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Metal-catalyzed cross-coupling reactions, notably those permitting C—C bond formation, have witnessed a mete-
oritic development and are now routinely employed as a powerful synthetic tool both in academia and in indus-
try. In this context, palladium is arguably the most studied transition metal, and tertiary phosphines occupy a
preponderant place as ancillary ligands. Seriously challenging this situation, the use of N-heterocyclic carbenes (NHCs)
as alternative ligands in palladium-catalyzed cross-coupling reactions is rapidly gaining in popularity. These two-
electron donor ligands combine strong o-donating properties with a shielding steric pattern that allows for both sta-
bilization of the metal center and enhancement of its catalytic activity. As a result, the number of well-defined NHC-
containing palladium(ll) complexes is growing, and their use in coupling reactions is witnessing increasing interest.

In this Account, we highlight the advantages of this family of palladium complexes and review their synthesis and
applications in cross-coupling chemistry. They generally exhibit high stability, allowing for indefinite storage and easy
handling. The use of well-defined complexes permits a strict control of the Pd/ligand ratio (optimally 1/1), avoiding
the use of excess costly ligand that usually requires end-game removal. Furthermore, it partly removes the “black box”
character often associated with cross-coupling chemistry and catalyst formation. In the present Account, four main
classes of NHC-containing palladium(ll) complexes will be presented: palladium dimers with bridging halogens, pal-
ladacydles, palladium acetates and acetylacetonates, and finally s-allyl complexes. These additional ligands are best
described as a protecting shell that will be discarded going from the palladium(ll) precatalyst to the palladium(0) true
catalyst. The synthesis of all these precatalysts generally requires simple and short synthetic procedures. Their cata-
lytic activity in different cross-coupling reactions is discussed and put into context. Remarkably, some NHC-contain-
ing catalytic systems can achieve extremely challenging coupling reactions such as the formation of tetra-ortho-
biphenyl compounds and perform reactions at very low loadings of palladium (ppm levels).

The chemistry described here, combining fundamental organometallic, catalysis, and pure organic methodology,
remains rich in opportunities considering that only a handful of palladium(ll) architectures have been studied. Hence,
en route to an “ideal catalyst”, [[NHC)Pd"] compounds exhibit remarkable stability and allow for fine-tuning of the NHC
and of surrounding ligands in order to control the activation and the catalytic activity. Finally, unlike [Pd(PPh,),],
[(NHQ)Pd"] compounds have so far been examined only in palladium-mediated reactions (most often cross-coupling
such as the Suzuki—Miyaura and Heck reactions), leaving a treasure trove of exciting discoveries to come.
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I. Introduction

The impact of the palladium-catalyzed cross-coupling reac-
tions, discovered in the 1970s, has been considerable and
continues to be the focus of much organometallic research.’
It is almost impossible nowadays to find an issue of a jour-
nal in the field of organic or organometallic chemistry with-
out a contribution dealing with some aspect of cross-coupling
reactions.? Due to their wide applicability for C—C bond for-
mation, these reactions belong to the arsenal of synthetic
chemists and have clearly changed retrosynthetic analysis.> As
a consequence of its versatility, the chemical industry has
been significantly involved in this area and numerous meth-
ods have been patented.*

Even though ligandless systems are known,” strong o-do-
nor ligands are necessary to reach a high degree of efficien-
cy.® Since the early studies, tertiary phosphines have attracted
considerable attention and have allowed for the development
of catalytic systems possessing a wide scope. Recently, bulky
electron-rich alkylphosphines have enabled the use of
extremely low levels of palladium, providing high turnover
numbers (TON).” To date, N-heterocyclic carbenes (NHCs) are
the only class of ligands that has been able to challenge the
widely employed tertiary phosphines.® Since Herrmann
reported that NHC-containing well-defined palladium(0) and
palladium(ll) complexes efficiently catalyzed the Heck reac-
tion (eq 1),° NHCs have been advertised as potential alterna-
tives to phosphines.
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In this Account, we will focus on an underdeveloped
aspect in Pd-catalyzed cross-coupling: the use of well-de-
fined NHC-containing palladium(ll) precatalysts.'® Besides
the inherent advantages associated with NHC ligands (i.e.,
stability, steric, electronic, tunability),” this class of precata-
lysts exhibits high stability in the solid state and in solu-
tion, allowing for indefinite storage and easy handling.
Furthermore, the use of well-defined complexes permits a
strict control of the Pd/ligand ratio (optimally 1/1),'# avoid-
ing the use of excess ligand that usually requires removal
in workup procedures.'® Finally, employing well-defined
precatalysts ensures the binding mode of the NHC ligand'*
and partly removes the “black box” character often associ-
ated with cross-coupling chemistry and catalyst formation.
The present Account will focus on an important develop-
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ment effort in our laboratory over the last eight years, and
we present here the culmination of studies that were initi-
ated using in situ formed catalysts'® to what we now favor,
well-defined species.

II. Palladium Dimers with Bridging Halides

Dinuclear palladium(ll) complexes containing one NHC per
metal center and two bridging halides ligands are among
the most frequently encountered [(NHC)Pd"X,] compounds.
This is notably due to their straightforward synthesis, most
often from readily available [Pd(OAc),] and the imidazo-
lium precursor of the NHC. Several protocols have been
reported involving the addition of inorganic salts (LiCl, NaBr,
Nal, NaOAc) and requiring prolonged heating in polar sol-
vents.'® The structures of some of these complexes are
depicted in Figure 1. Interestingly, the addition of a base is
not necessary,'” and alternative synthetic routes from
[MePd(COD)CI],"® [(NHC)Pd(allyl)Cl],"® or [Pd(PhCN),Cl,]*°
have been described. It should be noted that heating a mix-
ture of [Pd(OAc),] and imidazolium salt can produce a
highly unexpected type of complex [(NHC)(NHC')PdCl,],
where NHC' is bound by the backbone (C4 or C5) to the pal-
ladium center.?! Therefore, using a [Pd(OAc),]/imidazolium
salt mixture in catalysis can result in a number of catalytic
species and varied activities.

In terms of catalysis, the activity of these complexes has been
scarcely examined, that is, only in the Heck, the Suzuki—Miyaura,
and the Buchwald—Hartwig reactions. Compound 1 was found
to catalyze the coupling of 4-bromoacetophenone and butyl
acrylate at low catalyst loadings but was only studied for lim-
ited examples.?? On the other hand, 6 showed only poor activ-
ity in the Heck reaction, probably because of the lack of steric
pressure from the thiazolydene ligand.'””

In 2004, Glorius reported the outstanding activity of 2
and 3 in the Suzuki—Miyaura reaction.'®c These complexes,
possessing an NHC of the IBiox family, allowed for the for-
mation of a tetra-ortho-substituted biphenyl in high yield.
Tested as well in the Suzuki—Miyaura coupling, complex 7
was found to be efficient for the coupling of aryl bromides
and chlorides in water,'®® while 8 coupled only bromides
but with a larger scope, involving unactivated and steri-
cally hindered substrates.'®9

The activity of 2 was further investigated by the Glorius
group in the Sonogashira reaction with unactivated second-
ary alkyl bromides.?* Under relatively mild reaction condi-
tions, functionalized alkyl bromides could be coupled with
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FIGURE 1. Structures of NHC—Pd dimers.
SCHEME 1. Activity of 2 in the Sonogashira Reaction
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SCHEME 2. Activity of 5 in the Buchwald—Hartwig Reaction
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alkyl-substituted terminal alkynes; a representative scope is
shown in Scheme 1.

In 2002, we studied the activity of 5 in the N-aryl ami-
nation reaction.® This complex was found to be highly effi-
cient for the coupling of aryl bromides and chlorides. A
variety of amines could be coupled with activated, unacti-
vated, encumbered, and heteroaromatic halides in high
yields and in short reaction times (Scheme 2). Interestingly,
due to the robustness of 5, reactions could be carried out
on the benchtop under aerobic conditions without loss of
activity. Recently 5 has been shown as excellent precata-
lysts in the Suzuki—Miyaura reaction.?°®
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l1l. Palladacycles

Palladacycles have recently gained importance in catalysis
notably because of their flexible framework and robustness.?*
Although promising, the conjugation of a palladacyclic scaf-
fold and an NHC has been scarcely studied. In fact, a limited
number of NHC—palladacycles have been synthesized (see
Figure 2).

Typically, NHC-containing palladacycles are synthesized in
high yields by addition of a nucleophilic carbene to an ace-
tate- or halogen-bridged palladacycle dimer. In 2003, lyer
described the synthesis and applications of palladacyles
9—11.2° These precatalysts were tested in the Heck reaction
where they displayed good to high activity. With aryl bro-
mides, TONs between 40 000 and 90 000 were observed,
whereas the use of chlorides was less successful. The activity
of compound 10 was further studied in the Suzuki—Miyaura
reaction where, as observed in the Heck, aryl bromides were
easily coupled and aryl chlorides were found to be more reluc-
tant partners. A large series of NHC-containing phosphapalla-
dacycles, including 12—15, was reported by Herrmann.®
Their catalytic activity in the Heck reaction was investigated,
showing promising results for further improvement. Notably,
the use of 15 allowed for the coupling of aryl chlorides with-
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FIGURE 2. Structures of NHC-containing palladacycles.
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FIGURE 3. Structures and activity of 20 and 21.
out the need for additives. Bedford and co-workers reported
the formation of phosphite palladacycles 16—19 and stud-
ied their activity in the Suzuki—Miyaura reaction.?” Overall,
these catalysts performed quite poorly (17 being the most effi-
cient) and could only couple unhindered and activated aryl
bromides.?®

Along these lines, we reported, as early as 2003, the syn-
thesis of amino-palladacycles 20 and 21 (Figure 3).%° Since
then, the activity of the most efficient one, the IPr-containing
20, has been investigated in the Buchwald—Hartwig, the a-ke-
tone arylation, the reductive dehalogenation, and the
Suzuki—Miyaura reactions. It was proposed, based on NMR
studies, that in the presence of isopropanol, a Pd-hydride
could be formed, enabling the reductive elimination of the
aminobiphenyl shell and producing the active [(IPr)Pd°] spe-
cies. Reactions could be performed at low catalyst loadings
(1—0.05 mol %) and under mild conditions (rt to 65 °C). Pre-
catalyst 20 proved to be quite versatile and displayed a wide
scope in numerous cross-coupling reactions. Aryl chlorides,
bromides, and triflates, including heteroaromatics, reacted effi-
ciently with a wide array of nucleophilic partners. In the
Buchwald—Hartwig amination, primary and secondary alkyl
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SCHEME 3. Activity of Palladacycle 20 in the Suzuki—Miyaura
Reaction

20 (2 mol %)
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60 min, 75% 5h, 78% 90 min, 83%

and aryl amines were coupled in high yields.?® Similarly, in
the o-ketone arylation, aryl and alkyl ketones reacted well.>°
Additionally, reactions could be carried out under microwave
heating without loss of yield, allowing for extremely short
reaction times (i.e., 2 min). Compound 20 was further found
to catalyze the dehalogenation of aryl chlorides, a relevant
process for environmental issues keeping in mind the toxic-
ity of polychlorinated compounds.®' Again, as a testimony to
the high activity of 20, reactions occurred at room tempera-
ture in isopropanol, serving both as solvent and hydride
donor.?°

Adding to the high activity and versatility of 20 described
above, its most impressive performance was observed in the
Suzuki—Miyaura reaction. Biphenyls were produced smoothly
at room temperature and in short reaction times in technical
grade isopropanol; a representative scope is given in Scheme
3.3 It was proposed that isopropoxide, formed in situ from
isopropanol, would form, upon addition onto boronic acid, a
tetravalent boronate species, facilitating the transmetalation
November 2008
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FIGURE 4. Carboxylate-containing NHC—palladium complexes.

step in the catalytic cycle. This method notably allowed for the
straightforward synthesis of tri-ortho-subsituted and heteroaro-
matic biaryls from aryl chlorides or triflates.3°32 It should be
noted that, despite its high activity, tetra-ortho-substituted biar-
yls could not be produced with this catalytic system.?3

IV. Palladium Acetate and Acetylacetonate
Complexes

Palladium Acetate Derivatives. Among the multiple sources
of simple palladium(ll) salts available for carrying out cross-
coupling reactions in conjunction with external ligands,
[Pd(OAQ),] is one of the most employed. It is therefore surpris-
ing that only a handful of well-defined NHC-containing palla-
dium acetate complexes have been reported and studied in
catalysis.

Simple addition of IPr ligand to a toluene solution of
[Pd(OAQ),] produced compounds 22 and 23, where the two
acetate molecules are bound differently (Figure 4).3* Interest-
ingly, as a function of the synthetic route, closely related com-
plexes 24 and 25, where a molecule of water occupies a
coordination site, can be obtained, the latter being extremely
active in palladium-catalyzed aerobic oxidation of alcohols.>
These precatalysts, primarily tested in the hydroarylation of
alkynes,®* were later found to be efficient in the Suzuki—
Miyaura®® and the a-ketone arylation reactions.?” An inter-
esting application of the activity of 22 in a-ketone arylation
using p-haloarylketones 26 to produce poly-o-arylketones 27
was reported by Matsubara (eq 2).38

22 (3 mol %) o

0
X
NaOBu, 70°C, THF

R X =Cl, Br; R = Me, "Pr R
26 27

@

n

Importantly, the authors observed that while 22 was
extremely efficient, a combination of [Pd(OAc),] and IPr-HCl
afforded only poor yields. This is not surprising since a mix-
ture of [Pd(OAq),] and NHC-HCI generally furnishes chloride-
bridged palladium dimers (see section ll) and not an acetate-
containing palladium species. These last observations highlight
the advantage of using well-defined complexes in lieu of mix-
tures of palladium salts and ligands and can be better under-
stood in light of a report on the use of [Pd(OAc),}/imidazolium
salt mixtures in the Heck reaction.?’

Palladium Acetylacetonate Derivatives. Similarly to
[Pd(OAQ),], [Pd(acac),] (acac = acetylacetonate) has only
scarcely been used to form NHC-containing Pd" complexes.
Cavell and co-workers reported the first synthesis of [[NHC)Pd-
(acagL] (where L = Me) complexes.?® They were shown to effi-
ciently catalyze the Heck reaction of activated aryl bromides,
reaching high TONs (~100 000). Recently, we described the
synthesis of two novel types of NHC-containing Pd(acac) deriv-
atives, [(IPr)Pd(acac),] (28) and [(NHC)Pd(acac)Cl] (29, 30).#C It
was shown that 28, possessing an n'-C-bound and a «-0,0-
bound acac, was an intermediate en route to 29, and a one-
pot procedure (Scheme 4, bottom path) was successfully
developed.

The synthesis of 29 and 30 was further improved and now
simply requires heating a mixture of imidazolium salt and
[Pd(acaq),] in technical grade dioxane without the need for a
base.*' This improved protocol allowed for the synthesis of a
14 g batch of [(IPr)Pd(acac)Cl], 29. This compound was found
to efficiently catalyze the aryl amination and the a-ketone ary-
lation reactions using aryl chlorides and bromides under rel-
atively mild conditions.** The reaction scope of 29 was found
to be broad, including sterically hindered and unactivated
substrates as well as heteroaromatics for both couplings; a
representative scope in a-ketone arylation is presented in
Scheme 5.

Furthermore, mechanistic studies were conducted to gain
insight into the activation pathway involving this palladium(ll)
precatalyst and on the catalytically active species. The use of
inert atmosphere MALDI-TOF techniques to examine mixtures
of [(IPr)Pd(acac)Cl] (29) and KO'Bu revealed the presence of
monoligated [(IPr)Pd®],*® supporting the hypothesis of a bare
monoligated 12-electron palladium species as true catalyst in
cross-coupling reactions.

V. 7-Allyl Palladium Complexes:
[(NHC)Pd(allyl)CI]

Once again, the main advantages of utilizing mononuclear
[(NHQPd(allyl)Cl] complexes lie in their very straightforward
synthesis and high stability. They are usually produced from
[(@llyl)PdCI], upon addition of 2 equiv of NHC ligand. In 2002,
we synthesized a number of [(NHC)Pd(allyl)Cl] (Figure 5,
31-37), which enabled the evaluation of the steric proper-
ties of the entire series of NHCs.**

These precatalysts are thought to be activated either
through a nucleophilic attack at the allyl moiety or through a
chloride/alkoxide o-metathesis followed by reductive elimina-
tion, liberating in both cases a [(NHC)Pd?] species (Scheme 6).
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SCHEME 4. Synthetic Routes to [[NHC)Pd(acac)Cl] Complexes
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In the course of the comparison of their activity in cross-
coupling reactions,*> optimization of the NHC ligand on the Pd
center showed IPr and SIPr to be the most efficient ligands in
aryl amination reactions, with a clear advantage for SIPr,
which performed best at room temperature. Further investi-
gation showed that 31 and 32 were able to perform a wide
array of cross-coupling reactions (Suzuki—Miyaura, Buchwald—
Hartwig, dehalogenation, ketone arylation) at low catalyst
loading and under mild reactions conditions.*® These precata-
lysts, which are both commercially available,*” can be syn-

<, _NHC

' —Pd

-l %

NHC = IPr, 31
SIPr, 32
IMes, 33
SIMes, 34
[tBu, 35
ICy, 36
|Ad, 37
SIBiphen, 38

FIGURE 5. Structures of [[NHC)Pd(allyl)Cl] complexes 31—38.
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SCHEME 6. Postulated Activation Pathways for [[NHC)Pd(allyl)Cl|
Complexes

cl (CI oK
NHC~ Pd <~ NHC- Pd S o
KOBuU
NHC—-P 0
NHC- de [ c—Pd

thesized in a one-pot procedure from the imidazolium chloride
that is deprotonated in situ.*®

Closely related to cross-coupling reactions, intramolecu-
lar direct arylations have been shown to proceed in the
presence of several NHC—palladium(ll) complexes, includ-
ing 25. Thorough screening involving compounds 4, 5, 25,
and 31 revealed the superiority of 25 in this particular
transformation.*® Recently, Bellemin—Laponnaz and
co-workers reported the synthesis of palladium compound
38,°° bearing the SIBiphen carbene ligand, with the pur-
pose of mimicking Buchwald’s highly active biphenylphos-
phine scaffold.”' Disappointingly, the use of 38 in cross-
coupling resulted in very poor yield and rapid catalyst
decomposition.

Further developments for this family of catalysts led us to
the synthesis of unsymmetrically substituted allyl complexes
39-42, 42 being the SIPr-analogue of 41.>2 As shown in
Table 1, terminal substitution on the allyl moiety resulted in
an elongation of the Pd—C(3) bond, destabilizing the allyl and
making it more prone to activation (regardless of the mecha-
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TABLE 1. Selected Bond Distances in [[NHC)Pd(R-allyl)CI| 31 and
39-41

thr " 'E;fm I:';rj—m

_Pd=ci | fd-Cl W o/
A) ‘ =3 39 40 o, 41
“?r Pd-C(1) | 2.098(8) 2.147(18) 2.095(4) 2.082(9)

C(1})
, Pd—Cl

CQ)\ c@) Pd-C(2) 2.124(7) 2.122(18) 2.137(5) 2.136(10)
R Pd-C(3) | 2.210(6) 2.209(16) 2.252(5) 2.284(9)

nistic activation pathway used: either nucleophilic attack or
reductive elimination, see Scheme 6).#4%>

This was confirmed experimentally, the modified allyl
compounds 39—42 being much more active at room tem-
perature than the unsubstituted allyl 31. We examined the
scope of [(IPr)Pd(cinnamyl)CI] 41 and [(SIPr)Pd(cinnamyI)Cl]
42 in Suzuki—Miyaura and Buchwald—Hartwig reactions,
respectively. A wide array of aryl bromides and chlorides
could be coupled at room temperature in short reaction
times, notably unactivated and sterically encumbered ones.
These second-generation allyl complexes also permitted the
coupling of nitrogen-containing heteroaromatics in high
yields.>® Most interestingly, 41 and 42 proved to be long-
lived catalysts, allowing catalyst loadings as low as 10
parts-per-million (ppm) when the temperature was increased
to 80 °C. A representative scope of these very low palla-
dium level reactions is presented in Scheme 7. It is worth
noting that catalytic systems employing such low levels of
palladium in aryl amination and in the Suzuki—Miyaura
reaction are extremely rare.>* Remarkably, in the case of
41 and 42, no loss of activity was observed, and hindered
substrates, reluctant aryl chlorides, and heteroaromatics
were coupled efficiently.

VI. Pyridine-Containing Palladium
Complexes

Surprisingly, while chelating bidentate pyridine—NHC
ligands are well-known, pyridine adducts of monodentate
NHC-containing palladium(ll) compounds are scarce and
have only recently been recognized as efficient precata-
lysts for coupling reactions. Hence, Organ and co-workers,
capitalizing on the development of third-generation Grubbs
catalyst,>® recently reported the synthesis of complexes of
general formulas [(NHC)PdCI,(pyr)]. Prolonged heating of
IPr-HCI with palladium(ll) dichloride in the presence of
excess base in neat 3-chloropyridine led to compound 43
in high yield (eq 3).°°

N
PAC, z _N_ N
+ | RY ROR=+
cl Cl-Pd-Cl

R’N%N‘R KoCOy, 80°C, 180, inair N
H ¢f c J;J R= Eg}
: 44, 91%

These pyridine adducts, and especially the IPr-containing
43, showed good activity in the Suzuki—Miyaura reaction,
enabling the coupling of heteroaromatics and the formation
of tri-ortho-substituted biaryls under mild conditions. The same
group further investigated the catalytic activity of 43 in the
Negishi coupling. Remarkably, this precatalyst allowed for
sp3—sp?, sp?—sp?, and both types of sp?—sp* couplings of
zinc reagents with halide derivatives.>” As a tentative mech-
anism for the activation of the pyridine palladium(ll), the
authors proposed a double transmetalation between 43 and
the organometallic nucleophile leading, upon reductive elim-
ination, to homocoupling of the boron or zinc reagent and to
a [(NHOPd®] species, the remaining pyridine acting as a throw-
away ligand. Following up on these initial studies, they
reported the use of 43 in the Kumada—Tamao—Corriu reac-
tion.>® The scope of the catalytic system proved to be wide
and tolerant to heteroaromatics including thiophenes,
pyridines, pyrazoles, and benzothiazoles.

Very recently, Lee disclosed the synthesis of compounds
45-47 (Figure 6) and studied their behavior in the Suzuki—
Miyaura reaction.>® In the coupling of aryl bromides and
phenyl boronic acid, 45 was found more efficient than 46.
Furthermore, relying on their comparative studies, the authors
nicely demonstrated that monodentate NHCs perform better
than chelating bidentates for cross-coupling reactions, sup-
porting the concept of a bare monoligated palladium(0) as the
true active species.'?*® Pyridine-free palladium complex 48
(Figure 6), reported as early as 2001 by Batey and co-work-
ers, is clearly related to compounds 43—47. Interestingly, its
synthesis from [Pd(OAC),] is unique and involves release of
N-methylimidazole from a second equivalent of the NHC pre-
cursor.®® The good activity of 48 in the Sonogashira reaction
allowed for the coupling of aryl iodides and terminal alkynes
at room temperature. Aryl bromides were found to be reluc-
tant and required elevated temperature, while aryl chlorides
could not be coupled.

43,97%

@)

VII. Outlook

The impressive explosion of interest in N-heterocyclic carbenes
as ligands was triggered only 17 years ago by the isolation of
a stable NHC by Arduengo.®' Since then, they have evolved
from laboratory curiosities to “phosphine mimics” and are now
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SCHEME 7. Low Catalyst Loading Cross-Coupling Reactions
Catalyzed by 41 and 42
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considered as a very special class of ligands. Following this
progression, well-defined NHC-containing palladium(ll) pre-
catalysts, resulting from early in situ generated catalytic stud-
ies, are now coming to the forefront as they can already,
despite being in their infancy, match late-generation tertiary
phosphines in terms of catalytic activity in cross-coupling
reactions.

This area of chemistry, combining fundamental organome-
tallic, catalysis, and pure organic methodology, remains rich
in opportunities considering that only a few palladium(ll) archi-
tectures have been studied. Hence, en route to an “ideal cat-
alyst”, [[NHC)Pd"] compounds exhibit remarkable stability and
allow for fine-tuning of the NHC and of the surrounding
ligands in order to control the activation and the catalytic
activity. The only restraint in the structure of the palladium(ll)

Qa0 m‘ip

h h
Ci-Pd-Cl Ci-Pd-Cl
N a5 N 46
O /—\
@ J\/N N\)J\ /@
c- Pd cl o = Pd !
N 47 2 48
g (NJ
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FIGURE 6. Structures of compounds 45—48.
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precatalyst is that, despite its stability, it must be easily acti-
vated (i.e., reduced to Pd®) under the reaction conditions. Addi-
tionally, the control of the ligand/Pd ratio can be very
advantageous in the context of mechanistic studies and is of
economic relevance considering the higher cost of late-gen-
eration ligands when compared with palladium sources.

Moreover, whereas popular catalytic systems such as
[Pd(PPhs),] or [Pd(dba)]/P'Bus have been thoroughly inves-
tigated, the efficient [(NHC)Pd"] compounds have so far been
examined only in a few cross-coupling reactions (most often
Suzuki—Miyaura, Heck, and Buchwald—Hartwig), leaving most
of the spectrum of cross-coupling unexplored. Finally, mech-
anistic studies focusing on precatalyst activation and on the
catalytic cycle involving NHCs could enhance our understand-
ing of the particular character of NHCs; such studies are still
limited in number.®? Considering all of the above and the fact
that many of these well-defined complexes are now commet-
cially available, we strongly believe that this area will con-
tinue to grow in the near future and will bring numerous
surprises as it is now clear that NHCs are more than tertiary
phosphine mimics.

The ICIQ Foundation, the Ministerio de Educacion y Ciencia,
Lilly, Promerus LLC, and Umicore AG are gratefully acknowl-
edged for support of this work. S.P.N. is an ICREA Research Pro-
fessor. N.M. thanks the AGAUR for a predoctoral fellowship
(Grant 2007FI_A 01466). We are also indebted to our co-work-
ers, whose names are cited in the references, for their intellec-
tual and experimental contributions.

Note Added after ASAP. There was an incorrect reference
citation in Section Il of the version published on September

6, 2008; the corrected version was published on September
11, 2008.

BIOGRAPHICAL INFORMATION

Nicolas Marion received his M.Sc. in organic chemistry from the
Université Pierre et Marie Curie (UPMC) in Paris where he worked
under the supervision of Professors Louis Fensterbank and Max
Malacria. He obtained his Ph.D. in 2008 under the supervision of
Professor Steven P. Nolan at the ICIQ in Tarragona. He is currently
pursuing post-doctoral studies at MIT with Professor Gregory C. Fu.

Steven P. Nolan received his B.Sc. in chemistry from the Univer-
sity of West Florida and his Ph.D. from the University of Miami
where he worked under the supervision of Professor Carl D. Hoff.
After a postdoctoral stay with Professor Tobin J. Marks at North-
western University, he joined the Department of Chemistry of the
University of New Orleans in 1990. Since 2006, he has been
Group Leader and ICREA Research Professor at the ICIQ in Tarra-
gona (Spain). His research interests include organometallic chem-
istry and homogeneous catalysis.

FOOTNOTES
*To whom correspondence should be addressed. E-mail: snolan@icig.es.

Vol. 41, No. 11 = November 2008 = 1440-1449 = ACCOUNTS OF CHEMICAL RESEARCH = 1447





[(NHC)Pd"] Precatalysts for Cross-Coupling Marion and Nolan

REFERENCES

1 For interesting accounts with a historical perspective, see: (a) Negishi, E.-i.
Transition Metal-Catalyzed Organometallic Reactions That Have Revolutionized
Organic Synthesis. Bull. Chem. Soc. Jpn. 2007, 80, 233-257. (b) Tamao, K;
Miyaura, N. Introduction to Cross-Coupling Reactions. Top. Curr. Chem. 2002, 219,
1-9.

2 For an indispensable book on cross-coupling, see: Metal-Catalyzed Cross Coupling
Reactions, 2nd ed.; de Meijere, A., Diederich, F., Eds.; Wiley-VCH: Weinheim,
Germany, 2004,

3 Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Palladium-Catalyzed Cross-Coupling
Reactions in Total Synthesis. Angew. Chem., Int. Ed. 2005, 44, 4442—-4489.

4 Corbet, J.-P.; Mignani, G. Selected Patented Cross-Coupling Reaction Technologies.
Chem. Rev. 2006, 106, 2651-2710.

5 Tsuiji, J. Palladium Reagents and Catalysis, Innovation in Organic Synthesis; John
Wiley & Sons: Chichester, England, 1995;Chapter 4.1.

6 Forareview on late-generation ligand design, see: Miura, M. Rational Ligand Design
in Constructing Catalyst Systems for Suzuki-Miyaura Coupling. Angew. Chem., Int.
Ed. 2004, 43, 2201-2203.

7 For areview focused on TON, see: Farina, V. High-Turnover Palladium Catalysts in
Cross-Coupling and Heck Chemistry: A Critical Overview. Adv. Synth. Catal. 2004,
346, 1553—-1582.

8 For reviews on NHCs in catalysis, see: (a) Nolan, S. P., Ed. N-Heterocyclic Carbenes
in Synthesis; Wiley-VCH: New York, 2006. (b) Glorius, F., Ed. N-Heterocyclic
Carbenes in Transition Metal Catalysis, Topics in Organometallic Chemistry, Vol. 21;
Springer-Verlag: Berlin/Heidelberg, Germany, 2007.

9 Herrmann, W. A.; Elison, M.; Fisher, J.; Kécher, C.; Artus, G. R. J. Metal Complexes
of N-Heterocyclic Carbenes-A New Structural Principle for Catalysts in
Homogeneous Catalysis. Angew. Chem., Int. Ed. Engl. 1995, 34, 2371-2373.

10 For recent broader reviews on NHCs in Pd-catalyzed cross-coupling, see: (a)
Kantchev, E. A. B.; O'Brien, C. J.; Organ, M. G. Palladium Complexes of N-
Heterocyclic Carbenes as Catalysts for Cross-Coupling Reactions - A Synthetic
Chemist’s Perspective. Angew. Chem., Int. Ed. 2007, 46, 2768-2813. (b) Diez-
Gonzdlez, S.; Nolan, S. P. Palladium-Catalyzed Reactions Using NHC Ligands. Top.
Organomet, Chem. 2007, 21, 47-82.

11 For a review on the stereoelectronics of NHCs, see: Diez-Gonzdlez, S.; Nolan,
S. P. Stereoelectronic Parameters Associated With N-Heterocyclic Carbene
(NHC) Ligands: A Quest for Understanding. Coord. Chem. Rev. 2007, 251, 874—
883.

12 For a review, see: Christmann, U.; Vilar, R. Monoligated Palladium Species as
Catalysts in Cross-Coupling Reactions. Angew. Chem., Int. Ed. 2005, 44, 366-374.

13 Afact worth mentioning since late-generation phosphine ligands are by far more
expensive than common palladium sources.

14 For a review on abnormal binding mode of NHCs, see: Liddle, S. T.; Edworthy, I. S,;
Arnold, P. L. Abnormal N-Heterocyclic Carbenes. Chem. Soc. Rev. 2007, 36, 1732—
1744.

15 For our early work using in situ formed catalyst, see: (a) Zhang, C.; Huang, J.;
Trudell, M. L.; Nolan, S. P. Palladium-Imidazol-2-ylidene Complexes as Catalysts for
Facile and Efficient Suzuki Cross-Coupling Reactions of Aryl Chlorides with
Arylboronic Acids. J. Org. Chem. 1999, 64, 3804-3805. (b) Huang, J.; Grasa, G.;
Nolan, S. P. General and Efficient Catalytic Amination of Aryl Chlorides Using a
Palladium/Bulky Nucleophilic Carbene System. Org. Lett. 1999, 1, 1307-1309. (c)
Huang, J.; Nolan, S. P. Efficient Cross-Coupling of Aryl Chlorides with Grignard
Reagents (Kumada Reaction) Mediated by a Palladium/Imidazolium Chloride System.
J. Am. Chem. Soc. 1999, 121, 9889-9890. (d) Lee, H. M.; Nolan, S. P. Efficient
Cross-Coupling Reactions of Aryl Chlorides and Bromides with Phenyl- or
Vinyltrimethoxysilane Mediated by a Palladium/Imidazolium Chloride System. Org.
Lett. 2000, 2, 2053-2055. (e) Grasa, G. A.; Nolan, S. P. Palladium/Imidazolium Salt
Catalyzed Coupling of Aryl Halides with Hypervalent Organostannates. Org. Lett.
2001, 3,119-122. (f) Yang, C.; Lee, H. M.; Nolan, S. P. Highly Efficient Heck
Reactions of Aryl Bromides with n-Butyl Acrylate Mediated by a Palladium/
Phosphine-Imidazolium Salt System. Org. Lett. 2001, 3, 1511-1514. (g) Viciu,

M. S.; Grasa, G. A.; Nolan, S. P. Catalytic Dehalogenation of Aryl Halides Mediated
by a Palladium/Imidazolium Salt System. Organometallics 2001, 20, 3607-3612.
(h) Grasa, G. A.; Viciu, M. S.; Huang, J.; Nolan, S. P. Amination Reactions of Aryl
Halides with Nitrogen-Containing Reagents Mediated by Palladium/Imidazolium Salt
Systems. J. Org. Chem. 2001, 66, 7729-7737. (i) Yang, C.; Nolan, S. P. A Highly
Efficient Palladium/Imidazolium Salt System for Catalytic Heck Reactions. Synlett
2001, 1539-1542. (j) Yang, C.; Nolan, S. P. Efficient Sonogashira Reactions of Aryl
Bromides with Alkynylsilanes Catalyzed by a Palladium/Imidazolium Salt System.
Organometallics 2002, 21, 1020-1022. (k) Grasa, G. A.; Viciu, M. S.; Huang, J.;
Zhang, C.; Trudell, M. L.; Nolan, S. P. Suzuki—Miyaura Cross-Coupling Reactions
Mediated by Palladium/Imidazolium Salt Systems. Organometallics 2002, 21,
2866-2873.

16 (@) Xu, L.; Chen, W.; Xiao, J. Heck Reactions in lonic Liquids and the In Situ
|dentification of N-Heterocyclic Carbene Complexes of Palladium. Organometallics
2000, 79, 1123-1127. (b) Xu, L.; Chen, W.; Bickley, J. F.; Steiner, A,; Xiao, J.
Fluoroalkylated N-Heterocyclic Carbene Complexes of Palladium. J. Organomet.
Chem. 2000, 598, 409-416. (c) Altenhoff, G.; Goddard, G.; Lehmann, C. W.;
Glorius, F. Sterically Demanding Bioxazoline-Derived N-Heterocyclic Carbene
Ligands with Restricted Flexibility for Catalysis. J. Am. Chem. Soc. 2004, 126,
15195-15201. (d) Shi, M.; Qian, H.-X. A Stable Dimeric Mono-Coordinated NHC-
Pd(ll) Complex: Synthesis, Characterization, and Reactivity in Suzuki-Miyaura Cross-
Coupling Reaction. Appl. Organometal. Chem. 2005, 79, 1083—-1089. (g) Huynh,
H. V.; Han, Y.; Ho, J. H. H.; Tan, G. K. Palladium(ll) Complexes of Sterically Bulky,
Benzannulated N-Heterocyclic Carbene with Unusual Intramolecular C-H- - - Pd and
Cearene * * - Br Interactions and Their Catalytic Activities. Organometallics 2006, 25,
3267-3274.

17 (@) Ma, Y.; Song, C.; Jiang, W.; Xue, G.; Cannon, J. F.; Wang, X.; Andrus, M. B.
Borylation of Aryldiazonium lons With N-Heterocyclic Carbene-Palladium
Catalysts Formed Without Added Base. Org. Lett. 2003, 5, 4635-4638. (b) Yen,
S. W.; Koh, L. L.; Hahn, F. E.; Huynh, H. V.; Hor, T. S. A. Convenient Entry to
Mono- and Dinuclear Palladium(ll) Benzothiazolin-2-ylidene Complexes and
Their Activities Toward Heck Coupling. Organometallics 2006, 25, 5105-5112.

18 Green, M. J.; Cavell, K. J.; Skelton, B. W.; White, A. H. A Route to New
Methylpalladium(ll) Carbene Complexes. J. Organomet. Chem. 1998, 554, 175—
179.

19 Jensen, D. R.; Sigman, M. S. Palladium Catalysts for Aerobic Oxidative Kinetic
Resolution of Secondary Alcohols Based on Mechanistic Insight. Org. Lett. 2003, 5,
63-65.

