NEt (@ ““-'7/ @ \\ N
// ; ArPdX(OAC)(PPh:,‘E i
HPdX1, ArPdXIL, HP d(OAc)(PPh})Z HNE’C3+ (al)
A}\: : A{ f\\w) X
Ar . i -
A\r\ _\R . (ORI, APd(OAC)(PPhs), === ArPd(PPh3)s* + A::‘(I)I N
. 4 2 HOAc
H R

e

Scheme 9. (a) Postulated mechanism. (b) New catalytic cycle.

species should be more and more efficient. This will
also occur in reactions catalyzed by Pd(PPh,),. Starting
from the reduction of PdCL,(PPh,),, we have also ob-
served that in the absence of any nucleophile, the
formation of the trans PhPdI(PPh;), is accelerated by
cations [38]. This arises from the shift of the equi-
librium a5 (Scheme 8b) to its left-hand side. If the
nucleophile is strong enough to compete with the for-
mation of the trans complex, Scheme 8b will be operat-
ing. It is therefore seen that the mechanistic features are
extremely intricate and that the mechanism may actu-
ally change while the catalytic cycle proceeds because
the reaction conditions change. Similarly, changes in
the reaction medium (e.g. solvent) may also affects the
delicate interplay between the two limit cycles in
Scheme 8, because ions pairing effects will control the
availability of halide ions (released by the aryl halides)
and cations (accompanying the nucleophiles). Discus-
sion of the efficiency of a palladium-catalyzed cross-
coupling reactions as a function of the nucleophiles
shall include all these arguments.

5.2. Mechanism of the Heck reaction

Ar
\:_—_\ + Et}NH+ X-

R

{Pd]
=\ tAXNEy —=

R
[Pd] = {Pd(OAc), + nL}

(28)

This reaction, discovered in 1968 by Heck et al. [52],

has been considerably extended and developed during

the last 15 years [I1f]. Enantioselective reactions can
now be performed in the presence of chiral ligands [1f, 7].
This reaction requires a base and is usually performed
in DMF. Yet it is compatible with aqueous media in
the presence of hydrosoluble ligands [53]. The postu-
lated mechanism is represented in Scheme 9a.

Among all the catalytic systems empirically tested for
the Heck reaction, mixtures of Pd(OAc), and phosphi-
nes ligands prove to be efficient. In Section 3.2, we have
established that the phosphine reduces the palladiu-
m(II) to palladium(0) [16,18,19]. This very first step of
the reaction is now proposed in a new catalytic cycle
(Scheme 9b). Moreover we have shown that the palla-
dium(0) generated in situ is an anionic species,
Pd(0)(PPh;),(OAc) ~ which undergoes an oxidative ad-
dition with aryl halides through the involvement of a
short lived anionic pentacoordinated arylpalladium(II)
complex. This anionic complex does not afford the
ArPdX(PPh,), complex as expected and postulated in
Scheme 9a (Eq. A) but instead gives the trans ArP-
d(OAc)(PPh;), complex (Eqgs a) and a} in Scheme 9b).
A third arylpalladium(II) complex also exists in solu-
tion since ArPd(OAc)(PPh;), is involved in an equi-
librium with the cationic ArPd(PPh;)," complex. Thus,
two new stable arylpalladium(II) complexes are ex-
pectable candidates for the reaction with alkenes.

Trans PhPd(OAc)(PPh;), formed in the oxidative
addition of PhI (one equivalent) with the palladium(0)
complex generated in situ in the mixture of Pd(OAc),
and 4PPh,, reacts with styrene (100 equivalents) at
room temperature, in DMF, to afford trans stilbene as
in Heck reaction [18]. The reaction affords better yields
in the presence of NEt; (compare entries 1-3 of Table
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Table 7

Reaction of styrene® with phenylpalladium(II) complexes in DMF at 25°C

No. PhPdX(PPh,), NEt; (equivalent/Pd) t (h) (E)-stilbene (%)°
1 PhPd(OAc)(PPh,),¢ 0 20 35

2 PhPd(OAc)(PPh;),¢ 14 17 70; 70

3 PhPd(OAc)(PPh,),¢ 3d 19 75; 66

4 PhPdI(PPh;,),® 0 24 0

5 PhPdI(PPh;),*+2AcO~ 0 22 57

6 PhPdI(PPh;),*+2AcO~ 1 48 72

7 PhPd(PPh;);", BF; ' 0 25 27

8 PhPd(PPh;)5", BF; ' 1 18 22

@ Styrene/PhPdX(PPh;), = 100/1. 0.024 mmol of phenylpalladium(II) complex in 12 ml of DMF.

