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1.1
Mechanisms of Cross-Coupling Reactions

Cross-coupling reactions, such as the Stille reaction of organostannanes [1-3] and
the Suzuki (or Suzuki-Miyaura) cross-coupling of organoboron compounds [4] have
settled amongst the more general and selective palladium-catalyzed cross-coupling
reactions [5] (Scheme 1-1). These reactions are closely related to other cross-cou-
plings based on transmetallations of a variety of hard or soft organometallic nucleo-
philes [6] such as the Hiyama [7, 8], Sonogashira [9], Kumada (or Kumada-Corriu),
and other related couplings [10-12].

Coupling reactions are somewhat related to the Heck alkenylation of organic
electrophiles [13, 14], which is often referred to in the literature as a coupling pro-
cess. However, although the first steps in both processes are identical, in the Heck
reaction there is no transmetallation step. In the alkenylation reaction, the C-C
bond is formed by an insertion process, which is followed by a f-hydride elimina-
tion to form the substituted alkene product. Cross-coupling (transmetallation-
based) processes are a family of closely related catalytic processes that share most
mechanistic aspects, although some differences exist on the activation of the orga-
nometallic nucleophile. So far, most of the detailed mechanistic studies have cen-
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tered on the coupling of organostannanes with organic electrophiles catalyzed by
palladium (Stille reaction) [1, 2, 15]. However, the conclusions that arise from stud-
ies conducted on this reaction probably pertain to other cross-couplings. Although
nickel, copper — and occasionally also platinum — have also been used as catalysts
for cross-coupling processes, the vast majority of mechanistic studies concern
palladium chemistry.

The mechanisms of palladium-catalyzed formations of C-X (X = N, O, S) from
organic electrophiles bonds are roughly related to cross-coupling processes. How-
ever, recent mechanistic investigations point to differences with regards to some of
the details in the catalytic cycle.

1.1.1
The Earlier Mechanistic Proposal: The Stille Reaction

The extensive synthetic and mechanistic studies carried out by Stille since 1978
[1, 2, 15, 16] have allowed this reaction to be established as a mature synthetic
method for organic synthesis [17]. The original mechanistic proposal for the Stille
reaction, summarized in the influential review of 1986 [1] is shown in Scheme 1-2.
In the generalized mechanism, a [PdL,] (L = PPh;) complex was assumed to be the
active catalytic species, which reacts with the organic electrophile R-X to form com-
plex 1. Complex 1 was the only observable species in the catalytic cycle, even in the
presence of excess organostannane, which demonstrated that the slow step is the
transmetallation reaction with the organostannane. This transmetallation was be-
lieved to lead to the formation of complex 2. A trans-to-cis isomerization to give
3 was then required for the reductive elimination to yield the organic product R-R’.

This mechanistic interpretation of the Stille reaction has been the base for the
formulation of the mechanisms of other cross-coupling reactions. Model studies
carried out by Stang on the coupling of alkynes with vinyl triflates with
[Pt(PPhs),] were in overall agreement with that proposal [18], although involvement
of cationic complexes in the transmetallation step was strongly suggested by this
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Scheme 1-2  The original proposal for the
2 mechanism of the Stille reaction.
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work. Farina [19] and Brown [20] also found that the intermediates formed upon
oxidative addition of organic triflates to Pd(0) are cationic complexes such as
[PAR'(S)L,]" and [PdR'L,]".

Although these studies shed some light on the transmetallation step, this trans-
formation has remained somewhat mechanistically obscure. Thus, for example,
either inversion [21] or retention [22] of the configuration of alkyl stannanes has
been found. In addition, theoretical studies and experimental results were in con-
tradiction with several aspects of the mechanistic model of Scheme 1-2. In effect,
intermediates of the type trans[PdR'R’L,] (2) might be expected to be quite long-
lived, as trans-to-cis isomerizations in this type of complexes are not facile processes
[23-25]. However, complexes 2 have never been detected under catalytic conditions
[26].

1.1.2
The Oxidative Addition

The oxidative addition of organic electrophiles (halides, sulfonates, and related
activated compounds) to Pd(0) is the first step in cross-coupling and Heck reac-
tions. Many studies have been conducted on the mechanisms of the oxidative
addition reactions of aryl and alkenyl halides and triflates (C(sp®)-X electrophiles)
[27], the most common organic electrophiles in the cross-coupling reactions.

The oxidative addition of C(sp®)-X electrophiles to Pd(0) complexes PdL, (L =
phosphine) takes place usually by associative bimolecular process (Sy2 reaction)
[27]. The anion then adds to the metal to give the product. However, the reaction
of allylic electrophiles is more complex, since, in addition, Sy2’ substitutions are
conceivable pathways. The coupling of trans allylic chloride 4 with PhSnBu; pro-
ceeds with overall retention of configuration when the reaction was performed
in benzene with a Pd(0) complex made in situ from [Pd(5’-C;Hs)Cl], and maleic
anhydride, while clean inversion was observed in polar, coordinating solvents
[28] (Scheme 1-3). The observed stereochemistry is a consequence of the oxidative
addition step. This reaction proceeds with complete or predominant retention in
noncoordinating solvents as benzene, CH,Cl,, tetrahydrofuran (THF), or acetone
[28, 29], which is in agreement with theoretical studies on the oxidative addition
of Pd(0) to CH;X [30]. On the other hand, in coordinating solvents such as
MeCN or dimethylsulfoxide (DMSO), complete or near-complete inversion was
observed [28]. Syn-oxidative addition has also been observed on related substrates
[31]. However, with [Pd(PPhy;),], the usual inversion of configuration in the oxida-
tive addition was observed [28, 32].
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An earlier study on the mechanism of the oxidative addition of aryl iodides to
[PdL,] was consistent with an aromatic nucleophilic substitution [33]. Accordingly,
electron-withdrawing substituents on aryl electrophiles led to rate acceleration [34,
35]. In general, increasing the bite angle of bidentate ligands leads to a decrease in
the rate of the oxidative addition [35, 36]. However, the opposite effect has also been
observed [37], although in this case ligands of very different basicity were consid-
ered [38].

1.1.2.1 Cis-Complexes in the Oxidative Addition

The observed intermediates after the oxidative addition are trans-[PdRXL;] com-
plexes (2, Scheme 1-2), which had led to the general proposal that these complexes
are the primary products of the reaction. However, the oxidative addition (at least
for the most common C(sp?)-X electrophiles) proceeds by a concerted interaction of
a reactive [PdL,] or [Pd(L-L)] (L-L = diphosphine) species with R-X via a three-cen-
ter transition state that should necessarily lead to cis-PARXL,] complexes (Scheme
1-4). In the cis isomers a destabilizing interaction exists between mutually trans
phosphorus donor and aryl ligands, which has been termed “transphobia” [39].
Therefore, in the case of complexes with monodentate phosphines, the initially
formed cis-[PARXL,] (5) complexes undergo isomerization to form the more stable
trans-[PARXL,] complexes [40]. Such isomerization is not possible for complexes 6
with cis-coordinating bidentate phosphines.

The isomerization process has been analyzed in detail by Casado and Espinet in
the case of complex 7, formed by the oxidative addition of C¢CL,F;I to [Pd(PPhs),]
[41] (Scheme 1-5). The isomerization of cis-7 to trans-8 is a rather complex process
that takes place by four major parallel pathways. Two of these pathways involve
associative replacements of PPh; by an iodide ligand of a second palladium com-
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plex. Two additional routes involve two consecutive Berry pseudorotations on pen-
tacoordinated species formed by coordination of the solvent (THF) [41].