20 (a) Viciu, M. S.; Kissling, R. M.; Stevens, E. D.; Nolan, S. P. An Air-Stable Palladium/
N-Heterocyclic Carbene Complex and Its Reactivity in Aryl Amination. Org. Lett.
2002, 4, 2229-2231. (b) Diebolt, 0.; Braunstein, P.; Nolan, S. P.; Cazin, C. S. J.
Room temperature activation of arylchlorides in Suzuki—Miyaura coupling using a
[PdCI,(NHC)],, complex (NHC = N-heterocyclic carbene). Chem. Commun., 2008,
3190-3192.

21 Lebel, H.; Janes, M. K.; Charette, A. B.; Nolan, S. P. Structure of “Unusual” N-
Heterocyclic Carbene (NHC) Palladium Complexes Synthesized from Imidazolium
Salts. J. Am. Chem. Soc. 2004, 126, 5046-5047.

22 McGuinness, D. S.; Cavell, K. J. Donor-Functionalized Heterocyclic Carbene
Complexes of Palladium(ll): Efficient Catalysts for C—C Coupling Reactions.
Organometallics 2000, 19, 741-748.

23 Altenhoff, G.; Wiirtz, S.; Glorius, F. The First Palladium-Catalyzed Sonogashira
Coupling of Unactivated Secondary Alkyl Bromides. Tetrahedron Lett. 2006, 47,
2925-2928.

24 For a review, see: Dupont, J.; Consorti, C. S.; Spencer, J. The Potential of
Palladacycles: More Than Just Precatalysts. Chem. Rev. 2005, 105, 2527-2571.

25 lyer, S.; Jayanthi, A. Saturated N-Heterocyclic Carbene Oxime and Amine
Palladacycle Catalysis of the Mizoroki-Heck and the Suzuki Reactions. Synlett 2003,
1125-1128.

26 Frey, G. D.; Schiitz, J.; Herdtweck, E.; Herrmann, W. A. Synthesis and
Characterization of N-Heterocyclic Carbene Phospha-Palladacycles and Their
Properties in Heck Catalysis. Organometallics 2005, 24, 4416-4426.

27 Bedford, R. B.; Betham, M.; Coles, S. J.; Frost, R. M.; Hursthouse, M. B. An
Evaluation of Phosphine and Carbene Adducts of Phosphite- and Phosphinite-Based
Palladacycles in the Coupling of Alkyl Bromides With Aryl Boronic Acids. Tetrahedron
2005, 67, 9663—-9669.

28 Bedford, R. B.; Betham, M.; Blake, M. E.; Frost, R. M.; Horton, P. N.; Hursthouse,
M. B.; Lopez-Nicolas, R.-M. N-Heterocyclic Carbene Adducts of Orthopalladated
Triarylphopshite Complexes. Dalton Trans. 2005, 2774-2779.

29 Viciu, M. S.; Kelly, R. A., Ill; Stevens, E. D.; Naud, F.; Studer, M.; Nolan, S. P.
Synthesis, Characterization, and Catalytic Activity of N-Heterocyclic Carbene (NHC)
Palladacycle Complexes. Org. Lett. 2003, 5, 1479-1482.

30 Navarro, 0.; Marion, N.; Oonishi, Y.; Kelly, R. A., lll; Nolan, S. P. Suzuki—Miyaura,
o-Ketone Arylation and Dehalogenation Reactions by a Versatile N-Heterocyclic
Carbene—Palladacycle Complex. J. Org. Chem. 2006, 771, 685-692.

31 Hutzinger, O.; Safe, S.; Zitko, V. The Chemistry of PCBs; CRC Press: Cleveland, OH,
1974,

32 Navarro, O.; Kelly, R. A., lll; Nolan, S. P. A General Method for the Suzuki—Miyaura
Cross-Coupling of Sterically Hindered Aryl Chlorides: Synthesis of Di- and Tri-ortho-
Substituted Biaryls in 2-Propanol at Room Temperature. J. Am. Chem. Soc. 2003,
125,16194-16195.

33 Tetra-ortho-substituted biaryls are still one of the greatest challenges of the
Suzuki—Miyaura reaction; for rare catalytic systems enabling their formation, see:
(a) Walker, S. D.; Barder, T. E.; Martinelli, J. R.; Buchwald, S. L. A Rationally
Designed Universal Catalyst for Suzuki-Miyaura Coupling Processes. Angew. Chem.,
Int. Ed. 2004, 43, 1871-1876. (b) See also ref 16¢.

1448 = ACCOUNTS OF CHEMICAL RESEARCH = 1440-1449 = November 2008 = Vol. 41, No. 11





34 Viciu, M. S.; Stevens, E. D.; Petersen, J. L.; Nolan, S. P. N-Heterocyclic Carbene
Palladium Complexes Bearing Carboxylate Ligands and Their Catalytic Activity in the
Hydroarylation of Alkynes. Organometallics 2004, 23, 3752—3755.

35 Mueller, J. A;; Goller, C. P.; Sigman, M. S. Elucidating the Significance of 5-Hydride
Elimination and the Dynamic Role of Acid/Base Chemistry in a Palladium-Catalyzed
Aerobic Oxidation of Alcohols. J. Am. Chem. Soc. 2004, 126, 9724-9734.

36 Singh, R.; Viciu, M. S.; Kramareva, N.; Navarro, O.; Nolan, S. P. Simple (Imidazol-2-
ylidene)-Pd-Acetate Complexes as Effective Pre-catalysts for Sterically Hindered
Suzuki-Miyaura Couplings. Org. Lett. 2005, 7, 1829-1832.

37 Singh, R.; Nolan, S. P. An Efficient and Mild Protocol for the a-Arylation of Ketones
Mediated by an (Imidazol-2-ylidene)palladium(acetate) System. J. Organomet.
Chem. 2005, 690, 5832-5840.

38 Matsubara, K.; Okazaki, H.; Senju, M. Polycondensation of Haloarylketones
Catalyzed by Palladium Compounds Bearing N-Heterocyclic Carbene (NHC) Ligands.
J. Organomet. Chem. 2006, 691, 3693-3699.

39 McGuinness, D. S.; Green, M. J.; Cavell, K. J.; Skelton, B. W.; White, A. H.
Synthesis and Reaction Chemistry of Mixed Ligand Methylpalladium-Carbene
Complexes. J. Organomet. Chem. 1998, 565, 165—178.

40 Navarro, 0.; Marion, N.; Scott, N. M.; Gonzélez, J.; Amoroso, D.; Bell, A.; Nolan,
S. P. Synthesis of Novel (NHC)Pd(acac)Cl Complexes (acac = acetylacetonate)
and Their Activity in Cross-Coupling Reactions. Tetrahedron 2005, 61, 9716—
9722.

41 Marion, N.; de Frémont, P.; Puijk, I. M.; Ecarnot, E. C.; Amoroso, D.; Bell, A.; Nolan,
S. P. N-Heterocyclic Carbene-Palladium Complexes [(NHC)Pd(acac)Cl]: Improved
Synthesis and Catalytic Activity in Large-Scale Cross-Coupling Reactions. Adv.
Synth. Catal. 2007, 349, 2380-2384.

42 Marion, N.; Ecarnot, E. C.; Navarro, 0.; Amoroso, D.; Bell, A.; Nolan, S. P.
(IPr)Pd(acac)Cl: An Easily Synthesized, Efficient, and Versatile Precatalyst for C-N
and C-C Bond Formation. J. Org. Chem. 2006, 71, 3816-3821.

43 Marion, N.; Eelman, M. D.; Fogg, D. E.; Nolan, S. P. Unpublished results.

44 Viciu, M. S.; Navarro, O.; Germaneau, R. F.; Kelly, R. A., lll; Sommer, W.; Marion, N.;
Stevens, E. D.; Cavallo, L.; Nolan, S. P. Synthetic and Structural Studies of
(NHC)Pd(ally)Cl Complexes (NHC = N-Heterocyclic Carbene). Organometallics
2004, 23,1629-1635.

45 (a) Viciu, M. S.; Germaneau, R. F.; Nolan, S. P. Well-Defined, Air-Stable
(NHC)Pd(ally)CI (NHC = N-Heterocyclic Carbene) Catalysts for the Arylation of
Ketones. Org. Lett. 2002, 4, 4053—-4056. (b) Viciu, M. S.; Germaneau, R. F.;
Navarro-Fernandez, O.; Stevens, E. D.; Nolan, S. P. Activity and Reactivity of
(NHC)Pd(ally)Cl (NHC = N-Heterocyclic Carbene) Complexes in Cross-Coupling
Reactions. Organometallics 2002, 21, 5470-5472.

46 (a) Navarro, O.; Kaur, H.; Mahjoor, P.; Nolan, S. P. Cross-Coupling and
Dehalogenation Reactions Catalyzed by (N-Heterocyclic Carbene)Pd(allyl)Cl
Complexes. J. Org. Chem. 2004, 64, 3173-3180. (b) Marion, N.; Navarro, O.; Kelly,
R. A., lll; Nolan, S. P. Synthesis of Biaryl, Arylamine and Aryl Ketone Compounds
Using a Commercially Available Air- and Moisture-Stable Palladium Catalyst.
Synthesis 2003, 2590-2592.

47 Compounds 31, 32 and 41 are commercially available from Strem Chemicals and
from Umicore AG.

48 Navarro, 0.; Nolan, S. P. Large-Scale One-Pot Synthesis of N-Heterocyclic Carbene-
Pd(allyl)Cl Complexes. Synthesis 2006, 366—367.

49 Campeau, L.-C.; Thansandole, P.; Fagnou, K. High-Yielding Intramolecular Direct
Arylation Reactions with Aryl Chlorides. Org. Lett. 2005, 7, 1857—1860.

50 Fliedel, C.; Maisse-Francois, A.; Bellemin-Laponnaz, S. Palladium(ll) Complexes of a
Bis-2-Aminobiphenyl N-Heterocyclic Carbene: Synthesis, Structural Studies and
Catalytic Activities. Inorg. Chim. Acta 2007, 360, 143—-148.

[(NHC)Pd"] Precatalysts for Cross-Coupling Marion and Nolan

51 For key references, see: (a) Reference 33. (b) Barder, T. E.; Walker, S. A.; Martinelli,
J. R.; Buchwald, S. E. Catalysts for Suzuki—Miyaura Coupling Processes: Scope and
Studies of the Effect of Ligand Structure. J. Am. Chem. Soc. 2005, 127, 4685—
4696.

52 Marion, N.; Navarro, O.; Mei, J.; Stevens, E. D.; Scott, N. M.; Nolan, S. P. Modified
(NHC)Pd(allyl)CI (NHC = N-Heterocyclic Carbene) Complexes for Room-Temperature
Suzuki—Miyaura and Buchwald—Hartwig Reactions. J. Am. Chem. Soc. 2006, 128,
4101-4111,

53 Navarro, O.; Marion, N.; Mei, J.; Nolan, S. P. Rapid Room Temperature Buchwald—
Hartwig and Suzuki—Miyaura Couplings of Heteroaromatic Compounds Employing
Low Catalyst Loadings. Chem.—Eur. J. 2006, 12, 5142-5148.

54 (a) Shen, Q.; Shekhar, S.; Stambuli, J. P.; Hartwig, J. F. Highly Reactive, General,
and Long-Lived Catalysts for Coupling Heteroaryl and Aryl Chlorides with Primary
Nitrogen Nucleophiles. Angew. Chem., Int. Ed. 2005, 44, 1371-1375. (b)
Schneider, S. K.; Roembke, P.; Julius, G. R.; Raubenheimer, H. G.; Herrmann, W. A.
Pyridin-, Quinolin- and Acridinylidene Palladium Carbene Complexes as Highly
Efficient C-C Coupling Catalysts. Adv. Synth. Catal. 2006, 348, 1862—-1873, and
refs 33 and 51b.

55 Love, J. A;; Morgan, J. P.; Trnka, T. M.; Grubbs, R. H. A Practical and Highly Active
Ruthenium-Based Catalyst that Effects the Cross Metathesis of Acrylonitrile. Angew.
Chem., Int. E£d. 2002, 41, 4035-4037.

56 O’Brien, C. J.; Kantchev, E. A. B.; Valente, C.; Hadei, N.; Chass, G. A.; Lough, A.;
Hopkinson, A. C.; Organ, M. G. Easily Prepared Air- and Moisture-Stable Pd-NHC
(NHC = N-Heterocyclic Carbene) Complexes: A Reliable, User-Friendly, Highly Active
Palladium Precatalyst for the Suzuki-Miyaura Reaction. Chem.—Eur. J. 2006, 72,
4743-4748.

57 Organ, M. G.; Avola, S.; Dubovyk, I.; Hadei, N.; Kantchev, E. A. B.; O'Brien, C. J.;
Valente, C. A. User-Friendly, All-Purpose Pd-NHC (NHC = N-Heterocyclic Carbene)
Precatalyst for the Negishi Reaction: A Step Towards a Universal Cross-Coupling
Catalyst. Chem.—Eur. J. 2006, 12, 4749-4755.

58 Organ, M. G.; Abdel-Hadi, M.; Avola, S.; Hadei, N.; Nasielski, J.; O'Brien, C. J.;
Valente, C. Biaryls Made Easy: PEPPSI and the Kumada-Tamao-Corriu Reaction.
Chem.—Eur. J. 2007, 13, 150-157.

59 Liao, C.-Y.; Chan, K.-T.; Zeng, J.-Y.; Hu, C.-H.; Tu, C.-Y.; Lee, H. M. Nonchelate
and Chelate Complexes of Palladium(ll) with N-Heterocyclic Carbene Ligands of
Amido Functionality. Organometallics 2007, 26, 1692—-1702.

60 Batey, R. A.; Shen, M.; Lough, A. J. Carbamoyl-Substituted N-Heterocyclic Carbene
Complexes of Palladium(ll): Application to Sonogashira Cross-Coupling Reactions.
Org. Lett. 2002, 4, 1411-1414,

61 (a) Arduengo, A. J., Ill; Harlow, R. L.; Kline, M. A Stable Crystalline Carbene. J. Am.
Chem. Soc. 1991, 113, 361-363.

62 For rare reports dealing with mechanistic studies on monodentate NHC—Pd systems
in cross-coupling, see: (a) Albert, K.; Gisdakis, P.; Rosch, N. On C-C Coupling by
Carbene-Stabilized Palladium Catalysts: A Density Functional Study on the Heck
Reaction. Organometallics 1998, 17, 1608—-1616. (b) Lewis, A. K. de K.; Caddick,
S.; Cloke, F. G. N.; Billingham, N. C.; Hitchcock, P. B.; Leonard, J. Synthetic,
Structural, and Mechanistic Studies on the Oxidative Addition of Aromatic Chlorides
to a Palladium (N-Heterocyclic Carbene) Complex: Relevance to Catalytic Amination.
J. Am. Chem. Soc. 2003, 125, 10066—-10073. (c) Lee, M.-T.; Lee, H. M.; Hu, C.-H.
A Theoretical Study of the Heck Reaction: N-Heterocyclic Carbene Versus Phosphine
Ligands. Organometallics 2007, 26, 1317—-1324. (d) Fiddy, S. G.; Evans, J.;
Neisius, T.; Newton, M. A.; Tsoureas, N.; Tulloch, A. A. D.; Danopoulos, A. A.
Comparative Experimental and EXAFS Studies in the Mizoroki-Heck Reaction With
Heteroatom-Functionalised N-Heterocyclic Carbene Palladium Catalysts.
Chem.—Eur. J. 2007, 13, 3652-3659.

Vol. 41, No. 11 = November 2008 = 1440-1449 = ACCOUNTS OF CHEMICAL RESEARCH = 1449










ACCOUNTS

of chemical research

Copper/Amino Acid Catalyzed Cross-Couplings of
Aryl and Vinyl Halides with Nucleophiles

DAWEI MA* AND QIAN CAI

State Key Laboratory of Bioorganic and Natural Products Chemistry, Shanghai
Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu,
Shanghai 200032, China

RECEIVED ON JANUARY 31, 2008

CONSPECTUS

Copper—assisted Ullmann-type coupling reactions are valu- AN\ X NuH, Cul, L-proline ~ _~_Nu X

able transformations for organic synthesis. Researchers have & -l W

extensively applied these reactions in both academic and indus- NuH, Cul

trial settings. However, two important issues, the high reaction Y{j/ Pt {j/ Gl s
=

base, solvent

temperatures (normally above 150 °C) and the stoichiometric 90°C

amounts of copper necessary, have greatly limited the reaction

scope. To solve these problems, we and other groups have ¢ %

recently explored the use of special ligands to promote these Nu:

coupling reactions. gg(FEI:OR')COR"
We first showed that the structure of a-amino acids can accel- A '

erate Cu-assisted Ullmann reactions, leading to the coupling reac-
tions of aryl halides and a-amino acids at 80—90 °C. In response
to these encouraging results, we also discovered that an L-pro-
line ligand facilitated the following transformations: (1) coupling
of aryl halides with primary amines, cyclic secondary amines, and N-containing heterocycles at 40—90 °C; (2) coupling of
aryl halides with sulfinic acid salts at 80—95 °C; (3) azidation of aryl halides and vinyl halides with sodium azide at 40—95
°C; (4) coupling of aryl halides with activated methylene compounds at 25—50 °C. In addition, we found that N,N-dimeth-
ylglycine as a ligand facilitated Cu-catalyzed biaryl ether formation at 90 °C. Moreover, Sonogashira reactions worked in
the absence of palladium and phosphine ligands, forming enamides from vinyl halides and amides at temperatures rang-
ing from ambient temperature up to 80 °C.

Furthermore, we discovered that an ortho-amide group can accelerate some Ulimann-type reactions. This functional group
in combination with other ligand effects allowed for aryl amination or biaryl ether formation at ambient temperature. The
coupling between aryl halides and activated methylene compounds even proceeded at —45 °C to enantioselectively form
a quaternary carbon center. Taking advantage of these results, we developed several novel approaches for the synthesis
of pharmaceutically important heterocycles: 1,2-disubstituted benzimidazoles, polysubstituted indoles, N-substituted 1,3-
dihydrobenzimidazol-2-ones, and substituted 3-acyl oxindoles.

Our results demonstrate that an L-proline or N,N-dimethylglycine ligand can facilitate most typical Ullmann-type reac-
tions, with reactions occurring under relatively mild conditions and using only 2—20 mol % copper catalysts. These con-
veniently available and inexpensive catalytic systems not only accelerate the reactions but also tolerate many more functional
groups. Thus, they should find considerable application in organic synthesis.

Introduction important for the pharmaceutical and material sci-

Ullmann-type coupling reactions between aryl ences. However, a significant drawback of these
halides and N-containing reactants, phenols, and ~ reactions is the requirement of a high reaction
other related nucleophilic agents are now a com-  temperature, which greatly limited its scope of
mon method for the preparation of the corre-  application. This shortcoming stimulated consid-
sponding aromatic compounds, which are erable efforts to develop relatively mild coupling
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SCHEME 1. Cul-Catalyzed Coupling Reaction of Aryl Halides with
o-Amino Acids and Proposed Mechanism

R
\ H‘N/'\co H
XN a-amino acid, Cul, K,CO5 2
A DME, 90°C,60-92% . ¢
1 X=1,Br A
R O 2
1 HzNj tO a-amino acid cut

Y X Y

conditions in recent years.' The successive examples are
highly dependent on the use of special ligands such as N,N-
or N,O-bidentate compounds. This campaign not only pro-
vided useful synthetic processes, but also shed light on mech-
anistic details. This Account will focus on the progress made
by the use of amino acids as the ligands.

Accelerating Effect Induced by the Amino
Acid Structure

During the studies exploring an efficient method to access the
N-aryl amino acid moiety in substituted benzolactam-V8s
(known protein kinase activators), we became interested in
direct arylation of amino acids with aryl halides under metal
catalysis.? After some experimentation, we found that cop-
per could catalyze this coupling, leading the reaction to occur
smoothly at 90 °C (Scheme 1).% Cu(l) or a related complex was
found to be the active catalyst because molecular oxygen
could inhibit the reaction. The lower reaction temperatures
required here compared with typical Ullmann aryl amination
prompted us to propose that there exists an accelerating effect
induced by the structure of an a-amino acid in Cu-catalyzed
Ullmann reactions.? To rationalize this effect, a mechanism
involving chelates 3 that are formed from copper ions and
amino acids, -complexes 4, and transition states 5 that result
from an intramolecular nucleophilic substitution was proposed.
By this means, enantiopure N-aryl-a-amino acids could be
assembled in a convenient manner. Most amino acids were
found suitable as coupling partners, but their solubility in DME
seemed to limit the reactivity, as evident from the fact that
o-amino acids with larger hydrophobic groups gave higher
coupling yields, while those with smaller hydrophobic groups
afforded only low yields, and no coupling products were
detected for those with hydrophilic residues.

Vol. 41, No. 11

SCHEME 2. Cul-Catalyzed Coupling Reaction of Aryl Halides with
A-Amino Acids and Its Application in the Synthesis of SB214857

and Martinellic Acid
R'O,C _@\ J:CC’zH
© l NINR
1.NaOH, BUOH, H,0 Me

X ,Me
2. Cul, KoCO3, DMF, 90 °C

N
o}
| . 3. CHaN,, Et,0

CU| K2CO3
DME, 100 0C
=H, Et

H N 67% N s
9 COMe 10 Meo,C
X=C02Bu-t
ek
N “—com
SB214857
HN

1,4-diiodobenzene
Cul, K2003

OH DMF, H,0, 100 °C

CO,Et

CO,H
Q I o

Martlnelllc acid

Based on the intramolecular nucleophilic substitution mech-
anism, we next explored the possibility to couple aryl halides
to other types of amino acids and found that -amino acids
had a similar effect to give the corresponding coupling prod-
ucts at 100 °C (Scheme 2),® while y-amino acids did not show
a remarkable accelerating effect because little conversion was
determined at 110 °C. Leveraging this effect displayed by
p-amino acids, we developed a novel route to the potent
GPlIb/llla receptor antagonist SB2148573 and a first total syn-
thesis of martinellic acid,* a naturally occurring bradykinin
receptor antagonist. The former synthesis was carried out via
an intramolecular coupling (from 9 to 10), while the latter one
used an intermolecular coupling between 1,4-diiodobenzene
and the -amino acid generated from ester 11.

Amino Acid Promoted Ullmann-Type
Coupling Reactions

Between 1999 and 2002, several groups reported that some
bidentate compounds like 1,10-phenanthroline, 1,2-diamines,
and 1,2-diols could serve as ligands to facilitate Ullmann-type
aryl amination at relatively low temperatures.® Stimulated by
these results, we realized that the amino acids might be suit-
able ligands for similar reactions. To our delight, after screen-
ing some amino acids, we found that both a- and g-amino
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SCHEME 3. Possible Catalytic Cycle for Amino Acid Promoted
Reactions

R O ArX R P2
: i R"R'N O
R"R'N (0]
N/ oxidative addition >Cu/
. AN
reductive Ar X
A elimination B
R O
) /< NuH + base
ArNu R'RN o
N/ X
N
Ar Nu
o4

acids could promote the coupling reaction of aryl iodides and
benzylamine.® However, only some secondary and tertiary
amino acids such as N-methylglycine, L-proline, and N,N-dim-
ethylglycine were selected for further studies, mainly because
they were less reactive toward the coupling with aryl halides
in competition with the reactants.®® Using the coupling of
iodobenzene and benzylamine at 40 °C as a testing point, we
found the following order of ligand efficiency: N-methylgly-
cine > L-proline > N,N-dimethylglycine. This order probably
arises from the difference in steric hindrance of the related
copper chelates.

In general, our reactions may go through an oxidative
addition/reductive elimination pathway as depicted in Scheme
3.5° The chelation of Cu(l) with an amino acid makes Cu(l) spe-
cies more reactive toward the oxidative addition or stabilizes
the oxidative addition intermediates B, thereby promoting the
coupling reaction. The capability of amino acids to promote
coupling reactions might be dependent on their reactivity as
coupling agents and coordination ability as bidentate addi-
tives. Based on their steric hindrance, the order for coordi-
nation ability is N-methylglycine > L-proline > N,N-di-
methylglycine, which is consistent with the order of ligand effi-
ciency mentioned above. However, for the ability toward the
coupling with substrates, N-methylglycine is greater than L-pro-
line, while N,N-dimethylglycine has little. Thus, for amino acid
ligand design, one should consider both coupling ability with
aryl halides and steric hindrance.

C—N Bond Formation. After we had explored the scope
and limitations of Cul/amino acid catalyzed N-arylation, we
found that N-methylglycine only worked well for the coupling
reaction of electron-deficient aryl iodides with aliphatic pri-
mary amines. In these cases, the reaction occurred at 40 °C to
give aryl amines in good yields (Table 1, entry 1). However,
for other aryl halides, incomplete conversion was encountered,
which presumably resulted from the easy coupling between
this ligand and aryl halides. Fortunately, L-proline was found
to be a universal promoter, which led to the following
results:®°

(1) Coupling reactions of aryl iodides or aryl bromides with ali-
phatic primary amines, acyclic secondary amines, or elec-
tron-rich primary aryl amines take place at 60—90 °C
(entries 2—7).

(2) Coupling reactions of aryl iodides with indole, pyrrole, car-
bazole, imidazole, or pyrazole can be carried out at 75—90
°C (entries 9—12).

(3) Coupling reactions of electron-deficient aryl bromides with
imidazole or pyrazole run to completion at 60—90 °C
(entry 13).

For some inactive coupling substrates, higher reaction tem-
peratures were required to ensure good conversions. In these
cases, L-proline was less effective because self-coupling
occurred predominantly. However, N,N-dimethylglycine was
found to be suitable. This ligand could, for example, promote
the coupling reactions of electron-rich aryl bromides with imi-
dazole or pyrazole to afford the corresponding N-aryl imida-
zoles or pyrazoles at 110 °C (entry 14). It is noteworthy that
poor conversions were observed when acyclic secondary
amines were used (entry 8).

Compared with Pd-catalyzed aryl amination,” the scope of
the present method is still narrow. For example, most aryl
chlorides and sterically hindered secondary amines are not
compatible with our conditions. Thus, further investigations to
explore more powerful ligands are required.

When other groups investigated the coupling of amides
and carbamates with aryl halides catalyzed by Cul/amino
acid,® we examined the coupling reaction of vinyl halides with
amides,® and found that N,N-dimethyliglycine is a better pro-
moter for this transformation, and dioxane is a better solvent
than DMF or DMSO (Scheme 4).°2 Besides amides, oxazolidi-
nones were found to be suitable coupling partners as shown,
for example, by the formation of 14 and 15. The geometry of
the C=C double bond was retained in this process, as evident
from the fact that trans-16 and cis-17 were obtained from the
corresponding bromides with the same geometry. In addition,
compound 18 was prepared from cis-a-bromocinnamic acid
methyl ester, which could be a potential precursor for the
asymmetric synthesis of amino acids. The coupling reaction
between vinyl iodide 19 and amide 20 delivered enamide 21
in 75% yield, which led to the first total synthesis of the anti-
plasmodial natural product ziziphine N.'°

With the assistance of L-proline, the coupling of aryl halides
with sodium azide proceeded smoothly to give aryl azides
(Scheme 5).'" Both aryl iodides and bromides were suitable
substrates, but they required different reaction conditions. For
iodides, using DMSO as solvent gave better results, while
EtOH/water was suitable for bromides. Using this method, we
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TABLE 1. Scope of Cul/Amino Acid Catalyzed Couplings of Aryl Halides with Amines and N-Heterocycles

X R

Cul, amino acid, K,CO3

Y

Y + HN
X R

DMSO, 40-110 °C Z~\R
X=1 Br R

Method A: N-methylglycine 40 °C; B: L-proline, 60-90 °C;
C: N,N-dimethylglycine, 110 °C

entry product entry product
1 NHBN 8 NEt,
/©/ method A
] 82% yield method B
21% yield
OMe
HN Me N
method B
method B 93% yield
75% yield
COCH3
3 HNN 10 |
OMe N
method B
98% yield method B
93% yield
NO,
4 HN ~~-OH 11
method B \
91% yield method B
cho 93% yield
OMe
12
5 ) I\
N N
OMe method B
method B 80% vield
86% yield
OMe Br
6 0 13
\
() L
N N
method B
h method B
NI X 81% yield 96% vyield
=
Br CN
7 OMe 14 / 0\
.N
HN N
method B method C
82% yield 71% yield
OMe

elaborated aryl azides bearing hydroxyl, amine, or carboxy-
late functions (22—26). A sterically hindered aryl bromide also

Vol. 41, No. 11

worked well to provide azide 27, while vinyl azide 28 was
prepared from the corresponding vinyl iodide.
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SCHEME 4. Cul/N,N-Dimethylglycine-Catalyzed Coupling Reaction
of Vinyl Halides with Amides and Carbamates

R R’ . . R R"

w  Cul, N,N-dimethylglycine
=+ R'CONHR oy = Jf
N

R X Cs,CO;5, dioxane, t-80°C R .
X =1, Br R“"’ R

Ph
13 (74%) 14 (78%) 15 (76%)
o O  CO,Et

Ao i 5

Ph
16 (87%) 17 (73%) 18 (63%)

AIIoc
H, Cul, Me,NCH,COoH

Cs,CO3, dioxane, 75%

/W?\N@ OyN/:\cﬂHza-n O}N/:\COZMe
o) o/ o)~

Boc OTBS OMe
O
N N
O 0O
(3= >
N
N NI « H
—_
BRAS:
Boc OTBS O

ziziphine N

N

N H T
Allog” o
21 2 r\

SCHEME 5. Cul/L-Proline-Catalyzed Coupling Reaction of Aryl
Halides and Vinyl lodides with Sodium Azide

NaNj3, Cul, L-proline
NaOH, DMSO, 40-70 °C

NaN3, Cul, L-proline
NaOH, EtOH, H,0, 95 °C

HO

ArBr

N3

22 (81%) 23 (77%) 24 (87%) 25 (66%)
o O
BocHN
Me
COzH 26 (91%) 27 (70%) 28 (78%)

C—0 Bond Formation. For the promotion of Cu-catalyzed
couplings of aryl halides and phenols,'* N,N-dimethylglycine
was found to be an ideal ligand, while N-methylglycine and
L-proline gave rise to poor conversions.'#? For aryl iodides, the
coupling reaction was completed at 90 °C in dioxane using
only 2 mol % of Cul and 7.5 mol % of N,N-dimethylglycine
(Scheme 6). However, the catalyst loading had to be increased
to 10 mol % of Cul and 30 mol % of N,N-dimethylglycine in
the case of aryl bromides to ensure good yields. This reac-
tion is of general use, and a wide range of biaryl ethers were
assembled, as exemplified by the formation of 29—32. Impor-
tantly, under these conditions the coupling between L-tyrosine-
derived phenol 33 and L-phenylalanine-derived iodide 34
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SCHEME 6. Biaryl Ether Synthesis via Cul/N,N-Dimethylglycine

Catalyzed Coupling
X HO O (e) | n

“dioxane, 90°C | ¢ /_Z

catalyst

X =1,2 mol% Cul, 7.5 mol% N,N-dimethyiglycine
X = Br, 10 mol% Cul, 30 moi% N,N-dimethyigiycine

woOoCre OO0

catalyst 052003

29 (75%) 30 (78%)
Me
BMQOQ Qo@

31 (730/) Me Me MeO 32 (82%)

Cul, CSQCOa

N N-dlmethy!g!ycme
dioxane, 90 ~ dioxane, 90°C
87%
CO,Bn CO,Me M ozc NBn
NHTr Nan COan

1. TFA, then DPPA, DMF, 0.005 M
2. Pd/C, H,, Ac,0

Weaey

’/NHAC R'RN COzMe
HOZC H 36a: R = Boc, R' = H, 92% vyield, 6% ee
36b: R = Cbz, R' = H, 88% vield, 6% ee
K-13 36¢c: R = Bn, R' = H, 70% yield, 88% ee
36d: R = R'=Bn, 96% yield, 97% ee

36e: R=Tr, R =H, 92% yield, 99% ee

proceeded well to afford 35, which led to a new and concise
synthesis of ACE inhibitor K-13."® The protecting groups in
these amino acid derivatives played a key role in preventing
racemization, as evident from the fact that partial racemiza-
tion occurred when N-Boc, N-Cbz, or monobenzyl-protected
amino esters were used (36a—c), while N-trityl- and N,N-diben-
zyl-protected aromatic amino esters afforded coupling prod-
ucts 36d and 36e without concomitant loss of optical purity.
The electronic nature and steric hindrance of these protect-
ing groups can be used for rationalizing these differences.
C—S Bond Formation. Subsequent to our studies, Guo
and co-workers demonstrated that some amino acids could be
used for reducing the reaction temperature of the coupling
reaction between aryl halides and thiols.'* At the same time,
we revealed that L-proline or its sodium salt could make the
Cul-catalyzed reaction of aryl halides with sulfinic acid salts
occur readily at 80—95 °C, thereby offering a convenient
method for assembling biologically important aryl sulfones
(Scheme 7).'> As a solvent, DMSO was superior to DMF and
dioxane, although the latter also gave good vyields. A variety
of functional groups (hydroxyl, amido, amine, ketone, ester,
and heterocycles) were found to tolerate these conditions, giv-
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SCHEME 7. Coupling of Aryl Halides with Sulfinic Acid Salts

SN Cul,L-proline sodi It SOR
=prolini m

Y—' +RSOzNa ul,L-proline sodium sa Y—:

L DMSO, 80~95 °C &

X =1, Br;R = CHs, Ph
SO,R
SO,Me i/ \
/©/ SO,Ph
Y 3 (60%)

37a: Y = OH, 93% MeO,C SO,Me
37b: Y = NHAc, 82% Y | A
37c:Y =NH,, 81% NHBoc
37d: Y = COMe, 80% 38a: R = Me, 79%
37e:Y =CO,Me, 77%  38b: R =Ph, 72% 40 (88%)

SCHEME 8. Coupling of Aryl Halides and Vinyl lodides to 1-

Alkynes
AX + H—=—R Cul, N,N-dimethylglycine A—— R
K,CO3, DMF, 100 °C

X =1, Br -
R

>=<' eH——_pg Cul N.N-dimethyiglycine_ R Vi
R" R™ Cs,COs3, dioxane, 80 °C . — -

ing sulfones 37—40 in good vyields. As usual, aryl iodides
were better substrates because their coupling reaction with
sodium methanesulfinate took place at 80 °C, while aryl bro-
mides required temperatures over 95 °C to reach complete
conversion. When the less reactive sodium benzenesulfinate
was employed, aryl iodides gave good coupling reaction
yields of products 38b and 39 at 90 °C, while the reaction
was very sluggish for aryl bromides even at 95 °C.

C—C Bond Formation. The Sonogashira reaction has
become a standard method for the elaboration of aryl acety-
lenes and conjugated enynes. The requirement of two met-
als (Pd and Cu) is a major drawback for its application in
industry because of great difficulties in catalyst recovery. We
discovered that Cul alone could catalyze the coupling of aryl
halides with T-alkynes (Scheme 8) if N,N-dimethylglycine was
used as a ligand.'®® Compared with typical Sonogashira reac-
tions, our method required higher reaction temperatures. How-
ever, it is still very attractive for practical usage owing to its
less expensive catalytic system.'® Vinyl iodides seemed to be
more active coupling partners, because their reaction worked
at 80 °C, although different solvent and base were used.'”

The arylation of activated methylene compounds in the
presence of copper or copper salts, the Hurtley reaction, is a
convenient transformation with a long history. The scope of
this reaction is very narrow, because only o-bromobenzoic
acid and closely related bromides are reactive.'® We revealed
that the reaction scope could be greatly enlarged if L-proline
was used as a ligand (Scheme 9).'82 The coupling reaction of
various aryl halides generally occurs at 40 °C (for iodides) or
50 °C (for bromides) in DMSO under the catalysis of 20 mol
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SCHEME 9. Couplings of Aryl Halides and Activated Methylene
Compounds

(@) R
Q9 Cul, L-proline
ArX + -
RJ\/U\OEt Cs,C0;,, DMSO, 40-50 °C Ar OFt
X =1, Br; R = Me, Ph, OEt o
NHBoc
COMe OMe MeO,C
\9 COzMe
MeOLC Et0,C” “CO,Et
el MeOZC 43 (90%)
Me EtOZC CO,Et
41 (83%) 42 (81% 44 (87%)

TABLE 2. Comparison of the ortho-Substituent Effect Caused by
Different Amide Groups

Cul, Cs,CO3

©/ N,N-dimethyiglycine ©/ CO,Me
dioxane, rt

NHTr

COzMe
entry Y time (h) product/yield (%)
1 CF;Co 2 47a/88
2 (H,CO 15 47b/53
3 PhCO 24 47c/14
4 MeSO, 24 47d/0

% Cul and 40 mol % L-proline. Both -keto esters and mal-
onates are suitable coupling partners, giving the arylation
products in good to excellent yields, as exemplified by the
assembly of 41—44 from the corresponding aryl halides.