® Yields are relative to the initial phenylpalladium(II) complex.

¢ Reactions performed on PhPd(OAc)(PPh;), resulting from the oxidative addition of Phl (one equivalent) with the palladium(0) complex

generated in situ from Pd(OAc),+4PPh;.

4 NEt; is introduced at the beginning of the reaction together with the mixture Pd(OAc),+4PPh;.
¢ Reactions performed on an authentic sample of PhPdI(PPh;), in the absence or presence of n-Bu,NOAc.

fReactions performed on an authentic sample of [PhPd(PPh,);", BF;].

7). Trans PhPdI(PPh;), complex does not react with
styrene [54]. However, addition of acetate ions makes
the reaction proceed noticeably without any influence
of the base (entries 4—6 in Table 7). This is easily
rationalized since in Section 4.2, we have seen that
acetate ions substitute the iodide of trans PhPdI(PPh,),
complex to afford rrans PhPd(OAc)(PPh;), (Eq. 24)
which then reacts with styrene. Note that the reactivity
of the intermediate anionic pentacoordinated species
PhPdI(OAc)(PPh;),~ although not suspected (nega-
tively charged 18-electron complex) has been neverthe-
less tested by introduction of the styrene just before
that of Phl, so that this short-lived intermediate is in
contact with the styrene as soon as it is generated. No
acceleration of the formation of stilbene has been
observed.

Since PhPd(OAc)(PPh;), is in equilibrium with the
cationic complex PhPd(PPh,),", this later could be in-
volved in the reaction with styrene. In fact,
[PhPd(PPh,),", BF, ] actually reacts with styrene, how-
ever the reaction is slower than that of PhPd-
(OAc)(PPh,),. The reaction affords lower yields in stil-
bene and is not influenced by the presence of NEt,
(compare entries 1 and 7, 2 and 8 in Table 7). The
reaction of the solvated cationic trans PdPd(PPh;),S*
complex with styrene is probably slower because a trans
complex is formed (Eq. 29), a configuration which in
not in favor of a syn insertion of the olefin into the
Ph—Pd bond which then requires an endergonic trans—
cis isomerization.

I I
! Ph Ph
Ph—pPd+—S + [ —> Ph—Pdt— + S
| ]
L L
rans (29)

The above series of experiments thus definitively
establish that PhPd(OAc)(PPh,), is a key reactive inter-
mediate of the Heck reaction. It reacts with the alkene
in the rate determining step of the catalytic cycle (Eq. b’
in Scheme 9b).

The reaction of PhPd(OAc)(PPh;), with styrene is
inhibited by excess phosphines which demonstrates that
a free coordination site is required to allow coordina-
tion of the olefin. In this context, two explanations may
be invoked to explain the higher reactivity of PhPd-
(OAc)(PPh,), compared to that of PhPdI(PPh;),. The
acetate ligand may assist the liberation of a coordina-
tion site (Eq. 30):

PPhy PlPhs

Ph—Pd—o'\C(/;O —» Ph—Pd—0.___0O

N = +
PhyP
[ PPhy ICH3 \Ilh ’ (]:H3
T\Ph (30)

or protect the free coordination site left by the phos-
phine owing to its potential bidentate character (Eq.
31):

PP h3 I]Ph:,’

ph_}Id_o\C//O <=5 PPh; + Ph—Pd—0O

PPh; | Y o !
3 ——
CH; Eh “CH; (31)

In both cases, the coordinated olefin would be in a
cis position compared to the phenyl ligand, a factor
which favors the subsequent insertion of the olefin into
the Ph—Pd bond.

5.3. Role of the base in the Heck reaction

We do not observe any effect of the base (NEt;) on
the yield in stilbene when starting from PhPd-



276 C. Amatore, A. Jutand / Journal of Organometallic Chemistry 576 (1999) 254-278

(OAc)(PPh;), generated by reaction of AcO~ with
PhPdI(PPh,), or from isolated [PhPd(PPh;)," ,BF, ], i.e.
under conditions in which no protons are present. The
only beneficial effect of the base is observed with PhPd-

(OAc)(PPh,), when it is generated in situ from mixtures

of Pd(OAc), and phosphine, i.e. together with protons

(Section 3.2, Eq. (9)). As shown in Scheme 9b, the

equilibrium between the neutral PhPd(OAc)(PPh;), and

cationic PdPd(PPh;);t complex can be displaced by
protons through interaction with the acetate ligand also
involved in the equilibrium. This interaction shifts the
equilibrium in favor of the cationic less reactive com-
plex. Addition of a base to neutralize the protons shifts
this equilibrium towards the more reactive species PhPd-

(OAc)(PPh,),. Consequently, the yield in stilbene im-

proves. This phenomenon has also been observed in

3P-NMR  spectroscopy. Indeed, when PhPd-

(OAc)(PPh,), is generated in situ from Pd(OAc),, the

magnitude of the signal of the cationic PdPd(PPh;);

complex decreases relative to that of the neutral PhPd-

(OAc)(PPhj,),, in the presence of NEt;.