1.1.2.2 The Role of Alkene and Anionic Ligands

Complex [Pd,(dba); - S] (dba = dibenzylideneacetone, S = dba or solvent molecule)
[42, 43] has been used as a source of Pd(0) in many palladium-catalyzed reactions
[5]. Early work by Roundhill [44], and subsequent detailed studies by Amatore and
Jutand [37, 45—47], established that the dba ligands are not completely substituted
in the reactions of [Pd,(dba); - S] with phosphines under mild conditions. With
PPh;, mixtures of [Pd(PPhs);] in equilibrium with [Pd(dba)(PPhs),] are formed
(Scheme 1-6) [44, 48]. As a result, starting from [Pd,(dba);] and 2 equiv. of PPh;,
the oxidative addition of Phl proceeds at an overall rate that is ca. 10 times less
than that starting from [Pd(PPh;),]. Similar equilibria were found for L = tri-
(2-furyl)phosphine (TFP) [49] and L = AsPh; [50].

Anionic ligands play an important role in oxidative addition reactions [51, 52].
Amatore and Jutand concluded that, in the presence of acetate, tricoordinated
anionic species [PdL,(OAc)]” [53, 54] (Scheme 1-7) are the effective complexes in
oxidative addition [55], instead of the usually postulated neutral [PdL,] complex.

In the presence of chloride, anionic complexes are also formed [56-59] (Scheme
1-8. In general, the following order of stabilization of the anionic Pd(0) species is
observed: I" > Br~ > CI™ [59].

[Pds(dba)s-S] + PPhg Scheme 1-6 Equilibrium
resulting from [Pd,(dba); - S]
J and PPh;.
[Pd(dba)(PPhs)] + PPhg D [Pd(PPh3)3] + dba
PhaR  OAc - .
Pd ) {Pd(PPha)(OAC) + AcO—PPhg
AcO” () PPhg
PPhg H0

{ Pd(PPhg)2(OAc) HOAc + OPPhg + H'
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Scheme 1-8 Formation of anionic Pd(0) complexes from [Pd(PPhs),Cl,].

1.1.2.3 Cross-Couplings in the Presence of Bulky Phosphines

It may be risky to raise mechanistic conclusions on qualitative observations regard-
ing rate accelerations upon changes on any reaction variable in complex catalytic
processes such as cross-coupling reactions. Nevertheless, some interesting hints
can be obtained from recent work aimed at developing new conditions for the cou-
pling of the less reactive organic substrates such as aryl chlorides [60, 61] and alkyl
electrophiles [62].

Aryl chlorides react more sluggishly in cross-coupling reactions than bromides,
iodides, and triflates due to their reluctance to oxidatively add to Pd(0) [63]. Initially,
the focus was on the development of sterically hindered, chelating ligands to acti-
vate these substrates. Thus, Milstein reported that [Pd(dippp),] (dippp = 1,3-bis(dii-
sopropylphosphino)propane) was an efficient catalyst for the carbonylation, formy-
lation, and Heck reactions of aryl chlorides [35, 64]. The groups of Hartwig and
Buchwald also demonstrated the importance of a variety of sterically hindered, che-
lating phosphines such as 9 and 10 in palladium-catalyzed transformations
(Scheme 1-9). In particular, the amination and etherification of aryl electrophiles
[65], as well as the ketone and malonate arylation processes [66—68], benefit greatly
from the use of this type of ligands. Another complex with a bulky chelating ligand
(11) was developed by Guram as an efficient catalyst for general Suzuki reactions of
a wide variety of arylboronic acids and aryl chlorides, bromides, and iodides [69].

Of note was the finding that relatively simple, monodentate phosphines also pro-
mote the coupling of the less reactive substrates under relatively mild conditions.
This accelerating effect on the oxidative addition had been demonstrated in the
context of the formation of (i’-allyl)palladium complexes [70]. Particularly useful
for the activation of aryl chlorides are palladium complexes of the bulky phosphine
P(tBu); [71-74]. Bulkier phosphines such as (1-Ad)P(tBu), (Ad = adamantyl) have
been used in the palladium-catalyzed arylation of malonates and cyanoesters [75].
The related bulky phosphine P(tBu),-(o-biphenyl) (12) has been developed by Buch-

Scheme 1-9
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wald as a ligand for the palladium-catalyzed reaction of amines with aryl bromides,
chlorides, and triflates [69a, 76-78] and in Suzuki coupling reactions [76a, 79].

Beller has shown that a series of coordinatively unsaturated [(1,6-diene)PdL]
(L = phosphine) complexes 13-15 (Scheme 1-10) catalyzes efficiently the Suzuki
coupling of aryl chlorides with phenylboronic acid [80, 81]. Particularly effective
as a catalyst was the complex bearing the phosphine ligand (o-biphenyl)PCy, (15)
[80]. In all cases, the [(1,6-diene)PdL] complexes were more effective as catalysts
than mixtures of [Pd(OAc),] or [Pd,(dba);] and the phosphines.

Fu reported that complex [Pd(PCy;),] (16), formed in situ from [Pd(OAc),] and
PCys, catalyzes the room-temperature coupling of primary alkyl bromides that pos-
ses f-hydrogens with alkyl-BBN (BBN = 9-borabicyclo[3.3.1]nonane) [82]. A similar
complex, formed from [Pd,(dba),] and PCy; (1:2 ratio of Pd to phosphine), allowed
coupling of primary alkyl chlorides that posses f-hydrogens with alkylboranes [83].
Complex 16, and related complexes with other monodentate bulky phosphines,
catalyzed the Kumada coupling of alkyl chlorides [84].

For the coupling of primary alkyl tosylates, the bulkier phosphine P(tBu),Me
gave the best results [85]. The reactive complex is probably [Pd(P(tBu),Me),] (17).
As expected, the oxidative addition of the alkyl tosylate to Pd(0) results in predomi-
nant inversion of configuration, while the transmetallation occurs with retention
[85]. Complex [Pd(P(tBu),Me),] also catalyzes the room-temperature coupling of
primary alkyl bromides that possess f-hydrogens with boronic acids [86]. Complex
18, the oxidative addition product of an alkyl bromide to 17, has been isolated and
structurally characterized [86] (Scheme 1-11).

Menzel and Fu also found that the Stille coupling of alkenyl stannanes with alkyl
bromides that possess f-hydrogens is also possible at room temperature with
[Pd(P(tBu),Me),] as the catalyst [87]. In this case, the addition of fluoride was
required to enhance the reactivity of the stannane.

Interestingly, while with isolated [Pd(P(tBu)s),] (19) high temperatures are
required for the activation of aryl halides in the Suzuki coupling [88], as well the
amination [72d] and Heck reaction [71a, 89], the complex that results from the
reaction of [Pd,(dba); - dba] and one equivalent of P(tBu); allows these reactions

Bre_~_Ph

Ph
+ —— 7 Me(t-Bu),P—Pd—P(t-Bu)Me
E,0,0°C (t-Bu)2 A (t-Bu)al o N
[PA[P(t-Bu):Mel,] Scheme 1-11  Oxidative addition of
17 18 a primary alkyl bromide to palla-

dium complex 17.
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to be performed at room temperature [66d, 89, 90—92]. Remarkably, under these
conditions, aryl chlorides coupled in preference to aryl triflates [90]. Less bulky
PCy; could be used for the Suzuki reaction of aryl triflates. Related bulky phos-
phines also allow to carry out Suzuki couplings under relatively mild conditions
[77).

The Pd/P(tBu); system was also applied by Fu for the Stille reaction with aryl
electrophiles [93]. As an activator for the stannane, CsF was used. Mechanistic
studies suggested that a palladium monophosphine complex [PdL] is the active
catalyst in the cross-coupling of aryl halides [89].

In accord with the mechanistic observations made by Fu on the Pd/P(tBu);-
catalyzed couplings [89, 90], Hartwig proposed that the oxidative addition of aryl
bromide to complex [Pd(P(o-Tol)s),] (20) involved prior dissociation of a phosphine
ligand giving a 12e-complex [Pd(P(0-Tol);)] [94—96] (Scheme 1-12). The addition of
a second equivalent of ligand to the dimeric complexes of type 21 promotes the re-
ductive elimination with formation of ArX. This process involves the dissociative
ligand substitution and cleavage to the monomers, prior to the reductive elimina-
tion [97].