The ortho-Substituent Effect of Amido
Groups

Room-Temperature Couplings between Aryl Halides
and Phenols. During the studies of Cul/N,N-dimethylglycine
catalyzed biaryl ether synthesis, we discovered that there is an
accelerating effect caused by an ortho-amide group,'® and its
combination with ligand effects enables this reaction to take
place at room temperature. As indicated in Table 2, all exam-
ined carboxylic amides displayed the ortho-substituent effect
with an efficiency order of CF3CO > CH5CO > PhCO, while no
similar effect was observed in case of a sulfonamide as the
substrate.'®@ Other groups, like methoxy, have no similar
effect. A possible mechanism was proposed to rationalize this
novel effect, as depicted in Scheme 10. Oxidative addition of
the chelated Cu(l) 48 to ArX produces complex 49, in which
the oxygen of the NHCOR group may coordinate to Cu to pro-
vide additional stabilization. After reaction of 49 with cesium
phenoxide to give 50, reductive elimination occurs to afford
the biaryl ethers and regenerate the catalyst.
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SCHEME 10. Plausible Mechanism for Mild Biaryl Formation

0 ArX R,\Q
i g =0 o 0
Cu\ é /
N\ oxidative addition X1 N
413 !// X
R>§ R 49
0
ArOAY HN ?’O\f CSOAr
c
[ N Csx
Y OAr |\
R' 50

SCHEME 11. Synthesis of Amino Acid Comprising Biaryl Ethers

NHCOCF, NHCOCF,

o
°© CO,Me
co,Me
NHR :

NHR
52a: R = Boc, 88% vield, 91% ee
52b: R = Tr, 82% yield, >99% ee

51a: R = Cbz, 82% yield, >99% ee
51b: R = Boc, 90% yield, >99% ee

NHCOCF, NHCOCF,
HO Cul (6]
Br N,N-dimethylglycine
(é/?k Cs,CO3, MeCN, Py %
0.01 M, 45 °C, 42% N
NHBoc N comme NHBocH ~ COMe
53 54

The room-temperature biaryl ether formation gave us the
opportunity to elaborate biaryl ethers bearing carbamate-pro-
tected amino ester moieties. As we had expected, the cou-
pling products 51 were obtained in enantiopure form when
Boc- or Cbz-protected L-tyrosine derivatives were utilized
(Scheme 11)."° In case of the easily racemized Boc-protected
4-hydroxyphenylglycine derivative, coupling product 52a was
obtained with 91% ee. Switching the protecting group to tri-
tyl could prevent the racemization completely (52b). We next
tried macrocyclization using our method and were pleased
that 14-membered macrolactam 54 was formed from 53 in
42% yield. This macrolactam is a potential building block for
the assembly of natural cyclopeptides with a wide range of
biological activities.

Enantioselective Creation of a-Aryl All-Carbon Qua-
ternary Centers. By combining the ortho-substituent effect of
the NHCOCF; group and ligand effects, we found that the cou-
pling reaction of aryl halides and activated methylene com-
pounds could be carried out at —45 °C (Scheme 12).2°
Introducing a trace amount of water into this reaction sys-
tem was found to be essential for this low-temperature reac-
tion, although the reason for this action is not yet clear. It is
noteworthy that these results represent a new record low in
reaction temperatures for Ullmann-type coupling reactions.
When 2-methyl acetoacetates are used, this coupling reac-
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SCHEME 12. Enantioselective Elaboration of 5-Keto Esters
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55b: R = Me, 79% yield, 93% ee
55¢: R = CH,0H, 77% yield, 91% ee
55d: R = OMe, 78% yield, 87% ee
55e: R =F, 81% yield, 83% ee

55f. R =1, 79% vield, 81% ee

“'Me
(0] OBu-t

tion creates an o-aryl all-carbon quaternary center. Gratify-
ingly, it was found that asymmetric induction was effected by
chiral ligands; for example, -keto esters 55 were obtained
with 81—939% ee. This stereochemical outcome is strong evi-
dence for the participation of the Cu(l)—amino acid chelate in
the transition state of the reaction. Noteworthy is that trans-
4-hydroxy-L-proline was employed here because it showed
better asymmetric induction than r-proline.

Assembly of Heterocycles via Cul/Amino
Acid Catalyzed Couplings

Our mild coupling conditions not only provide a facile man-
ner to synthesize basic chemical intermediates but also grant
access to more advanced compounds. To this end, assembly
of heterocycles via our coupling reactions was investigated.
Some results are highlighted here.

Synthesis of Polysubstituted Indoles. The coupling prod-
ucts of 2-halotrifluoroacetanilides and activated methylene
compounds are obviously ideal intermediates for assembling
substituted indoles®' because their liberated amine group
could easily attack neighboring carbonyl groups to form het-
erocycles (Scheme 13). With this idea in mind, we developed
two methods for the one-pot synthesis of 2,3-substituted
indoles. The first one was based on in situ base-induced
hydrolysis, which limited the substrates to those bearing a
strong electron-withdrawing group in the 4-position (for
56a—c). The second one used acid-induced hydrolysis, which
proved to be suitable for both electron-rich (to furnish indoles
56d—f) and electron-deficient 2-halotrifluoroacetanilides.>*

While we were screening the optimum reaction conditions
for indole synthesis, we found that 2-(trifluoromethyl)indoles
57 were formed exclusively if anhydrous DMSO was used and
the coupling reaction mixture was heated at 40—80 °C. By
carefully analyzing the scope of this reaction, we noticed that
the ketone moiety in the initial products 58 was necessary for
further transformation into 57. Consequently a possible mech-
anism was proposed, as depicted in Scheme 14.23 Using this
method, we assembled 5-, 6-, and 7-substituted 2-(trifluoro-
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SCHEME 13. Indole Synthesis via Coupling Reaction
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SCHEME 14. Synthesis of 2-(Trifluoromethyl)indoles
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methyl)indoles in good to excellent yields, as exemplified by
formation of 57a—d.

The coupling reaction of 2-bromotrifluoroacetanilides with
1-alkynes was found to occur at 80 °C to afford 2-substituted
indoles, the reaction being catalyzed by 2 mol % Cul and 6
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SCHEME 15. Indole Synthesis by Coupling of 2-
Bromotrifluoroacetanilides with 1-Alkynes
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mol % L-proline (Scheme 15).'” This conversion involves a
Cul/L-proline-catalyzed coupling between aryl bromides and
the 1-alkynes followed by a Cul-mediated cyclization process.
The relatively low catalyst loading and reaction temperature
(in comparison to the coupling of bromobenzene and
1-alkynes) indicated that the ortho-substituent effect directed
by NHCOCF; also existed in this transformation. Both aryl
acetylenes (to give 58a—d) and O-protected propargylic alco-
hols (to provide 58e and 58f) could be applied, leading to 5-,
6-, or 7-substituted 2-aryl and protected 2-hydroxymethyl
indoles in good yields. However, lower yields were observed
with simple aliphatic alkynes.

Assembly of 1,2-Disubstituted Benzimidazoles. 1,2-Di-
substituted benzimidazoles are an important class of hetero-
cyclic compounds that show a wide range of biological
activities. The conventional methods for their synthesis suf-
fer from the limited availability of the starting materials. Tak-
ing advantage of the ortho-substituent effect of the NHCOR
groups and ligand effects, we developed a new approach to
elaborate these heterocycles as depicted in Scheme 16.2*
Coupling of 2-haloacetanilides and amines proceeded
smoothly at rt to 50 °C to afford the initial aryl amination
products, which underwent cyclization to provide benzimida-
zoles 59 under three possible conditions: (1) prolonged reac-
tion time in the case of less sterically hindered amines and
2-halotrifluoroacetanilides as substrates, such as formation of
59a; (2) addition of HOAC to the reaction mixture with subse-
quent heating at 40—90 °C, as demonstrated by production
of 59b—e; (3) heating the coupling reaction mixture at
120—150 °C, as exemplified by formation of 59f. In the ini-
tial coupling step, both 2-iodotrifluoroacetanilides and 2-bro-
motrifluoroacetanilides react at rt, which so far represents the
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SCHEME 16. 1,2-Disubstituted Benzimidazole Synthesis
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SCHEME 17. 1,3-Dihydrobenzimidazol-2-one Synthesis
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lowest temperature ever used for a Cu-catalyzed aryl amina-
tion and indicates that the NHCOCF; group exhibits a strong
ortho-substituent effect.

Preparation of N-Substituted 1,3-Dihydrobenzimi-
dazol-2-ones. The 1,3-dihydrobenzimidazol-2-ones are a
class of pharmaceutically important heterocycles. The known
synthetic approaches often require a number of steps from
commercially available starting materials. We developed a
cascade coupling/condensation process to assemble these het-
erocycles starting from methyl o-haloarylcarbamates and pri-
mary amines (Scheme 17).2> For aryl bromides, the coupling
step needed reaction temperatures above 70 °C for good con-
versions, demonstrating that the carbamate provided weak
ortho-assistance in this case. A variety of functional groups
including vinyl, nitro, carboxylate, amide, ester, ketone, and
silyl ether groups were tolerated under these reaction condi-
tions as shown by the formation of 60a—e.
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SCHEME 18. Synthesis of 3-Acylindoles via Direct Coupling
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Construction of 3-Acyl Oxindoles. 3-Acyl oxindoles are
the key scaffolds of many enzyme inhibitors. The common
synthetic approach to these compounds involves the acyla-
tion of the corresponding oxindoles, a step that is hampered
by the poor solubility of the latter compounds. By an intramo-
lecular coupling of g-keto 2-iodoanilides catalyzed by Cul/L-
proline in DMSO at room temperature, 3-acyl oxindoles could
be easily assembled with great diversity, as exemplified by the
elaboration of 61a—e (Scheme 18).2° The starting materials
were prepared from Meldrum’s acid, acyl chlorides, and 2-io-
doanilines in a one-pot procedure.

Conclusion

In summary, we have demonstrated that some amino acids
could serve as both coupling partners and ligands for Ull-
mann-type coupling reactions and in several cases NHCOR
groups can provide an ortho-substitution effect. Owing to their
participation, the reaction is greatly facilitated, because sev-
eral room-temperature and even low-temperature reactions
have been developed. L-Proline has proven to be a highly ver-
satile ligand that can promote the aryl amination, coupling of
aryl halides to sodium azide, sulfinic acid salts, and activated
methylene compounds, and the formation of indoles from
2-bromotrifluoroacetanilides and 1-alkynes. N,N-Dimethylgly-
cine turned out to be a superior ligand for biaryl synthesis,
coupling of aryl halides or vinyl iodides to 1-alkynes, and cou-
pling of vinyl halides to amides and carbamates. These newly
developed coupling reactions have given rise to novel
approaches for heterocycle synthesis. Taking into account the
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relatively low cost of the amino acids and their facile removal
from reaction mixtures, our reactions are very attractive for
synthetic applications.
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he cores of many types of polymers, ligands, natural products, and pharmaceuticals contain biaryl or substituted aro-

matic structures, and efficient methods of synthesizing these structures are crucial to the work of a broad spectrum of
organic chemists. Recently, Pd-catalyzed carbon—carbon bond-forming processes, particularly the Suzuki—Miyaura cross-
coupling reaction (SMC), have risen in popularity for this purpose. The SMC has many advantages over other methods for
constructing these moieties, induding mild conditions, high tolerance toward functional groups, the commercial availability
and stability of its reagents, and the ease of handling and separating byproducts from its reaction mixtures.

Until 1998, most catalysts for the SMC employed triarylphosphine ligands. More recently, new bulky and electron-rich
phosphine ligands, which can dramatically improve the efficiency and selectivity of such cross-coupling reactions, have been
introduced. In the course of our studies on carbon—nitrogen bond-forming reactions, we found that the use of electron-
rich and bulky phosphines enhanced the rate of both the oxidative addition and reductive elimination processes; this was
the beginning of our development of a new family of ligands, the dialkylbiarylphosphines L1—L12. These ligands can be
used for a wide variety of palladium-catalyzed carbon—carbon, carbon—nitrogen, and carbon—oxygen bond-forming pro-
cesses as well as serving as supporting ligands for a number of other reactions.

The enhanced reactivity of these catalysts has expanded the scope of cross-coupling partners that can be employed in
the SMC. With use of such dialkylbiarylphosphine ligands, the coupling of unactivated aryl chlorides, aryl tosylates, het-
eroaryl systems, and very hindered substrate combinations have become routine. The utility of these ligands has been suc-
cessfully demonstrated in a wide number of synthetic applications, including industrially relevant processes.

In this Account, we provide an overview of the use and impact of dialkylbiarylphosphine ligands in the SMC. We dis-
cuss our studies on the mechanistic framework of the reaction, which have allowed us to rationally modify the ligand struc-
tures in order to tune their properties. We also describe selected applications in the synthesis of natural products and new
materials to illustrate the utility of these dialkylbiarylphosphine ligands in various “real-world” synthetic applications.

Introduction production, has been immense.' Over the past

two decades, it has become arguably one of the
The impact of the Suzuki—Miyaura reaction (SMC) most efficient methods for the construction of
on academic and industrial research, as well ason  biaryl or substituted aromatic moieties; com-
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FIGURE 1. General catalytic cycle for Suzuki—Miyaura couplings.

pounds that contain these substructures constitute important
building blocks of polymers,? ligands,® a wide range of natu-
ral products such as alkaloids, and numerous biologically
active pharmaceuticals.* The key advantages of the SMC are
the mild conditions under which it is conducted, the high tol-
erance toward functional groups that is observed, the com-
mercial availability and stability of boronic acids to heat,
oxygen, and water, and the ease of handling and separation
of boron-containing byproducts from the reaction mixtures.>
These desirable features make the SMC an important tool in
medicinal chemistry as well as in the large-scale synthesis of
pharmaceuticals and fine chemicals.® In addition to aryl and
heteroaryl boronic acids and esters, vinyl and alkyl deriva-
tives are also commonly used in the SMC. In order to sim-
plify the text of this Account, we will focus most of the
discussion on the use of the aryl and heteroaryl species.

As in other cross-coupling reactions, the catalytic cycle of
the palladium-catalyzed SMC is thought to follow a sequence
involving the oxidative addition of an aryl halide to a Pd(0)
complex to form an arylpalladium(ll) halide intermediate.
Transmetalation with a boronic acid and reductive elimina-
tion from the resulting diarylpalladium complex affords the
corresponding biaryl and regenerates the Pd(0) complex (Fig-
ure 1).” The bases we have most commonly employed for
these processes are K;PO, and K,COs5. Others including KOH
or KF have also been used. At present, however, the choice of
base is still empirical, and no general rule for their selection
has been established. The role of the base in these reactions
is to facilitate the otherwise slow transmetalation of the
boronic acid by forming a more reactive boronate species that
can interact with the Pd center and transmetalate in an
intramolecular fashion (path A).2 Alternatively, it has also been
proposed that the base replaces the halide in the coordina-
tion sphere of the palladium complex and facilitates an
intramolecular transmetalation (path B).° While in most cases
the exact nature of the actual catalyst remains ambiguous,

0
LnPd Art-Ar2

Oxidative
addition

Reductive
elimination

Art
La—Pd{
Ar2

Intramolecular
Transmetallation
L

1p S
via AT -P(i\LOeR
ArLB(OR),

recent reports with bulky ligands have provided circumstan-
tial evidence of a mechanism involving highly reactive mono-
ligated L,Pd species, where the L/Pd ratio can play a large role
in the catalytic performance.'®

Most early work in the SMC was conducted using tri-
arylphosphines as supporting ligands. During the last ten
years, the application of new ligands has dramatically
improved the efficiency and selectivity attainable in such
cross-coupling reactions. In the ever-growing catalogue of
available ligands for cross-coupling reactions, bulky dialkylbi-
aryl-'" and trialkylphosphines'? remain the most widely used,
followed by N-heterocyclic carbenes (NHCs)."?

The purpose of this Account is to provide an overview of
the use and impact of dialkylbiarylphosphine ligands in SMC.
Selected applications in the synthesis of natural products and
new materials that illustrate the utility of these ligands will also
be discussed.

Background: Dialkylbiarylphosphines
Since their introduction in 1998, monodentate, bulky, and
electron-rich dialkylbiarylphosphines (Figure 2) have seen
wide use as supporting ligands in a variety of transformations,
especially in Pd-catalyzed carbon—carbon,'* carbon—
nitrogen,'® and carbon—oxygen bond-forming processes.'®

These ligands can be prepared in a direct one-pot proto-
col by addition of an aryl Grignard or an aryllithium reagent
to an in situ generated benzyne intermediate, followed by
trapping the intermediate with an appropriate chlorophos-
phine (Scheme 1).2 These compounds have been prepared on
a >10 kg scale, and efforts to increase the scale of their pro-
duction are underway. The ready availability of Grignard and
organolithium reagents makes the route highly modular,
thereby allowing the preparation of a variety of new and struc-
turally diverse ligands.

In addition to the high reactivity of catalytic systems based
upon biarylphosphines, these ligands possess a number of
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attributes that make them particularly attractive for organic
synthesis: (a) they are crystalline materials, (b) they are air sta-
ble, even in solution,'” (c) they possess a high degree of ther-
mal stability, (d) many of these ligands are commercially
available from either Strem or Aldrich, and (e) the processes
that employ these ligands are operationally simple, not requir-
ing the use of a glovebox.

In Figure 3, we show the different structural features of the
biarylphosphine ligands and how each of these contributes to
the efficiency of the catalysts that are derived from them. The
studies that we have carried out provide us with a mechanis-
tic framework with which to rationally modify the ligand struc-
tures in order to tune their properties. This and the fact that
their synthesis is short and modular provide us with a mech-
anistically guided process for the evolution of ligands that con-
fer enhanced properties on the catalysts derived from them.

* Alkyl groups

*Substituent fixes conformation
increase electron
density at phosphorus

of R,P over bottom ring,
enhancing rate of reductive a

elimination increasing rate of oxidative
addition

R4
O R * Increased size of R
;" ¢— enhances rate of
*R",R%#H prevents P~g reductive elimination
cyclometallation, 1 R2

increasing stability O
+ R",R%= large group / \

(e.g., isopropyl)
increases [L{Pd(0)] //'1

Lower aryl ring: eIncreases size of ligand,
slowing rate of oxidation by O,

« Allows stabilizing Pd-arene interactions
» Promotes reductive elimination

FIGURE 3. Structural features of the dialkylbiarylphosphines and
their impact on the efficacy of catalysts using these ligands.

* Larger R increases
[L1Pd(0)]. R= Cy usually
better for than R= tBu for
high turnover number

‘ MgX(Li) | Gucl
R? — » R! R2
SENC e

RS R3

As indicated, the outstanding activity of the catalysts
derived from the biarylphosphine ligands has been attributed
to a combination of electronic and steric properties that
enhances the rates of oxidative addition, transmetalation, and
reductive elimination steps in the catalytic cycle. This can be
rationalized as follows: (a) The bulky and electron-donating
character of these ligands is important for stabilizing the
monoligated L,Pd intermediates, which are believed to be key
species in the catalytic cycle (Figure 1).'° (b) With both these
and related ligands it has been shown that oxidative addi-
tion of aryl halides is much faster with L,Pd(0) species than
with more highly coordinated complexes.'® This is simply due
to the smaller size of a L,Pd(0) complex compared with a
L,Pd(0) one, allowing the substrate to approach the latter
more closely and, hence, react at a faster rate. We presume
that transmetalation to a L,Pd(ArX intermediate is faster, in
general, than to a L,Pd(Ar)X complex for related reasons. (¢)
It is well-documented that the rate of reductive elimination
from LPd(AnR (R = aryl, NR,, OR) is faster than that for the
same process for an analogous L,Pd(ArR complex.'® (d)
Finally, studies in our laboratories have demonstrated that the
addition of ortho substituents on the bottom ring of the
biarylphosphine (eg., SPhos (L7) and XPhos (L8)) lead to a sig-
nificant increase in activity and stability by preventing palla-
dacycle formation.?° Additionally, this ortho, ortho' substitution
increases the size of the ligand relative to those with no ortho
substituents (thus increasing the concentration of L,Pd spe-
cies).
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TABLE 1 TABLE 2
cl . Ar Rl Pd(OAc), /L7 (1:2.5) Rl
Rt > + Ar-B(OH), —»Pd(OAC)Z/L(Lz) R1©HL \<:\>*X + Ar-B(OH); > @%—Ar
= KF, THF, rt = — K3PO,, toluene, 100 °C —

1% Pd, L4, 96% 1.5% Pd, L4, 92% 1% Pd, L4, 94% (45 °C)

In toluene, at 100 °C:

oo &Y

0.05% Pd, L1, 94% 1% Pd, 4% L1, 96% 1% Pd, L1, 88%

Development of General Catalysts for
Suzuki—Miyaura Reactions

There has been an impetus to develop catalysts for the SMC
that can efficiently couple hindered substrate combinations,
utilize unactivated aryl chlorides®' and heteroaryl substrates,
and operate at low catalyst loadings or at room temperature
or both.

While evaluating the efficacy of dialkylbiaryl phosphine
ligands in carbon—nitrogen bond-forming reactions, we found
that the use of DavePhos (L3) provided a particularly active
catalyst for SMC as well.>> We note that, at the same time, our
colleagues in the Fu group developed their important chem-
istry for SMC using P'Bus as a supporting ligand.*® Further
studies revealed that catalysts supported by JohnPhos (L4)
were substantially more reactive than those with DavePhos
(L3) in SMC at room temperature (Table 1).2* These results
indicated that the dimethylamino group in DavePhos (L3) was
not necessary for effective catalysis. While JohnPhos (L4) pro-
vided the best results for room-temperature reactions, the use
of the dicyclohexyl analogue (L1), provided a more active sys-
tem when low catalyst loadings were used or with more hin-
dered substrate combinations.?> That JohnPhos (L4) gives a
more active system at room temperature than ligands with a
dicyclohexyl phosphino group is almost certainly due to the
greater concentration of L,Pd(0) and L,Pd(Ar)Cl intermediates
(instead of the corresponding L,Pd complexes) with JohnPhos
(L4) than with the latter class of ligands.

Reactions involving the cross-coupling of two hindered are-
nes where each reactant possessed two ortho substituents
remained difficult. At the time of this work, the only example
reported in the literature for the synthesis of unsymmetrical
tetra-ortho-substituted biaryls had been accomplished using a
Negishi cross-coupling reaction.?® Our initial efforts utilized

MeO Me

i-Pr
o)
i-Pr Me FPr MeO Me

X=Br, 0.1% Pd, 95% X=Br, 0.1% Pd 96% X=Br, 3% Pd, 86%
e

OR G QP

X=Br, 0.0005% Pd, 89%  X=Cl, 0.2% Pd, 82%

(12 min, 90 °C)

X=Cl, 0.56% Pd, 91%

phenanthrene derivative L6, which proved to be an excellent
ligand for the construction of tetra-ortho-substituted biaryls via
SMC.27

We later found that SPhos (L7), which can be prepared in
an experimentally convenient one-pot protocol from 1,3-
dimethoxybenzene, was an outstanding ligand for this and
other purposes. The reactions with catalysts based upon SPhos
(L7) exhibited unprecedented scope, reaction rate, and stabil-
ity.2® The new catalytic system was also found to be remark-
ably efficient for the cross-coupling of unactivated aryl
chlorides and bromides at catalyst loadings as low as 5 x
10~ mol % Pd (Table 2).

We attribute the longevity of catalysts based on SPhos (L7)
to two main factors. First is the stabilization of Pd(0) interme-
diates by favorable interactions of the aromatic & system with
the Pd center as supported by X-ray crystallography of the
L7/Pd°(dba) complex. As shown in Figure 4, this complex pos-
sesses a Pd(0) n'-arene interaction with the jpso carbon.?® We
also believe that the high activity of catalysts based on SPhos
(L7) is due to the ability of this ligand to stabilize and maxi-
mize the concentration of the L,Pd intermediates with a rela-
tively small ligand (e.g., compared with XPhos (L8)). These
intermediates would be expected to be particularly reactive in
oxidative addition and transmetalation processes for the rea-
sons previously discussed.

In order to probe the reasons for the high stability and
activity of SPhos (L7) as a supporting ligand in SMC, we con-
ducted ground-state energy optimizations on the correspond-
ing oxidative addition complex (L7—Pd(Ph)Cl) by DFT
computational studies, and four minima were found (Figure
5)_30

The most favored structures possess either a Pd—arene
interaction with the ipso carbon (1) or a Pd—0 interaction with
an oxygen atom of the methoxy group of the bottom ring of
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FIGURE 4. Reproduced with permission from ref 28b. Copyright 2005 American Chemical Society.
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FIGURE 5. Ground-state energy optimizations of L7—Pd(Ph)Cl.

the ligand (I). We believe that both the Pd—arene and Pd—0O
interactions contribute to the stability and hence to the effi-
ciency of catalysts based on SPhos (L7). In particular, the exist-
ence of this extra Pd—O interaction relative to other
dialkylbiarylphosphines likely further stabilizes the oxidative
addition intermediate before the transmetalation step. Because
this is believed to be the rate-limiting step in SMC," this com-
plex should be present in a relatively high concentration, and
hence its stabilization is of great importance. Supporting evi-
dence consistent with these theoretical findings was found
experimentally by NMR spectroscopy of the isolated oxida-
tive addition product L7—Pd(Ph)C1.2° While at 25 °C the 3'P
NMR spectra showed two main peaks with a relative ratio of
72:28, the two peaks rapidly and reversibly coalesce at about
45 °C (Figure 6). This experimental data is consistent with two
rotameric species of L7—Pd(Ph)Cl, for example, I and Il, which
were the two lowest energy conformers found by DFT calcu-
lations (Figure 5).

Overall, these results shed light on the specific nature of the
interactions accessible to Pd complexes based upon SPhos (L7)
and are consistent with the notion that they stabilize the inter-
mediate complexes and contribute to the long-lived nature of
these catalysts.

The green character of water has prompted many groups
to investigate the use of this reaction medium for cross-cou-
pling reactions.>? We found that SPhos (L7) could be sul-
fonated on the bottom ring in quantitative yield by simple
treatment with H,S0O,.33 This water-soluble version of SPhos
(L11) allowed SMC to proceed in excellent yields with a wide

d
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65 °C _‘//\\‘
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R OMe — —— _Pd—cl

0
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FIGURE 6. Reproduced with permission from ref 30. Copyright
2007 American Chemical Society.

variety of substrates, including highly functionalized aryl chlo-
rides or heteroaryl halides with either aryl or alkyl boronic
acids in aqueous media (Table 3).

Nitrogen heterocycles are structural constituents of a wide
variety of biologically active natural products, medicinally
important compounds, and organic materials. Their construc-
tion and derivatization by cross-coupling processes is wide-
spread.>* In general, however, cross-coupling reactions with
heteroaryl substrates have proven significantly more challeng-
ing than those with all-carbon substrates.> Consequently, the
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TABLE 3 TABLE 5
B(pin)  Pd(OAc), (0.25 mol%) HetAr
QA L7 (0.5 moi%) N
Riz PA(OAc), / L11 (1:2) Rig N HetAr-Br  + | > |
<:\>—Cl +ArBOH)y, ———————» ¢ >§—Ar N K3PQOy, n-butanol:H,0O (2.5:1)
— KoCOq, H,0 = TIPS 1000 TIPS
rt- 100 °C A
HoN 4 M HNC
H e
0,C Me 2 N ,;j A ,;J A =
D DD g IO RN
Me
0.1% Pd, 100 °C, 96% 1% Pd, 100 °C 99% 2% Pd, t, 99% B B B B
N N N N
NHy  HO.C OHC TIPS TIPS TIPS TIPS
:S} OF HO2CO O @ @ 83% 91% 99% 97%

1% Pd, 100 °C 96% 1% Pd, 100 °C, 93% 1% Pd, 80 °C, 87%

TABLE 4
Pd(OAC), (0.5-2 mol%)
(HO),B L7 (1-4 mol%) Yy /xR
il N [ g —————— > HzN'_i/j W
2 \x/) > K,CO3, MeCN/H,0 Sy#
100°C
o “Z“U 9
2
X
‘:‘: ; l - CN
MeO H,NT N

1% Pd, 99% 2% Pd, 82% 1% Pd, 95% 2% Pd, 79%

NH,

@‘@ ﬁ‘“ *ﬁf

0.5% Pd, 92% 2% Pd, 97% 2% Pd, 92%

problems associated with these coupling processes have, to
some extent, limited their application in drug development. As
one example, chloroaminopyridines and chloroaminopyrim-
idines are quite difficult substrates to employ in cross-cou-
pling processes. In some instances, chemists have resorted to
protecting the free amino group in order to use these sub-
strates.® It has also been suggested that it is requisite to
employ bidentate ligands in order to prevent binding of the
substrate or product to Pd(ll) intermediates, which would result
in catalyst deactivation.3” Given these reports, we decided to
examine the SMC of heteroaryl compounds using SPhos (L7)
and XPhos (L8) as the supporting ligands. We found, in con-
trast to what had been suggested for the earliest versions of
dialkylbiarylphosphines,?” that catalysts based on SPhos (L7)
were not inhibited by the presence of aminopyridines or ami-
nopyrimidines (Table 4).3® In addition, electron-rich, electron-
deficient, and sterically hindered boronic acids reacted
smoothly, producing the desired biaryls in high yields. An
interesting example was the coupling of phenylboronic acid
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with 4-amino-2-chloropyridine, the most basic among the sub-
strates used to provide the products shown in Table 4. While
this coupling has been reported to proceed in low yields, even
with bidentate ligands,” with SPhos (L7) the product was effi-
ciently formed.

As part of our study of the SMC of heterocycles, we exam-
ined in detail the use of pyrrole-derived boronic acids and
esters. A key to achieving success in this venture was when
we studied the solvent dependence of the reaction of N-TIPS-
3-pinacolboronatepyrrole (A) with heteroaryl bromides.? The
key to these coupling reactions was the use of alcoholic sol-
vents, with n-butanol being the most efficient. The effect of
alcohol solvents can be rationalized by Miyaura’s results.’ We
also discovered that the presence of water was critical to the
success of the reactions, presumably due to the need for par-
tial or complete hydrolysis of the boronate ester. In addition,
its presence led to higher yields of product and less reduc-
tion of the aryl halide. A study was conducted in which it was
determined that the optimum ratio of n-butanol/water was
2.5:1 with respect to the rate and efficiency of the reaction of
A and 2-bromothiophene (Table 5).

Similarly, n-butanol proved to be the ideal solvent for the
SMC of N-Boc-pyrrole-2-boronic acid (B) with aryl and het-
eroaryl bromides possessing a variety of functional groups
(Table 6);3° in this case, however, the addition of water
resulted in poor yields due to an increased production of
reduced aryl halide. In constrast to prior reports,*® significant
homocoupling or protodeboronation of B was not detected
using a catalyst system based upon SPhos (L7).

The use of XPhos (L8) as supporting ligand allowed an
expansion of the scope of the SMC for the combination of
thiophene and pyridylboronic acids with a wide range of acti-
vated and unactivated heteroaryl chlorides, even highly basic
aminopyridines, with high efficiency and relatively low cata-
lyst loadings (Table 7).3° These results are of particular signif-
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TABLE 6 TABLE 8
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N L7 (4 moi%) % o o Leasmoln PP
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N K3POQ,, n-butanol, 100 °C = Base, dioxane
Boc 0 Boc
1000C Bl e e an
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""""""""""""""""""""""""""""""""""""""" with KOAc
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Me = N (at 110°C) / B(pin) J\©/B(Pln (p )
A\
(o )we LI WC? Lo\ ¢ N
N 'é‘ Boc
Bocy,d Boc oc L8, 95% (1 h) L8, 89% (30 min) L8, 82% (5 h)
X = Br, 89% X = CI, 84% X = Br, 79% X = Br, 95% with K3POy B(pin
TABLE 7 MeO

X

@;—HetAr
N N

Pdodbag (1 moi%)

L8 (4 mol%)
HetAr-Cl  + or KPOL 1D to l or
POy, n-butano 1% HetAr
! ‘jB(OH)Z 100°C { S‘)%‘
S
i N
e lg e
90% 95% 98%
CF3
e ot
I (j“\ S e
MeO” N N~
91% 95% 95%

icance due to the slow rate of transmetalation and the
tendency of these coupling counterparts to undergo protode-
boronation in polar solvents.

In recent years Pd-catalyzed methods have emerged for the
preparation of aryl boronate esters from unactivated aryl chlo-
rides.*! Unfortunately, they typically require high catalyst load-
ings and long reaction times and manifest a limited ability to
utilize functionalized substrates or sterically encumbered sub-
strates. We have recently demonstrated that SPhos (L7) or
XPhos (L8) provide highly active catalysts for the borylation of
aryl chlorides under mild reaction conditions (Table 8).*2

A catalyst system based on SPhos (L7) could be employed
for the direct, one-pot synthesis of unsymmetrical biaryls from
different aryl or heteroaryl chlorides. In this process, the sub-
strates were subjected to the standard Pd-catalyzed boryla-
tion conditions with subsequent addition of the second aryl
chloride and aqueous KsPO,, resulting in the clean forma-
tion of the desired biaryls (Table 9).42

Selected Synthetic Applications

Once it became clear that catalysts derived from biarylphos-
phine ligands possessed a higher level of activity than previ-
ous systems, their application in target-oriented and other
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L7, 97% (24 h) L7, 86% (48 h) L7, 91% (48 h)

TABLE 9
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N cl Pddbag (1 mol%) R2 .
RiT L7 (2 mol%) ‘H.,. R
0
Z  KOAc, dioxane, ‘MO°C K3P04
X = B (pin) - dioxane/H,0

mﬁpf_m@@ Mw@m@ @%

MeO
92% 89% 95% 71%

areas of organic synthesis began to appear rapidly. The exam-
ples discussed are illustrative of the utility of these catalysts in
a variety of venues.

In early 2004, Jacobsen reported the first catalytic asym-
metric synthesis of quinine and quinidine.*® Along the way, he
needed to conduct the cross-coupling of an advanced bor-
onate ester intermediate with the bromoquinoline compound.
Attempts under standard SMC conditions proved unsuccess-
ful. However, the use of SPhos (L7) at room temperature
afforded the desired trans olefin in a selective fashion (Fig-
ure 7).

In 2005, the group of Hall and our research group reported
the total syntheses of several members of the family of the
eupomatilones.** Both approaches relied upon a highly effi-
cient SMC of different highly oxygenated aryl halides using
SPhos (L7) as the ligand (Figure 8). In the MIT approach,**® a
very low catalyst loading (0.005 mol % palladium) could be
achieved for this transformation, in part because of the pres-
ence of an ortho carbomethoxy group. Hall’s route had the
advantage of being more convergent but required a very chal-
lenging SMC.*** In his publication, he stated, “All other
attempted conditions and catalysts failed in this notoriously
difficult substitution pattern for a Suzuki—Miyaura biaryl cross-
coupling.”
November 2008
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Biphenomycin B, a compound structurally related to the
vancomycin glycopeptide antibiotics, displays potent activity
against g-lactam-resistant bacteria. Recently, Zhu has disclosed
a concise total synthesis of this important alkaloid by way of
an intramolecular SMC (Figure 9).*> The synthetic challenges
posed by the seemingly simple biaryl fragment should not be
underestimated. A detailed survey of reaction conditions led
to a process that demonstrated the superior activity of SPhos
(L7), affording an intermediate containing the desired biaryl
backbone. Global deprotection provided biphenomycin B in
high overall yield.

In 2006, Podlech reported the total synthesis of altenu-
ene, a compound with activity toward HelLa cells.® In his
approach, two highly functionalized precursors were combined
November 2008
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to give the intermediate shown below by means of SMC using
SPhos (L7) as the ligand (Figure 10). In this work, the forma-
tion of the carbon—carbon bond precedes creation of the lac-
tone unit, which forms with liberation of the phenolic hydroxyl
group previously protected as an acetal. Subsequent depro-
tection of the diol moiety in acidic media afforded altenuene
in good overall yield.