Usually the role of the base is ascribed to the recy-
cling of the palladium(0) catalyst from a palladium(II)
hydride complex formed after the B-elimination step
(Eq. d in Scheme 9a). However, we observe that the
base may also play other more subtle roles. To illus-
trate the effects of the base, we considered only one
cycle of the Heck reaction (only one equivalent of Phl
vs. Pd) so that the role of the base on the regeneration
of the palladium catalyst is irrelevant.

e NEt, accelerates the rate determining step of the
catalytic cycle, i.e. the very reaction of the olefin with
PhPd(OACc)(PPh;), (Eq. b’ in Scheme 9b), by main-
taining a high concentration of PhPd(OAc)(PPh;),
relative to that of the less reactive cationic intermedi-
ate, through neutralization of the protons (note that
protons are formed all along the catalytic cycle
through reactions ¢’ and d’ in Scheme 9b).

o NEt; slows down a fast step: the oxidative addition
with aryl halides (Eq. a}) as seen above (Section 3.2).
Indeed, the base stabilizes the anionic complex
Pd(0)(PPh;),(OAc) ~ against decomposition by pro-
tons and consequently the oxidative addition is
slower.

This double effect of the base which tends to accelerate

slow reactions and decelerate fast reactions is in favor

of a more efficient catalytic cycle by bringing every step

to react with comparable rates (see Section 1).

Taking all these facts into consideration (role of
acetate ions, role of the base) led us to propose a new
mechanism for the Heck reaction (Scheme 9b) in which
the crucial role of the acetate ion is fully understood.
Indeed, the acetate ion is ligated to every palladium(0)
or palladium(IT) complexes of the catalytic cycle and
mainly on the complex ArPd(OAc)(PPh;), involved in
the rate determining step in which this complex reacts
with the olefin. This supports the empirical observation

that catalytic systems consisting of mixtures of
Pd(OAc), and phosphines are very efficient catalysts for
the Heck reaction from aryl halides. Obviously, some
Pd(0)L, complexes prove to be also catalysts, however
under these conditions, acetate ions are often added as
a base instead of NEt; [1f].

6. Conclusions

Electrochemical techniques associated to other spec-
troscopic techniques (UV, NMR) provide exceptionally
useful information for the elucidation of mechanisms of
palladium-catalyzed reactions. Thus, mechanism of ele-
mental steps has been investigated and understood in
the context of real catalytic reactions which leads to the
proposal of more adequate catalytic cycles for cross-
coupling reactions and Heck reactions. Importantly,
these new cycles give support and help to rationalize
empirical findings dispersed in literature. The funda-
mental role of chloride or acetate ions brought by
palladium(IT) complexes, precursors of palladium(0)
complexes, has been established. New reactive anionic
species are proposed in which the palladium(0) is lig-
ated by chloride or acetate ions. As a consequence, the
reactivity of such anionic palladium(0) complexes in
oxidative addition strongly depends on these anions, as
well as the structure of the final arylpalladium(II) com-
plexes formed in the oxidative addition. Intermediate
anionic pentacoordinated arylpalladium(I) complexes
are also involved and their stability depends on the
nature of the anion (halide or acetate) borne by the
palladium(0) complex. Consequently, nucleophilic at-
tack on arylpalladium(II) complexes also strongly de-
pends of these anions. This explains the apparent
paradox that palladium(0) and palladium(II) complexes
seem to keep in memory their mode of preparation.
Indeed, the anions brought in by the precursor then sit
on every complex involved in the catalytic cycle. In this
review, we mainly focused on the role of anions. How-
ever, it is obvious that the nature and availability of the
cations brought in, e.g. by the nucleophile, play also a
crucial role by indirectly controlling the availability of
the anions by ion-pairing effects, as we establish here
for protons in the case of the Heck reaction. It is
therefore understood that these palladium-catalyzed re-
actions are incredibly subtle, then being very sensitive
to the exact reaction conditions, which is in fact
reflected by the so large variety of methods proposed in
the literature.
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