Brown, Jutand, and co-workers reported that [Pd(PCys),] (16) reacts with PhOTf by
an associative mechanism [98]. Reaction of Phl with 16 or [Pd(PCy,(tBu)),] also pro-
ceeded associatively. In contrast, complexes [Pd(P(tBu)s),] (19) or [Pd(PCy(tBu),),]
(22) (Scheme 1-12), with bulkier phosphines, behaved like [Pd(P(o-Tols)),] (20).

Hartwig also reported the isolation of formally tricoordinated, T-shaped, Pd(II)
complexes 23 in the oxidative addition of Ar-X to [PdL,] or [Pd(dba)L] bearing
very bulky phosphines (Scheme 1-13) [99].

Two of these complexes, 23a-b, were structurally characterized (Scheme 1-14). In
both cases, agostic interactions with C-H bonds of the phosphine were suggested

[Pda(dba)g] / L L
\ K .
or + Ar—X Ar—Pd §cheme 1'13 Ff)rma
tion of tricoordinated
[PdLo] X Pd(Il) complexes

Ar = Ph, 2,4-Me;CeHg 23: L = P(t-Bu)g, 1-AdP(t-Bu),, from [PdLy] with very
2-AdP(t-Bu)p, bulky monodentate

X=8Br, | phosphines.
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t+-Bu t-Bu

E Me
Bu: t-Bu_
P Me” CH,
e
\ 2927 A \ 2.33A
Br Me | Scheme 1-14  Simplified
models for the solid-state
P-Pd-Br angle = 162.6° P-Pd-1 angle = 164.6° structures of complexes 23a
23a 23b and 23b.

[99], which resemble distorted square-planar Pd(II) complexes. A related platinum
complex shows a seemingly three-coordinate Pt(II) core [100], although the metal is
actually stabilized by an agostic interaction with one of the methyl groups of the
phosphine ligand.

In support of the involvement of [Pd(PR3)] in the oxidative addition, Pd(I) dimers
24 and 25 have been found to catalyze the room-temperature amination and Su-
zuki couplings of aryl chlorides and bromides [101] (Scheme 1-15). These palla-
dium dimers decompose to form the palladium dibromide [Pd(PR;)Br,] and a
highly reactive Pd(0) complex [Pd(PR3)].

In the quest for coordinatively unsaturated palladium catalysts, the more radical
approach uses “ligandless conditions” [102, 103] following work pioneered by
Beletskaya [14b, 104]. However, the mechanism of cross-coupling reactions
under these conditions is not known [105]. In this context, it is worth mentioning
that ferrocenylmethylphosphine-containing polymer and [Pd(OAc),], which allow
the formation of local, highly reactive [PdL] active sites, catalyze the coupling of
aryl chlorides with arylboronic acids at room temperature [106].

Br Br.
/N AN
ReP—Pd  Pd—PR; ——— [Pd(PR)] +  Pd—PR,
N_/ /
Br Br
Scheme 1-15 Formation of
24: PR3 = P(1-Ad)(#-Bu)2 highly reactive [PdL] com-
25: PRy = P(tBu)s plexes from Pd(l) dimers.

Scrambling with the phosphine
Exchange between R residues on palladium and the phosphine ligand can take
place under very mild conditions (Scheme 1-16), which may lead to homocoupling
[107-109]. Contradictory mechanistic results emerged from the study of the
methyl/phenyl and the aryl/phenyl exchange. In the first study with complexes
such as 26 [107], the rate was not affected by added PPh;. However, in the second
example, the rearrangement of aryl palladium(II) complexes 27 was almost com-
pletely inhibited by PPh; [108].

The contradiction has been addressed by Novak [110], who demonstrated that the
aryl-aryl interchange reaction of [PdArL,X] proceeds first through a reductive elim-

9
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p-Tol—Pd—I Ph—Pd—I  + Ph—Pd—I + Ph—Pd—I

PPhy ~ 50-60°C PPhyp-Tol PPhyp-Tol PPhg

27

Scheme 1-16  Scrambling of R with the phosphine ligands.

ination to form a phosphonium salt, followed by an oxidative addition of a different
phosphorus-carbon bond. The interchange and phosphonium salt formation reac-
tions alike are facilitated by predissociation of either phosphine or iodide.

1.1.2.4 N-Heterocyclic Carbenes as Ligands

Although N-heterocyclic carbenes have demonstrated their utility as ligands in a
variety of cross-coupling reactions [111], very few mechanistic investigations have
been carried out thus far on the reactions with complexes bearing this type of
ligand. Nevertheless, the oxidative addition of [PdL,] (L = heterocyclic carbene)
to aryl halides has been shown to furnish the expected trans-square planar com-
plexes such as 28 and 29 [112, 113] (Scheme 1-17).

o) | N7

N

N— NN
' o] O2N Q—N\%\
28

t+Bu  tBu 7 N-tBu

Cl
N N N e
[ >P— ] + f/ \; —— tBi  pd By
N N —
Me

i
N/
Me t-Bu

29

Scheme 1-17 Oxidative addition products with N-heterocyclic carbenes as ligands.
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1.1.2.5 Palladacycles as Catalysts

Many palladacycles have also been described as useful catalysts of cross-coupling
and related reactions [114-122]. However, strong evidence has been accumulated
that indicates that the palladacycles merely act as a reservoir of Pd(II), that requires
reduction to Pd(0) to enter into the catalytic cycle [119, 120, 123]. Thus, in a de-
tailed study of the Heck reaction catalyzed by palladacycles 30 and 31 (Scheme
1-18), Pfaltz and Blackmond concluded that the resting state of the catalyst within
the catalytic cycle was a Pd(II) intermediate derived from oxidative addition, while
the majority of Pd remained outside the catalytic cycle as a dimer in equilibrium
with the oxidative addition species [123].

o-Tol
~0 F\;h 00 \POT0|
/ | N / |
W (L w10
N P .
Y 0...0 A 0.0 Scheme 1-18 Representative
o-Tol |
Ph jl\/l/e O_TOI\M(e Pd(Il)-palladacycles used as
precatalysts in cross-coupling
30 31 and Heck reactions.

On the involvement of Pd(IV) in catalytic cycles

There is strong evidence for the formation of Pd(IV) intermediates by oxidative
addition of alkyl halides to Pd(II) complexes [124, 125]. However, C(sp?)-X electro-
philes, such as aryl halides, are much less reactive in the oxidative addition to
Pd(II) complexes and, therefore, the formation of Pd(IV) species from these elec-
trophiles is less likely. Indeed, there is no experimental evidence for such a process
in the organometallic chemistry of Pd(II) complexes [126, 127].

A genuine coupling based on a group 10 M(II)/M(IV) catalysis is probably in-
volved in the nickel-catalyzed coupling of alkyl halides and tosylates with Grignard
reagents discovered by Kambe [128] (Scheme 1-19). A similar system has been de-
veloped for the catalytic C-C bond-forming reaction using nonactivated alkyl fluor-
ides by coupling of alkyl Grignard reagents with CuCl, or NiCl, as the catalysts
[128D).

In this system, a bis(i’-allyl)nickel(IT) complex such as 32 formed by an oxidative
dimerization of butadiene is probably involved in the catalytic cycle (Scheme 1-19).
The oxidative addition of the alkyl halide or tosylate to the electron-rich intermedi-
ate 33 may form Ni(IV) complex 34. A reductive elimination of 34 would then form
the C-C bond and the active Ni(II) complex.

1
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cat. NiCl,
R-X + R'-MgX ———— R-R'
NS
R = alkyl
X =Cl, Br, OTs
N R'-MgX
R-R' 32
° MoX
9
Ni

R | J< Scheme 1-19  Ni-catalyzed cou-

pling of alkyl halides and tosy-
R-X lates with Grignard reagents.