The molecular complexity of natural products such as vin-
doline, a biosynthetic precursor of the potent antitumor agent
vinblastine, constitutes another example to test the use of the
dialkylbiaryl phosphine ligands. As shown below, Rawal used
the SMC of alkenyl boronic acids with C15-bromovindoline, a
heavily functionalized coupling counterpart that proceeded in
good yield using XPhos (L8) as a supporting ligand (Figure
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11).%7 It is worth mentioning that only XPhos allowed for an
efficient coupling process with alkenyl boronic acids; other
ligands tested by the authors gave the desired product in low
yield. Despite the high catalyst loading required, this exam-
ple illustrates the applicability of the method to the derivati-
zation of highly functionalized molecules.

Studies of metabotropic glutamate receptors have shown
that they are involved in maladies such as anxiety, depres-
sion, mental retardation, and pain. Recently, Newman has
designed a series of heterobicyclic templates with essential
features of the pharmacophores of mGIUR5 antagonists.*® His
approach relied on the SMC of heteroaryl halides and het-
eroarylboronic acids or esters. SPhos (L7) turned out to be the
most efficient ligand, giving rise to the desired heterobicyclic
cores in good vyields (Figure 12).
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Although the tolerance of activated epoxides in transi-
tion-metal catalyzed cross-coupling reactions has little pre-
cedent,*® Pericas showed that SPhos (L7) was the optimal
supporting ligand in the SMC of enantiomerically pure
epoxides in high yield.>® The straightforward synthesis of
these compounds allowed rapid access to chiral C, sym-
metrical bis(oxazolines), potentially useful ligands for asym-
metric catalysis (Figure 13).

Another application of SPhos (L7) is the preparation of 2,6-
di(quinolin-8-yl)-pyridine compounds, which have been
reported to be excellent bistridentate ligands for Ru(ll) com-
plexes, providing complexes with microsecond luminescent
lifetimes. Johansson demonstrated that these compounds can
be efficiently prepared by the double SMC of an heteroaryl-
boronic acid and halopyridine derivatives (Figure 14).>"
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FIGURE 14

Depreés recently described the first total synthesis of natu-
rally occurring geigerin, a member of the guaiane class of ses-
quiterpenes.? This approach was accomplished in only 8
steps from the tropylium cation without the need for protect-
ing groups. The installation of the C4 methyl group was
achieved by SMC of an advanced synthetic intermediate using
SPhos (L7) as the supporting ligand (Figure 15). This is one of
the few examples of a SMC with alkylboronic acids that has
been described in the total synthesis of a natural product.>3

Cacchi has recently described the synthesis of derivatives
of the catechins, biologically active compounds that have
exhibited anticarcinogenic properties and the inhibition of
platelet aggregation. In his report, a small library of 8-ary-
lated analogues of the relatively hindered and highly electron-
rich catechin core was prepared using the SMC (Figure 16).>*
While most of the commonly employed catalyst systems gave

unsatisfactory results, the use of SPhos (L7) afforded the
desired compounds in excellent yield.

The unusual structural features of allocolchicine and ste-
ganacin have spurred a number of studies on their synthe-
sis. Baudoin described the asymmetric synthesis of biaryl
hybrids of these important molecules that featured an atropo-
diastereoselective biaryl SMC in which a benzylic hydroxyl ste-
reocenter was able to confer diastereoselectivity in the
constitution of the biaryl axis (Figure 17).>> As shown in the
figure, the use of DavePhos (L3) as the ligand in the optimized
reaction conditions afforded the best compromise of yield and
diastereoselectivity.

Ratanhine is a complex neolignan. Its total synthesis by
Burke reflects the effect of the availability of general SMC
methods in retrosynthetic planning (Figure 18).>° This route
involves the clever assembly of coupling partners that con-
tains both an aryl bromide and a protected (in an inactive
form) boronic acid. It is worth mentioning that all of the
carbon—carbon bond-forming reactions in the iterative route
shown in the figure are Pd-catalyzed SMCs. In this particular
case, the use of L1 proved to be optimal when using highly
stable N-methyliminodiacetic acid protected organoboranes.

MeB(OH), ¥
Pd(OAc), / L7 —» O ~0Q
—_— —
o T3
KsPOy,, toluene, 60 °C Mé G H ¥
58 % Meé
Geigerin
FIGURE 15
F
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OH OH
OMe 90% (8 h)
8-l-catechin
FIGURE 16
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1470 = ACCOUNTS OF CHEMICAL RESEARCH = 1461-1473 = November 2008 = Vol. 41, No. 11





Pd-Catalyzed Suzuki—Miyaura Cross-Coupling Reactions Martin and Buchwald

Me - BOH):
Pd(OAc), (2 mol%)
L1 (4 mol%)
KsPO,, THF, 65°C Me™ ™%

80% (12 h)

MeO

(0] Me
O
Me” X

o) M?l
/\/©/\/% NG
0" 0 1) NaOH, THF
73% (28 h)| 2) Ar-Br

Pd/L1 (1:2)
K,COg, THF

MeO

O
O ) NaOH, THF O p oMOM
2) Ar-Br, Pd/L1 (1:2) Me” X MeN
= o}
Hol (" R=MOM K,COg, THF g«
e}
R = H, Ratanhine 81% (20 h) O/ 0,
o) o
RO
FIGURE 18
M;/Nl
: 1) NaOH, THF,
_//_ b MeN
Br o~ 0 2) B/
Pd(OQAc), (1 mol%) MeNl —Ol ¢}
(\m L7 (2 mol%) Me l o C'—<//T3 0" 0
Me  NgoH), KF, toluene, it U—[ 00 Pd(OAC), (1.5 mol%)
96% (36 h) L8 (3 mol%)
Cs,CO04, toluene, 45 °C
42% (18 h)
Me
Me /
/ OTES MeNl
cl Me: Lolro
OTES Me o N0
AcO
Y
Pd(OAG), (1.5 mol%)
L8 (3 mol%)
NaOH, THF, 45 °C
1/2 of amphotericin macrolide 48% (16 h)
FIGURE 19

The same concept was used by Burke as an impressive
illustration of the power of the iterative Suzuki—Miyaura
approach in the synthesis of the amphotericin B skeleton.>” In
this particular case, SPhos (L7) and XPhos (L8) proved to be
necessary supporting ligands for the key SMC (Figure 19). In
view of its high efficiency, the route depicted in this figure
holds promise for the application of B-protected haloalkenyl-
boronic acids to the synthesis of a variety of complex polyene-
containing natural products.

Organic semiconductors and materials are important com-
ponents of many optoelectronic and photonic applications,
such as light-emitting diodes, photovoltaics, lasers, or sen-
sors. Most of these systems include a s-conjugated backbone,
such as oligothiophene or indolo[3,2-b]carbazole skeletons.
Yamaguchi®® and Leclerc® have described highly modular
routes to these interesting compounds with formation of sev-
eral carbon—carbon bonds by SMC using SPhos (L7) as the
ligand (Figure 20).
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BMes, NPaHﬂ
Me i N 74 I Me O
o, U
N
Me Me Me Me Ca"iw

8% L7 (93% yield, 36 h)
FIGURE 20

4% L7 (77% yield, 16 h)

The examples shown herein illustrate the broad applicabil-
ity of the SMC supported by dialkylbiarylphosphine ligands.
Given that SPhos (L7), perhaps the most versatile ligand for
these reactions, was only reported in 2004, we are confident
that a great number of important applications will be reported
in the future.

Summary

Dialkylbiarylphosphine ligands have been demonstrated to be
applicable to a wide variety of Pd-catalyzed cross-coupling
reactions.
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The range of substrates for SMC based on these ligands
include aryl bromides, aryl triflates, unactivated aryl chlorides,
aryl tosylates, a variety of heteroaryl systems, and very hin-
dered substrate combinations. Such processes are highlighted
by their broad scope and often can be carried out at room
temperature or with low catalyst loadings or both. The prop-
erties of these ligands can be varied with respect to the steric
and electronic effects associated with the substituents in the
biaryl backbone due to the modular nature of their synthesis.

Upon the basis of the use of these ligands in Pd-catalyzed
C—C bond-forming processes in target-oriented synthesis to
date, we strongly believe that the performance and the syn-
thetic applicability of dialkylbiarylphosphine ligands in metal-
catalyzed cross-coupling reactions will be utilized even further
in future endeavors.
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In the panoply of modern synthetic methods for forming carbon—carbon and carbon—heteroatom bonds, the transition
metal-catalyzed cross-coupling of organometallic nucleophiles with organic electrophiles enjoys a preeminent status. The
preparative utility of these reactions is, in large measure, a consequence of the wide variety of organometallic donors that
have been conscripted into service. The most common of these reagents are organic derivatives of tin, boron, and zinc, which
each possess unique advantages and shortcomings. Because of their low cost, low toxicity, and high chemical stability, orga-
nosilanes have emerged as viable alternatives to the conventional reagents in recent years. However, unlike the tin- and
zinc-based reactions, which require no activation, or the boron-based reactions, which require only heating with mild bases,
silicon-based cross-coupling reactions often require heating in the presence of a fluoride source; this has significantly ham-
pered the widespread acceptance of organosilanes.

To address the “fluoride problem”, we have introduced a new paradigm for palladium-catalyzed, silicon-based cross-
coupling reactions that employs organosilanols, a previously underutilized class of silicon reagents. The use of organosil-
anols either in the presence of Bronsted bases or as their silanolate salts represents a simple and mild alternative to the
dassic fluoride-based activation method. Organosilanols are easily available by many well-established methods for intro-
ducing carbon—silicon bonds onto alkenes, alkynes, and arenes and heteroarenes. Moreover, we have developed four dif-
ferent protocols for the generation of alkali metal salts of vinyl-, alkenyl-, alkynyl-, aryl-, and heteroarylsilanolates: (1)
reversible deprotonation with weak Bransted bases, (2) irreversible deprotonation with strong Brensted bases, (3) isola-
tion of the salts from irreversible deprotonation, and (4) silanolate exchange with disiloxanes. We have demonstrated the
advantages of each of these methods for a number of different coupling classes.

The defining feature of this new process is the formation of a covalently linked palladium silanolate species that facil-
itates the critical transmetalation step. We have verified the intermediacy of a critical species that contains the key Si—0—Pd
linkage by its identification as the resting state in reaction mixtures, by X-ray analysis, and by demonstrating its compe-
tence in thermal cross-coupling with no additives. Our conclusions contradict the long-standing dogma that silicon-based
cross-coupling reactions require the generation of a pentacoordinate siliconate prior to transmetalation. This revelation has
opened a new vista for discovery of reactions that involve this critical process.

Work in this field (silicon-based cross-cou-
pling) has been quite active since the initial dis-
closure of siletane cross-coupling from these
laboratories.... Future studies are focused on sev-
eral fronts, including the extension of scope to
incorporate less reactive substrates such as chlo-
rides and triflates, further optimization of alkenyl/
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alkenyl coupling, and creation of an efficient
biaryl (and heteroaryl) synthesis using silanols. In
addition, synthetic endeavors are underway that
highlight the power of this cross-coupling though
key steps in the total synthesis of natural prod-
ucts. It must also be noted that the mechanistic
work is still at its infancy, and more detailed
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analysis of the reaction through Kinetics and
reactive-intermediate isolation is underway—Acc.
Chem. Res. 2002, 35,835.

Introduction

Transition-metal-catalyzed cross-coupling reactions are now
considered to be among the most general methods for the for-
mation of carbon—carbon and carbon—heteroatom bonds.'
Since the independent reports from Kumada and Corriu,® on
the reaction of organomagnesium reagents with organic
halides, numerous other organometallic nucleophiles have
been developed with varying levels of utility. The most pop-
ular among these are organotin, organoboron, and organozinc
reagents because of their stability and good functional group
compatibility.! Nevertheless, an enduring objective in this field
is the search for reactions that proceed under mild conditions
without toxic byproducts and that employ cheap, readily avail-
able starting materials.

In recent years, the cross-coupling reactions of organosili-
con compounds have emerged as viable alternatives.®> The
development of organosilanes as cross-coupling partners has
been slower than that of the other organometallic compounds
because of the lower reactivity of organosilanes. However, in
1989, Hiyama reported a major breakthrough by capitaliz-
ing on the high affinity of fluoride for organosilanes,* to
enhance the rate of transmetalation through the formation of
pentacoordinate siliconates.” In the pentacoordinate complex,
transmetalation is facilitated by the enhanced polarization of
the Si—C bond. Since the pioneering work of Hiyama and
Hatanaka,® organosilanes have achieved broader utility
through the introduction of heteroatoms” on the silicon moi-
ety. In particular, chloro- and fluorosilanes are more potent
cross-coupling partners, but they are also hydrolytically sen-
sitive and thus more difficult to handle. Accordingly, hetero-
atom surrogates (siletanes, 2-pyridyl-, 2-thienyl-, and
benzylsilanes)® have been introduced that have a greater sta-
bility and can be converted to more reactive heterofunctional
silanes in the presence of fluoride sources.”® For example,

SCHEME 1

(S TBARHO Me, ~ M€
s] — xS

Ol P V2N
CSH11/\/ Me (1.0 equiv) CeHiy OH
(B)-1 (B2

Me Me
+ L\ Me Me /_/

e Si Si
Cothr” 7 g7 Gty

studies from these laboratories showed that siletane (E)-1
undergoes facile cross-coupling with aryl halides under stan-
dard conditions in the presence of tetrabutylammonium flu-
oride (TBAF-3H,0).9® Subsequent studies revealed that (E)-1
suffers rapid ring opening with TBAF-3H,0 to afford a mix-
ture of silanol 2 and disiloxane 3 (Scheme 1). The dimethyl
analogs of both the silanol and the disiloxane were indepen-
dently synthesized, and both underwent smooth cross-cou-
pling with similar substrates to provide comparable yields of
coupling products.?®

Kinetic analysis (of reactions of the dimethyl analogs) pro-
vided a mechanistic picture that is consistent with a turnover-
limiting transmetalation from a fluoride-activated disiloxane,
(EE)-7, to the organopalladium halide complex (Scheme 2) in
line with the Hiyama—Hatanaka paradigm.'®

Many useful cross-coupling reactions have been developed
on the basis of these findings. For example, cross-coupling of
siletanes, silanols, silyl hydrides, cyclic silyl ethers, disilox-
anes, and oligosiloxanes, all proceed efficiently and stereospe-
cifically under mild reaction conditions with good functional
group compatibility and easily removed byproducts.'’
Although the scope and selectivity of these transformations
are high, the requirement for superstoichiometric amounts of
fluoride is a significant drawback. To achieve the same
breadth and utility enjoyed by organostannanes and orga-
noboranes, the requirement to use fluoride as a means of acti-
vation must be eliminated so that the reaction would be
compatible with substrates bearing silyl-protecting groups and
be amenable to large-scale operation.

SCHEME 2
— —  + n-BuN*F-
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2 n-BugN*F~ L Me, Me Me Me
H xS _Si
+H0 CeHy NP oy,
n-BugN* B F
Me, Me
2 . Si, (EB-7
CsHi™ ‘o—H—F} /
— n-Bu,N*F~

L (56 —

Vol. 41, No. 11 = November 2008 = 1486-1499 = ACCOUNTS OF CHEMICAL RESEARCH = 1487





Pd-Catalyzed Cross-Coupling Reactions of Organosilanols Denmark and Regens

The development of non-fluoride-based, cross-coupling
reactions of organosilanes was a challenging prospect given
the reigning dogma that a pentacoordinate siliconate was
required to effect transmetalation to an organopalladium
halide. How else can the Si—C bond be activated for trans-
metalation in the absence of fluoride? Initial hypotheses pro-
posed that the conjugate base of silanol (E)-4 could serve this
function in two ways (Figure 1): (1) the in situ generated sil-
anolate () could form an organopalladium(ll) silanolate com-
plex (i) by the displacement of the halide from the
organopalladium(ll) complex (AryIPdL,X), and (2) a second
equivalent of i could serve as the nucleophilic activator to form
the desired pentacoordinate siliconate (jii). This species would
undergo intramolecular transmetalation with simultaneous for-
mation of polysiloxanes. In this proposal, the role of the sec-
ond silanolate is analogous to the established role of fluoride
in the preceding transformation.

ArPALX
Me, Me b Me  Me
S, ase W
CsH11/\/ “OH C5H11/\/SI‘O_MJr %
(E)-4 i M*X~
Me Me Me_ ANCfSHﬂ
Me Me CoH /\/SI /SL
i Ly sHiy o0~ M+ Me
S iy Me
Gyt 0~Pd—Aryl S"Me

u Cath U" (LoAy!

transmetalation C5H11/\/ Lo)Aryl c H11 Aryl
iy PdL,
Me, Me Me Me
CeH /\/SI\ /S|\
5119 om*
(E£)-8

FIGURE 1. Early proposal for the mechanism for the fluoride-free
cross-coupling of silanols.

In the event, (E)-4 and (2)-4 in combination with potassium
trimethylsilanolate (KOSiMes) (or as their independently pre-
pared conjugate bases) underwent clean cross-coupling in
DME with a range of aryl iodides (Scheme 3).'? This discov-
ery was a watershed event in the development of a new par-
adigm for silicon-based cross-coupling reactions. These early
observations launched campaigns on both preparative and
mechanistic fronts to map out the uncharted landscape before
us. This Account chronicles the most recent advances in the
evolution of alkali organosilanolate cross-coupling reactions,
provides mechanistic insight into reactive intermediates, and
summarizes the scope and applicability of this new method.
Although we thought that a simple solution to the “fluoride
problem” had been found, we did not anticipate how intellec-

tually stimulating this investigation would be and what sur-
prises lay waiting to be discovered.

SCHEME 3
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Kinetic Analysis and Mechanistic
Implications

The palladium-catalyzed cross-coupling reactions of various
organometallic donors involve three elementary steps: (1) oxi-
dative addition of the transition metal catalyst to the halide or
pseudohalide, (2) transmetalation of the organometallic
reagent to provide a diorganopalladium(ll) complex, and (3)
reductive elimination of the diorganopalladium(ll) complex to
form the product with regeneration of the palladium(0) cata-
lyst." Of the three elementary steps, the transmetalation
remains the most controversial and likely depends upon the
organometallic donor.'*

Unlike the fluoride-promoted reaction of organosilanols,
the Bronsted base-promoted reaction exhibits significant rate
dependence on the reaction conditions and on the steric and
electronic properties of the silicon center.'> Accordingly, it was
not prudent to assume that the fluoride-free process operates
by the same mechanism as the TBAF-promoted
cross-coupling.'®'® Thus, a full kinetic analysis was under-
taken with the following objectives in mind: (1) determine the
intermediacy of a tetracoordinate species (ii, Figure 1), (2)
determine whether ji undergoes anionic activation by a sec-
ond equivalent of silanolate, (3) provide insight into the trans-
metalation event of organosilanols, and (4) isolate or
spectroscopically characterize the catalyst resting state.

To test the validity of the proposed mechanism, the reaction
order with respect to each component in the cross-coupling reac-
tion of K*(E)-4~ with 2-iodothiophene was determined (Figure
2)."” The experimentally derived rate equation is'®

rate = k., [(K + (E)-47]" Ko =K[Pd]' (1)
n=1 when K'(E)-4 /Pd<20/1 )
n=0 when K'(E)-4 /Pd>20/1 3)

This equation is consistent with the saturation of a reac-
tive intermediate prior to transmetalation, but it was not clear
whether that species is ii or jii. These possibilities were distin-
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guished by kinetic analysis using a superstoichiometric
amount of palladium relative to K*(E)-4". Under these condi-
tions, a first-order dependence on silanolate was observed.
These critical experiments revealed an inconsistency with our
original proposal (Figure 1).'° If iii were a reactive intermedi-
ate prior to transmetalation a second-order dependence on
K*(E)-4~ should be observed with a superstoichiometric load-
ing of palladium and substoichiometric amount of K™ (E)-4~.
This result suggests that the transmetalation proceeds directly
from an arylpalladium(ll) silanolate ii complex (Figure 2). These
data also imply that the first-order dependence on K*(E)-4~
(under catalytic conditions) is consistent with a turnover-lim-
iting bimolecular displacement of halide by K*(E)-4~ (i to ii).
Therefore, at high concentrations of K*(E)-4~ intramolecular
transmetalation from an arylpalladium(ll) silanolate (ii to iv)
becomes turnover limiting.
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i K+ (E)-4~ & i

formation of i
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FIGURE 2. Revised mechanistic proposal for the fluoride-free cross-
coupling.

These results mandated a revision of the original mecha-
nistic proposal to incorporate an intramolecular transmetala-
tion from a neutral species (Figure 2, ii to iv), thus contradicting
the dogma that silicon-based cross-coupling reactions require
the generation of a pentacoordinate silicate prior to transmeta-
lation (Hiyama—Hatanaka paradigm). Furthermore, these
observations illustrate the critical importance of the Si—O—Pd
linkage for this new transmetalation pathway. To confirm this
new hypothesis, additional evidence was needed to support
the intermediacy of ii by its isolation and demonstration of its
kinetic competence in the absence of additional silanolate.

Vol. 41, No. 11

Unfortunately, the high reactivity of K*(E)-4~ precluded the
isolation of any intermediates.

The problem was addressed by making recourse to the pal-
ladium-catalyzed cross-coupling reactions of aryldimethylsil-
anolates, which are considerably slower compared with their
alkenyl congeners (Figure 3).'®
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f I-\ O \©R2
....... i
s

R * S
= S dlsplacement R L
F .
4 v vi
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activation

-

B Cs* ~CS O .
SlMezAryI b Cs OMe,SiOMe,SiAryl
! transmetalation

FIGURE 3. Mechanlstlc proposal for the coupling of
aryldimethylsilanols.

Kinetic analysis of the reaction of cesium silanolate
(Cs™107) with 2-bromotoluene in the presence of allylpalla-
dium chloride dimer ([allylPdCl],) at 100 °C established that
the cross-coupling is in the same mechanistic regime as that
for K¥(E)-4~ (equation 4).

MeSMe [alyIPACl],, O
/@/ “ocs /© phosphine oxide O 4)
+ Br _— Me
MeO Me CgHsCF3, 100 °c MeO
Cs*10- 11

rate = kops[Cs*107]%bromide]® with kyps = k[Pd]

This rate equation is consistent with a turnover-limiting trans-
metalation of an arylpalladium(ll) silanolate and is similar to the
observed rate equation for the cross-coupling of K*(E)-4~ (eq 3).
These data once again rule out activation by a second equiva-
lent of silanolate to generate a pentacoordinate siliconate prior
to transmetalation. Moreover, the key arylpalladium(ll) silano-
late intermediate (jii) could be detected by 3'P NMR spectros-
copy in reaction mixtures (L—L = dppp). Finally, complex 12 was
independently synthesized and fully characterized including
single-crystal X-ray analysis (Figure 4).'®

The isolation of 12 allowed for the demonstration that
arylpalladium(ll) silanolate complexes can undergo transmeta-
lation in the absence of an activator. Heating 12 to 100 °C
provides the biaryl product in quantitative yield. This result
unambiguously demonstrates that a neutral arylpalladium(ll)
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12
FIGURE 4. X-ray crystal structure of complex 12 (ORTEP drawing
with thermal ellipsoids drawn at 50% probability level).

silanolate complex can undergo direct transmetalation to give
a cross-coupled product.

The mechanistic studies forced a radical rethinking of how
the fluoride-free cross-coupling reactions occur. Through a
combination of Kinetics, spectroscopy, and synthesis, a new
pathway was elucidated in which transmetalation occurs from
a tetracoordinate species containing a Si—O—Pd linkage. This
discovery led to the design of new silicon-based cross-cou-
pling reactions, improvements upon existing methods, and
application in total synthesis.

Methods Development and Applications
Methods for Fluoride-Free Activation of Organosilanols.
The crucial discovery that the fluoride-free cross-coupling of
silanols proceeds through a Si—O—Pd linkage stimulated
development of conditions for the formation of metal silano-
late precursors. To date, a wide variety of Bransted bases have
been implemented for the formation of silanolates including
KOSiMe;, Cs,CO5, NaOt-Bu, NaH, NaHMDS, KH, and Cs(0).
Presently, four different modes of activation have been devel-
oped: (1) reversible deprotonation, (2) irreversible deprotona-
tion, (3) isolation, and (4) silanolate exchange. The
experimental protocol, scope, and utility of each mode of acti-
vation are detailed in the following sections.

1. Reversible Deprotonation. 1.1. Alkenyl Metal
Silanolates. The first studies to expand the scope of silano-
late cross-coupling reactions focused on alkenyldimethylsil-
anols such as (E)-4 and (2)-4."22° With 2.0 equiv of KOSiMe;
in DME at ambient temperature, the cross-coupling of (E)-4 and
(2)-4 with a variety of aryl iodides proceeds with high gener-
ality and stereospecificity (Scheme 4). These conditions are
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mild enough to engage halides bearing esters, ketones, and
silyl-protected substrates for the generation of both (E)-13 and
(2-13.

1.2. Alkynyl Silanolates. Conjugated alkynes play a
major role in synthetic, pharmaceutical, and polymer indus-
tries.?! Since the introduction of the Sonogashira reaction,*?
a wide variety of alkynyl organometallic reagents have been
developed as cross-coupling partners.®> Alkynylsilicon
reagents do participate in the Sonogashira reaction; however,
they are usually activated by fluoride ion?*** and/or silver
salts.?* Hence, it was of interest to investigate if alkynylsil-
anols could be activated by KOSiMe; for this process.

Initial studies revealed that dimethyl(1-heptynyl)silanol 14
is @ much more effective coupling partner than 1-heptyne or
(1-heptynyl)trimethylisilane under silanolate activation.>> With
2.0 equiv of KOSiMes, (Ph5P),PdCl,, and Cul, the cross-cou-
pling reaction of 14 with 4-iodoanisole is complete after 3 h,
whereas 1-heptyne or (1-heptynyl)trimethyl silane affords
<20% conversion. Clearly, KOSiMe5; must activate the silanol
without cleavage of the Si—C bond, because in situ deprotec-
tion would give identical rates for alkynes 14 and 1-heptyne.
The scope of the electrophile in this process is good; both
electron-rich and electron-deficient aryl iodides bearing a vari-
ety of functional groups provide the desired products in high
yields (Scheme 5).
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1.3. Aryl Silanolates. In contrast to alkenyl- and alkynyl-
silanolates, arylsilanolates are less reactive cross-coupling part-
ners and require more forcing conditions to undergo
productive reaction. After thorough optimization, we found
that Cs,CO5 in toluene at 90 °C effects the cross-coupling of
dimethyl(4-methoxyphenyl)silanol 16 with ethyl 4-iodoben-
zoate.'® Optimization studies revealed that the level of hydra-
tion of Cs,CO5 significantly influences the overall conversion.
The addition of 3.0 equiv of water per equiv of Cs,CO5 proves
to be general for reactions of a range of aryl bromides and
aryl iodides in the presence of [allylPdCI], with dppb or Ph;As
to suppress homocoupling of the halide (Scheme 6). The
scope in the aryl halide partner is broad; however a similar
range is not found for the dimethyl(aryl)silanol component. For
example, cross-coupling of dimethyl(4-trifluorotolyl)silanol with
4-bromoanisole provides the product with poor selectivity and
low yield (549%). A solution to these problems will be
addressed in the Isolation section below.

1.4. Five-Membered Heterocyclic Silanolates. Five-
membered heterocycles are well represented within the fields
of pharmaceutical, materials, and natural product chemistry.
Moreover, indole-containing compounds are among the most
common heterocycles in nature, and the broad range of bio-
logical activity has stimulated research into their construction
for decades.?®

Given the importance of 2-substituted indoles, N-Boc-di-
methyl(2-indolyl)silanol (18) and N-methyl-dimethyl(2-indolyl-
)silanol (19) were prepared to evaluate the utility of silanol-
based reagents.?” The sodium silanolates of 18 and 19 are
formed in situ under the action of NaOt¢-Bu, and these salts are
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excellent coupling partners for a range of aryl halides. Opti-
mal conditions for the cross-coupling reaction of 18 and 19
employ NaOtBu (2.0 equiv), [Pd,(dba);] - CHCI5 (5 mol %), and
Cul (1.0 equiv). A variety of substrates including electron-rich,
electron-poor, and 2-substituted aryl iodides react smoothly
under these conditions (Scheme 7).

However, the cross-coupling of 19 with electron-deficient
aryl iodides affords the desired product in lower yields
because of the formation of the 2,3-bisaryl indole as the major
product. Fortunately, the less reactive aryl bromides led to the
generation of the desired products in good yields (Scheme 8).

4-Isoxazolylsilanols (22) are also viable substrates for the
cross-coupling reaction under NaOt-Bu activation. The isox-
azole is constructed by dipolar cycloaddition of alkynyldim-
ethylsilyl ethers (23) and in situ prepared aryl nitrile oxides
(Scheme 9). The silicon function controls the regioselectivity of
the [3 + 2] cycloaddition, and it enables further functionaliza-
tion through the cross-coupling reaction. Optimal conditions
for the coupling employ NaOt-Bu and [Pd.(dba)s] - CHCl; in tol-
uene or dioxane at 80 °C to produce the 3,4,5-trisubstituted
isoxazoles 25.%%

1.5. Synthetic Application. The reversible deprotonation
protocol was highlighted in the total synthesis of the antifun-
gal agent (+)-papulacandin D (26).2° One of the key steps in
the synthesis is the cross-coupling reaction of glucal silanol 27
with aromatic iodide 28 (Scheme 10).
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SCHEME 7

NaOr Bu (2 0 equiv)

oo sa0v]

Pdy(dba)y*CHCls
Boc_ (5 mol %)
1.2 equiv Cul (1.0 equlv)
18 toluene, temp 20

w

N N

6hr184% 22hr182%
Cry-Oreme

20c
24 h, 1t, 84%
Me
(4
N N
BOC BOC

20d
24 h, 50°C, 72%

Z/

N
N

20e
12 h, 40 °C, 70%

20f
24 h,50°C, 73%

SCHEME 8

- -

X7
\ Me Me NaOt-Bu (2.0 equiv) A /R
Si \ 7
‘ ‘OH Pd,(dba)g*CHCl3 (5 mol %) N
Cul (1.0 equiv) Me
toluene, temp

1.2 equiv

19 21

S
N
CEN. J
Me

21b
6h,rt, 73%
X=1

Yo
N
Me

21a
3h, rt, 80%
X=1

21¢
20 h, 55 °C, 84%
X=Br

20 h, 55 °C, 80%
X =Br

This cross-coupling reaction is very challenging because the
aromatic iodide is hindered and the protected glucal silanol is
sensitive to strongly basic conditions. Fortunately, it was found
that the use of NaOt-Bu (2.0 equiv) and Pd,(dba);-CHCl; (5
mol %) with an equal molar ratio of 27 and 28 in toluene at
50 °C provides the desired (1-aryl)hexenopyranose 29 in 82%
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SCHEME 9
Me n-CH , N
Ph 3i-OMe + )I\ 1. KHCO3 (3.0 equiv)  Ph—z" g
Me Ph” >l dioxane, reflux Me, )=
~ 2.1.0MHOAc S, Ph
3.0 equiv CH4CN HO Me
23 24 52% 22
Ly

N, Pdy(dba)s*CHCI3 (5 mol %
NaOt-Bu (2.5 equiv)

dioxane, 80 °C

) Ph—Ng
6__—( Ph
22 R 25
Ph—eNg
6:( Ph
0N

PheeN'g Ph—Ng
Ph Ph
Me MeO
25a 25b 25¢
69% 68% 55%
SCHEME 10
Iy Me HO HO
4
Me HO O« OH
O~ A0 P
Y HO &
OH 0
(+)-papulacandin D (26)

Me, Me Bno OBn Pdy(dba)s CHClg

o O -Sioy (5.0 mol %)

FBu. g | +
+BU o -BuONa (2.0 equiv)
BU OTES PivO PhMe, 50 °C, 5 h
1.0 equiv 1.0 equiv 82%
27 28

OBn

OPiv

OTES

yield. In this single transformation the entire carbon skeleton
of the spiroketal portion of (+)-papulacandin D was assem-
bled. The mildness of this method is highlighted by the com-
patibility of the sodium silanolate of 27 with different silicon
protecting groups.

Finally, a strategy that combines both fluoride-free and flu-
oride-promoted reactions has been developed for the sequen-
tial cross-coupling reaction of differently functionalized 1,4-
bissilylbutadienes.>® One end of the 1,4-bissilylbutadiene
bears a silanol that can easily be converted to the potassium
silanolate with KOSiMes. The other end bears a “safety-catch”
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silanol surrogate that is revealed to the corresponding silanol
upon treatment with TBAF.

Under KOSiMe; activation, silanol 30 exhibits reactivity sim-
ilar to the alkenylsilanol (E)-4 discussed above. With KOSiMe;
(2.0 equiv) and [Pd(dba),] (2.5 mol %) in dioxane at ambient
temperature, a wide range of substituted aryl iodides provide the
dienylsilanes 31 in good yields (Scheme 11). The presence of
electron-rich or -deficient groups on the aryl iodide has little to
no effect on the rate of the cross-coupling reaction. Under fluo-
ride activation, the silanol is revealed from the benzylsilane and
the cross-coupling proceeds smoothly with a variety of aryl
jodides in good yields. A more dramatic substituent effect was
observed in the fluoride-promoted reaction manifold. For exam-
ple, the cross-coupling reaction with electron-rich substrates is sig-
nificantly faster that the corresponding reactions with the
electronically neutral dienylsilanes, and electron-poor dienylsi-

SCHEME 11

Me,
S' -OH

hﬂ
\] 30

TMSOK (20equw) Me, /=

Pd(dba); (2.5 mol %) s j
dioxane, rt Ph
CN OMe
= F_/‘——Q/Ie =
Me /— Me, /~— Me, /—
Si Si i
Me ﬁ Me ﬁ
Ph Ph

31a
0.5h, 93%

R1
A - ,RZ
\_7
TBAF (2.0 equiv)
" ,SH Pd(dba), (2.5 mol %)
° THF, it

OEt

32¢
4h,72%

32a 32b
0.25 h, 88% 1h, 90%
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lanes (e.g., 31a) undergo a competitive migration of the benzyl
group to the diene.

This problem was remedied by replacing the benzyl with a
2-thienyl group in 33 (Scheme 12). This group survives the ini-
tial Bransted base-promoted cross-coupling and provides the
desired silanol upon treatment with TBAF without the undesired
migration.

SCHEME 12
CN
S|\ TMSOK (2.0 equiv) o
/_/—/ 4-CNCgH,I (1.0 equiv)
Me ~—
N
Pd(dba), (2.5 mol %) /Si =
= dloxane rt, 30 min ¢ \O
34
57 83 % s/
CN CN

TBAF(2.0 equiv)
4-(R)-CgHyl (1.0 equiv)

Pd(dba), (2.5 mol %)
THF, 1t, 2h

EtO,C

32d 32e 321
90% 89% 81%

2. Irreversible Deprotonation. 2.1. Heterocyclic
Silanolates. Although the cross-coupling reaction of 18 is suc-
cessful with NaOt#Bu alone (no Cul), a minor amount of the pro-
tiodesilylated product is observed. This problem can be avoided
by the stoichiometric generation of sodium N-Boc-dimethyl
(2-indolyl)silanolate (Na*18~) through deprotonation of 18 with
NaH.?” The in situ preparation of Na*18~ provides an active
reagent for the cross-coupling of aryl iodides and extends the
scope of the cross-coupling partners to aryl iodides containing
esters and nitriles without the need for Cul (Scheme 13).

The irreversible deprotonation protocol can be employed
in the cross-coupling reactions of other z-rich heterocycles
with aryl iodides and bromides.?” The preformed sodium
N-Boc-dimethyl(2-pyrrolyl)silanolate Na®35~ smoothly
cross-couples electron-deficient, electron-rich, and 2-substi-
tuted aryl iodides (Scheme 14). The cross-coupling reac-
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SCHEME 13
©j§f&t Me 1. NaH / toluene Na'd
Si \ ’/
N OH2. Pdx{(dba)s*CHCl3 (5 mol %) N
Boc =" toluene, tem Boc
=\ 7 s P
18 20
Me Me
e
N
Boc
Na*18~

Boc
20h
3h,rt,81%
SCHEME 14
weéi'Me 1. NaH / toluene 7\ _//R

X" TN 2 Pdydba)yCHCly (5 mol%) X~ N\ _4
toluene, temp, time

35. X = N-Boc 38: X = N-Boc
36:X=0 _@ 39:X=0
37:X=§ 40:X=5

'2?

-0,

Boc
38a 40a
3h,rt, 80% 1hrt82% 3h,rt, 78%
I\

N o

Boc

5

OMe

—_—

40b I

l 36 h, 50 °C, 72%] t24 h, 50 °C, 71%] 24 h,80°C, 72%

tions of both preformed sodium 2-furylsilanolate Na*36~
and 2-thienylsilanolate Na*37~ proceed in an analogous
fashion to Na*35~ with electron-deficient and electron-rich
aryl iodides. In addition, the cross-coupling of Na*36~ and
Na*37~ with aryl bromides can be effected with the Pd(l)
catalyst 41 (Scheme 15).