1.1.2.6 Oxidative Addition of Stannanes to Pd(0)

Oxidative addition of certain stannanes to Pd(0) complexes also appears to be a pos-
sible pathway. Thus, alkynyl stannanes have been shown to react with Pd(0) com-
plexes [129, 130]. Additionally, the Pd(0)-catalyzed reaction of allyl stannanes with
alkynes has been found to afford allylstannylation products 35 (Scheme 1-20) [131].
A likely mechanism involves an oxidative addition of the allyl stannanes to Pd(0) to
give (r’-allyl)palladium complexes 36a (Scheme 1-20). In this transformation, the
usually nucleophilic allyl stannanes behave as electrophiles. Complexes of type 36b
are probably formed by transmetallation of (7’-allyl)palladium complexes with
hexamethylditin [132]. An oxidative addition to form complexes 36b has been pro-
posed in the Pd(0)-catalyzed carboxylation of allyl stannanes with CO, [133].
Although complexes of type 36 have never been isolated as stable species, studies
on the intramolecular reaction of allyl stannanes with alkynes and theoretical
calculations provide support to the formation of these complexes by the oxidative
addition of allyl stannanes to Pd(0) [134].

Pd(dba; SnBu
S + R—n [Pda(dba)s] //—>:< 3
R R

35

I
/Pd\
I SnB
net Scheme 1-20 Allyl-stannylation
36a: L = R-C=C-R of alkynes by oxidative addition

36b: L = PR3 of allyl stannanes to Pd(0).
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1.1.3
Transmetallation in the Stille Reaction

1.1.3.1 Isolation of the Transmetallation Step

The transmetallation step has been studied intramolecularly with systems 37 (X =
Br, I), which undergo oxidative addition to [Pd(PPh;),] to give intermediate com-
plexes that suffered transmetallation to form palladacycles 38 [135] (Scheme 1-21).
The isolated palladacycles 38 are stable species that do not reductively eliminate
due to the high ring strain of the expected four-membered ring heterocycles.

Intermediate 39 was isolated from the oxidative addition of 37 (X = I, R = Me) to
the Pd(0) complex [Pd(dba)(dppf)]. Presumably, the steric bulk of the dppf ligand
does not favor the necessary alignment of the Pd-I and C-Sn bonds in the transi-
tion state of the transmetallation (cyclic transmetallation; see Section 1.1.3.3).
However, smooth transmetallation was observed in the presence of Ag,CO; to
form palladacycle 40 [135b]. Under these conditions, replacement of the iodo by
a carbonato ligand might facilitate transmetallation through an open transition
state. Analogous models have been applied for the study of the transmetallation
of silanes [136] as well as the related transmetallation of stannanes with Pt(II)
[137].

The reaction between pincer triflato complex 41 and 2-(tributylstannyl)furan led
to transmetallation derivative 42 as a stable compound (Scheme 1-22) [138]. When
the reaction was performed at low temperature, an intermediate cationic complex
43 was observed with the furan #*-coordinated to the palladium center.

Lo Sterzo has observed a different precoordination complex in the transmetalla-
tion of bimetallic complex 44 with alkynyl stannanes (Scheme 1-23) [139], one of
the key steps of the palladium-catalyzed metal-carbon bond formation [139, 140].
Pentacoordinated palladium complex 45 was detected spectroscopically and
shown to evolve to 46 by first eliminating PPhs.

(0]
@EO\/SHRs [Pd(PPhg),] )
- Pd
X toluene, 40 °C / PPhg
PhgP
37: X =Br, |;R=Me, Bu 38
[Pd(dba)dppf],
toluene , 23 °C
(IOVSHMGS O>
7
AN Pd Ag2CO3 Pd\Pth
VRN _
PhoP PPh, MeCN PhyR
—Fe- %Fe Scheme 1-21 Isolation of transme-
tallation intermediates in the Stille

39 40 reaction.
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Scheme 1-22 Isolation of a #”-furyl palladium(ll) complex in a transmetallation reaction.
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bPh tion intermediates in the
DMF 3 palladium-catalyzed metal-
47 46 carbon bond formation.

Complex 44 exchanged PPh; in DMF to form complex 47 and the corresponding
iodo-bridged palladium dimer [139]. The involvement of this complex in a parallel
transmetallation with the organostannane was proposed to support the dissociative
mechanism for the transmetallation reaction [139].

1.1.3.2 Dissociative Mechanistic Proposals
It has been shown that the addition of neutral ligand L retards the coupling [141,
142]. In addition, ligands such as trifurylphosphine [143, 144] and triphenylarsine
[19, 142, 145], which are of lower donicity that PPh;, have a beneficial effect in the
Stille reaction. These results have been taken as an indication that ligand dissocia-
tion is a key step in the transmetallation.

Thus, the simplified mechanism in Scheme 1-24, involving a dissociative X-for-
R? substitution (X = I, Br) with preservation of the configuration at Pd, was pro-
posed for vinyl and aryl stannanes. It was assumed that 48 cannot undergo trans-
metallation, probably because it is too electron-rich, and ligand dissociation occurs
previous to the transmetallation to form coordinatively unsaturated 49 or, more
likely, 50, with a coordinated solvent molecule, S. More electrophilic complex 50
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I‘_ + ||_ Scheme 1-24 Mechanistic scheme for the
dissociative transmetallation in the Stille
52 51 reaction.

would then be involved in the transmetallation with the stannane to give 51, which
could then afford trans complex 52.

Although the above interpretation has been disputed (see Sections 1.1.3.3 and
1.1.3.4), a dissociative transmetallation probably takes place with complexes bear-
ing very bulky ligands. Thus, Hartwig found that for the transmetallation of dimers
[PdArBr{P(o-Tol);}], (53) [96] the rate depended on the square root of the concen-
tration of dimer (Scheme 1-25). This is consistent with a dissociative mechanism,
in which T-shaped monomers 54 [141] react with the organostannane, presumably
through 55, to give the coupled product Ar-R.

Ar\ /Br\ /Po—ToIs Ar\ /Br RSnMe; Ar\ /R
/Pd\ /Pd\ — /Pd /Pd
o-TolgP Br Ar o-TolgP o-TolgP
53 54 55
Ar—R

Scheme 1-25 Transmetallation of T-shaped Pd(Il) complexes with organostannanes.

1.1.3.3 Cyclic Associative Transmetallation
The dissociative proposals for the transmetallation assume that the trans con-
figuration of complex 48 to give a trans[PdR'R’L,] complex (52) is preserved
(Scheme 1-24). Since the reductive elimination of R'-R” is well established to
occur on cis derivatives, a rapid isomerization of trans- to cis-[PdR'RL,] needs
to be postulated (Scheme 1-2). An important additional problem with mechan-
isms based on ligand dissociation is that this type of substitution is rare for
Pd(I1) [146].

The observed dependence on the ligand concentration has recently been ex-
plained by Espinet within the framework of an associative mechanism (Scheme
1-26) [147, 148]. These studies were based on kinetic measurements of the palla-
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Scheme 1-26 Mechanism of the Stille reaction based on a cyclic associative transmetallation.

dium-catalyzed coupling with substrates such as 1,3-dichloro-2,4,6-trifluoro-5-iodo-
benzene (C¢CLF;I) and vinyl- or (4-methoxyphenyl)tributyltin. The proposed
mechanism also takes into account the known formation of cis-complexes 56 in
the oxidative addition, which subsequently isomerize to trans-57.

Importantly, the transmetallation involves an associative L-for-R* substitution,
through transition state 58, to give bridged intermediate 59 (Sg2 reaction). This in-
termediate evolves to give directly a cis-R'/R? (60) rather than a trans-R'/R” arrange-
ment in the resulting complex, from which the coupled product will immediately
eliminate the organic product R'-R?.

The proposal of Scheme 1-26 explains the observed dependence on L, and pro-
duces immediately the cis-arrangement needed for rapid R'-R* coupling. The
known inverse relationship between ligand donor ability and transmetallation
rate [2, 17, 141, 142] supports the dissociative model because ligands of modest
donicity (such as AsPh;) would be more easily displaced in an associative substitu-
tion process.

The coupling of PhI and vinyl tributyl stannane with [Pd(dba)(AsPhs),] in
dimethylformamide (DMF) has been recently examined by Amatore and
Jutand [50, 149]. This study revealed that, under those conditions, the species
preceding the transmetallation steps is complex 61, bearing a DMF as a ligand
(Scheme 1-27). In this case, the relatively weak ligand AsPh; is displaced by the
coordinating solvent DMF. The alkenyl stannane then substitutes the DMF ligand
to form complex 62, which undergoes transmetallation (associative cyclic mechan-
ism) as shown in Scheme 1-26. A similar process might be operating in the system
studied by Lo Sterzo (see Scheme 1-23) [139].

Although, as stated above (Section 1.1.3.2), when very bulky ligands are used, a
dissociative mechanism probably operates through T-shaped intermediates such as
54 [96, 141] (Scheme 1-28), these intermediates may then evolve by a S¢2 (cyclic)
transmetallation with the organostannane via 63.
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Scheme 1-28 Transmetallation from T-shaped Pd(Il) complex 54.

1.1.3.4 Open Associative Transmetallation

Scheme 1-26 pertains to the coupling of aryl or vinyl halides under the experimen-
tal conditions most commonly applied for the Stille reaction, involving the use of
moderately coordinating solvents, palladium complexes with monodentate ligands
of normal steric bulk, and ratios L:Pd > 2:1. This mechanism predicts retention of
configuration at the carbon of the group transferred from the nucleophilic stan-
nane.

A study of the coupling of aryl triflates with organostannanes by Espinet led to
the conclusion that an open transition state operates in cases where no bridging
groups are available on the coordination sphere of Pd(II) to produce a cyclic inter-
mediate [150, 151]. The Sg2(open) transmetallation mechanism, proceeding through
transition state 64, is summarized in Scheme 1-29. This is the only possible path in
the absence of bridging ligands, but can also operate in their presence. It implies
X-for-R* or L-for-R? replacement at the Pd center, leading competitively to cis and
trans arrangements to give 65 and 66, and produces inversion of configuration at
the a-carbon transferred from the stannane. This mechanism should be favored
by the use of polar, coordinating solvents, lacking bridging ability. It might also
operate in the presence of an excess of L and with easily leaving anionic ligands
lacking bridging ability, in which case transmetallation proceeds from cationic
complexes 67. This mechanism is also followed in the coupling aryl triflates
with vinyl tributyl stannane in the presence of dppe as the ligand [151].

The fact that the transmetallation step in the Stille reaction can follow two
different paths — Sg2(cyclic) and Sg2(open) — has important stereochemical conse-
quences, as this transformation determines the stereochemical outcome of the
overall coupling reaction for C(sp?)-X electrophiles. Therefore, retention of config-
uration would be expected for a Sg2(cyclic) pathway, while a Sg2(open) mechanism

17
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Scheme 1-29 Mechanism of the Stille reaction based on an open associative transmetallation.

would result in overall inversion of configuration. This clarifies the contradictory
stereochemical results reported in the literature. Thus, Falck reported 98 % reten-
tion of configuration in the coupling of chiral a-alkoxystannanes with acyl chlor-
ides in toluene [22], which would proceed by a cyclic pathway. On the other
hand, Labadie and Stille found inversion (=65%) in the coupling of a chiral
benzylic stannane to an acyl chloride in HMPA [21]. In this last example, the
use of highly polar and coordinating solvent favors the open pathway, even in
the presence of potentially bridging chloride ligand.

The open-associative mechanism probably operates in the Stille reaction carried
out in the presence of additives such as fluorides [93] and hydroxide anion [152].
Similarly, coordination of tin to the nitrogen of benzyl amines (68) [153] and stan-
natrane derivatives (69) [154, 155] (Scheme 1-30) presumably led to transmetalla-
tion by an Sg2(open) mechanism.

A different type of coordination is involved in a system developed by Yoshida for
the selective transfer of the Me;SiCH,- group from 70 [156] (Scheme 1-31). In this
case, coordination of the pyridine nitrogen to Pd(II) as shown in 71 favors the in-
tramolecular transmetallation through a Sg2(cyclic) intermediate. However, a trans
to cis isomerization is now required for the reductive elimination of complex 72.

@(\/NMez m
SnPh, “@”‘R

Me Scheme 1-30 Internal coordination to tin favors

68 69 transmetallation to Pd(ll).
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1.1.3.5 The “Copper Effect” and Copper-Catalyzed Couplings

A remarkable phenomenon in Stille couplings is the effect of the addition of Cul
or other Cu(I) salts, which is known to accelerate some couplings catalyzed by
[PAL,] [17, 19, 22, 157-159].

The “copper effect” has been rationalized by Espinet within the framework pro-
vided by the associative mechanism. Accordingly, Cul does not promote the disso-
ciation of L from trans-[PdR'IL,] [159], but it captures part of the free neutral ligand
L released during the oxidation of [PdL,] that yields the species actually undergoing
transmetallation, trans[PdR'IL,], plus 2 L. Therefore, the effect of Cul is to miti-
gate the “auto-retardation” produced by the presence of free L on the rate determin-
ing associative transmetallation [160].

Farina and Liebeskind [159] already proposed that in very polar solvents, a Sn/Cu
transmetallation could take place, leading to the in situ formation of organocopper
species — a proposal that later developed into effective coupling systems. Thus,
Piers demonstrated that the intramolecular coupling of alkenyl iodides with alke-
nyl stannanes can be carried out by using CuCl under stoichiometric conditions
[161, 162]. Better results were later obtained by using other Cu(l) salts, which
allow the reaction to proceed under catalytic conditions [163-169].

1.1.3.6 Transmetallation in the Suzuki Reaction

Due to the low nucleophilicity of the borane reagents (compared with organostan-
nanes, for example), the Suzuki reaction requires the use of base in order to take
place. Stronger bases such as NaOH, TIOH, and NaOMe perform well in THF/
H,O solvent systems, whereas weaker bases such as K,CO; and K;PO, are usually
more successful in DMF. The base is involved in several steps of the catalytic cycle,
most notably in the transmetallation process.

Soderquist has performed detailed mechanistic studies on the coupling of
trialkyl boranes and alkoxy(dialkyl) boranes with aryl and alkenyl electrophiles
(Scheme 1-32) [170]. This study allowed the determination of the stereochemistry
of the transmetallation step [170, 171] and the role of the base in the catalytic cycle.
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The main role of base is to generate a more reactive borate 73 by coordination of
hydroxide to boron, which will react with the intermediate R-Pd(II)-X complex. On
the other hand, in the case of the alkoxoboranes 74, the base also reacts with the
intermediate R-Pd(II)-X derivatives to form the more reactive R-Pd(II)-OH species
(Scheme 1-32). Several intermediates in the Suzuki coupling of bromopyridines
with arylboronic acid have been identified by using in situ analysis of the reaction
by electrospray mass spectrometry [172].

Complexes of other metals have been recently described which catalyze other
Suzuki-type reactions. Thus, platinum complexes catalyze the coupling between
arylboronic acids and aryl halides [137], and [Ni(PCys),Cl;] is effective in the
cross-coupling of arylboronic acids and aryl tosylates [173]. In this case, the
usual mechanism involving oxidative addition of the aryl tosylate to [Ni(PCys),],
followed by transmetallation and reductive elimination has been proposed. The
study of the effects of the substituents on the electrophile and the boronic acid
indicate that transmetallation is the rate-determining step. The mechanism of
the Pd-catalyzed homo-coupling of arylboronic acids has also been studied [174].

1.1.3.7 Transmetallation in the Hiyama Reaction
The lower reactivity of the Si-C bond requires the use of activating reagents to
enhance the reactivity of silanes and to promote the Si-Pd transmetallations. Fluo-
ride is the common additive, although other nucleophiles such as hydroxide, metal
oxides and alkoxides are also effective [175]. Fluoride converts the starting silanes
into pentacoordinate fluorosilicates, which are the actual transmetallation reagents.
Transmetallation of alkenyl silanes takes place with retention of the double bond
configuration, as in other cross-coupling reactions [176]. Due to the lower transme-
tallation rate, competing 1,2-insertion of the alkene in the intermediate organopal-
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Scheme 1-33  Hiyama reaction involving alkene insertion (Heck-type) prior to transmetallation.
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Scheme 1-34  Solvent effect on the stereoselectivity of Si-Pd alkyl transmetallation.

ladium complex (Heck-type) may take place, which affects the regioselectivity of
the Hiyama reaction in some cases [177] (Scheme 1-33). This results in cine-substi-
tution — a process that has also been observed in Stille coupling reactions of some
hindered alkenyl stannanes [178].