Unfortunately, the preformation protocol could not be
extended to N-Boc-dimethyl[(5-methoxy)-2-indolyl]silanol 42.
Attempts to prepare Na*42~ with 1.0 equiv of NaH led to
~20% protiodesilylation. The problem of protiodesilylation in
the preformation of 42 could be solved by the use of
NaHMDS, which provided an 82% yield of the desired cross-
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SCHEME 15
Me Me ey R
ﬂ—‘Si‘ 1. NaH/ toluene N =
X" Ton 2 4125 mol %) X7 N\_7
toluene, 50 °C, time
36:X=0 R 39:X=0
37:X=8 B 40:X=8
.CI,
(£Bu)sP Pd” “PdP(t-Bu),
Me
1

CN

39b
6 h, 66%

40b
3h, 71%

coupling product 43 after 12 h at 40 °C (eq 5). This form of
activation can also be used with other silanolate precursors
that are sensitive to protiodesilylation such as 44 and 45

39¢
3h, 73%

39d
3h,71%

CN

40c
3h, 78%

40d
3h 77%

l$l5
HEES

(Scheme 16).2”

MeQ Me Me MeQ
msi 1. NaHMDS (1.0 equiv) N
N sz Pd,(dba);*CHCl; (5 mol %) N
- Pl 3° 3 © 5
Boc toluene, 40°C, 12 h Boc ()
42 82% 43
I—O—OMe Aryl = 4-CgH,OMe
SCHEME 16
—. R?
)
m NaHMDS (1.0 equiv) m
"OHpdq,(dba)s*CHCI, (5 mol %)
toluene, temp
R'=CN: 44 46
R'=Me: 45

=z

Boc

46a
24 h, rt
70%
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a6b
24h,50°C
Ve 76%
Me
L~
N
Boc
46¢
3h,50°C
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2.2. Cross-Coupling of Alkenylsilanolates with Aryl
Chlorides. Although silanols (E)-4 and (2)-4 cross-couple eas-
ily with a range of aryl iodides, these electrophiles have obvi-
ous disadvantages compared with the corresponding aryl
chlorides (higher cost, lesser availability, higher molecular
weight). In recent years, the development of ligands that facil-
itate the oxidative additions of the stronger C—Cl bonds®' to
palladium(0) catalysts has made the cross-coupling of aryl
chlorides possible.?? However, the use of silanolate salts in
cross-coupling reactions would still require the displacement
of a stronger Pd—Cl bond and as such could change the turn-
over limiting step.

Optimization experiments began with the combination of
K*(E)-4 with the biphenyl-based ligands developed by
Buchwald?? in the presence of [allylPdCl],.>* The use of 1.3
equiv of K*(E)-4~, [allylPdCl],, and 47 (S-Phos) in THF at 60 °C
provides excellent yield of 13 with a variety of aryl chlorides
bearing nitrile, ester, nitro, and ketone substituents. Further-
more, pyridines react smoothly, as do mono- and diortho-sub-
stituted substrates (Scheme 17). In all cases, the cross-coupling
reaction is highly stereospecific, even for K*(2)-4™. The scope
in silanolate was further expanded to (E)- and (2)-styrylsilano-
lates and tri- and tetrasubstituted alkenylsilanolates with sim-
ilar results.

SCHEME 17
R'Me X [alylPdCl, (25 mol %)  R! AN
RzJ\/S' /"R - TN | /__R
0K+ 47 (5.0 mol %) R
THF, 60 °C 13
O R'= n-CgHyq, R2=H (2)-4
P(Cy)2
Meo OMe R'=H, R% = n-CgHyq (B4
a7
o]
Me
Ph ani/\©
. N x
CsHy4 CsHy1 M
e
(B-13e 13t
0.5 h 98% 2 h, 91% (2)'139
(99. 5/0. 5) (99.2/0.8) 2h, 87%
(99.8/0.2)
X
/\/(j Hﬂc():/\ i
2 P
N
(E)-13h (2-13h
3, 87% 1.5h 91% (2-13i
o800, (99.30.7) 1.5h, 98%

(99.6/0.4)
e}
/\/©)L0t‘8u /\D )\/©
S
CoHyr X Ph CsHi
(E)-13)

(99.6/0.4)

Me
-13j (2)-13k (E)-1381
0.5 h, 97% 1.25h 91% 1.0 h, 98%
(99.6/0.4) (99.7/0.3) (>99.5/0.5)
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2.3. Application of Irreversible Deprotonation in Total
Synthesis. The synthetic utility of the irreversible deprotona-
tion protocol was illustrated in the total synthesis of the poly-
ene macrolide RK-397.3° Retrosynthetic analysis revealed that
the polyene chain could be accessed rapidly through the
sequential cross-coupling reaction of 30 to prepare the tet-
raene portion of the polyene phosphonate 48 (Scheme 18).

SCHEME 18

OH OH OH OH OH OH
RK-397

ﬂ PO(OEt),

R
OEt 48

l

I )
OW + BnMeQSi/\/\/SIM%OH +
OEt 17
49 30 50

OTHP

OTHP
SiMe,OH 1. NaH
2.50

3. Pdx(dba)s CHCl3 BnMe,Si
(5 mol%)
toluene, rt

77%

OTHP
— 49
TBAF (2.0 equiv)

- v .
Pd(dba), (2.5 mol %)

THF, 1t
79%

BnMe,Si 51

The first cross-coupling reaction is initiated by the prefor-
mation of Na"30~ with NaH. The resulting silanolate reacts
smoothly with 50 in the presence of Pd,(dba);-CHCl;, to
afford triene 51 in 77% yield. The second cross-coupling reac-
tion is initiated by in situ unmasking of the benzylsilane to the
corresponding silanol in TBAF- 3H,0. The cross-coupling reac-
tion of 51 with (E)-iodopropenoate 49 provides the key tet-
raene 52 in 79% yield (Scheme 18).

3. Isolation. To streamline the manipulation of (aryl)- and
(heteroaryl)dimethylsilanolates, their salts can be isolated from
the irreversible deprotonation protocol. The salts are stable,
storable solids that can be charged directly into a reaction
mixture and are competent nucleophiles for a broad range of
organic halides.

3.1. Sodium N-SEM-Dimethyl(2-indolyl)silanolate. The
sodium salt of N-SEM-dimethyl(2-indolyl)silanolate (53) (SEM
November 2008
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= 2-(trimethylsilyl)ethoxymethyl) is easily prepared follow-
ing the irreversible deprotonation protocol using NaH.
Removal of the solvent affords Na*53~ as a colorless, free-
flowing solid. This silanolate undergoes smooth cross-cou-
pling with aryl chlorides (under conditions developed for
K*47) to provide excellent yields of 2-substituted indoles 54
with a broad substrate scope (Scheme 19).%”

SCHEME 19

Me, Me
N ‘ONa*

cl
[aIIyIPdCI]2 2 5 mol %)

CO~T

\ 47 (5.0 mol %)
SEM toluene, 70 °C SEM
Na*63~ 54
T~
N
SEM SEM

2h s
o)
O
SEM N

sEm Mé
54¢ 54d
1 h, 93%) 3 h, 88%

3.2. Aryldimethylsilanolates. Although the rates and
yields of the cross-coupling reactions of 16 promoted by Cs,CO;
were good, other arylsilanols are poor substrates. The potassium
salt K"16~ was prepared to evaluate the influence of experi-
mental conditions on rate of cross-coupling of a stoichiometric-
ally formed silanolate with aryl bromides. Not surprisingly, a
substantial rate increase was observed (compared with the use
of KOSiMe5) when the isolated arylsilanolate is used. Moreover,
a significant rate effect was observed upon the addition of 1-5
mol % of dppbO, to a mixture of K" 16~ with 4-iodoanisole and
2.5 mol % [allyIPdCl], in toluene at 90 °C.3® With this additive,
complete conversion is observed in 15 min compared with ca.
180 min under the previous conditions (eq 6).

Br CF3 CF
3
Me Me  [aylPdCIl, (2.5 mol %) O

Slok*
dppbO; (5.0 mol %) (6)
MeO toluene, 90 °C MeO

K*16 — 15 min 179

The general utility of phosphine oxides in preparative reac-
tions of aryl bromides was established by a survey in the pres-
ence of 5 mol % of Ph;P=0 with 2.5 mol % of [allyIPdCI],.
Both electron-deficient and electron-rich aryl bromides reacted
within 1 h to afford moderate yields of the desired unsym-
metrical biaryl products (Scheme 20).3°
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SCHEME 20

Me Me  (allylPdCI], (2.5 mol %)

Slokt
PhgP=0 (5.0 mol %)
MeO toluene, 90 °C

MeO
K*16 — 17
N F.
MeO MeO /‘/\,/
17b 17h
90 min, 80% 30 m|n 79% 60 min, 77%

Preliminary results show that a broader range silanolates
can participate in aryl—aryl cross-coupling reactions when
(t-BusP),Pd is employed as the catalyst.3” Substrates such as
potassium  (4-trifluorotolyl)dimethylsilanolate, potassium
(4-fluorophenyl)dimethylsilanolate, and potassium (1-naphth-
yl)dimethylsilanolate all cross-couple successfully to give high
yields of the desired unsymmetrical biaryls (Scheme 21). Cur-
rent efforts are focused on expanding the scope in both the
aryldimethylsilanolate and aryl halide.

SCHEME 21
~. R2
T
'V'es'\"e (tBugP)oPd (2.5 - 5.0 mol %)
|
g Y70 K* -

o toluene, 90 °C

K*16 —
M M
17 17k
2.5 mol % cat. 5.0 moI % cat| 5.0 mol % cat,
5 h, 92% 4h, 81% 5h, 81%

4. Silanolate Exchange. Vinylation of Aryl lodides and
Bromides. Logically, dimethylvinylsilanol (55) would be the
reagent of choice for the vinylation of aryl halides, but this
compound suffers spontaneous dehydrative dimerization to
form divinyltetramethyldisiloxane (56, DVDS). Given the facil-
ity of siloxane formation from unhindered silanols, we con-
sidered the intriguing possibility of employing an in situ
generation of a dimethylvinylsilanolate (or its equivalent) from
readily available precursors (Chart 1).

For this strategy to be successful, the active silanolate must
be generated in equilibrium by the action of a nonparticipat-
ing activator with a siloxane precursor. A series of orienting
experiments revealed that KOSiMe; facilitates rapid exchange
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CHART 1
Me Me . Me
P Bl BTN
Me Me Me
55 DVDS
(unstable) $0.28
56
M /Me \ M
€ .0O-Si Me A =
NS 0 O,SLO | /hSi 9 SC\
o, 8™ Me.q g
Si-O° Me | 0" 'Me \ \
v D,V HDVS
D4 $0.53/g $5.28/g
$4.64/g 58 59

with DVDS in DMF at room temperature to form potassium
dimethylvinylsilanolate (K*55") in situ (eq 7).>®

Me Me o Me Me
' " MezSIO"K Sl + i
N Sivg S e N Vi e WS SIns ()
Me = Me Me Me
56 K*55~ 60

KOSiMej (4.0 equiv)
[allylPdCl] (5.0 mol %)
OMe " qppb0, (5.0 mol %) OMe
(8)
DMF, rt, 3 h |
95%
56 61a

Optimization studies demonstrated that the combination of
DVDS, 4.0 equiv of KOSiMes, [allyIPdCl],, and a phosphine
oxide efficiently converts 4-iodoanisole to the corresponding
styrene 61a in 95% vyield (eq 8). For preparative reactions,
KOSiMe; (3.5 equiv, per iodide), DVDS (0.75 equiv), 2.5 mol
% Pd(dba),, and 5 mol % Ph;P=0 at room temperature pro-
vide facile vinylations with a variety of aryl iodides (Scheme
22).

Only minor modifications of these conditions were required
to extend the reaction to include aryl bromides (Scheme 23).38
Still milder reaction conditions were developed that employ

SCHEME 22
R
s
KOSiMeg ( 4 0 equiv)
Pd(dba), (2.5 mol %) N
Me , Me Ph,P=0 (5 mol %) SR
28778 =
Me  Me DMF, rt |
56
o)
OEt r@
61b 61c 61d
0.5 h, 81% 0.5h, 81% 1 oh, 76%
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3.0 equiv of KOSiEt; and 2.5 mol % [allylPdCI], with 5 mol %
ligand 62. These conditions proved to be general for a wider
range of aryl bromides (Scheme 24).

SCHEME 23

KOSiMe;, (3.5 equiv)

Pd(dba), (5.0 mol %) N
Ne o Me PhgP=0 (5.0 mol %) | -R
- M TEN P
Me Me THF, reflux |

56 61
O

Ph ©\/j/\
MeO

61e 61f 61g
3 h, 93% 3h, 91% 3 h, 70%

SCHEME 24
>R
()
KOSiEty (3.0-4.0 equiv)
[allylPdCl], (2.5 mol %)
Me , M 62 (5.0 mol %) .
I IN 7
Me Me DMF, temp, time |
56 P(t-Bu),
62
NMe, Me
61h 61i 61j
2h, 40 °C 24 h, 40 °C 4h,35°C
60% 70% 74%
M =
NMe, I I
61k 61l 61m
24 h, 40 °C 2h, 40 °C 12h,25°C
99% 69% 80%

Conclusion and Outlook:

The initial efforts to develop a fluoride-free method of cross-
coupling of organosilanols were based upon a simple hypoth-
esis that ultimately led to the development of a new paradigm
for cross-coupling reactions. The defining feature of this pro-
cess is the competency of a neutral palladium silanolate that
refutes the long-standing notion that pentacoordinate silicates
are required for successful transmetalation of organosilanes.
With this knowledge, four different protocols were developed
for the formation of the active silanolate species ranging from
alkenyl, alkynyl, aryl, and heteroaryl to bissilylbutadienes. In
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addition, the unique nature of silicon has enabled the amal-
gamation of the fluoride-promoted cross-coupling of organosi-
lanes and this new silanolate-based process for the
development of sequential cross-coupling reactions.

The discovery of the fluoride-free process continues to stim-
ulate the development of milder and more diverse conditions
and reagents for organosilicon cross-coupling reactions. Current
studies are focused on the demonstration of alkenyl—alkenyl
cross-coupling and the more difficult cross-coupling of alkylsil-
anols. Mechanistic studies are underway to elucidate the molec-
ular detail of the elementary steps in the transmetalation of
palladium silanolates as well as the potential similarities to the
transmetalation process for organoboron compounds. Finally,
more exploratory endeavors involve the use of silanolates as pre-
cursors for the generation of organometallic species derived from
other elements, such as gold, nickel, copper, and rhodium.

From our current vantage point, it is remarkable that our
initial foray into the field of cross-coupling chemistry began
modestly with the testing of the strain-release Lewis acidity
concept and now has developed into a stimulating and
rewarding endeavor that continues to surprise, entice, and
challenge us at many different levels.

We are pleased to acknowledge the experimental and intellec-
tual contributions of our co-workers in the cross-coupling sub-
group, Aaron Bailey, John Baird, Christopher Butler, Timothy
Chang, Christophe Eggertswyler, Jack Liu, Jeff Kallemeyn, Tet-
suya Kobayashi, Joseck Muhuhi, Michael Ober, Russell Smith,
Ramzi Sweis, Steve Tymonko, and Nathan Werner, whose
efforts have forged ideas into redlities. Funding for this research
was provided by the National Institutes of Health (Grant
GM63167), Johnson and Johnson, Merck, and Aldrich. We are
also grateful to Johnson Mathey for gifts of palladium catalysts.

Note Added after ASAP. This paper was published on the
web on August 6, 2008 with an error in equation 3. The
revised version was published on October 28, 2008.
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Ithough generally considered competitive, the alkenylation and carbonyl olefination routes to alkenes are also com-

plementary. In this Account, we focus on these approaches for the synthesis of regio- and stereodefined di- and trisub-
stituted alkenes and a few examples of tetrasubstituted alkenes. We also discuss the subset of regio- and stereodefined dienes
and oligoenes that are conjugated.

Pd-catalyzed cross-coupling using alkenyl metals containing Zn, Al, Zr, and B (Negishi coupling and Suzuki coupling) or
alkenyl halides and related alkenyl electrophiles provides a method of alkenylation with the widest applicability and pre-
dictability, with high stereo- and regioselectivity. The requisite alkenyl metals or alkenyl electrophiles are most commonly
prepared through highly selective alkyne addition reactions including (i) conventional polar additions, (ii) hydrometalation,
(iii) carbometalation, (iv) halometalation, and (v) other heteroatom-metal additions. Although much more limited in appli-
cability, the Heck alkenylation offers an operationally simpler, viable alternative when it is highly selective and satisfactory.

A wide variety of carbonyl olefination reactions, especially the Wittig olefination and its modifications represented by
the E-selective HWE olefination and the Z-selective Still—Gennari olefination, collectively offer the major alternative to the
Pd-catalyzed alkenylation. However, the carbonyl olefination method fundamentally suffers from more limited stereochem-
ical options and generally lower stereoselectivity levels than the Pd-catalyzed alkenylation. In a number of cases, however,
very high (>98%) stereoselectivity levels have been attained in the syntheses of both E and Z isomers.

The complementarity of the alkenylation and carbonyl olefination routes provide synthetic chemists with valuable options.
While the alkenylation involves formation of a C—C single bond to a C=C bond, the carbonyl olefination converts a (=0
bond to a C(=C bond. When a precursor to the desired alkene is readily available as an aldehyde, the carbonyl olefination
is generally the more convenient of the two. This is a particularly important factor in many cases where the desired alk-
ene contains an allylic asymmetric carbon center, since a-chiral aldehydes can be prepared by a variety of known asym-
metric methods and readily converted to allylically chiral alkenes via carbonyl olefination. On the other hand, a homoallylically
carbon-branched asymmetric center can be readily installed by either Pd-catalyzed isoalkyl—alkenyl coupling or Zr-cata-
lyzed asymmetric carboalumination (ZACA reaction) of 1,4-dienes.

In short, it takes all kinds to make alkenes, just as it takes all kinds to make the world.
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1. Introduction and Overview

Alkenes represent one of the most widely occurring and
important classes of organic compounds. Their efficient, selec-
tive, and practical synthesis has provided major challenges to
synthetic organic chemists. Even if we limit our consideration
to the synthesis of acyclic alkenes, there are close to ten dif-
ferent, basic structural types just for monoalkenes. Our atten-
tion here is focused on regio- and stereodefined di- and
trisubstituted alkenes, as well as very limited examples of tet-
rasubstituted alkenes. Even under these restrictions, our syn-
thetic tasks increase exponentially by considering regio- and
stereodefined dienes and oligoenes of strictly defined molec-
ular weights. Of particular interest here are those dienes and
oligoenes that are conjugated.

2. Alkene Synthesis Methodology

(@) Carbonyl Olefination. Until a few decades ago, regio-
and stereodefined alkenes, especially those naturally occur-
ring ones of biological and medicinal interest, were prepared
mostly by aldol and related carbonyl olefination reactions,’
which have been significantly reinforced by the discoveries
and development of the P-, S-, and Si-based carbonyl olefina-
tion reactions? represented by the P-based Wittig olefination
and its variants including the Horner—Wadsworth—Emmons
(HWE) and Z-selective Still—Gennari?® modifications, the
S-based Julia olefination, and the Si-based Peterson
olefination,?“ as well as their variants. As useful and impor-
tant as these carbonyl olefination reactions are, they never-
theless are associated with some fundamental difficulties and
limitations. Since the very construction of the C=C bond is
achieved during any carbonyl olefination reactions, its stere-
ochemical outcome depends on various reaction parameters.
Moreover, a successful and selective C=C bond construction
means that the reaction as such is not applicable to the syn-
thesis of the opposite stereoisomer unless it is modified.
Although not discussed here, the olefin metathesis® has
emerged recently as a new promising class of olefination,
which also appears to share similar difficulties and limitations,
as discussed herein.

(b) Alkenylation via Alkyne Addition. As indicated in
Scheme 1, there are a few other basic and alternate routes to
alkenes. Aside from various elimination processes, some of
which also serve as critical steps in the carbonyl olefination,
alkyne addition and alkenylation represent two alternate
routes to alkenes that are fundamentally discrete from the ole-
fination reactions. In selective alkenylation, regio- and stereo-
defined alkenyl reagents or intermediates are prepared before
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the critical formation of the desired alkenes. In the required
C—C single bond formation, stereochemical outcome is not
only governed by a fundamentally different set of parame-
ters but also more readily and predictably achievable. This
however mandates the prior synthesis of regio- and stereoi-
somerically pure alkene intermediates. Generally speaking,
this requirement can most conveniently be met by resorting
to various alkyne addition reactions. Indeed, it has been
known that some pure regio- and stereodefined alkenes are
readily and economically preparable by alkyne addition reac-
tions,* which are thought to proceed mostly by polar addi-
tion mechanisms. Some such examples providing useful
alkene “synthons” pertinent to this Account are shown in
Scheme 2. Surprisingly, few widely applicable methods for the
synthesis of regio- and stereodefined alkenes through the use
of these halogenated alkenes had been known before the
advent of the Pd-catalyzed alkenylation discovered and devel-
oped in the early to mid-1970s, some representative exam-
ples of which include the Heck alkenylation® and much more
widely applicable C—C cross-coupling reactions,®” such as
those involving Zn, Al, and Zr (Negishi coupling),® and B
(Suzuki coupling).” Over the past few decades, the Pd-cata-
lyzed alkenylation via cross-coupling has indeed revolution-
ized the alkene synthesis. In contrast with the Pd-catalyzed
alkenylation via cross-coupling with alkenyl metals or alkenyl
electrophiles, the Heck alkenylation,® which is known to pro-
ceed via alkene addition—elimination, is not only more lim-
ited in synthetic scope but also more prone to regio- and
stereoisomerization and other side reactions. Nonetheless, in
cases where the Heck alkenylation proceeds satisfactorily, it
can not only be highly competitive but also be nicely comple-
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mentary with the Pd-catalyzed alkenylation via cross-coupling.
It is also feasible and even satisfactory in many cases to use
transition metals other than Pd, including Ni,2 Cu,® and Fe,'°
as catalysts. However, none of them appears to be as widely
applicable and generally regio-, stereo-, and chemoselective as
that with Pd. It is also appropriate and useful to note that the
significantly higher cost of Pd as compared with those of Ni,
Cu, and Fe can be largely offset by generally high catalyst
turnover numbers (TONs) observed with Pd that can reach
desirable levels of 103—10° or even higher'" by using biden-
tate phosphine ligands.

With the development of Pd-catalyzed alkenylation via
cross-coupling, efficient and selective preparation of alkenyl
intermediates has become critically important. In addition to
conventional alkyne addition reactions (Scheme 2), regio- and
stereoselective hydrometalation, carbometalation, halometala-
tion, and metallometalation have emerged and provided var-
ious satisfactory routes to the alkenyl reagents. Although not
discussed in detail, it is useful to show metal-promoted regio-
and stereoselective addition reactions pertinent to the discus-
sions herein (Schemes 3 and 4). It is also important to note
that catalytic hydrogenation provides a widely applicable
method for direct conversion of alkynes to mostly Z-alkenes.'?

3. Stereo- and Regioselective Synthesis of

Monomeric Trisubstituted and
Tetrasubstituted Alkenes

With the availability of various selective routes to alkenyl met-
als and alkenyl halides discussed in the preceding section, it
might appear that most of the alkenes can now be synthe-
sized almost at will. This statement is approaching being truth-
ful in the synthesis of mono- and disubstituted alkenes.
Despite significant recent advances, however, the selective
synthesis of various tri- and tetrasubstituted alkenes can still
be very difficult. As discussed above, however, methodologi-
cal developments over the past few decades have made avail-
able a variety of highly (>95%) selective Pd-catalyzed cross-
couplings and a few carbonyl olefination methods, notably
E-selective HWE reaction,®® its Z-selective Still—Gennari
modification,?® and the Corey—Schlessinger—Mills (CSM here-
after) modification®® of the Peterson olefination.>* Among
those shown in Schemes 3 and 4, syn-carbometalation, that
is, item d in Scheme 3, especially the Zr-catalyzed methyla-
lumination of terminal alkynes,'® has served as a widely appli-
cable tool for the synthesis of naturally occurring (E)-
trisubstituted alkenes, while carbocupra’tion19 has been shown
to be useful for ethyl and higher alkylmetalation. In the car-
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bometalation and haloboration?° of terminal alkynes, con-
struction of the disubstituted end of the double bond, which
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5% Pd(DPEphos)Cl,
() TBAF \)\/k/'\)\’OH 2 steps scyphostatin
82% H 78%
T—H

T-to-H Construction of Siphonarienal and its Derivatives?®

(1) Swern oxid.
@ ) J\aNCy 85% in 2 steps
SBULI THF

then CF4CO5H 9% (2=wpe)

B
S —
66% (4 steps)

siphonarienal (17), dr>50/1

(:)H [}
siphonarienolone (19), dr >50/1

(A) (1) EtMgBr, THF, (2) Dess-Martin oxid.
B) (1) 2 i 2) TBSOTF, 2,6-Lutidine
( )())K(\osz ii) H,02 @)

OBCy, MeOH, buffer (3) Smly, MeOH-THF, (4) HF-Py THF
may arbitrarily be termed “head (H)", is achieved first, which
may then be followed by the construction of the monosubsti-
tuted end, which may be termed “tail (T)", for the “H-to-T” con-
struction of trisubstituted alkenes (Scheme 5).

(@) Proximally Chiral (E)-Trisubstituted Alkenes. A large
number of polyketides possess those structural units repre-
sented by 14 and 15. The presence of an allylically Me-branched
asymmetric carbon center makes it difficult to construct these
units in the H-to-T manner, even though a pioneering study by
Hoye?® with a carboalumination-derived alkenylaluminate pro-
ceeded with clean stereoinversion to give a side chain precur-
sor to scyphostatin (16) (eq 1 of Scheme 5). On the other hand,
regio- and stereoselective hydrometalation permits their con-
struction in the T-to-H manner (eq 2 of Scheme 5).>” Construc-
tion of an allylic asymmetric carbon center and an (E)-
trisubstituted alkene in the T-to-H manner may also be most
efficiently achieved by using the highly stereoselective CSM-
modification®® of the Peterson olefination as exemplified by a
recent synthesis of siphonarienal (17), siphonarienone (18) and
siphonarienolone (19)%8 (eq 3 of Scheme 5).

SCHEME 6

discodermolide (20)

0Bn OTBS ) \izcp,cl - OBn OTBS Meznx, THF ~ {Bn ©TBS
i) I : cat. Pd(PPhs)s
g BN TR
\ _SMe; 8% . SiMes
. 21
SiMey | PMP
o™o
I, CHCl, OBn QTBS ™Y

—_—

80%

cat. Pd(PPhs)4, THF

il 75%

X = halogen or Me C9-C19 fragment of 20 (22)30

SCHEME 7
(i) HBY2
(i) R?m
(iii) migratory BYz ZnY
Rl—= |nsert|on R RZZn 2 -
cf eq. 2 'RZB
in Scheme 3
23 (foan 1)
R3ZnY, cat. PdL,
I i 3 R!, R2 R3: carbon groups.
. Zn-l . R M: metals and metal groups
R R Eai :
2 W)\ 2 containing Li, Zn, etc.
W)\R () 'BuLi, then ZnY R e
H N R ot P, H X: halogens including Br and |.
24 (i) il i Y: halogens, C, and O groups.
Zn-lll
Phl, THF
’ Me Ph
3% cat. B
; Me ZnMe(Et) (87%)
Z'0 Z Zn-l
Me(Et) —
23a A Me N
3% cat. B, DMF  Z'0 F
| L . Me
2 (71%)
Me Me
Me [ Brzn _A_022 oz?
2o AL ” Yo
e Me —2%cat A _ i, Z
a
Zn-l 25 (81%)

cat. A= Pd(PPhy), cat. B = Pd(DPEphos)Cl,

(b) Proximally Chiral (Z)-Trisubstituted Alkenes. One of
the synthetically most demanding monoalkenes has been the
(2)-trisubstituted alkene at C13 and C14 of discodermolide
(20).2° One approach by Panek3° that is highly selective, albeit
somewhat lengthy, employs hydrozirconation of 1-silyl-1-
alkynes. Once the requisite C9—C14 (Z)-alkenyl iodide is gen-
erated, its isoalkylation with C15—C19 isoalkylmetals seems
most satisfactorily achieved by the Pd-catalyzed isoalkyl—
alkenyl coupling with isoalkylzincs?%3° (Scheme 6).

For more efficient constructions, two promising protocols
have been developed. One involves the 1-bromo-1-alkyne
hydroboration, migratory insertion, and Negishi coupling
(Scheme 7).3" Another is based on a pioneering work of
Tamao3>? on Pd-catalyzed stepwise disubstitution of 3,-dichlo-
rostyrene. Significantly, a previously little known second sub-
stitution with alkyl, aryl, alkenyl, allyl, and alkynyl groups has
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SCHEME 8
PhZnBr
TBSO Cl
\/g=( cond. | TBSO. Ph
H cl 87%
MeyZn >98% Z
e AllyMgCl H Me/
Pd cat. Cond. | TBSO.
TBSO. feil 83%
>909% Z H Me
MgB
H Me “Heni N2 VAR Hex
Cond. Il TBSO
. 97% Z
ipr PCy. > H M
: C52C08 “rips
AYe ="TiPs
Cond. Il //
b TBSO.

73%

99% Z
Cond. I : 5% Pd(OAc),, 10% CysP, THF B H  Me

Cond. Il : cat. Pd(Cy3P),, THF
Cond. Ill :3% PdCl,(MeCN), 9% A, MeCN

been achieved in good to excellent yields (Scheme 8).>3 Both
of these protocols promise to provide satisfactory routes to
many demanding (2)-trisubstituted alkenes.

(c) Stereo- and Regioselective Synthesis of Tetrasub-
stituted Alkenes. Despite major advances discussed in the
preceding section, synthesis of acyclic tetrasubstituted alk-
enes with full control of both stereo- and regiochemistry still
remains a difficult and largely unsolved synthetic task. In prin-
ciple, various selective carbometalation, halometalation, and
related heteroatom—metal bond addition reactions of unsym-
metrically disubstituted alkynes would provide potentially
selective routes to tetrasubstituted alkenes. (E)- and (2)-y-Bis-
abolenes (27) have provided a pair of challenging targets con-
taining an exocyclic tetrasubstituted C=C bond. In their earlier
syntheses,?* the E isomer was prepared in 99.6% stereose-
lectivity, but the stereoselectivity in the synthesis of Z isomer
was only 83%. On the other hand, application of the Cu-cat-
alyzed anti-allylmagnesation (eq 7 of Scheme 3) permitted
highly selective syntheses of both isomers via acyclic tetra-
substituted alkene intermediates>> (Scheme 9).

4. Stereo- and Regioselective Synthesis of
Conjugated Dienes and Oligoenes

The number of stereo- and regiochemically discrete structural
types for conjugated dienes is substantially larger than that for
monoenes. Even if we limit our considerations only to those
conjugated dienes in which each of the two alkene units is
both stereo- and regiodefined, there are 3, 8, and 10 discrete
structural types of di-, tri-, and tetrasubstituted dienes, respec-
tively. Stereo- and regiodefined acyclic penta- and hexasub-
stituted conjugated dienes are still rather rare, and they are
not considered here. In this section, some representative
examples of the synthesis of di-, tri-, and tetrasubstituted acy-
clic and conjugated dienes are briefly discussed with empha-
sis on those present in natural products.
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SCHEME 9
()BrMg ANF
10 mol% Cul
Fities (i) I - h 26a: R' = Me (70%)
oH R 260 R =)y (59%)

26
a 1. EZnBr, THF, 0°C
—_—
2. Pd(dppf)Clz (5 mol%)

m@

)—/_\ZnBr THF, reflux 87%

"BuLi, PBr3 C"‘"Q\/k

—_—

THF, -78°C Cul (10mol%), THF
88% over last 2 steps

Ru cat *

- - . (10mol%= >_/ >_< >
o CH,Cl,

(83%) (E)-y-bisabolene (27a)

(1) NBS, MepS

3 steps OH (2)CIM9* Cul
26h —» )= — P e oo SR
80% \\ (56%)
Rucat*
>_\—>_<:)\K benzene : . \_: B C
7 (64%)

(10mol%)
(2)-y-bisabolene (27b)
* Ru cat. = Cly(P(Cy)3),Ru=CHPh

SCHEME 10
R2
i) Sia,BH |
== | _A NaDAc_ ,
H=-Rle———————™ SiazB% PR
R a
) SiayBH
iy HOAc

D HLO, NaORS, A R Sia=MeLHCMH-

HO(CH)g A P"
bombykol*” (29)

(@) 1,4-Disubstituted 1,3-Butadienes. Iterative hydro-
boration—protonolysis of unsymmetrically disubstituted 1,3-
butadiynes producing (Z,2)-1,3-butadienes in 1970 by Zwe-
ifel*® is one of the earliest examples of fully selective
syntheses of stereo- and regiodefined conjugated dienes.
Inspired by this work, our group developed in 1973 fully

selective methods for the syntheses of the (E,Z)- and
(E E)-isomers.37-38
R? R?
RGN 2 RWN /\/
(E. E) {E, 2) R'" (2.2

These uncatalyzed organoboron-based methods were soon
supplanted by the Pd-catalyzed alkenyl—alkenyl coupling with
alkenyl metals containing Al, Zr, and Zn discovered and devel-
oped by us during the 1976—1978 period.>?° Attempts to
use alkenylborons were not successful, but a successful pro-
cedure was developed in 1979 by the group of A. Suzuki.”
Although not widely used, the uncatalyzed alkenylboron route
to (E,2)-1,3-dienes via (E)-1,3-enynes (28) (Scheme 10) has
been successfully applied to the efficient and selective syn-
theses of bombykol (29).3” Even today, this must still be con-
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SCHEME 11
N
cat. PdL, R1W\R2
RK/\ X R2
ML R i
M = Al, B, Zr, Zn (via transmetalation), etc. cat. PdLy & 1
L = ligand. X = |, Br, etc. RN
XA g2
cat. PdL, P
e L &7 R2
41/\/\
=X X R?
R ML \—/
M = Cu, Al (cat. Zr), B (via migratory insertion), cat. PdL,

Zn (via transmetalation), Zr, etc.
X =1, Br, etc.

Note: For generation of the starting compounds, see Scheme 3.

Zr Br OHHO
z || OH
(E,E)-Diene NF Vv HOO Q
papulacandin D* (30) O &% ° -
B
Ui
(E2)-Diene  HO(CH g AT (2.2-Diene
2%
bombykol? (29) " Zi‘l
=" conH
Et/_\=,

(-)-salicylihalamides A and B*! (31)

SCHEME 12

QTBS cat. Pd(PPhg)4
3 LiOH, THF

MeO,C(H,C)n wOTBS 4 'M 10 s el
k/\,BSiaz CsHyy  Ref- 42

0TBS
MeO2C(HaC) ores

X \? + —> |eukotriene B4 (32)

N
CsHiq

R

TBSO
MeO,C(H;C); AP

N

s——
F  CsHitgef 43
OTBS 70%

(58, 6R)-diHETE (33)

sidered as one of the most efficient and selective routes to
1,4-disubstituted (E,Z)-butadienes. Nevertheless, the efficient
and selective Pd-catalyzed alkenyl—alkenyl coupling summa-
rized in Scheme 11 is by far the most generally applicable and
predictably satisfactory method for the synthesis of all three
conceivable types of 1,4-disubstituted 1,3-dienes.

(b) Conjugated Oligoenes and Oligoenynes Containing
1,4-Disubstituted Butadiene Moieties. The Pd-catalyzed
alkenyl—alkenyl coupling is readily adaptable to and gener-
ally satisfactory for the synthesis of conjugated trienes and
higher oligoenes, as well as oligoenynes containing 1,4-di-
substituted butadiene moieties. Particularly noteworthy is that
many (Z)-alkene-containing oligoenes can be synthesized with
little or no stereoisomerization, as exemplified in Scheme 12.