Hiyama studied the stereoselectivity of alkyl transmetallation in the [Pd(PPhy;),]-
catalyzed reaction of aryl triflates with enantiomerically enriched (S)-1-phenylethyl-
trifluorosilane in the presence of TBAF [179]. At 50 °C, retention of the configura-
tion resulted, but at higher temperatures, a linear decrease of the degree of reten-
tion takes place and finally, inversion is observed above 75 °C. A significant solvent
effect was also observed. Thus, the reaction in THF resulted in retention. On the
other hand, inversion was found in HMPA-THF (1:20) (Scheme 1-34).

The retention of configuration at low temperatures in THF can be explained as-
suming a fluorine-bridged Sy2(cyclic) transition state (75), analogous to that pro-
posed for the Stille reaction (see Scheme 1-26) formed from a pentacoordinate si-
licate (Scheme 1-20).

In polar solvents or at higher temperatures, the fluorine-silicon bridge would be
cleaved to switch the transition-state model to the Sg2(open) (76), thus resulting in
inversion. On the other hand, open and cyclic Sg2’ mechanisms have been pro-

¢ Fpacant,
(sil{_ph Lo(APd- PR A
Me H Me H Me H
75
[Si]; \ ph Ph}(Pd(Ar)Ln PhXAr
Me H PA(AN(FL, Me H Mé H  Scheme 1-35 Possible

mechanisms for alkyl Si-Pd
76 transmetallation reactions.
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posed to justify the observed stereochemistry in the y-selective cross-coupling of
allyl silanes [180].

1.1.4
Reductive Elimination

1.1.4.1 The Effect of Bidentate Ligands

Formation of T-shaped intermediates from square-planar complexes greatly accel-
erates the reductive elimination of [Pd(L),RR'] complexes [26]. The same is true
for complexes bearing bidentate diphosphanes [23, 24, 26]. The reductive elimina-
tion of a series of [Pd(L-L)Me,] complexes revealed that only complex 77a with
Cy,PCH,PCy,, with the smallest bite-angle, leads to a smooth elimination of
ethane (Scheme 1-36). The reductive elimination from these complexes is most
probably preceded by dissociation of one of the diphosphine arms to form a
T-shaped intermediate [181]. The resulting Pd(0) complex [Pd(L-L)] undergoes
dimerization to form complex 78. Complexes 77b-d, with more stable chelates,
do not eliminate ethane under mild conditions.

PN
CY2 e CyoP™ PCy2
P\ -_——-
(X ,Pdi Me-Me +  FPd—Pd
”gyz Me CyaP. POy
Scheme 1-36 Reductive elimination of
Tra-d:n=1-4 78 ethane from [Pd(L-L)Me,].

On the other hand, for a series of [Pd(L-L)Me,] with L-L = dppp, dppf,
and 1,1'-bis(diphenylphosphino)ruthenocene (dppr), the fastest elimination was
observed with the ligand with the largest bite angle [182, 183]. This effect on the
reductive elimination was also found by Hayashi [184] and van Leeuwen [185] in

the palladium-catalyzed cross-coupling reaction of Grignard reagents with aryl
halides.

1.1.4.2 Coupling with Allylic Electrophiles: The Slow Reductive Elimination
The rate-determining step in the coupling of aryl halides or triflates with aryl- or
alkenyl stannanes can be either the transmetallation or the oxidative addition, de-
pending on the exact circumstances of the reaction [147, 150]. On the other hand,
in the coupling of allylic electrophiles, the reductive elimination step might be-
come rate-determining. Schwartz has shown that the coupling of allylic halides
and allylic organometallics does not proceed unless electron-withdrawing olefins
such as maleic anhydride are used [186, 187]. Kurosawa also noted the promoting
effect of electron-withdrawing olefins on the reductive elimination [188].
Transmetallation of (i’-allyl)palladium complexes with aryl stannanes gives aryl
allyl palladium complexes 79 (Scheme 1-37) [189]. The reductive elimination from
these complexes is slow, and controls the reaction outcome. In order to produce
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an efficient coupling, coordination of a promoter of reductive elimination such
as p-benzoquinone or other electron-withdrawing olefin to form 80, is very effec-
tive. Under catalytic conditions, the allyl electrophile acts as the electron-withdraw-
ing olefin itself [189].

Bis(i*-allyl)palladium complexes are not productive intermediates in the cou-
pling of allyl stannanes with allyl carboxylates or halides [190], as these complexes
do not show any tendency to undergo reductive elimination [191, 192]. In the pres-
ence of phosphine ligands, (4'-allyl)(r’-allyl)palladium complexes are formed
[193-195]. On the other hand, addition of diphosphines gives bis(y'-allyl)palla-
dium diphosphine complexes [196], which undergo smooth reductive elimination
at low temperatures [197]. Calculations also support the idea that the most favor-
able pathway for the reductive elimination involves bis(y'—allyl)palladium com-
plexes bearing two phosphine ligands (Scheme 1-38) [198]. Interestingly, the for-
mation of a bond between C3 and C3’ of the allyls in 81 is significantly preferred
to form 82 (Scheme 1-38), regardless of the syn or anti arrangement of both allyl
moieties, compared with the formation of C1-C1’ or C1-C3’ bonds.

3
\\_\ _PH3 3 /\ _PH3
pd —_— Pd
J PH3 8 \/ PHg
3 Scheme 1-38 Most favored reductive elimination
81 82 of bis('-allyl) palladium complexes.
1.2

Formation of C,C-Bonds in the Palladium-Catalyzed a-Arylation
of Carbonyl Compounds and Nitriles

The palladium-catalyzed a-arylation of ketones has become a useful and general
synthetic method [67]. Initial studies required preformed zinc [199] or tin enolates
[200]. By contrast, Ni-mediated [201] or -catalyzed couplings were also identified. A
major development of the reaction has occurred since 1997 based on the use of
new catalysts with electron-rich alkyl phosphines and N-heterocyclic carbenes as
ligands [111, 202]. The reactions resemble cross-coupling processes in which the
enolates behave as the nucleophilic organometallic reagents (Scheme 1-39).

The reductive elimination step has been studied on isolated Pd complexes con-
taining both an aryl group and an enolate as ligands. A suitable choice of phos-
phine is necessary to afford complexes sufficiently stable to be isolated and suffi-
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ciently reactive to undergo reductive elimination. In the case of ketone enolate
complexes, both C- and O-bound species are formed, depending on the type of
ketone and the phosphine ligand. Reductive elimination rates of complexes for a
series of 1,2-bis(diphenylphosphino)benzene (dppBz) aryl palladium complexes
with different C-enolate ligands groups parallel the nucleophilicity of the R
group (Scheme 1-40).

As far as the influence of the phosphine ligand in the catalyzed reactions is con-
cerned, P(tBu); is effective in most cases. The rates of the reductive elimination of
enolate complexes containing this and other bulky phosphines are higher, and the
scope of many couplings catalyzed by complexes of these ligands is broader.
Recently, it has been shown that a catalytic quantity of phenol causes a remarkable
increase in the efficiency of ketone enolate arylation [203].

The formation of a (PCy;)-Pd-L (L = N-heterocyclic carbene) has been proposed
as the catalytically active species in the aryl amination and o-arylation of ketones by
Nolan in a system starting from a palladacycle containing a N-heterocyclic carbene
[204].

Copper-catalyzed arylation of malonates [205] and other activated methylene
compounds (malononitrile, ethyl cyanoacetate) [206] has been also reported. It is
likely that the catalytically active species is a Cu(I) enolate.