As the number of conjugated C=C bonds increases, effi-
ciency of synthesis along with selectivity and other factors
becomes increasingly important. In this regard, the use of
modular synthons becomes increasingly attractive, and (E)-
iodobromoethene (1) and (E)-iodochloroethene (2),*" as well
as their monoethynylated derivatives, (E)-1-bromo-1,3-

SCHEME 13
4
=
cat. 3 — .
=" )
=\ 34 \ Br
Z—=—7nBr cl (2
cat. Pd(PPhs) . "
T { @
a:Z=H; b: Z = Me3Si; ¢: Z=TBS a5 cl
Br N
/ (34¢)
I) BrZn—==,Pd cat.
72%| i) "Buli crreg -y
m)lz\,sr 2% Pd(PPhs)s 2%‘Pd PPh)s
=N 1BS
i) LDA ||) ZnBrz
65%{ iii) | Xy Br, 2% Pd(PPha)4 CICpyZrH
— o —— = 1ps
AT T Ny # 2[C|Cp22r’ A Va Vel ]
95% | ZnCl,, 5% Cl,Pd(PPhs), + 10% /Bu,AlH
S A =T

67%l2steps

T NCYTYYY
xerulin (36),42

30% (5 steps in the longest sequence)

"Hex « //\ //_4: — OH
cis- and trans-bupleurynol (37)%7

butenyne (34a)***> and (E)-1-chloro-1,3-butenyne (35a)*® and
their silylated derivatives, have been developed as “modu-
lar” synthons (Scheme 13). Two-carbon synthons 1 and 2
react well with alkynylzincs, but not under Sonogashira con-
ditions, to give monoalkynylated derivatives, such as 34a and
35a, but the reactions of 1 and 2 with alkenyl metals are
much less favorable and prone to undesirable side reactions.®®
But a satisfactory procedure involving the use of 1% of
Cl,Pd(DPEphos), 2% of tris(2-furyl)phosphine, and 2% of
'Bu,AlIH as catalysts was developed.** Although alkenyl zincs
react well with 1, the corresponding reactions of alkenyl met-
als of Al or Zr must be cocatalyzed with InCl; (0.1-0.33
equiv), which was superior to Zn salts as a cocatalyst** for this
reaction. For these reasons, it is advisable to convert 1 and 2
into 34*> and 35,*° respectively, and use them as four-car-
bon synthons. With the incorporation of an alkynyl group, 34
and 35 have proved to be particularly useful synthons for the
synthesis of oligoenynes. Highly efficient syntheses of xeru-
lin (36)** and bupleurynol (37)*” demonstrate their synthetic
utilities (Scheme 13).

Despite its wide applicability, high efficiency, and high ste-
reoselectivity, the Pd-catalyzed alkenylation in the syntheses
of dienes, oligoenes, and oligoynes, must still be comple-
mented by other alkenylation reactions, such as the Heck alk-
enylation,® and various carbonyl olefination reactions.'?
Efficient and selective construction of the scyphostatin side
chain from the C7—C16 chiral isoalkyl alcohol intermediate
prepared as shown in Scheme 5 may not be conveniently
achieved via Pd-catalyzed alkenylation. In this case, the HWE
olefination using (E,E)-(EtO),P(O)CH,(CH=CH),COEt preparable
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SCHEME 14
R1S R2
R1LM/R4 RW\RA

(E, B)-1,1,4-trisubstituted (E,E)-1,2,4-trisubstituted

™ 0 A
| LI

1)B

7 s A AMe;
| I 39
38

B-ionone
D
EE—
B-carotene (40)
= B Y & e S N N
39 — | 2 2
y-carotene (41)
F 2 Vo T LN OH
— _—
vitamin A (42)
A : (i) LDA, (ii) CIPO(OEt),, (iii) 2.2 LDA
B : (i) 2 Me3Al, CloZrCpy, (ii) evaporation
C: (i) pr™=TMS | ZnCl,, Pd cat. (i) KzCO3, MeOH
D:05 Br"!, ZnCly, Pd cat. -
E: () 1.05Br", ZnCly, Pd cat,, (ii)'\"ezA'WrZ"C'Z» Pioat
F : (i) "BuLi, (i) (CH20),

from ethyl 4-bromocrotonate in four steps is an attractive
alternative.?®27 As a rule of thumb, it may tentatively be
stated that allylically methyl or other carbon group branched
alkenes are more readily prepared via carbonyl olefination,
while their homoallylic analogues are more readily accessi-
ble via Pd-catalyzed alkenylation. In cases where both types
of proximally chiral alkenyl groups are present, both carbo-
nyl olefination and Pd-catalyzed alkenylation are required for
their optimal construction.

(c) Conjugated Dienes, Oligoenes, and Oligoenynes
Containing Tri- and Tetrasubstituted Butadiene Moieties.
In this section, only a limited number of representative syn-
theses of tri- and tetrasubstituted dienes, oligoenes, and oli-
goenynes will be discussed.

@) 1,1,4- and 1,2,4-Trisubstituted 1,3-Butadienes. Two
most widely encountered and important structural types
among the eight possible ones for the indicated classes of
dienes are the trans,trans-butadiene derivatives shown in
Scheme 14. In cases where the branching R'* or R? group is
Me, they are efficiently and selectively obtainable via Zr-cat-
alyzed methylalumination (ZMA), as shown in Schemes
14—16. Those reactions shown in eqs 6—9 of Scheme 3 and
all of Scheme 4 should provide useful terminal synthons or
alkenylation-to-olefination crossover synthons. It should also
be remembered that certain carbonyl olefination reactions
including the Corey—Fuchs*® and other related reactions have
served as useful olefination-to-alkenylation crossover reac-
tions in the alkenylation—olefination synergy.

SCHEME 15
N =2 \)\/\
\\/\—— MepAla N i
i) [0] H
s ii) Bestmann - PNF N
H oy i) HZMCp,Ci then I, H 2
—_—
57% (3 steps) |

@0l E5pS \/\/\)\)\/\/
@ 101\/\/\)\)\ P PP NG,
CHO
47% 21% in 6 steps (>98% pure)

(1)ZMA (2) V
(3) TBDPSCI, Im

£ (4)ZACA and O] X oteops W
™ (5) Corey-Fuchs - % 27% in 5 steps

and "BuLi

DIBAL-H

é\/\/OTBDPS
WNAzicp0l
) o zva
(i) I
(2) TBSCI, Im
e

ZMA = Me3Al, cat. ZrCpoCla.

‘ ZrCp,Cly

dry ZnBr,
cat. Pd(PPhs);

OTBS |81% (98% pure)
18% in 10 steps

OMe

ZACA = Me3Al, cat. (NMI),ZrCly

SCHEME 16
oTBS

/\Ij\‘/\ /\(\q/\/(oj"OMe

cat. Pd(OAc)2, Bu4NBr
Cs,CO4, Et3N, DMA  steps
e e

80%

Heck Still-Gennari
NN

ratjadone (45)°°

Carotenoids and retinoids represent some of the most impor-
tant classes of oligoenes containing (E,E)-1,2,4-trisubstituted 1,3-
butadiene moieties. In cases where they can be prepared from
inexpensive S-ionone, it is almost mandatory to use it as the
starting compound. And yet, its carbonyl olefination to give
trisubstituted alkenes has not been very stereoselective. More-
over, either Z-to-E isomerization or stereoisomeric purification by
isomer fractionation of these trisubstituted alkenes has gener-
ally been rather difficult. On the other hand, highly stereoselec-
tive (=98—-99%) conversion of S-ionone to S-carotene (40),
y-carotene (41), and vitamin A (42) has been achieved, as shown
in Scheme 14.%> Both 1,2-iodobromoethene (1) and 1-bromo-
4-trimethylsilyl-1,3-butenyne (34b) play crucial roles in these pro-
cesses. A more recent development of 1,4-pentenyne as a five-
carbon modular synthon for the synthesis of various oligoenes
containing a homoallylic asymmetric carbon center, such as
nafuredin (43) and milbemycin 5 (44) (Scheme 15)* is also
noteworthy.
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Despite some known limitations and difficulties associated
with the Heck reaction, it was recently reported by Kalesse that
(E,E)-1,1,4-trisubstituted-1,3-dienes could be obtained in high
yield and in highly stereoselective manner, as exemplified by the
synthesis of ratjadone (Scheme 16). It appears very desirable to
further delineate the scope and limitations of the Heck reaction.

Construction of (E,E)-1,2,4-trisubstituted 1,3-dienes may have
been most commonly achieved by Pd- and Zn-cocatalyzed alk-
enylation with (E)-2-alkenylzirconium derivatives generated by
regioselective hydrozirconation, as exemplified by the synthe-
sis of reveromycin B (46),>' FR901464 (47),°% and motuporin
(48)>3 (Scheme 17). For generation of HZrCp,Cl, a recently devel-
oped procedure involving slow addition of 1 equiv of ‘Bu,AIH to
ZrCp,Cl, in THF'®? is highly convenient. This protocol can nicely
accommodate proximal chiral groups via the T-to-H construc-
tion of the (E)-2-alkenylzirconium reagents. However, conver-
sion of the aldehyde precursors to the corresponding 2-alkynes
typically requires three steps (Scheme 5). In cases where o-chiral
aldehydes are used as the starting compound, the use of the
CSM modification of the Peterson olefination followed by the
HWE reaction (Scheme 17) provides a highly satisfactory syn-
thetic protocol as exemplified in a recent synthesis of (all-E)-O-
methylmyxalamide D (49)>* and 6,7-dehydrostipiamide (52).>>
Even so, the synthesis of the requisite oligoene and oligoenyne
intermediates 50, 51, 53, and 54 was achieved via Pd-catalyzed
cross-coupling.

Interesting and potentially important is that the stepwise
double substitution of 1,1-dibromoalkene 55 first with (all-E)-
BrCH=CHC=CCH=CHCH=C(Me)CO-Et obtained from 54 in
82% vyield in one step®® and then with Me,Zn with
Cl,Pd(DPEphos) as a catalyst gave the 10Z isomer of 56,
which amounted to the discovery of inversion of configura-
tion in the Pd-catalyzed cross-coupling of 2-bromo-1,3-
dienes.>® Significantly, this discovery was soon followed by
another finding that the use of bulky alkylphosphines or
N-heterocyclic carbenes can almost fully suppress the config-
urational isomerization.>”

Although much rarer, some naturally occurring trans,trans-
tetrasubstituted 1,3-dienes, mostly E,E isomers, and related oli-
goenes are also known,>® as exemplified by mycolactone B
(57)>2%° and apoptolidin (58)°" (Scheme 18). Whereas the
C8—C16 fragment of the triprotected mycolactone B side
chain 59 containing an allylic asymmetric carbon center was
prepared in the T-to-H manner via the stepwise double sub-
stitution process with >98% retention®®” briefly discussed
herein, the C1—C7 framework was selectively constructed in
the H-to-T manner via iterative ZMA Pd-catalyzed alkenyla-
tion.®° No isomer formation was detected in this synthesis. A
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SCHEME 17
0
HOZC/\)LQ "
HOZCMO ¥ ai OoH
ngd O3 i AT

reveromycin B (46)°"

2 M o ap
Znzn) | 7, o
OMe r(; n)* Yo, N)\/—(N
Ph A U H O = S
N NH
o N FR901464 (47)%2
O COMH

/
CHO 68%(35teps) \)Y\CHO Ta1%

motuporin (48)5

e (37{”" COzEt 62%
7 D 84% (4 steps)
/ Pd-cat. C.C.
% CSM-Peterson

CT 70%
(3 steps)
OH

RN H
\ OH HWE Q =
X .

(all-E)-O-methylmyxalamide D (49)

A: (1) frans-2-butene, KO'Bu, "Buli, (+)-lpc,BOMe, BF 3 Et20.

(2) TBSOTT, 2,6-lutidine. (3) (i) AD-mix-ct (i) NalOy4_
B: Et3SiCH(Me)CH=NCy, *BuLi then CFaCO,H.
C: (1) TBSCI, Im. (2) () ZrCpCla, 'BuzAlH (i) Iz, (3) (==)5-Zn, cat. PdCI,(DPEphos).
D: (i) ZrCp2Cla, ‘BupAlH (i) ZnBrs (iii) Br
E: (1) TBAF. (2) PBr3, Py. (3) P(OEt)3,
F: (1) LIHMDS. (2) HF, Py.
G: (1) LiOH. (2) H2N¢\0Me PrNEt, PyBroP.

ph/\/\ e ph/\/\)Y\L i g

CO,Et » cat. PdCly(PPhz)2.

o

o

O

N g
o

(6 steps)
C - 4 - D 4 rF
_'ph/\/\/H/\/\\ = P |
S | & X s6% s L
——d *E \/\)\
MegSi—== A~ cooet —F
%% 54 G
H = 94%
Ph Z ANF N
PP co gt
OZ 56 (>99% pure) 2
1. Pdcat C.C. |3steps
> .

i |
csm- OH Corey-
Peterson Fuchs

Pd-cat. C. C.
6,7-dehydrostipiamide (52

A: (1) ZACA then Oy, (2) Et3SICH(Me)CH=NCy, SBuLi then CFCO,H.
(3) crotylboration. (4) TBSCI, Im. (5) AD-mix-ct. (6) NalOy4
B: CBry, PPh3, Zn
C: (1)BrZn—==SiMe; cat. CLPd(DPEphos). (2) Me,Zn, cat. Pd(‘BusP),, K,CO3, MeOH
D: HZrCp,Cl then |2
E: (1)()"BuLi (2eq.), ZnBry (ii) Br\)~co Me® 0@t PA(PPha)oCla. (2) TBAF
F: LDA then ZnBry, 8
G: 5% ClLPd(PPha), + 10% BupAlH

convergent assembly was then achieved via Pd-catalyzed
alkenyl—alkenyl coupling in 73% yield.

(i) (Z2)-Trisubstituted Alkene-Containing Tri- and Tet-
rasubstituted 1,3-Butadienes and Oligoenes Containing
Such 1,3-Butadienes. Although far less abundantly occur-
ring, those tri- and tetrasubstituted 1, 3-butadienes that con-
tain one or two (2)-trisubstituted alkenyl groups can exist as
configurationally stable species. The significance of the
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SCHEME 18
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RIS R3 R1S R3
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(E B)-1,1,4,4-
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(E B)-123,4-
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Wr”\u’L§/l§v/§§/L§/i\/’\g/

OH OH
apoptolidin (58) OH

O mycolactone B (57)

(1)ZMA then I
(2) Zn=+==, Pd cat.

/(3) ZMA then |,
(\/(A)Tsscl im ZO. s Vo Y.
39% (4 steps) 239 (6 steps), >98% pure

Pd-cat. C.C.
Corey;Fuchs
HE 74

(1)0) Bu;AH(Teq)
// (||)HZrC Clthen

+ Pd ¢
OH 58% (2steps)  OH
(i) BuLi (2eq)

iy 17NN ,Pdcat.

0z Oz

73%

Z=TBS. Z'=TBS or MOM steps oz 0z 0z

H02C\\\\\

side chain 59 of mycolactone B (57) OZ OZ

Still—Gennari modification®® of the HWE reaction that can, in
some cases, serve as a highly (2)-selective carbonyl olefina-
tion reaction is well-recognized. Additionally, several promis-
ing routes to (Z)-trisubstituted alkenyl metals and alkenyl
electrophiles have been developed for use in the Pd-catalyzed
alkenylation. Only a very limited number of prototypical
examples of the syntheses of tri- and tetrasubstituted conju-
gated dienes and related oligoenes containing (2)-trisubsti-
tuted alkenes are discussed below.

Ratjadone®° (45), Callystatin A°*°3 (60) and (102)-0-
Methylmyxalamide D>* (62). These compounds contain
both (E,E)-1,1,4- or 1,2 4-trisubstituted and (Z,E)-1,2,4-trisub-
stituted 1,3-diene moieties. In Kalesse’s synthesis of ratjadone
(45),°° the (Z,E)-diene fragment was synthesized by using two
carbonyl olefination processes, namely, the Still—Gennari
modification of the HWE reaction and the Wittig reaction
(Scheme 16). Although the Still—Gennari reaction for the con-
struction of the Et-containing alkene of callystatin A (60) is sig-
nificantly less selective, the Z/E ratio being 6/1—8/1, it has
been used in most of the close to 10 syntheses, of which only
the first total synthesis by Kobayashi®? is cited here. Less
widely used but more highly (2)-selective (>98—-99%) syn-
theses of (Z)-trisubstituted alkenes shown in Schemes 6—8 are
also readily applicable to the synthesis of callystatin A3'¢3
(Scheme 19). In the first synthesis of (102)-O-methylmyxala-
mide D (62)>* summarized in Scheme 20, the synthetic value
of alkenylation—olefination synergy is vividly seen.

SCHEME 19
COsEt
z‘o’\/'\CHo * (RO)ZOP)\/ o
Z'=TBSor
TBDPS

o~ A s

Ref. 62
(85%, ZIE = 6/1-8/1) o ©
callystatin A (60)

R = CF3CH»

2\)\=
Z<0. = & o.

(i) HBBr;, (i) EtoZn (4 equiv)  Ow,
(il 1 (iv) 'BuLi (v) ZnBry

ZnBr

cat. Pd(PPh 2
( 3)4 %
2_ Ref 31
Z“=TBDPS 61 (70%, >98% E,Z)
SCHEME 20
o T oz H
3P Y owe
s, ®
oz! ZhBr 0 el
Pd-cat. C. C.
lcat PdL, HWE J/ =
0
O > z'=TeDPs
\
Corey-Fuchs | ™ 2)
= steps = :ucj =B
: — g1 L
Z \)Y\",{{\ “Sue
oz! oK Pd-cat. C. C.

84%,>98% Z, E  (102)-O-methylmyxalamide D (62)

Archazolids A and B®* (63a and 63b) and Mycolactone
A>9259 (57a). Archazolids (63)°* possess a conjugated triene
containing a (Z,2)-1,1,3,4-tetrasubstituted-1,3-diene moiety,
while the side chain of mycolactone A (57a)°? is a pentaenoic
acid containing a (Z,E)-1,1,3,4-tetrasubstituted-1,3-diene moi-
ety. A highly efficient synthesis of the conjugated triene frag-
ment of 63a was achieved via a series of two Still—Gennari
olefination reactions.®*? In the synthesis of (—)-archazolid B,
Trauner®* used a Cu-promoted trans-selective monomethy-
lation of a 1,1-dibromoalkene to set up a (2)-2-iodo-2-alkene.
Its Pd-catalyzed cross-coupling with a (Z,E)-1-stanno-2-methyl-
1,3-butadiene derivative provided, albeit in low yield, an
advanced intermediate to be cyclized via ring-closing metath-
esis® to give, after deprotection, the target compound 63b.
Also very promising is a strictly stereocontrolled Pd-catalyzed
alkenylation route®' (Scheme 21), which involves a Pd-cata-
lyzed alkenylation of 24a. The triene product 64 was pre-
pared in >98% stereoselectivity. The requisite dienylzinc
reagent was prepared via Cu-catalyzed methylmagnesation?2
shown in eq 7 of Scheme 3.

Synthesis of the tris-TBS-protected side chain 65 of myco-
lactone A (57a) by Kishi®° using the HWE reaction as the key
reaction revealed a highly complex stereoisomerism associ-
ated with 65, as indicated at the top of Scheme 22. In marked
contrast, the Pd-catalyzed alkenylation provided a strictly
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SCHEME 21
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SCHEME 22

PO(OEY),
i C,\,O\)) Cond. |
2!

66 (single isomer)

MeOzC/\)A,\"J\"\/k/\/\/

oz 0z
(4E, 6E):(4Z, BE).(4E, 62):(4Z, 62) = 73:17:7:3
lLiOH, 4:1:1 THF-MeOH-H,0

65 (4E, 6E):(4Z, 6E): (4E, 62): (4Z, 62) = 36:52:4:5

. Me;Zn, THF/DMF
3 st t_ Pd(DPEphos)Cl cond. i
By 22ehs S epsB cal ( phos)Cly N N
90% Br 70% >98% Z 66% OH ll
> A
SiMe3

SiMes
N HO2C™ ™
Cond. lll Xy Ssteps oz 0Z
65% OZ XN 45% Re

: & |(>ZnBr) 0z

F Z=TBS,
\/Y\R 7'=TBS or MOM

Cond. I : (i) LDA, (i) OHC v 65 (12% over 13 steps,>98% pure)

67 OZ 0z

Cond. Il : (1) Zo A ZnBr cat. Pd(DPEphos)Cl,, (2) TBAF
Cond. Ill : (1) Me3Al, ZrCp,Cls then |5 (2) TBSCI, imidazole

(>98%) stereoselective route to the tris-TBS-protected side
chain 65 of mycolactone A (57a)°°° (Scheme 22).

5. Conclusions

The Pd-catalyzed cross-coupling with organometals contain-
ing Zn, Al, and Zr (Negishi coupling), as well as B (Suzuki cou-
pling), provides a highly selective (=98%) and widely
applicable alkenylation route to stereo- and regiodefined alk-
enes. Although considerably more limited, the Heck reaction
provides simpler routes in some cases. Various carbonyl ole-
fination reactions, such as the HWE reaction, provide useful
carbonyl olefination routes that are complementary and com-
petitive with the Pd-catalyzed alkenylation. Thus, certain allyli-
cally chiral alkenes are most conventionally prepared by the
carbonyl olefination (Schemes 5—8 and 15—22), while those
with homoallylic chiral centers are efficiently prepared by Pd-
catalyzed isoalkylation (Schemes 5—7). As the complexity of
the target alkenes increases, synergistic use of various avail-
able methods becomes increasingly desirable. Typically, the
Pd-catalyzed alkenylation—carbonyl olefination synergy pro-
vides widely satisfactory, efficient, and selective routes to var-
ious oligoenes (Schemes 16—22).
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CONSPECTUS

Transition metal catalysts, particularly those derived from the
group VIII—X metals, display remarkable efficiency for the
formation of carbon—carbon and carbon—heteroatom bonds
through the reactions of suitable nucleophiles with organic elec-
trophilic partners. Within this subset of the periodic table, pal-
ladium and nickel complexes offer the broadest utility, while
additionally providing the deepest mechanistic insight into thus-
termed “cross-coupling reactions”. The mammoth effort devoted
to palladium and nickel catalysts over the past 30 years has
somewhat obscured reports of alternative metal complexes in
this arena. As cross-coupling reactions have evolved into a crit-
ical support for modern synthetic chemistry, the search for alter-
native catalysts has been taken up with renewed vigor.

When the current generation of synthetic chemists reflects
back to the origins of cross coupling for inspiration, the well-documented effect of iron salts on the reactivity of Grignard
reagents with organic electrophiles surfaces as a fertile ground for alternative catalyst development. Iron possesses the prac-
tical benefits more befitting an alkali or alkaline earth metal, while displaying the unique reactivity of a d-block element.
Therefore the search for broadly applicable iron catalysts for cross coupling is an increasingly important goal in modern
synthetic organic chemistry.

This Account describes the evolution of iron-catalyzed cross coupling from its inception in the work of Kochi to the present.
Specific emphasis is placed on reactivity and synthetic applications, with selected examples from acyl-, alkenyl-, aryl-, and
alkyl halide/pseudohalide cross coupling included. The typical reaction partners are Grignard reagents, though organoman-
ganese, -copper, and -zinc derivatives have also been used in certain cases. Such iron-catalyzed processes occur very rap-
idly even at low temperature and therefore are distinguished by broad functional group compatibility. Furthermore, recent
advances in carbon—heteroatom bond formation and studies relevant to the general reactivity of in situ generated and struc-
turally defined “low-valent” iron catalysts are presented.

The preparative aspects of iron-catalyzed cross coupling are encouraging, but the inclination to classify these processes
within the characteristic reaction manifold is premature, as mechanistic studies have evolved at a comparatively slow pace.
A typical protocol for cross coupling employs an Fe(+2) or Fe(+3) precatalyst, which is reduced in situ by the organome-
tallic nucleophile. The nature of the resulting active component(s) is still best described, more than 30 years later, in Kochi's
original terms as a “reduced form of soluble iron”. Despite huge gaps in our current knowledge, three distinct mecha-
nisms have been formulated, largely based on empirical evidence: a “canonical” cross-coupling process, a manifold wherein
alkylation of an organoiron intermediate replaces transmetalation as a key step, and finally a proposal reliant on the for-
mation of nucleophilic ate complexes. Conjecture and speculation abound, but precisely what constitutes the catalytic cycle
in iron-catalyzed cross coupling remains an extremely challenging unanswered question.

Introduction the early 1970s."? Often perceived as the gene-

Modern cross-coupling chemistry originates from  sis of the field are the independent disclosures
a series of concurrent contributions published in ~ from the groups of Corriu and Kumada on nickel-

1500 = ACCOUNTS OF CHEMICAL RESEARCH = 1500-1511 = November 2008 = Vol. 41, No. 11 Published on the Web 06/28/2008  www.pubs.acs.org/acr
10.1021/ar800039x CCC: $40.75 © 2008 American Chemical Society





catalyzed reactions of Grignard reagents with alkenyl and aryl
halides, which were followed shortly by similar reports using
palladium-based systems.> The impact of these initial discov-
eries can hardly be overestimated. In the intervening decades,
this chemistry has been advanced to a mature state, funda-
mentally affecting the logic of chemical synthesis and provid-
ing robust and practical solutions even on the industrial scale.’

Seminal as these contributions may be, literature reports
relevant to cross coupling existed even earlier. When viewed
through a somewhat broader lens, the dramatic influence of
trace metallic impurities, for example, on the formation and
reactivity of Grignard reagents was already noted in the early
20th century.®* Of a variety of transition metal salts exam-
ined, iron, cobalt, and nickel compounds were particularly
effective at inducing homocoupling upon attempted insertion
of magnesium into an aryl halide, ArX. Because minute quan-
tities of these transition metals suffice, it was reasoned that
ArX must have served as the terminal oxidant.>* Such obser-
vations may have provided the blueprint for subsequent cross-
coupling experiments, wherein stoichiometric Grignard
formation precedes reaction with an organic electrophile to be
deliberately chosen. This emerging concept was quickly
reduced to practice in the iron-catalyzed reactions of organo-
magnesium halides with benzyl bromide (1945),> acetyl chio-
ride (1953)° and, most notably, alkenyl bromides (1971).”~°
Although these early examples indicated a considerable sub-
strate scope, the further development of iron-based reactions
lagged far behind the group X metal catalysts. Given the
potential advantages of iron, the fact that interest in the field
waned is perhaps indicative of challenges unique to an ear-
lier transition metal. This latency period ended only in the
mid-1990s when the interest in iron catalysis began to rise
steeply, driven by the desire to develop cost-effective and
benign alternatives to the then established palladium- and
nickel-based systems. It is the intent of this Account to pro-
vide a personal perspective on the current status of iron-cat-
alyzed cross coupling rather than a comprehensive over-
view.'>!" As will become evident, the field is both promising
and murky, because we still lack the theoretical underpinning
almost completely. The accumulating empirical data, how-
ever, allow for hypotheses to be formulated, which, we
believe, provide direction for future efforts that will hopefully
lead to a better understanding and thereby set the basis for
more advanced applications.

Preparative Aspects

Acid Chlorides. The selective monoaddition of nucleophiles
to activated acid derivatives posed a significant challenge to
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TABLE 1. Iron-Catalyzed Ketone Formation

[Fe] (cat) o

1 2
R'C(O)X + R2M R1JJ\R2
hi X I
,._Me . X"
P n-CyHis™ 1))y /fj)l Ph
Me PVO o N
89% yield 89% yield 79% yield
(X = SPh) (X =Cl) (X =CN)
(M=MgBr) (M=2ZnR? (M = MgCl)
OAc o/j O
©)}(\\f\)\o /fL’/\ﬂ-CeHn
O Me Me
78% yield 90% yield
(X=Cl) (X =Cl)
(M = MgBr) (M = MgBr)

SCHEME 1. Iron-Catalyzed Acylation en Route to Latrunculin

@] o}
)]\ [Fe(acac)s] )k

S ONPMB (1.5 mol%) s~ "NPMB
R MeMgB
3 gBr, THF 3
/=0 -78100°C /0
cl 80% yield Me
1 2
AN | Me
o o
Me"
s (o)
— !
OH
H latrunculin A (3)
HN
8

the synthetic chemist in the first half of the 20th century. In
attempts to remedy this deficiency, Cook and co-workers dis-
covered that catalytic FeCl; was highly effective for control-
ling the addition of n-butylmagnesium chloride to acetyl
chloride, affording 2-hexanone in >700% yield compared with
319% for the uncatalyzed process (eq 1).° It was only much

AcCl FeCl; (0.9 mol%) 0
s o N ™
n_BuMgC| Et20, _70°C Me n-Bu
72% yield

later that this transformation was generalized, allowing the
coupling of a variety of functionalized acid chlorides, acid cya-
nides, and thioesters with primary, secondary, and tertiary
alkyl and aryl Grignard reagents or diorganozinc derivatives
in good to excellent yields under notably mild conditions.'#~"*
In addition to the examples shown in Table 1, the prepara-
tion of ketone 2, which served as a key building block for a
concise total synthesis of the actin-binding macrolides of the
latrunculin family, is representative (Scheme 1)."> In this par-
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SCHEME 2. Stereospecific Cross Coupling

-Br

Me” ™

— - Me/\/Me
FeCl,

MeMgBr (0.3 mol%])
THF Me/\

L =

Me/\ Me
Br

TABLE 2. Iron-Catalyzed Cross Coupling of Alkenyl Electrophiles

R3 R

Fe] (cat
Rz\%\x + RAMQBF M, Rz\/Lth
R' R
(e] (6]
X 1-Bu J\j\,
Me)kt’)s/\"\ 0N e
80% yield 70% yield
X=Cl) (X =0Tf)
n-CyoHzq \//©/OM6
7 n-Bu K
78% yield 66% yield

(X = OP(O)(OEY))

3 1-CqqHag \Ph
| o
A C
(0]

73% yield
(X =0Th

(X = SPh)

Boc

68% yield
(X = OTf)

ticular case, the iron-catalyzed process proved far superior to
the uncatalyzed and even to the copper-catalyzed addition
reaction.

Alkenyl Electrophiles. The impact of cross coupling is
most evident in the reaction of alkenyl and aryl electrophiles.
In a contribution that predates nickel and palladium cataly-
sis, Kochi et al. showed that alkenyl halides react with orga-
nomagnesium halides in the presence of catalytic amounts of
FeCl;.” They later found iron 1,3-diketonates to be superior
precatalysts, because they are easier to handle and usually

result in higher overall yields.? Importantly, the stereospeci-
ficity of the reaction, generally considered a hallmark of cross-
coupling technology, was clearly demonstrated (Scheme 2).”

A practical drawback of Kochi’s original protocol was the
requirement for >3 equiv of the alkenyl halide to reach full
conversion of the Grignard reagent. By choice of the appro-
priate medium, however, it is possible to obtain high yields
while employing nearly equimolar amounts of the reaction
partners. This observation was first made by Molander for sty-
renyl halides where 1,2-dimethoxyethane was used as the sol-
vent'® and later generalized by Cahiez who noticed the
beneficial effect of THF/N-methyl-pyrrolidinone (NMP) mix-
tures on the reaction outcome.'”

In addition to alkenyl halides, related electrophiles such as
alkenyl sulfones, sulfides, phosphates, and triflates are also
suitable coupling partners (Table 2).'"'3'7.18 The iron-cata-
lyzed bond formation usually outperforms the uncatalyzed
addition of the Grignard reagent to other electrophilic sites in
the substrate, thus rendering functional groups such as esters,
ketones, enones, carbamates, or acetals compatible. Conse-
quently, this methodology has been successfully implemented
in target-oriented synthesis, among which the total synthesis
of (—)-cubebene (5) and the late-stage application en route to
ciguatoxin (6 — 7) are particularly striking (Scheme 3).'92°

In addition to the practical benefits associated with iron
catalysts, chemical advantages over the better known noble
metal systems have been documented in certain cases. One
such instance is in the preparation of enantiopure bicyclic
diene ligands where only the iron-based procedure pro-
vided (R,R)-9 in high yield,?' avoiding Grignard homocou-
pling, which plagues its nickel- and palladium-based
relatives (Table 3).

SCHEME 3. Alkenyl Triflate Cross-Coupling Reactions in Total Synthesis

Fe(acac); (10 mol%)

90% yield

MeMgBr, THF/NMP, - 30 °C

1.) KHMDS, PhNTf,
2.) Fe(acac); (cat)
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Although the majority of iron-catalyzed processes utilized
Grignard reagents, other nucleophiles can be employed. Most
notable are organomanganese chlorides, which rival their
magnesium analogues in terms of yield and reactivity.?2%3

Aryl Electrophiles. In 2002, our group reported iron-cat-
alyzed cross-coupling reactions where aryl halides were the
electrophilic partner.?* In this study, a significant and unex-
pected reactivity trend was observed (Table 4). Whereas aryl
iodides and bromides, preferred substrates for palladium- and
nickel-catalyzed processes, led to substantial formation of the
reduced product, the corresponding aryl chlorides, triflates, or
tosylates resulted in a rapid and selective cross coupling on
treatment with alkyl Grignard reagents in the presence of FeX;
(X = Cl, acac).?*

A wide variety of aryl and heteroaryl substrates take part
in this process, though electron-rich arenes require the use of
the more reactive triflates.?*?> Likewise, the scope with
respect to the nucleophilic partner is reasonably broad, as pri-
mary and secondary alkyl Grignard reagents function well,
provided that [Fe(salen)Cl] is used as the precatalyst in the lat-
ter case.?* Furthermore, alkyl zincates and organomanganese
reagents were found appropriate, whereas organolithium spe-
cies usually failed to deliver the desired products.?* Interest-
ingly, allyl, vinyl, and aryl Grignard reagents uniformly led to
poor yields in reactions performed with FeX; (X = Cl, acac) in
THF/NMP. However, it was later found that the use of arylcop-
per reagents?® or of an FeFs-based catalyst system?’ permits
efficient aryl—aryl bond formation with electron-poor aryl
iodides or aryl chlorides, respectively (see below).

COM CO;Me
2Ve Fe(acac); (cat) z
n-CqH,gMgBr )
THF / NMP
0°Ctort

cl 1-CgHig
79 - 84% yield

In addition to using an inexpensive, stable, and benign pre-
catalyst, Fe(acac)s-catalyzed alkyl—aryl cross-coupling pro-
cesses are distinguished by exceptionally high reaction rates
and are readily amenable to scale up. Instructive cases include
the formation of an intermediate for the synthesis of the
immunosuppressive agent FTY720,%8 as well as of 4-nonyl-
benzoate 13, a valuable component of liquid-crystalline mate-
rials (eq 2).%° Both compounds could be made in multigram
quantities on the time scale of minutes at 0 °C. These mild
conditions are also thought to be responsible for the observed
chemoselectivity profile, as various functional groups, which
are a priori susceptible to attack by the Grignard reagent, were
found compatible (Table 5).>*~2% Note, however, that the reac-
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TABLE 3. Comparison of Different Methods for the Formation of

Diene 9
!
9
/@/ orf catalyst Bn
0 BnMgCl, THF P
8 10
entry catalyst (mol %) T(°Q 9/10 yield (%)
1 Nicl,(dppe) (1) 40 0.7 44
2 PdCl,(dppf) (1) 40 0.6 45
3 Cofacag; (5) 0 0.6 28
4 Fe(acads (5) 0 13 98
TABLE 4. Effect of the Leaving Group
COMe  Fe(acac); (5 mol%) COMe
n-CgHq3MgBr
THF/NMP
x " o0°Ctort5min r 12
entry X yield, % R = n-CgH,5) yield, % (R = H)
1 | 27 46
2 Br 38 50
3 a >95
4 oTf >95
5 0Ts >95

tion is sensitive to steric hindrance, as aryl chlorides bearing
ortho substituents generally afford lower yields than their
para-substituted counterparts. As an additional asset, (het-
ero)arenes with more than one halide or pseudohalide are
amenable to either selective monosubstitution or sequential
one-pot cross coupling.'® These features are exemplified by
largely catalysis-based syntheses of the spermidine alkaloid
(—)-isooncinotine (16, Scheme 4)3° and the olfactory macro-
cycle (+)-muscopyridine (20, Scheme 5),?' respectively.

As mentioned earlier, the success of iron-catalyzed cross
coupling did not immediately translate into an effective solu-
tion for aryl—aryl bond formation. These reactions remained
plagued by homocoupling of the Grignard reagent and were
essentially limited to electron-deficient haloarenes.?*32 Recent
reports, however, suggest that formation of a variety of biaryl
frameworks can be realized by modification of the precata-
lyst composition. Notably, homocoupling of the Grignard
reagent is effectively reduced when FeF; is employed in com-
bination with an N-heterocyclic carbene ligand (Table 6).2” The
specific effect of fluoride was demonstrated by the addition of
KF to an FeCl; catalyst precursor, which otherwise provides
predominately homocoupling product (entry 4).

Alkyl Halides. Alkyl halides have historically been chal-
lenging substrates for transition metal catalyzed cross cou-
pling due to the high barrier to oxidative addition and the
proclivity of the once-formed metal—alkyl complexes toward
pB-hydride elimination. It took several rounds of careful opti-

Vol. 41, No. 11 = November 2008 = 1500-1511 = ACCOUNTS OF CHEMICAL RESEARCH = 1503





Iron-Catalyzed Cross Coupling Sherry and Fiirstner

TABLE 5. Examples of Iron-Catalyzed Aryl—Alkyl Cross Coupling

[Fe] (cat)

AX + RMgBr AR
o - N v N1-CiaHzg
N ('
N
~ N~
AcO  DAc
72% yield
(X =Cl
/@« n-CqqHzg @EH‘CMHZQ
NC CN
80% yield 68% yield
(X =0TfH (X =Cl)
j)\Me _1-CqHzg
o,
=L P
MeQO™ "N /"n-CysHpg N)\SMe
84% yield 89% yield
(X =Cl) (X =Cl)

M Q Cl
41\ ¢ “n-CgHy7

0" N "“-CaaHag

Me 58% yield (X = Cl)
60% yield 76% yield (X = OT¥
X = Cl 6 yield ( )

SCHEME 4. Selective Monosubstitution of a Dichloroarene

BriM: OBn
O
#~c| Fefacac); (cat) ¢ N7 OBn

CI” N 3
THF / NMP
14 0°C, 83% yield 15
H
N\/\/\N/\/\N o

isooncinotine (16)

SCHEME 5. [ron-Catalyzed One-Pot Sequential Cross Coupling
%
BrMg S
/\|/\/ |

P
/(j\ —> Cl N

OTf  [Fe]cat. Me

THF / NMP
17 18 &

0°C

“n,,

muscopyridine (20)

mization of the ligand sets until appropriate conditions were
found to allow such substrates to undergo cross coupling with
1504 = ACCOUNTS OF CHEMICAL RESEARCH
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TABLE 6. Fluoride Effect in lron-Catalyzed Aryl—Aryl Cross Coupling

Cl
FeX3 (5 mol%)
p-tolMgBr
THF, 60 °C
21

24 \e
entry FeX; L (mol%) 22/23/24 (%)
1 FeF5-3H,0 SIPr-Hl (15) 98:<1:4
2 FeF, - 3H,0 6:trace:4
3 FeCly SIPr-HCl (15) 32:2:32
4 Fedl, KF (20) SIPr-HCl (15) 92:1:8

TABLE 7. Effect of Additives on Cross-Coupling Reactions of Alkyl

Halides.
Br
O FeClz (5 mol%) O
PhMgBr, additive @

25 THF, -78t0 0 °C 26
entry additive R = Ph (%) R = H (%) 27 (%)
1 none 5 0 79
2 NMP 15 trace 3
3 TMEDA 71 3 19

the aid of palladium or nickel complexes.?3 Therefore it is sur-
prising that relatively unsophisticated iron compounds proved
competent for the cross coupling of a variety of primary and
secondary alkyl halides.

Three distinct solutions were presented in 2004. Nakamura
discovered a substantial influence of Lewis-basic additives on
the reaction of cycloheptyl bromide with PhMgBr (Table 7).34
In the absence of any additive, olefin 27 was the predomi-
nant product, and though the addition of NMP was to no avail,
the use of tetramethylethylenediamine (tmeda) largely sup-
pressed elimination. Upon slow addition of the Grignard
reagent to the reaction mixture, the yield of 26 could be
improved to 90% on an 8 g scale.?*

Me
Br )3 Fe(acac) (5 mol%) O
)

p-tolMgBr

Et,0, reflux, 30 min
69% yield
28 OTf 29

Immediately following the Nakamura report, Hayashi pre-
sented an alternative protocol devoid of any additive but
requiring Et,0 as the solvent.?> Remarkably, these conditions
were found to be selective for an alkyl halide in the presence
of an aryl triflate (eq 3); as the latter undergoes cross cou-
pling with an alkyl Grignard reagent in THF/NMP, this partic-
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ular example showcases the subtle differences in reactivity
exhibited by catalysts generated in situ from the same pre-
cursor salt.

The only example of a structurally defined low-valent iron
catalyst able to effect the cross coupling of alkyl halides was
reported in the same year by our group.3® Specifically, it was
shown that the ferrate complex [Fe(C5H,),][Li(tmeda)], (30)
induces reactions of aromatic Grignard reagents with a vari-
ety of alkyl, allyl, and propargyl halides, even in the presence
of esters, ketones, nitriles, isocyanates, or tert-amines (Table
8).26 Complex 30 can be obtained on large scale as an air-
sensitive crystalline material on treatment of ferrocene with
lithium under an ethene atmosphere.®” Because the central
iron atom displays a formal oxidation state of —2 and is
bound to four Kinetically labile olefin ligands, it constitutes a
highly nucleophilic and accessible reactive site.

Following these initial reports, several modified catalyst sys-
tems have been described that differ in the ligand sets of the
iron precatalyst or try to fine-tune its activity by addition of
proper Lewis-basic additives.®® A particularly practical proce-
dure uses the preformed complex [(FeCls),(tmeda)s] and
thereby avoids the need for =1 equiv of tmeda as had been
required in Nakamura’s original recipe.>® This advantage is
particularly manifest from the example shown in eq 4, which
readily scaled to 0.1 mol of product and required no more
than 1.5 mol % of the iron—tmeda adduct.

[(FeCl3),(tmeda);]
Br (1.5 mol%) Ph

PhMgBr (1.3 equiv.) Me Et )
20 °C, THF, 90 min 32

Me Et
31

(78% yield, 0.1 mol scale]

More recently, the iron-catalyzed cross coupling of alkyl
halides was extended to alkenyl and even alkyl Grignard
reagents as the nucleophiles.*®*'" An alternative concept
employs sulfonyl chlorides as the electrophiles, which are sub-
ject to desulfinylative C—C bond formation when exposed to
Grignard reagents in the presence of Fe(acac)s (5 mol %).*2

Although the mechanism of iron-catalyzed alkyl—aryl cross
coupling remains largely unknown, evidence has accumulated
that radical intermediates may play a role, at least in certain
cases.2#3638 Whether this is general, however, and at which
stage of the reaction coordinate the radicals possibly inter-
vene remains to be elucidated.

Related Iron-Catalyzed C—C Bond Formations. Al-
though not cross coupling in the strictest sense, the exam-
ples shown in Scheme 6 demonstrate that low-valent iron
generated by procedures analogous to those outlined above

Iron-Catalyzed Cross Coupling Sherry and Fiirstner

TABLE 8. Alkylations Catalyzed by the Low-Valent Ferrate Complex
30

[Fe(CzHy)4lLi(tmeda)]; (30)

1%
RX + PhMgBr (6 mol%) R-Ar
THF, - 20°C
Ph NC Ph OCN Ph
O/ w3 5
94% yield 83% yield 90% yield
(X =8r) (X =1 X=1
Q 0]
Cl Ph Ph
v EtOJ\( Et O)J\/\/Ph
Et
86% yield 87% yield 94% yield
(X=1 (X =8Br) (X =8r)
MeW Ph (0] o
Me Me Ph)l\("ys
87% yield 91% yield
(X=Cj (X=1

SCHEME 6. [ron-Catalyzed Carbometalations®

OMe
OMe

n-Bu—=——Ph + —_

MgBr  mBu” S
Ph

Me Me Me, Me

N e
+ PhMgBr —
°K° K

Ph
th Ph Me

s + MeMgBr %> X CO,Et
Me™ “CO,Et Me

@ Conditions: (a) Fe(acac); (5 mol %), IPr (20 mol %), THF, 60 °C, 16 h, then
H,0, 91% vyield; (b) FeCl; (3 mol %), THF, =78 to —25 °C, then sat. NH,Cl,
96% yield; (c) Fe(acac); (2 mol %), PhMe, —78 °C, 88% yield.

is capable of inducing a variety of other preparatively useful
C—C bond formations. Particularly relevant in the present con-
text are the syn-carbometalation reactions of alkynes,*?
strained cycloalkenes,** or electron-deficient olefins,*> which
supposedly generate transient alkenyl or alkyl iron interme-
diates similar to those obtained by direct oxidative insertion
into organic halides.*® These reactive intermediates, after
transmetalation to magnesium, can be quenched with differ-
ent electrophiles. In an alternative format, the presence of a
propargylic leaving group in the substrate allows allenes to be
accessed in a regio- and stereoselective manner. This con-
cept was particularly successful with propargyl epoxides*” and
has already met the rigors of natural product total synthesis
(Scheme 7).48
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SCHEME 7. Total Synthesis of Amphidinolide Y

\OH
» AgNO
- PngCI s
Fe(acac); cat. NG
62%, dr = 8:1

33 (R=TBDPS) 34

Amphidinolide Y (36)

SCHEME 8. Cycloisomerization Reactions Catalyzed by a Low-
Valent Ferrate Complex

E E
V/,
|
SiMe3
toluene £ toluene
90°C, 80% reflux, 66%
EE Y

SiM93

The reducing capability of low-valent iron is further dem-
onstrated by cycloisomerization reactions of the Alder-ene or
[5 + 2]-type, as well as by higher order cycloadditions, all of
which are likely triggered by oxidative cyclization of suitable
unsaturated substrates (Scheme 8).*° Examples are known for
both in situ generated catalysts and structurally defined fer-
rate complexes, which corroborates the supposedly close rela-
tionship between these different forms of low-valent iron.*?

Iron-Catalyzed C—0O, C-S, and C—N Cross Coupling.
Very recent reports show that certain iron salt/ligand combi-
nations can effect C—N, C—0, and C—S-bond formation.
Specifically, a cooperative catalyst system comprising Fe-
(acag)3/CuO allows N-arylations of aromatic heterocycles or
lactams to be carried out, whereas each reagent alone was
unable to effect this transformation.>® Shortly thereafter it was
demonstrated that the use of N,N'-dimethylethylenediamine
(dmeda) as an additive to FeCl; or Fe,O5 permits related
N-arylations in the absence of added copper (Table 9).>'>2

Although a direct translation of this protocol to C—0O bond
construction was unsuccessful, it was found that FeCl5 in com-
bination with 2,2,6,6-tetramethyl-3,5-heptanedione leads to
an active catalyst system for diarylether formation.>* The cross
coupling of a variety of phenols with iodoarenes generally
occurred in good yields and was found compatible with dif-

TABLE 9. Examples of Carbon—Heteroatom Bond Formations

:

NO, OMe CO,Et
90% yield® 98% vield® 74% yield®
(X =1Br) X=1 X=1

) (&~ 1.0
N PR N Me
Ph Ph H
93% yield®  81% yield? 79% yield®
X=1 (X=1 X=1
(o]
(08¢
’ /" Ph
Me Opn /©/
Cl
74% yield® 7% y/r-:lldc
xX=1
i “N : “CO,Et
80% yield® 78% yield®
xX=1 xX=1

9 Conditions: CuO (10 mol %), Fe(acac); (30 mol %), Cs,CO; (2 equiv), DMF,
90 °C, 30 h. ? Conditions: FeCl; (10 mol %), dmeda (20 mol %), K5PO,,
PhMe, 135 °C, 24 h. < Conditions: FeCl; (10 mol %), (BuCO),CH, (20 mol %),
Cs,CO5, DMF, 135 °C.

ferent functional groups in both partners (Table 9). Even
though fairly high reaction temperatures are required, these
reports constitute an interesting step toward benign alterna-
tives for C—X bond formation.

Mechanistic Aspects

Canonical Cross Coupling. In his initial contribution, Kochi
speculated that a “reduced form of soluble iron” serves as the
active catalyst generated in situ from FeCl; and a Grignard
reagent.” The proposed catalytic cycle evolved over several
years to what is now perceived as the canonical mechanism
for transition metal catalyzed cross coupling,®* comprising a
sequence of oxidative addition, transmetalation, and final
reductive elimination steps (Scheme 9). Consistent with this
hypothesis is the stereospecific course of the cross coupling of
alkenyl halides (Scheme 2).” Although Fe(+1) was depicted as
the active species in the original paper, the equivalent pro-
cess involving Fe(0) was considered equally feasible.”

The active component is metastable and, when allowed to
stand in the absence of substrate, rapidly loses catalytic com-
petence. This propensity together with an exceptional sensi-
tivity toward air and moisture rendered full characterization
exceedingly difficult. Although electon paramagnetic reso-
nance (EPR) active compounds were observed in the mixture,
the oxidation state of the operating component remains
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SCHEME 9. Kochi’'s Original Mechanistic Proposal
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SCHEME 10. Putative Mechanism Based on a Low-Valent
Intermetallic Catalyst
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ambiguous.” Complementary spectroscopies have not yet
been applied to this problem.

A Conceptually Different Mechanism Based on a
Hetero-bimetallic Catalyst. It was not until 30 years later
that Bogdanovi¢ and co-workers reinvestigated the stoichio-
metric reaction of FeCl, with alkyl-Grignard reagents.>>>°
Their data suggest that an overall four-electron reduction takes
place, ultimately leading to an intermetallic species of the for-
mal constitution [Fe(MgCl),],, which likely consists of small
clusters incorporating magnesium and iron centers that are
connected via fairly covalent intermetallic bonds.>>>° Because
the conditions of these experiments closely mimic those of
standard cross-coupling protocols, a catalytic cycle initiated by
such low-valent and supposedly highly nucleophilic entities
was envisioned (Scheme 10).2*

This proposal differs from Kochi’s original mechanism in
three distinct aspects:

(1) A formal Fe(—2)/Fe(0) rather than an Fe(+1)/Fe(+3) redox
couple is presumed to be operative.

(2)In a formal sense, the reaction of [Fe(MgCl),],, with the
organic halide constitutes a o-bond metathesis rather than

a conventional oxidative insertion; however, this is not
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FIGURE 1. Examples of structurally defined low-valent ferrate
complexes

meant to imply any mechanistic detail because different

elementary steps can be conceived.

(3) Because no organoiron halide species is generated, the
subsequent reaction with RMgX must occur by alkylation of
the intermediate primarily formed rather than by trans-
metalation. The resulting diorganoiron species then under-
goes reductive elimination to afford the product and
regenerate the catalyst (Scheme 10).

Although this mechanism is largely a formalism at this
stage, certain empirical evidence supports the basic aspects of
this cycle.>* Whereas highly activated Fe(0) powder is not cat-
alytically competent, reaction with excess RMgX leads to a
dark brown homogeneous solution that readily effects stan-
dard cross coupling. Because reducing conditions are main-
tained throughout, this experiment corroborates the view that
the active iron species must have a formal oxidation state <0
and might eventually be ligated with organic residues derived
from the nucleophilic partner.2*

Furthermore, the reactivity of the in situ catalyst can be
emulated with structurally well defined ferrate complexes such
as 30, 37, or 38 (Figure 1).37>7 Their iron centers exhibit for-
mal oxidation states of —2 or 0 and feature fairly covalent
bonds to the escorting lithium atoms. Because the kinetically
labile ethylene ligands ensure a rather “bare” character of the
central metal, such complexes show all structural characteris-
tics one might expect for [Fe(MgCl),],. Prototype cross-cou-
pling experiments confirm that 30, 37, and 38 are fully
functional surrogates, their activity being comparable to or
even higher than that of species generated by reduction of
FeX5.3%>7 Moreover, they were shown to undergo two-elec-
tron oxidations when exposed to chlorobenzene or allyl
halides.>” Therefore we are currently employing these com-
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SCHEME 11. Oxidative Addition and Ligand Redistribution
Processes
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plexes to investigate the elementary steps supposed to
account for iron-catalyzed bond formations in greater
detail.*97

Additional information comes from investigations by Sen et
al. who convincingly showed that the oxidative insertion of 39
into benzyl halides occurs via two consecutive single-electron
transfer steps.>® The resulting complex 40 could be trapped
with 1,2-bis(diphenylphosphino)ethane (dppe); however, in the
absence of the phosphine, tmeda effects a ligand redistribu-
tion with formation of 42 as the major product. This species
is capable of alkylating allyl bromide to afford the cross-cou-
pling product 43 (Scheme 11).° These stoichiometric obser-
vations of Sen may be a useful entry point into examinations
of the essential role tmeda plays in some of the iron-based
protocols presently available. It is important to note, however,
that these experiments were carried out in the absence of
Grignard reagent and their relevance to the actual catalytic
processes therefore remains to be seen.

Organoferrate Manifold. Based on the observation that
a 1:1 mixture of alkene and alkane is formed from the Grig-
nard reagent in the reduction of FeX,, Bogdanovic proposed
a f-hydride elimination followed by a reductive elimination as
two of the elementary steps in the formation of
[Fe(MgX),].>>>° Extension of this concept to MeMgX is not
possible because it lacks a S-hydrogen elimination pathway.
This fundamental difference is consistent with our observa-
tions that different methyl donors failed to alkylate 4-chlo-
robenzoate 11 in the presence of catalytic Fe(acac)s;, even
though this particular substrate reacts with ethyl or higher
alkyl Grignard reagents with exceptional ease (Scheme
12).7324 However, since a number of successful reactions of
MeMgX (and related nucleophiles) with more activated sub-
strates such as alkenyl halides and triflates, electron-deficient
heteroaryl halides, or acid chlorides have been reported,”'"'3
it seems possible that iron-catalyzed C—C bond formations
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SCHEME 12. Strikingly Different Behavior of Methyl and Higher
Alkyl Donors

Fe(acac)s cross coupling

(5 mol%)

/©/COOMe ;
cl
11
EtMgBr COOMe
Fe(acac);
(5 mol%) 12 (> 95%)

may occur in yet another reaction manifold. Therefore,
attempts were made to characterize the reactive intermedi-
ates formed on treatment of iron salts with methyl donors.
Treatment of FeCl; with MeLi at low temperature results in
a spontaneous reduction followed by an exhaustive alkyla-
tion of the resulting Fe(2+) center. As has been shown crys-
tallographically, the resulting homoleptic complex incorporates
an additional equivalent of MeLi to give the “super ate” com-
plex [(Me,Fe)(MeLi)][Li(OEt,)], (44) depicted in Figure 2.7>°
Complex 44 mirrors the behavior of the in situ generated cat-
alyst system very closely, because it fails to react with 4-chlo-
robenzoate but transfers methyl groups to more activated
electrophiles. In addition, 44 acts as a base and as a single-
electron transfer agent, suggesting that the chemoselectivity
of organoferrate complexes in general may be more limited
than previously assumed.®® Overall, the reactivity profile of 44
has similarities to that observed with other ate complexes,
most notably those of the copper series, and is clearly differ-
ent from the behavior of higher alkyl Grignard reagents in the
presence of FeX, (n = 2, 3).°° To what extent related orga-
noferrate species are formed with other donors incapable of
undergoing the Bogdanovic activation pathway by S-hydride

I\Ille
Frrll
Me<Z b
. *~L'r\ Me
LT Me-N i okt
i~z >Li=== 2
Etzo/ \Me/

FIGURE 2. Structure of the iron “super ate” complex
[(Me,Fe)(MeLi)|[Li(OEt,)], (44) in the solid state.
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elimination remains to be elucidated. Our empirical observa-
tion, however, that phenyl-, alkenyl-, and allylmagnesium
halides either fail or react only poorly with chlorobenzoate in
the absence of special additives is suggestive. In fact, a homo-
leptic ate complex of the phenyl series of the composition
[Ph,Fe][Li(Et,0),][Li(1,4-dioxane)] could recently be isolated in
pure form.>”

Assessment and Conclusions

Originally thought to be essentially limited to the reaction of
alkenyl halides with unfunctionalized Grignard reagents, the
field of iron-catalyzed cross coupling has entered a phase of
significant growth. Substantial advancements have been made
to increase the range of nucleophilic and electrophilic part-
ners amenable to such transformations. Important examples
include aryl chlorides and sulfonates, various acid derivatives,
and even alkyl halides; the spectrum of nucleophiles now
encompasses manganese-, zinc-, and copper-based donors to
complement the organomagnesium halides commonly used.
The ability to prepare highly functionalized Grignard reagents
has further increased the scope of this methodology.®'

The foregoing notwithstanding, iron-catalyzed cross cou-
pling is not nearly as mature as its palladium and nickel coun-
terparts. In particular, our insight into the reaction mechanisms
is in its infancy, remains largely based on empirical evidence,
and has yet to meet with similarly intense scrutiny as has
been dedicated to the understanding of noble metal catalyzed
transformations. Nevertheless, it is becoming increasingly clear
that iron-catalyzed C—C bond formations fall into more than
one distinct mechanistic category, with the organoferrate
regime and the “low-valent” redox chemistry being limiting
cases.>” How and whether these manifolds are connected and
what role additives may play in this regard remains essen-
tially unknown.

To sustain advancement in this important area, however,
the development of a firm conceptual framework by which the
emerging empirical discoveries can be understood at the
molecular level is of vital importance. Yet, we anticipate that
any such endeavor constitutes a tremendous challenge. Not
only are we lacking much of the fundamental knowledge
about structure, electronics, and reactivity of nonstabilized
“low-valent” iron compounds,®”°2 but any investigation into
the actual in situ catalyst system must contend with highly
reactive and potentially paramagnetic intermediates in a reac-
tion mixture wherein more than one active species of poorly
defined composition may be present.>” The accessibility of a
range of potential oxidation and spin states, readily traversed
by one- or two-electron transfer steps and effected by subtle
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changes in the ligand environment, is a further complicating
factor. Despite these daunting issues, the obvious practical rel-
evance and potential economic benefits of using a cheap,
readily available, nontoxic, and benign metal for bond-form-
ing reactions as fundamental and widespread as cross cou-
pling should suffice to drive research into all aspects of the
chemistry of low-valent iron.

We sincerely thank all co-workers involved in the iron cataly-
sis project for their invaluable contributions; their names appear
in the references. Generous financial support by the MPG and
the Fonds der Chemischen Industrie is gratefully acknowledged.
B.D.S. thanks the Alexander-von-Humboldt Foundation for a
fellowship.
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Catalytic methods are important tools for the synthesis of C—C bonds under mild and ambient conditions. Palladium
chemistry predominates in this area because it offers the opportunity to form several different types of bonds in one
pot. Palladium can also tolerate a variety of functional groups.

Among the many investigations of catalytic aryl—aryl couplings, the most successful technique has been the Suzuki reac-
tion, which uses an arylboronic acid to attack an aryl—Pd bond. This Account reports our methodology, based on the coop-
erative action of Pd and norbornene, that achieves selective aryl—aryl coupling through C—halide and C—H activation.

We are primarily interested in Pd-catalyzed sequential reactions. These reactions combine palladium as an inorganic cat-
alyst and a strained olefin such as norbornene as an organic catalyst and can lead to biphenyl derivatives. While the pal-
ladium facilitates C—C bond formation through C—halide and C—H activation, the norbornene contributes to the construction
of a palladacycle, an intermediate structure that controls and directs the subsequent reaction steps selectively. To achieve
regioselective arylation at the carbon ortho to the original C—halide bond, palladacycles require an additional ortho sub-
stituent (R"). The palladacycle opens, giving rise to a biphenylylnorbornylpalladium complex. Because of the steric hin-
drance exerted by the two ortho groups, norbornene deinsertion readily occurs to form a biphenylylpalladium complex. Thus,
norbornene acts as a removable scaffold. We used this biphenylylpalladium species to form C—C (with olefins, alkynes, or
arylboronic acids) or C—H bonds (by hydrogenolysis).

Using nonidentical aryl or heteroaryl halides, we also formed a biaryl-bonded Pd species able to undergo the final ter-
mination reaction (C—C, C—N, or C—0 bond formation) either inter- or intramolecularly. We used this method to synthe-
size a variety of aromatic and heteroaromatic compounds. We also obtained the key metallacycle able to selectively direct
the reactions by replacing norbornene with an aryl-bonded aminocarbonyl group. This method provided a diverse series
of condensed heterocycles.

Introduction opportunity to form several bonds of different
Catalytic methods represent important tools for ~ types in one-pot reactions that tolerate a wide
the synthesis of C—C bonds under mild and envi-  number of functional groups." Many efforts have

ronmentally friendly conditions. Palladium chem- ~ been made to synthesize the ubiquitous class of
istry dominates the area because it offers the  biaryls.? Since the discovery of the Ullmann reac-
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SCHEME 1. Palladacycle Formation and o-Alkylation
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tion, the achievement of a catalytic aryl—aryl coupling has
been pursued by many research groups. The most successful
technique has been provided by the Suzuki reaction, which is
based on the use of an arylboronic acid to attack an aryl—Pd
bond. More recently the direct selective attack on an aromatic
C—H bond has been reported.?

We approached the aryl—aryl coupling problem in the
framework of our research on Pd-catalyzed sequential reac-
tion. This Account reports our methodology, based on the
cooperative action of Pd and norbornene, to achieve selec-
tive aryl—aryl coupling through C—halide and C—H activa-
tion.* The alkyl—aryl coupling is briefly summarized as a
useful introduction to the aryl—aryl coupling. As shown in
Scheme 1, the metal-catalyzed reaction sequence is initiated
by oxidative addition of an aryl halide such as iodobenzene
(1) to Pd(0) to form the phenylpalladium species 2.> This first
step is followed by norbornene insertion into the phenyl—Pd
bond of 2 leading to complex 3 where the phenyl and the Pd
groups are bonded to the norbornyl structure in a cis,exo
mode, that is, both pointing to the same side of the methyl-
ene bridge.® Complexes of this type are rather stable toward
B-H elimination,” which is the favored termination step in
Pd—alkyl species. This path being precluded under the usual
reaction conditions, further steps may occur in a relatively
easy way. Indeed our studies let us achieve metallacycle for-
mation (complex 4) through electrophilic activation of a usu-
ally inert C—H bond, ortho to the original C—halide one.?

Thus the use of norbornene as cocatalyst opened the way
to working out processes involving selective C—H activation.*

The resulting palladacycle 4 offered interesting possibili-
ties for reactions with other organic partners: either the
aryl—Pd or the norbornyl—Pd bonds or both could be bro-
ken. When alkyl halides (methyl, allyl, and benzyl halides)
were used, only the aryl—Pd bond was affected and selec-
tive alkylation of the arene moiety occurred leading to com-
plex 6 through the intermediacy of a Pd(IV) species 5 (Scheme
1).2 At this point, the reaction spontaneously proceeded fur-
ther (Scheme 2), with formation of a new palladacycle 7

SCHEME 2. o-Dialkylation and Norbornene Deinsertion
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SCHEME 3. Termination Steps
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which behaved similarly to the previous species 4 and under-
went oxidative addition of Alk—I to form the Pd(IV) metalla-
cycle 8. Alkyl attack on the aryl-Pd bond gave the
o-dialkylated complex 9, which did not remain as such, how-
ever, but underwent norbornene deinsertion, the reverse of
the metal insertion reaction,'® because of the steric hindrance
exerted by the two alkyl groups.®

This meant that norbornene behaved as an organic cata-
lyst cooperating with Pd to provide a scaffold that could be
removed through further reaction.* In its turn, Pd could be
freed again, thus acting as catalyst, by means of well-known
reactions of the aryl—Pd bond such as hydrogenolysis, Heck,
Suzuki, or Cassar—Sonogashira reactions. C—C bond forma-
tion was thus selectively achieved through a multistep cata-
Iytic reaction (Scheme 3).*'" The described methodology has
been largely extended to ring-forming reactions by Lautens
and co-workers.3®12

The reaction course and in particular the role of nor-
bornene was established in our previous work by isolating
most of the relevant intermediates involved and by studying
the single steps through stoichiometric reactions.® '3

Aromatic Arylation. As shown above, Pd can activate usu-
ally inert aromatic C—H bonds toward catalytic alkylation. We
wondered whether the alkylation procedure could be
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SCHEME 4. Selective Alkyl—Aryl Coupling
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SCHEME 5. Aryl—Aryl Coupling Followed by Norbornene
Deinsertion
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extended to arylation, in other words, whether an alkyl halide
could be replaced by an aryl halide in the reaction sequence
previously described. This turned out to be a very difficult task,
however, because aryl groups preferentially attacked the nor-
bornyl carbon of palladacycle 4'* (Scheme 1).

To gain insight into the reaction pathway, we carried out
stoichiometric reactions of palladacycle 4 with aryl iodides
(Scheme 4). Working in DMF at room temperature and using
para-substituted aryl iodides 11, we observed the exclusive
formation of methanotriphenylene derivatives 13. The posi-
tion of the R substituent in the aromatic ring of the final prod-
uct 13 dlearly indicates that the aryl iodide 11 attacked the
aliphatic site of palladacycle 4 with formation of 12 and sub-
sequent intramolecular ring closure to 13.'°

As observed for alkylation reactions, the system thus shows
a preference to form an sp?—sp® C—C bond. In view of this
preference, we were very surprised on finding that pallada-
cycles of type 4, containing an ortho substituent in the aro-
matic ring (14; Scheme 5), directed the attack of an aryl halide
toward the aryl site selectively with formation of species 15.
Due to the presence of two ortho substituents, conditions are
now favorable for norbornene deinsertion to yield the biphe-
nylylpalladium complex 16, as previously observed in the
case of the alkylation reaction.

It should be noted that this new type of aryl—aryl coupling
differs from the conventional one in that the positions of the
affected carbon atoms are different from each other, one cor-
responding to the halide-bonded and the other to the ortho
carbon atom of the arene molecules. Thus this ortho-selec-
tive homocoupling can be regarded as a cross-coupling
reaction.

TABLE 1. Vinylbiphenyls

. o, .

5% Pd(OAc),

K,COj;, DMF
105°C, 16 R
4
Y
R Y yield (%)
Me C0,Me 79
t C0,Me 79
i-Pr CO,Me 84
OMe CO,Me 88
CO,Me C0,Me 98
Me SOPh 81
Et COMe 79
Et Ph 87

The discovery of the “ortho effect” was exploited to work
out new catalytic syntheses involving selective arylation of
arenes.

Catalytic ortho-Selective Aryl Coupling to Biphenyls.
To derive a catalytic reaction from Scheme 5, we followed the
criterion of trapping the biphenylylpalladium complex 16 with
suitable species able to react with formation of an organic
product and concomitant liberation of Pd(0), which in its turn
could start a new cycle by oxidative addition of an aryl halide
to the metal. The choice of a trapping agent is not trivial
because it must react selectively with complex 16 and not
with the other species involved in the sequence. We shall con-
sider in some detail the overall process terminated by a Heck-
type reaction with olefins. The main features, until the
formation of complex 16, are common to the other methods
to achieve catalysis by different termination types, which are
treated in the following pages.

Trapping Complex 16 with Olefins: Vinylbiphenyls.
The reaction of an ortho-substituted aryl iodide with a termi-
nal olefin, carried out in DMF under the conditions reported in
Table 1, gave 3,2'-disubstituted vinylbiphenyls with good
results.'®

Several aryl iodides containing an ortho substituent such
as methyl, ethyl, isopropyl, methoxy, or methoxycarbonyl
could be coupled with both electron-poor and electron-rich
olefins. The former proved to be the best partners, leading
to linear E products exclusively (as shown in Table 1), while
the latter gave rise to a mixture of linear and branched iso-
mers (not reported in Table 1) resulting from olefin aryla-
tion at the terminal and internal vinylic carbons in
agreement with the regioselectivity usually observed in
Heck reaction.'” Substituents such as the mono- and dim-
ethylamino, hydroxy, and acetoxy ones inhibited the reac-
tion, likely due to interference with Pd. Owing to its
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SCHEME 6. Proposed Reaction Pathway for the Formation of 3,2'-Disubstituted Vinylbiphenyls (Black) and Frequently Found Byproducts

(Red)

bulkiness, the t-Bu group favored reductive elimination from
complex 19 (R = t-Bu) to the corresponding methanobiphe-
nylene 24 exclusively,'® as shown in Scheme 6, which
reports the proposed reaction course.

Achieving the sequence shown requires that no elimina-
tion of the metal occurs from the metal—carbon bonds in
the intermediate stages; otherwise the process would stop
with formation of undesired byproducts. Oxidative addi-
tion of the aryl iodide to Pd(0) leads to the arylpalladium(ll)
iodide complex 17,° which readily coordinates and stereo-
selctively inserts norbornene to give the cis,exo arylnor-
bornylpalladium species 18.° Although both norbornene
and the terminal olefin are able to insert into the aryl—Pd
bond of complex 17, under appropriate conditions nor-
bornene insertion occurs selectively even in the presence of
an excess (usually twice) of terminal olefin (black pathway).
This is favored by steric strain relief of norbornene. The ary-
lated olefin 23 (red pathway), which should readily form
from the arylpalladium species 17 according to Heck reac-
tion,'” was not detected. It is noteworthy that, as ascer-
tained by X-ray diffraction,®®“ a double bond of the
aromatic ring of complex 18 binds to Pd. This is a sort of

preorganization, which facilitates reaction with the aromatic
ring to give the five-membered palladacycle 19 through
activation of an aromatic C—H bond. At this point, because
of the presence of a substituent ortho to the aryl—norbornyl
bond, the aryl—Pd bond of 19 becomes susceptible to the
selective attack by another molecule of the aryl iodide lead-
ing to complex 20. The reaction pathway is proposed to
involve a Pd(IV) species, as suggested by the isolation of
Pd(IV) complexes from the reaction with alkyl halides
(Scheme 1).'" Alternatively it may be that the aryl iodide
addition proceeds through a transmetalation process involv-
ing Pd(ll) complexes.'® Due to the steric hindrance gener-
ated by the two ortho substituents, complex 20 undergoes
norbornene deinsertion to the biphenylylpalladium species
21, which inserts the terminal olefin according to Heck reac-
tion. Thus norbornene, which was inserted at the begin-
ning of the cycle (from 17 to 18), is deinserted toward the
end of the same cycle (from 20 to 21) after making possi-
ble the selective arylation of the aromatic ring. Although
norbornene formally acts as a catalyst, it must be used at
a sufficient concentration (usually of the order of 1:1 with
respect to the aryl halide) to allow an efficient insertion
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SCHEME 7. 3,2'-Dimethoxycarbonyl-2-(3-oxobutyl)-1,1'-biphenyl
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step. On the other side, if norbornene concentration is too
high, its elimination (from 20 to 21) becomes more diffi-
cult, because the insertion equilibrium is shifted toward 20
and the entire process slows down. As a consequence
another pathway leading to methanotriphenylene deriva-
tive 26'*'> becomes possible (red pathway).

Other readily formed byproducts, usually found in small
amounts, are compounds 24'8 and 25,2° both resulting
from palladacycle 19. As previously shown, compound 24
is the main product with R = ¢-Bu. Its formation appears to
be due to the steric effect exerted by the bulky substitu-
ent, which favors ring closure (red pathway) and by the dif-
ficulty for t-BuCgH,l to react with palladacycle 19 (black
pathway). Compound 25 originates from protonation?' at
the norbornyl site of the palladacycle with ring opening, fol-
lowed by insertion of another norbornene molecule and
ring closure.

Trapping with Allyl Alcohols: Biphenyls with Alkyl
Chains Containing Carbonyl Groups. We found that allylic
alcohols are satisfactory terminating agents.>* The reaction of
methyl o-iodobenzoate and 3-buten-2-ol led to the selectively
substituted biphenyl reported in Scheme 7. The aliphatic
ketonic chain forms according to a pathway previously
described for the insertion of allylic alcohols into an arylpal-
ladium bond.?® With substituents different from the methoxy-
carbonyl one, the expected products were obtained in
moderate yield (54—75%).

Trapping with Alkynes: Phenanthrenes. Another type of
termination was offered by diarylalkynes.>* Their insertion
into the arylpalladium bond of complex 21 in place of ole-
fins led to vinylpalladium bonds, which readily cyclized to give
9,10-diarylphenanthrenes. Table 2 shows the results obtained
using o-substituted iodobenzenes as reagents and dipheny-
lacetylene as the terminating agent. The i-Pr group gave the
best results probably because it has the appropriate steric hin-
drance to favor norbornene deinsertion, which is the step that
benefits from the presence of a bulky group. Dialkylalkynes
mainly underwent HX elimination giving allenes.