Ph Ph Ph Ph Ph Ph Ph Ph
AW A/ N/ A/
P\ JAr P\ JAr o P\ JAr P\ JAr
/Pd\ >> /Pd > /Pd >> /Pd CO.R
/P\ Me /P\ \% /P\ \—CN /P\ 2
Ph Ph Ph Ph Ph Ph Ph Ph CO.R

Scheme 1-40 Relative reactivity in the reductive elimination for a series of dppBz-aryl palladium
complexes.
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Key Intermediates in the Formation of C-X (X = N, O, S) bonds
in Metal-Catalyzed Reactions

Pd(Il) complexes formed by oxidative addition of organic electrophiles to Pd(0)
may react with amines, alcohols or thiols in the presence of base to give the key
amido, alkoxide, or sulfide complexes. These complexes will, in turn, afford the
CX (X = O, N, S) containing organic products by reductive elimination [65,
207, 208]. The palladium-catalyzed cyanation of aryl halides [209] is most likely
related mechanistically to these reactions.

The mechanism of the formation of the C-Pd-X complexes depends on the type
of nucleophile. For the palladium-catalyzed reactions involving tin amides or tin
thiolates, monophosphine-palladium complexes are involved as intermediates
[141]. Bidentate phosphines are not effective in the amination of electrophiles
involving tin amides [210].

The amination reactions involving amines as the nucleophiles in the presence of
base are mechanistically different. Stoichiometric reactions of different arylpalla-
dium complexes suggest that two different mechanisms may be involved in the
formation of the amido species from the oxidative addition complexes. Thus,
amine-containing arylpalladium complexes 83 formed by ligand substitution or
by cleavage of dimeric species react with base to give organopalladium-amido
derivatives 84, which then suffer reductive elimination to give the aryl amines
(Scheme 1-41) [94, 211].

Alternatively, alkoxides or silylamides may first coordinate the palladium precur-
sor to form an intermediate that might react with the amine to form the required
amido-aryl intermediate. Extensive kinetic studies on stoichiometric reaction
models support the mechanism in Scheme 1-42, in which the amine cleaves the
dimeric hydroxo complex 85 to give an amine intermediate 86 which would suffer
intramolecular proton transfer to give 87 [212]. A similar process is proposed for a
dppf derivative [213].

Detailed kinetic studies have been carried out by Blackmond and Buchwald
under synthetically relevant conditions to study the mechanism of the amination
of bromobenzene with primary and secondary amines using [Pd,(dba);]/binap mix-
tures as well as preformed [Pd(binap)(dba)], [Pd(binap)(p-Tol)(Br)], and [Pd(binap),]
complexes [214]. The presence of a significant induction period in the reaction was

Ar. Br R'RHN_  Ar
N ' N
Pd)} 2 HNRR Pd.
L > Br
83

Yase
Br

RRNAr RRN_ Ar ( RRN_ Ar
+ -— Pd Pd_ Scheme 1-41 Formation of arylpalladium

[PdLy] L amide complexes from amine precursors and
84 subsequent reductive elimination.

L

L= P(O-MGCGH4)3
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H

L\ ,O RNHZ L\ /OH L\ /OHE
Pd ——  Pd — Pd
P >%  _mNH, 0 NHR P “NHR
85 86 87
L, OH Wk L. OH
Pd Pd
Ph"  NHzR Ph"  NHzR
L, /8\ L - RNH, L. /g\ NHoR Scheme 1-'42 For.mation of
Pd_ PA, Pd Pd_ + H,0 arylpalladium amide com-
P NH o Ph Ph” "NHL Ph plexes from hydroxo and
R R alkoxo derivatives.

attributed to the slow activation of the catalytic precursor, resulting in an increase
in the concentration of active species within the catalytic cycle. It was also con-
firmed that the bis-ligand complex [Pd(binap),] does not play a role directly on
the catalytic cycle [37, 90]. In addition to a pathway involving oxidative addition
of the aryl halide to [Pd(binap)] as the first step, a pathway initiated by addition
of the amine to Pd(0) was also proposed (Scheme 1-43). These results are con-
sistent with deprotonation of the amine by base occurring only after both amine
binding and oxidative addition have taken place. They also exclude the inter-
mediacy of Pd-alkoxo complexes.

Thus, Pd(0) complexes of type [(RR'NH)Pd(binap)] are proposed to be the actual
species which oxidatively add bromobenzene, as this process proceeds more rapidly
than the direct oxidative addition on the Pd(0) complex with no coordinated amine

[214].
Ar—NRR' + RR'NH
+ NaX + R"OH [Pd(binap)]
NaOR"
NHRR' .
| [NHRR'—Pd(binap)]
Pd(binap)(Ar)X

Scheme 1-43  Alternative catalytic cycle for
\_/< the Pd-binap-mediated amination of bromo-
benzene. Amine coordination takes place

ArX before oxidative addition.

1.3.1
Reductive Elimination of C-N, C-O,
and C-S Bonds From Organopalladium(ll) Complexes

Reductive elimination of amine and ethers is the key bond-forming step in the
catalytic amination and etheration reactions. Kinetic studies on stoichiometric
reactions from isolated amido and alkoxo organopalladium complexes have shed
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L Ar
N s
/Pd\
L NR
= 2N
Ar_ L 89
Pd Ar—NR, + [PdLy]
L' NRy S Ar / Scheme 1-44 Possible competing
88 X L—Pd: pathways for the C-N reductive
NR; elimination from monodentate
90 phosphine complexes.

light into the mechanism by identifying the actual species involved and the factors
controlling this process. The most extensively studied of these reactions is the
reductive elimination of C-N bonds from amido arylpalladium complexes [215,
216]. Both monomeric and dimeric species have been studied. In the case of mono-
meric complexes, some differences occur depending on the nature (mono- or
bidentate) of the coordinating phosphines.

Thus, the reductive eliminations from trans-bis(triphenylphosphine) amido aryl
complexes 88 showed first-order kinetics demonstrating that the reductive elimina-
tion takes place from monomeric species (Scheme 1-44). The dependence of the
reaction rate on the concentration of added PPhy; is compatible with two competing
mechanisms, one involving C-N bond formation to a cis 16-electron species 89
formed by isomerization of the trans derivative. The other mechanism involves
initial reversible phosphine dissociation to give a 14-electron, three-coordinate in-
termediate 90 that would undergo C-N bond formation (Scheme 1-44). Dimeric
monophosphine complexes follow a dissociative pathway to give three-coordinate
amido monomers, which suffer reductive elimination. The formation of the 14-
electron intermediates can be reversible or irreversible depending on the type of
amine.

Amido organopalladium complexes containing bidentate phosphines have the cis
configuration necessary to provide the reductive elimination. The zero-order depen-
dence on the concentration of the added ligand is consistent with a direct concerted
formation of the amine from the square planar complexes 91 (Scheme 1-45).

The influence on the reductive elimination of the substituents on both the amido
and the R ligand has been studied on dppf model derivatives, as it appears to be a
one-step process. The relative rates for elimination from different amido groups is
alkylamido > arylamido > diarylamido. This trend implies that the more nucleo-
philic is the amido ligand, the more rapid the reductive elimination occurs. On the
other hand, the presence of substituents on the aryl group also affects the reductive
elimination rate, with electron-withdrawing groups accelerating the process.
A similar behavior is observed for the reductive elimination of C-S bonds from
aryl sulfide palladium complexes 92 (Scheme 1-46) [184a].

L. Ar L
< Pd Ar—NR, + < /\pd
NR2 L Scheme 1-45 C-N reductive elimination from dppf
91 complexes.
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Ehz A ghz
X 50°C \
[ Pd ——— Ar-SR + E Pd
P, ST PP P
2 2 Scheme 1-46 Reductive elimination of C-S
92 bonds.

The formation of ethers by reductive elimination from alkoxo organopalladium
complexes faces some difficulties due to the lower nucleophilicity of the alkoxides
compared with metal amides. The choice of suitable phosphine ligands is crucial
for this type of reaction. Bulky aryldialkylphosphines allow the reaction of aryl
chlorides, bromides, and triflates with a variety of isolated alkoxides [217] or,
more interestingly, phenols and base [218] regardless of the substitution of the
aryl groups. Intermediate alkoxo organopalladium complexes have been proposed
to form by transmetallation from alkali metal alkoxides to organopalladium deriva-
tives. The rate of the reductive elimination from these intermediates is significantly
slower than the corresponding rate to form C-N bonds. Two possible mechanisms
exist for the intimate mechanism of the elimination. The first is the occurrence of a
three-center transition state or an initial attack of the alkoxide on the aryl ipso car-
bon followed by elimination of the metal complex. The second mechanism would
be more probable in the case of aryl electrophiles containing electron-withdrawing
groups. It has been proposed that the bulkier ligands are necessary to destabilize
the ground state of the intermediate [L,Pd(OR)Ar] complex, forcing the palladium
bound aryl and alkoxide groups together. In this way, the complex is distorted
toward the three-center transition state geometry [218a]. Stoichiometric reductive
elimination reactions of C-N and C-O bonds from Ni complexes have also been
described [219].

As it happens in the case of C-C cross-coupling reactions, f-hydrogen elimination
is a competitive pathway in the palladium-catalyzed amination and etheration reac-
tions. The conversion of the organic electrophiles to amines or ethers depends on
the reductive elimination being faster than f-hydrogen elimination from amido or
alkoxo intermediates. The extension of the undesired f-hydrogen elimination in C-N
couplings has been studied on stoichiometric elimination reactions from amido
arylpalladium complexes 93 (Scheme 1-47). The C-N p-hydrogen elimination has
been proposed to take place also from amido complexes in some cases [220].

The final amount of f-hydrogen elimination products (arenes) depends on sev-
eral factors [208a]. Thus, electron-withdrawing groups on the aryl ring increase
the rate of the reductive elimination and minimize the formation of the arene.

Ar

H R
AT y Scheme 1-47 Competitive
'NR pathways in the evolution of

L Ar amido organopalladium
H R' N NR .
%\ Pd_ \R A—H  + By complexes: (a) reductive

N = H™ "R' elimination; (b) f-hydrogen
R' elimination.
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As it has been observed for etheration reactions, bulkier monophosphines enhance
the rate of the C-N reductive elimination. In the case of bidentate phosphines, the
results are more difficult to rationalize. Thus, electron-poor derivatives of dppf pro-
duce more arene than dppf itself, albeit a more deficient metal center is thought to
suffer an easier reductive elimination. Ligands with smaller bite angles yield less -
hydrogen elimination products, in contrast with the observed dependence for C-C
reductive eliminations. Detailed studies have been performed on amido [221] and
alkoxo [222] Ir(I) square-planar complexes, which indicate that reversible phos-
phine dissociation takes place prior to the p-hydrogen elimination for both
amide and alkoxo complexes.

1.3.2
Copper-Catalyzed Formation of C-X Bonds

Other metal salts and complexes also catalyze the formation of C-N, C-O, and C-S
bonds from organic electrophiles. Thus, a mixture of [Ni(COD),] and a bidentate
phosphine catalyzes the formation of aryl ethers from aryl halides and alkoxides
[223]. In some cases, the reactions occur under milder conditions and with higher
yields than when catalyzed by Pd complexes.

By contrast, Cu(I) complexes have been reported to catalyze the formation of C-C,
C-N, C-O [224], and C-S [225] bonds. Cu(II) also catalyzes the reaction of boronic
acids with phenols and amines under oxidative conditions to form Ar-O and Ar-N
bonds [226]. Copper also catalyzes the halogen exchange [227] and the cyanation
[228] of aryl halides. Interestingly, important differences exists between the Pd-
and Cu-catalyzed amination [229]. Thus, whereas palladium catalysts favor amina-
tion, copper complexes promote the reactions with carboxamides. In addition,
anilines are better nucleophiles than alkylamines in the Pd-catalyzed amination,
while the opposite occurs with Cu(I) as the catalyst [229]. Similar systems catalyze
the coupling of secondary phosphines and phosphites with aryl and vinyl halides
[230].

o]

R'S-N
Rl_s-R2 [RCO,Cu(l)]

o
RCO, RCO,
_R2
/Cu R “Cu—N
R'S RS
95 W 9 0
o
R?B(OH),
(HO),B-N Scheme 1-48 Proposed mechanism for the
Cu(l)-catalyzed synthesis of thioethers from

o N-thioimides and boronic acids.
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Alkyl aryl sulfides might also be formed by the reaction of arylboronic acids and
alkyl thiols in the presence of Cu(Il) [230]. However, Liebeskind demonstrated that
in this case the actual catalyst is Cu(I), which led to the development of an efficient
method for the synthesis of thioethers by using N-thioimides [231]. For this trans-
formation, the mechanism outlined in Scheme 1-48 has been proposed. Accord-
ingly, an oxidative addition of the N-thioimide to Cu(I) would form Cu(IIl) inter-
mediate 94, which could transmetallate with the boronic acid to form 95. The
reductive elimination from 95 then gives the thioether.

1.4
Summary and Outlook

A unified view emerges for the mechanism of cross-coupling reactions. The forma-
tion of C-X bonds with palladium catalysts loosely follows the same catalytic path-
ways of cross-coupling transformations. However, significant differences exist for
both types of processes with regard to the rate-determining step(s) that depend
on the nature of the electrophile, nucleophile, and the ligands on palladium.

The original proposal for cross-coupling reactions has evolved considerably. First,
the oxidative addition of C(sp?)-X electrophiles has been shown to give first cis-pal-
ladium(II) complexes, which subsequently isomerize to more stable trans com-
plexes. Of greater significance is a clarification of the mechanism of the reaction
between soft nucleophilic organometallic reagents and Pd(II). Based on studies
on the Stille and Hiyama couplings, transmetallations to palladium appear to
follow two major mechanisms. In poorly coordinating solvents and in the presence
of bridging ligands, the associative Sg2(cyclic) mechanism operates, whereas the
Sg2(open) mechanism proceeds when highly coordinating solvents are used.
These two mechanisms pertain to conditions usually followed with palladium com-
plexes coordinated to typical phosphine or arsine ligands. A third type of mechan-
ism, which proceeds through T-shaped intermediates, most likely takes place when
the starting Pd(0) catalyst bears two very bulky phosphine ligands such as P(o-Tol);
or P(tBu);.

When monodentate phosphine or arsine ligands are used, the transmetallation
reaction leads directly to T-shaped intermediates bearing two mutually cis R ligands
(Schemes 1-26 and 1-29). Therefore, in general, there is no need for the trans- to
cis-isomerization originally proposed for the Stille reaction (see Scheme 1-2) and
later assumed for other transmetallation-based catalytic processes.

Many of the sound mechanistic investigations described have been conducted on
palladium-catalyzed processes. Although recently developed reactions catalyzed by
Ni(0), Pt(0), or Cu(I) may follow similar schemes, additional mechanistic studies
are needed to develop more efficient reactions. In this regard, it is also important
to stress that, although studies conducted on isolated complexes are of major value
in understanding these processes, more general mechanistic conclusions on these
and related rather complex schemes will emerge from studies performed under
realistic catalytic conditions.



Abbreviations

References

Ad adamantyl

BBN 9-borabicyclo[3.3.1]nonane

binap 2,2'-Bis(diphenylphosphino)-1,1’-binaphthyl
Cy cyclohexyl

dba dibenzylideneacetone

dippp 1,3-bis(diisopropylphosphino)propane
dppBz  1,2-bis(diphenylphosphino)benzene
dppe bis(1,2-diphenylphosphino)ethane

dppf bis(1,1’-diphenylphosphino)ferrocene
dppp bis(1,3-diphenylphosphino)propane
dppr bis(1,1’-diphenylphosphino)ruthenocene
HMPA  hexamethylphosphoric triamide

TBAF  tetrabutylammonium fluoride

TMEDA N,N,N’N'-tetramethylethylenediamine
TFP tri-(2-furyl)phosphine
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