TABLE 2. Phenanthrenes
i &, O
! 5% Pd(OAck Ph
2 + Ph—C=C—Ph ‘
K>CO3, n-BuyNBr Ph
DMF, 105 °C, 24 h O
R

R vield (%)
Me 82
Et 85
n-Pr 83
i-Pr 93
n-Bu 84
OMe 64

TABLE 3. o-Terphenyls

A7

N B(OH), O R2

A 1% Pd(OAc), R! //|

2 + N
DS K,CO3, DMF
R? 105 °C, 90 h O
R1

R! R? yield (%)
Me H 88
Et H 77
i-Pr H 93
n-Bu H 73
OMe H 82
CO,Me H 89
n-Bu 4-Me 72
n-Bu 4-F 71
n-Pr 2-Me 73

Trapping with Aryls from Arylboronic Acids: o-
Terphenyls. Also arylboronic acids could be used to termi-
nate the sequence leading to biphenylylpalladium species
21.2° o-Terphenyl derivatives were obtained with good results
(71—93% yield) with a variety of R' substituents (Table 3). The
reaction is compatible with different R* groups in the arylbo-
ronic acid, even in the ortho position and occurs with a bet-
ter catalytic efficiency than that using olefins in the final step.
Also in this case, the i-Pr group acts positively, affording the
highest yield.

Trapping by Hydrogen Transfer: Biphenyls. Even the
simplest trapping procedure consisting of hydrogenolysis with
hydrogen or hydrogen transfer agents such as benzyl alco-
hol was achieved successfully,?* despite the fact that this ter-
mination process tended to occur earlier at any stage in the
sequence, in particular at the level of the norbornyl—Pd bond,
which is well-known to undergo an easy hydrogenolysis pro-
cess (Table 4).

Catalytic ortho-Selective Aryl—Aryl Cross-Coupling. All
the reactions previously described, leading to the synthesis of
selectively substituted biphenyl derivatives, were performed
using two molecules of the same aryl iodide. According to the
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TABLE 4. Biphenyls

: P,

@/ 25%Pd(OAc), O
2 + CgHsCH,OH
K,CO3, NMP
105°C, 24 h O
— CgHsCHO R
R yield (%)
Me 72
Et 84
i-Pr 83
n-Bu 79
OMe 48
CO,Me 87
(=CH—), 78

SCHEME 8. Aryl—Aryl Cross-Coupling and Olefin Insertion in
Sequence

R R?
©/X ©/Y 2% Pd(OAc
+
K,CO,, DMF
.y 105 °C, 24 h
1 O 2 I
R + R‘ LR
2 Z zZ O N4
O R1 R2
28

general reaction pathway depicted in Scheme 6, one mole-
cule oxidatively adds to Pd(0) while the other reacts with Pd(ll).
Since these Pd(0) and Pd(ll) species have different steric and
electronic properties, we wondered whether they would be
able to discriminate between two aryl halides thus leading to
a biphenylylpalladium structure containing two differently sub-
stituted aromatic rings. To trap this species, we first resorted
to methyl acrylate. The reaction of two different molecules of
aryl halides with methyl acrylate implies the selective forma-
tion of only one compound (R'—R?) out of the possible cou-
pling products (E-isomers only) shown in Scheme 8.

The task turned out to be quite difficult: several attempts
to achieve aryl—aryl cross-coupling, taking advantage of the
different steric hindrance of the ortho-substituent in the aryl
jodides, failed, and a mixture of the four possible products
(27—-30) was obtained. After several unsuccessful experi-
ments, we were pleased to observe that the reaction of o-io-
dotoluene, methyl o-bromobenzoate, and methyl acrylate
allowed us to isolate the desired product 27 (R' = Me; R?, Z
= CO,Me) in 80% yield (Table 5).2° Replacing o-iodotoluene
with aryl iodides containing other o-electron-donating groups
led to similar results, which prompted us to follow this crite-
rion to achieve aryl—aryl cross-coupling.

TABLE 5. Vinylbiphenyls from Different lodobenzenes

A7

CO,Me O
©/ ©/ 2% Pd(OAC), CO,Me
K,COs, DMF S COMe
+ A CoMe 105 °C, 24 h |O o
R vield (%)
Me 80
iPr 74
tBu 37
Ph 73
OMe 83
OCH,Ph 80
NMe, 82
CF, 77

SCHEME 9. Proposed Reaction Pathway for Aryl—Aryl Cross-
Coupling

Trapping Aryl—Aryl Cross-Coupling Intermediates
with Methyl Acrylate. The results of the reaction of o-sub-
stituted iodobenzenes with methyl o-bromobenzoate and acry-
late are reported in Table 5. Results are satisfactory except for
the t-Bu group, which gave a 379% yield of the expected prod-
uct, in contrast with the completely negative result of the
homocoupling reaction (Scheme 6). Functional groups such as
methoxy, dimethylamino, and the bulkier phenylmethoxy are
well tolerated and give good yields, but substituents that inter-
fere with Pd, such as monomethylamino, hydroxy, and amino
groups inhibit the reaction. A somewhat anomalous behav-
ior was observed in the case of the trifluoromethyl group.
o-Trifluoromethyl iodobenzene reacted with Pd(0), but it was
unable to react with palladacycle 33 (Scheme 9), which
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TABLE 6. Vinylbiphenyls from Different Bromobenzenes

2
Br |\ o
O/ 2% Pd(OAc)2 =
ch03 DMF S -COMe
/\ 105 °C, 24 h
CO,Me Me
R? vield (%)
o-NO, 72
mNO, 76
p-NO, 83
0-CF5
m-CF5 71
p-CF, 80
o0-CN 13
m-CN 62
p-CN 79
0-CO,Me 80
m-CO,Me 37
p-CO,Me 71

instead was attacked by bromides containing electron-with-
drawing substituents.

The catalytic cycle begins, as shown earlier in this paper, to
give the alkylaromatic palladacycle 33 (Scheme 9). At this
stage, contrary to what was observed at the level of Pd(0),
methyl o-bromobenzoate (R = CO,Me) reacts faster than the
aryl iodide with the Pd(ll) metallacycle to give the aryl cou-
pling. The selective attack of methyl o-bromobenzoate on the
aromatic site of palladacycle 33 results in the formation of
intermediate 34. This species undergoes C—C bond cleavage
with norbornene expulsion to afford the biphenylylpalladium
complex 35, which terminates the catalytic cycle by methyl
acrylate insertion.

Since the selective aryl—aryl coupling is promoted by the
presence of an ortho R substituent in palladacycle 33, the aryl
iodide, which is responsible for the formation of palladacycle
33, must be ortho substituted. By contrast the aryl bromide
does not need to bear a substituent in the ortho position
since it does not take part in the formation of palladacycle 33.
We thus carried out the reaction of an aryl iodide containing
an ortho electron-releasing group such as o-iodotoluene with
an aryl bromide containing an electron-withdrawing substitu-
ent in ortho, meta, or para position, and the results are
reported in Table 6.

Satisfactory results were obtained with a variety of substit-
uents on the aryl bromide with the exception of the o-CF; and
0-CN groups, which although able to attack Pd(0) are not reac-
tive toward the palladacycle 33. Both electron-poor and elec-
tron-rich terminal olefins could be used albeit linear and
branched isomers (from terminal and internal olefin arylation)
were obtained in the presence of electron-donating groups.

SCHEME 10. 4-Cyano-3'-methyl-1,1":2'-1"-terphenyl

@/ 2% Pd{OAc), O O
+ PhB(OH),
K,CO3, DMF
105 °C, 24 h
Me

70%

SCHEME 11. 2-(4-Triflu0romethylphenyl)-1-naphthonitrile

Pd(OAc)Q/TFP O O

CF, Cs2C03, MeCN

microwave
+ Ky[Fe(CN)s]-3H0  439ec 2 66%

Regioisomers were observed in the presence of alkyl chains,
which offered a different 5-H for elimination.

Trapping with Arylboronic Acids: Mixed Terphenyls.
Also in this case another way to achieve Pd- and norbornene-
catalyzed aryl—aryl cross-coupling takes advantage of the
Suzuki reaction to effect a second and terminal cross-coupling
by reaction of the biphenylylpalladium complex 35 with aryl-
boronic acids. The reaction reported in Scheme 10 led to 4-cy-
ano-3'-methyl-1,1":2'-1"-terphenyl in acceptable yield.
Interestingly the classical Suzuki reaction with either aromatic
halide did not occur, complex 35 only being attacked.?”

Most of the considerations made for the reactions with ole-
finic substrates also hold for the sequence terminated by the
SuzuKi reaction.

Trapping with CN: Aromatic Nitriles. A further develop-
ment of the coupling technique involving palladacycles has
been described recently by Lautens and co-workers who use
the CN anion for the termination step under microwave irra-
diation (Scheme 11). The yield of the reported example could
be increased to 94% by using a 3-fold excess of the aryl bro-
mide.?®

Synthesis of Biaryl-Containing Heteroatoms in Rings.
The aryl cross-coupling methodology can also be applied to
heterocyclic halides.?® The heterocycle can be utilized as
iodide as well as bromide provided that the heteroatom is
present in a position not leading to an easy interaction with
Pd in any of the species involved in the catalytic cycle. Thus
2-bromopyridine completely inhibited the cross-coupling,
while 4- or 3-bromopyridine readily reacted with o-iodotolu-
ene and methyl acrylate to give the expected compounds in
59% and 52% vyield, respectively. 3-lodo-2,5-dimethylth-
iophene, methyl o-bromobenzoate, and methyl acrylate gave
the corresponding vinylbiphenyl derivative in 78% vyield.
Combining 3-iodo-2,5-dimethylthiophene and 4-bromopyri-
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SCHEME 12. Heteroatom-Containing Coupling Products
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SCHEME 13. C—Cand C-0 or C—N Sequential Coupling
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dine led to the heteroaryl—heteroaryl coupling with forma-
tion of the expected product in 59% yield. In the case of
1-iodonaphthalene and 4-bromopyridine, the final coupling
could be achieved using a Suzuki-type reaction.?” Some
examples are shown in Scheme 12.

Condensed Heterocyclic Compounds. The aryl cross-
coupling method was also exploited to achieve the synthesis
of condensed heterocyclic compounds. The criterion we fol-
lowed (Scheme 13) is based on the use of aryl bromides bear-
ing an appropriately functionalized ortho substituent able to
undergo a termination step intramolecularly, either in a biphe-
nylylpalladium complex of type 37 or, after olefin insertion,
with the double bond of the resulting vinylbiphenyl deriva-
tive 38. Efficient C—0 and C—N couplings have been report-
ed.?°

Dibenzofurans and Dibenzopyrans. The synthesis of
condensed heterocycles containing oxygen was achieved, to
our surprise, using o-bromophenols as the cross-coupling part-
ner. Although the presence of an electron-donating group in

SCHEME 14. 4-Trifluoromethyldibenzofuran

4% Pd(OAc), O O
K,CO3, DMF

105°C.24h  cf, ©

CF; OH

G &

TABLE 7. 6H-Dibenzopyrans

45%

RZ
A7 T
I Br 2% Pd(OAc =
©/* O oy 22O o
S K,COs, DMF Y

R? 80°C,24h
R1
R! R? Y yield (%)
Me H CO,Me 83
Et H CO,Me 64
CF, H C0,Me 92
2,4-Me H C0,Me 88
Me 5-Me CO,Me 52
Me 5-C0,Me C0,Me 72
Me 5-NO, C0,Me 83
Me H C0,Me 93
Me H COMe 73

the aryl iodide and of an electron-withdrawing one in the aryl
bromide usually appears to be crucial to control the reactiv-
ity of these species, o-bromophenol could be successfully
employed as the aryl bromide despite the presence of the
ortho hydroxyl group. Thus, as exemplified in Scheme 14, the
reaction of o-trifluoromethyliodobenzene with o-bromophe-
nol under the conditions reported led to 2-trifluorometh-
yldibenzofuran, although with limited yield.*®

A satisfactory reaction leading to 6H-dibenzopyrans was
obtained using o-substituted aryl iodides and o-bromophe-
nols in the presence of an electron-poor olefin. The ortho phe-
nolic OH group in the resulting vinylbiaryl derivative favors the
intramolecular Michael-type reaction on the double bond to
form a dibenzopyran derivative (Table 7). The final cycliza-
tion step must take place quite easily since the open precur-
sor has been isolated only in one case.?’

The replacement of o-bromophenol with p-bromophe-
nol led only to compound 28 (Scheme 8; R' = Me) formed
by homocoupling of o-iodotoluene followed by reaction
with methyl acrylate.'® This points to the chelation ability
of o-bromophenol, which favors its own reaction with
palladacycle.

The basic structure of the products is found in cannabinals,
a well-known class of biologically active compounds.

Carbazoles and Phenanthridines. We also achieved a
palladium-catalyzed sequential aryl—aryl and N—aryl coupling
leading to the synthesis of carbazoles and phenanthridines. To
this end, we reacted ortho-substituted aryl iodides with ortho-
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SCHEME 15. Carbazoles and Phenanthridines
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bromoanilines, N-monosubstituted by electron-withdrawing
groups, in the absence and in the presence of electron-poor
olefins under the conditions reported in Scheme 15.3% The
syntheses of carbazoles and phenanthridines parallel those of
dibenzofuran and dibenzopyrans, the oxygen being replaced
by the nitrogen function.

Phenanthridinones. Phenanthridinones and their hetero-
cyclic analogues were obtained through Pd-catalyzed sequen-
tial aryl—aryl and N—aryl coupling.®®* While all reactions
reported up to now take place in the absence of any phos-
phorus or nitrogen ligand, a triarylphosphine ligand such as
tris(furyl)phosphine®* was found to be necessary in this case
to obtain satisfactory yields. The reaction has been success-
fully applied to o-bromobenzamides and several heterocyclic
o-bromocarboxamides as reported in Table 8.

As shown in Table 8, yields widely differ depending on
substrates and solvents, as expected in view of the different
reactivity of the C—halide bond and stability of the resulting
Pd complex. It can be observed, for example, that in the case
of the 3-C—Br bond of the 2-furylcarboxamide in acetonitrile,
the reaction gave only 249% vyield because of Pd precipita-
tion, while in DMF, where the Pd complex was more stable, a
satisfactory yield was obtained, analogously to what observed
with the thiophene compound. With the 2-bromofuran iso-
mer the reactivity of the C—Br bond was too high and the
yield decreased owing to formation of byproduct. 2-Bromopy-
ridinecarboxamide again was too reactive, and the desired
product was not formed. With CI in place of Br, an acceptable
yield was obtained, however.

Condensed Polycyclic Pyridones. An interesting devel-
opment was achieved when we discovered that a sequential
coupling occurred using an aryl-bonded aminocarbonyl group
to form a palladacycle (39) (Table 9) in place of norbornene.>>
N-Monoalkyl-substituted o-arylcarboxamides coupled in
acceptable yield to 40, and one CONHR group formed a con-

TABLE 8. Sequential C—C and C—N Aryl Coupling

e o,
@/ Br 5% Pd(OAC),/TFP
+ - - C .

K,CO4
CONHMe  DMF or MeCN |
24 h Me Me
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L, ? !
CONHMe Me Me
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\

g~ “CONHMe Me e
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Br
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)
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7\
o~ Br NS0
Me Me
DMF, 85 48
N7 |
@CONHMe X
L.
N7 X N0
Me Me
X =Br =
X = CI; DMF, 105 55

densed ring with concomitant elimination of the other (ipso
substitution) formally as RNCO (RNH, + CO, in the presence
of K;CO5). The most interesting aspect of this reaction, how-
ever, is the formation of a palladacycle from the aryl-bonded
CONHR group in place of norbornene. C—N palladacycles
have been shown by Buchwald to be transient intermediates
in intramolecular Pd-catalyzed arylation of amides.>® At vari-
ance with norbornene, the CONHR group does not act cata-
Iytically and is incorporated into the final condensed pyridone.
In this way, a variety of condensed pyridones become acces-
sible under mild conditions as shown in Table 9. Yields vary
depending on the nature of aromatic/heterocyclic rings: con-
densed rings performed better than the single ones owing to
the higher reactivity of the latter, which led to more complex
pyridone derivatives.
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TABLE 9. Coupling of N-Containing Palladacycles: Condensed
Pyridones
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Conclusions

The Pd-catalyzed sequential reactions we have been study-
ing show a considerable potential for the achievement of
highly selective reactions directed by palladacycle formation.
They occur in one pot under mild conditions starting from a
pool of simple molecules. A proper choice of the reaction
parameters allows one to overcome the competitive reactions
and to direct the sequence of steps toward a final irrevers-
ible step. In this way, a variety of reactions involving pallada-
cycle-directed aryl coupling reactions have been achieved.

Palladacycle-Directed Aryl Coupling Catellani et al.

From the mechanistic point of view, the course of this reac-
tion appears to be complex and thorough investigations are
needed, in particular, to ascertain the nature of the coupling
steps occurring on Pd.

We are deeply indebted to all students and colleagues men-
tioned in the references but in particular to Raffaella Ferrac-
cioli (CNR-ISTM, Milano) for her contributions in the
development of condensed heterocyclic syntheses. We thank
MIUR, Rome (Grant 2006031888) and the University of Parma
for support of our programs.
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CONSPECTUS

-Heterocydlic carbenes (NHCs), especially monoden- s
tate ones, have become the ligand of choice for /N/_/\N\
many transition-metal-catalyzed transformations. They
genera”y form highly stable complexes, have Stm"g catalytically active monoligated palladium species)
o-donor character, and have a unique shape that can be ‘
used to generate sterically demanding ligands.

In this Account, we survey recent developments in the
design and synthesis of some sterically demanding NHCs
with a particularly strong influence on the metal’s coor-
dination sphere. We show the successful and insightful
application of these ligands in transition-metal catalysis.

hemilabile binding possible Pr
N~Mes (agostic, anagostic, m-complex) 5 N
First, we discuss methods for determining and classify-
ing the electronic and steric properties of NHCs. In addi-

ﬁ JR
Me
tion, we present data on the most important NHC ligands.

The selective variation of either electronic or steric parameters of NHCs, and therefore of the catalyst, allows for the opti-
mization of the reaction. Thus, we prepared several series of differentially substituted NHC derivatives. However, because
the substituents varied were not directly connected to the carbene carbon, it was difficult to induce a large electronic vari-
ation. In contrast, an independent variation of the ligands’ steric properties was more straightforward. We highlight three
different classes of very sterically demanding NHCs that allow this kind of a steric variation: imidazo[1,5-a]pyridine-3-
ylidenes, bioxazoline-derived carbenes (IBiox), and cydlic (alkyl)(@mino)carbenes (CAAC).

These latter NHC ligands can facilitate a number of challenging cross-coupling reactions. Successful transformations often
require a monoligated palladium complex as the catalytically active species, and the sterically demanding NHC ligand favors
this monoligated complex. In addition, the electron-rich NHC facilitates difficult oxidative addition steps. Moreover, the con-
formational flexibility of the ligands can facilitate the formation of catalytically active species and hemilabile interactions,
such as agostic or anagostic bonds, as well as stabilize coordinatively unsaturated catalyst species. The increasing level of
understanding of the role of NHC ligands in transition-metal catalysis will soon allow the design of even more sophisti-
cated ligand systems.

R\\(F/R

NHC
flexible
electron-rich
sterically demanding
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Introduction

Since the first use of N-heterocyclic carbene (NHC)
ligands in transition-metal catalysis by Herrmann
etal. in 1995," NHCs have become the ligands of
choice for many transformations,? imidazolium
and 4,5-dihydroimidazolium salt derived NHCs
arguably being the most frequently used carbene
ligands for transition-metal catalysis (Figure 1). In

© 2008 American Chemical Society

this context, the measurement and variation of the
electronic and steric properties of NHCs has been
important for understanding and influencing the
carbene’s catalytic properties.>

Electronic Properties

NHCs are stronger o-donors than even trialkyl
phosphines and, thus, bind more strongly to many

Vol. 41, No. 11 = November 2008 = 1523-1533 = ACCOUNTS OF CHEMICAL RESEARCH = 1523





Sterically Demanding NHCs for Pd-Catalyzed Cross Coupling Wiirtz and Glorius

| Saos

IAd/SIAd

influence on coordination sphere

IMes/SIMes

0 o
MQN_NJW
~NS
n n /A

IBiox

NG OLB)S JO BSBBIOUI

1Pr/SIPr

mCNw

ICy

FIGURE 1. Some sterically demanding, symmetrical, and monodentate NHCs.

transition metals than phosphine ligands do.* In addition,
m-acceptor® and even s-donor properties® of NHC ligands
have recently been reported in some transition-metal com-
plexes. Many different methods for the determination of the
electronic properties of ligands in transition-metal complexes
have been applied. The basicity of NHCs, available from mea-
surement or calculation of the pK, values of the correspond-
ing azolium salts, can provide a rough estimate for their
o-donor characteristics.” A more sophisticated method relies
on the relationship between the metal—ligand bond strength
and the ligand’s electronic properties. Thus, Nolan et al. deter-
mined the bond dissociation energies of various ruthenium
NHC bonds by calorimetric measurements.®

The most widely accepted methodology for the determi-
nation of a ligand’s electronic properties, however, is the IR-
spectroscopic analysis of the CO-stretching frequencies of
(LNi(CO)s, (L)RN(CO),Cl, (L)Ir(CO),Cl, and related complexes.?
o-Donor ligands (L) lead to an increased electron density on
the metal center that causes stronger back-bonding from the
transition metal to the =" of the CO ligands and, thus, a weak-
ening of the C-O bond detectable by IR-spectroscopy. How-
ever, care has to be taken, since not only different transition
metals but also different vibrational frequencies (frequency of
the trans-CO ligand vs averaged frequency of all CO ligands)
have been employed.

Tolman developed methods for the classification of steric
and electronic properties of phosphine ligands.'%® Whereas
the cone angle (6) was found to be a suitable descriptor for the
steric demand, the electronic properties were determined by
IR-spectroscopic analysis of the CO-stretching frequency A, of
(LNi(CO); complexes. Nickel was chosen as the metal because
of its square planar geometry reducing the impact of steric
effects. However, the sterically very demanding ItBu and IAd
ligands do not give the desired tricarbonyl complexes but
react with Ni(CO), to the corresponding (NHC)Ni(CO),

TABLE 1. Comparison of the Donor Properties of Phosphine and
Various NHC ligands: Average Stretching Frequencies of (L)Ir(CO),Cl
and TEP Values of (L)Ni(CO); Complexes

measured calculated®

entry ligand v,,(CO) TEP in am™’ TEP in cm™’
1 PPh, 2044 2068.9

2 PCy, 2028 2056.4

3 SIPr 2024.9 2052.2

4 SIMes 2024.6 2051.5

5 IPr 2023.9 2051.5

6 IMes 2023.1 2050.7 2049.6
7 ICy 2023.0 2049.6

8 IBiox6 2023.5 2049.9
9 IBiox8 2022.5 2049.1
10 IBiox12 2022.0 2048.6
11 1Ad 2021.6 2048.3
12 CAACC 2013 2041

9 Values calculated by using the linear regression (TEP = 0.847[v,,(CO)] +
336 cm™')."!

complexes.3C However, the major drawback of this method-
ology is the extreme toxicity of Ni(CO),. Recently, Crabtree
reported a linear correlation between the average CO-stretch-
ing frequencies of (L)Ir(CO),Cl complexes and the CO-
stretching frequencies A, of Tolman’s phosphine—nickel
complexes.'°" Very recently, Nolan and co-workers deter-
mined the TEP values for different (NHC)Ni(CO); complexes
and, in addition, correlated these results with the average CO-
stretching frequencies of (NHQ)Ir(CO),Cl complexes. These
results allow a direct correlation of the different values of
nickel and iridium complexes, and an improved regression
line for the determination of TEP values of NHC ligands has
been calculated.'" Table 1 shows the electronic properties of
some phosphine and NHC ligands, some TEP values being cal-
culated by Nolan’s improved regression line.""

It can be seen that NHCs are more electron-rich than even
very electron-rich trialkyl phosphines and, furthermore, that
alkyl-substituted imidazolydene ligands are more electron-
rich than their aryl-substituted counterparts (Table 1). The elec-
tronic properties of the bioxazoline-derived IBiox12 (Figure 2)
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FIGURE 2. Chiral and achiral bioxazoline-derived carbenes (IBiox)
and cyclic (alkyl)(@mino)carbenes (CAAC).
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FIGURE 3. Tuning of electronic properties.

are comparable to the electron-rich adamantyl-substituted imi-
dazolydene IAd, whereas IBiox6 and IBiox8 are slightly less
donating and more comparable to IMes or IPr.'%¢ However, it
is remarkable that the TEP values of the different IBiox ligands
are hardly affected by the substituents on the quaternary car-
bon. As a result of a quaternary carbon placed next to the car-
bene carbon, Bertrand’s cyclic (alkyl)(@mino)carbenes (CAACS)
(Figure 2 and Table 1, entry 12) are more electron-donating
than most other five-membered ring NHCs (Table 1, entry 12).

To synthesize tailor-made catalysts, it is helpful to be able to
tune the electronic and steric properties of the metal center inde-
pendently of each other. Several approaches have been reported
to generate families of NHC ligands with similar steric though dif-
ferent electronic character by modification of substituents. How-
ever, since these substituents are not directly linked to the
carbene carbon, this strategy has mostly resulted in small elec-
tronic variations only. A series of differently substituted benzimi-
dazole-derived carbene ligands with similar steric demand has
been prepared (Figure 3).'® These ligands were compared in the
palladium-catalyzed Suzuki—Miyaura cross-coupling of chloro-
arenes with arylboronic acids and, as expected, the highest yields
were obtained by employing the palladium complex with the
most electron-rich ligand. But even the least electron-donating
difluoro-substituted ligand gave satisfying results. Thus, it can be
concluded that after reaching a certain level of electron-richness
required for oxidative addition, modification of the steric demand
becomes more important than modulation of the ligand’s elec-
tronic parameters.'?

Similarly, Bertrand et al. reported on boron-containing
cyclic six-membered NHCs whose electronic properties can be

| | N N

e ooty <\
L7770 - -- -
R=R'=NMey; R'= NMey, R=Ph;  R"=NEt,, OC1sHzs, Me, H, Br, SAr,SOAr, SO,Ar
R=R'=Ph Ar = 4-tolyl

FIGURE 4. NHCs with tunable electronic properties by Bertrand
and Plenio.

N-Me <

Increase of electron density
i N

FIGURE 5. Modulation of donor properties by “through-
space‘interaction.

modified by introducing different groups at the boron atom
with quasi-constant steric bulk of the ligands over quite a wide
range.'* In another recent work, Plenio et al. prepared aryl-
substituted imidazolydenes, only differing in the aryl's para-
substituents (Figure 4)."> The donor abilities of these tunable
NHCs were determined by CO stretching frequencies of the
corresponding [(NHQ)IrCI(CO),] and by cyclic voltammetry of
[(NHO)IrCl(cod)] complexes. Electron-withdrawing SO,Ar sub-
stituents render the donor ability comparable to PCy;, while
electron-donor substituents (NEt,) lead to NHCs electronically
comparable to 1,3-dialkyl-substituted imidazolydenes.

An inspiring concept of modulating the electronic properties
of pyridine-derived imidazolydenes was reported by Firstner et
al. (Figure 5). The substituents on an annulated cyclophane affect
the donor properties of the carbene by “through-space” interac-
tion.? Interestingly, while the tetrafluoro-substituted cyclophane
gave the least electron-rich ligand, the unsubstituted and the tet-
ramethoxy-substituted ligands were of comparable electron-rich-
ness. Still, this modification allowed the electronic variation over
a remarkably wide range, giving vibrational CO frequencies for
the trans-CO ligand of 1989 cm™' for the unsubstituted ligand
and 2004 cm™! for the tetrafluoro-substituted one for the cor-
responding (Rh(CO),Cl complexes.

Steric Properties

The shape of NHCs significantly differs from that of phosphine
ligands. In the case of transition-metal phosphine complexes, the
phosphine substituents point away from the metal center, form-
ing a cone. In transition-metal NHC complexes, however, the sub-
stituents bound to the carbene’s nitrogen atoms point toward the
metal center and thereby surround the metal (Figure 6).

Thus, Tolman'’s cone angle descriptor for phosphine ligands
can not be applied to NHCs. In order to define the steric bulk
of the highly asymmetric NHC ligands, a new model was
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FIGURE 6. Different shape of NHC ligands compared with
phosphine ligands.

phosphine-metal complex

TABLE 2. “Buried Volume” (%Vg,,) of Some NHC and Phosphine
Ligands'”

entry ligand % Vgur
1 I'Bu 37
2 IAd 37
3 PCy; 32
4 SIPr 30
5 IPr 29
6 SIMes 27
7 PPh, 27
8 IMes 26
9 ICy 237

“ Reference 3a.

defined.?*'®'” The concept of the so-called “buried volume”
defines the occupied space of a ligand bound to a metal in its
coordination sphere with a radius of 3 A. This concept enables
the comparison between the steric bulk of both NHC and
phosphine ligands. Of course the value depends on the bond
length of the carbene carbon to the transition metal. One
approach for a simple evaluation is to define the metal—ligand
bond length as 2 A (Table 2). According to this measure, the
NHC ligands IAd and ItBu are the most sterically demanding
ligands (entries 1 and 2).

Increasing the steric bulk of the NHCs leads to a decrease
of the bond energy of the NHC—metal bond in the
Cp*Ru(NHQ)CI complexes..17 In Nolan’s examination of bur-
ied volumes and bond dissociation energies of (L)Ni(CO), com-
plexes, similar trends compared with the Cp*Ru(NHC)Cl system
are observed, but the dependence on steric bulk of the ligands
and their electronic nature is less pronounced.?®'® These
results show that the strength of a NHC—transition-metal bond
depends on the availability of the carbene lone pair, which is
a function of steric and electronic factors. ICy is a prime exam-
ple for an electron-rich carbene with a small sterical bulk form-
ing one of the strongest metal—carbene bonds.'®

In addition to electronic and steric factors of the NHC
ligands, access to the catalytically active metal complex is cru-
cial for high levels of reactivity. For this purpose, many palla-
dium precatalysts have been developed that contain at least
one ligand that can easily dissociate from the palladium cen-
er,” for example, IPr- and IMes-derived palladium(0) com-
plexes with p-naphthoquinone or divinyldisiloxan ligands
(dvds) (Figure 7).'° Palladium(ll) complexes can be stabilized
by the finely tuned 3-chloropyridine ligand, which after in situ

reduction of the precatalyst to Pd(0) can easily dissociate to
generate the catalytically active species (Figure 7).2° Similarly,
allyl ligands form stable palladium(ll) complexes and can eas-
ily be removed by the attack of suitable nucleophiles onto the
allyl ligand. Thus, a change of the precatalyst results in the for-
mation of catalysts with a reactivity increased by several
orders of magnitude allowing the rapid cross-coupling of chal-
lenging substrates under mild reaction conditions.?"

Three different classes of very sterically demanding, mono-
dentate NHCs with restricted flexibility and their applications
in palladium catalysis will be highlighted: imidazo[1,5-a]pyri-
dine-3-ylidenes, bioxazoline-derived carbenes (IBiox), and
cyclic (alkyl)(@amino)carbenes (CAAC). Since results are influ-
enced by many factors (vide supra) care has to be taken in the
explanation of the observed reactivity.

Imidazol[1,5-alpyridine-3-ylidenes. Glorius** and Las-
saletta®® developed independently a novel class of imi-
dazo[1,5-a]pyridine-3-ylidenes that enables an efficient
manipulation of the metal’s coordination sphere (Figure 8).
Due to the unique geometry of the bicyclic structure of this
carbene, the substituent R can play several roles like shield-
ing of the metal or formation of a chelate by an additional
hemilabile bond to the complexed metal.

Several differently substituted ligand precursors 2 can readily
be synthesized (Scheme 1). Starting from 6-bromopicolinalde-
hyde, it is possible to synthesize a bromide-functionalized imi-
dazolium salt (2e) that can be further modified by a
Suzuki—Miyaura coupling to generate a variety of different
ligand precursors. Of the ligands displayed in Scheme 1, 2g and
2h have shown the best reactivity in Suzuki—Miyaura couplings
of aryl halides.??

IBiox and CAAC. The facile formation of imidazolium salts
from bioxazolines (Scheme 2) creates a rigid tricyclic backbone
that allows for the design of carbene ligands (IBiox) with differ-
ent properties.'? Rigid, chiral ligands derived from chiral 1,2-
amino alcohols or achiral ligands with flexible steric bulk derived
from cycloalkyl-substituted amino alcohols with markedly differ-
ent propetties can be formed (Figure 2). The latter class has suc-
cessfully been employed in a number of challenging cross-
couplings of sterically hindered substrates (vide infra).

The restricted flexibility of the latter is a result of the ringflip
of the cyclohexyl chair of IBiox6 providing several cycloalkyl con-
formations (Figure 2). A low-temperature NMR study (CDCl,,
—80 °C) showed two sets of signals corresponding to the coex-
isting conformers X and y in a ratio of 2.4:1, respectively. With
a coalescence temperature around —55 °C, these conformers
rapidly interconvert at room temperature. This flexibility seems
to be important in a number of challenging cross-coupling reac-
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FIGURE 7. Imidazolydene—Pd-derived precatalysts.
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FIGURE 8. Imidazol1,5-a]pyridine-3-ylidene ligand.

SCHEME 1. Synthesis of Various Pyridine-Derived Imidazolium

Bromides as Ligand Precursors
_ 1) AgOTf, CICH,OCOBu
/R
i, o B
H Br

CH,Cly; filtration; imine
R 2) NBuyBr
2a, R = H: 53%, 2b, R = Me: 52%

1
2¢, R=Ph: 47%, 2d, R = OMe: 22%
2e, R = Br: 54%

Pd(PPh3)4, N32003
DME, H,0, 80 °C 2. 97%
2e 2g: 70%
PhCH=CHB(OH), or

2h: 68%
PhenB(OCH,CH,0) or
2,6-(MeQ),CgH3B(OH),
N® N~Mes N@ N~ N\ @
~Mes -
Y MeO. NvN Mes

- H Br -
Ph O‘ HoBr OMe Br
O ’

SCHEME 2. Facile Synthesis of Bioxazoline-Derived Imidazolium

Salts
(@) O.
R§7 N%/NJ\R
R R
OTf

AgOTY, CICH,0COBu
CH,Cly; 40 °C

typically 70-80% yield

o. 0
ey

rRT N NTR
R R

tions, for example, in the synthesis of sterically demanding tetra-
ortho-substituted biaryls in the palladium—IBiox-catalyzed
Suzuki—Miyaura cross-coupling (vide infra).

Single crystals of the IBiox triflate salts were grown for
X-ray structural analysis (Figure 11), providing an indication
for the steric demand and some of the conformations acces-
sible. However, it is important to note that whereas the
cycloalkyl rings are constrained close to the IBiox ligand core,

R' = Me, Et, iPr; R = Me, H

PEPPSI™-IMes
PEPPSI™ - IPr
PEPPSI™. gt

Cl— Pd Cl

N

~

|
AN cl R1
R'=H, Me, Ph

(IPrPA(R-ally)Cl
(SIPr)P(R-allyl)CI

I1Biox 6

Ar = 2,6-diisopropylphenyl

Me
CAACc

FIGURE 9. Different conformations of IBiox6 and CAAC ligand
bearing cyclohexyl groups.

CAAC b

FIGURE 10. Stable cationic 14 e~ palladium complex.

The concept of sterically flexible ligands has also been rec-
ognized by Bertrand et al. in the development of a novel class
of cyclic (alkyl)(@mino) carbenes (CAACs, Figure 9).%* These car-
benes are based on a pyrrolidine ring bearing two quaternary
carbon centers, thus rendering these carbenes more electron-
rich than most other NHCs. Moreover, whereas IBiox6 and
CAAC b can adopt different conformations, the introduction of
substituents on the cyclohexyl ring in CAAC c results in a lock-
ing of the more sterically demanding conformation (shown in
Figure 9) in order to avoid unfavorable 1,3-diaxial interac-
tions. As a result of a “wall of protection”, a unique coordina-
tively and electronically unsaturated 14-electron palladium
species was obtained using CAAC c (Figure 10). The steric
demand of the ligand prevents dimerization of the unsatur-
ated palladium species, and agostic/anagostic interactions*>
stabilize the cationic metal center electronically.>®

Application of NHC Ligands in Catalysis
Suzuki—Miyaura Cross-Coupling of Sterically Demanding

further away they can exist in several favorable  Substrates. NHC ligands with certain flexibility of their steric
conformations. bulk and coordination mode can provide several advantages in
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TABLE 3. Suzuki—Miyaura Cross-Coupling of a Sterically Hindered
Aryl Chiorides Resulting in Tri-ortho-Substituted Biaryl 3¢

Me Me 2.5 mol% imidazolium bromide MeMe
Q @ 1.25 mol% [Pd(C3H5)Cll, “
o+ ope ()
K4PO,, dioxane, 80 °C, 16h
Me (14 equiv)
3
entry ligand yield of 3¢
1 2a <10
2 2b 30(28)
3 2¢ (27)
4 2d (<10)
5 2f (<10)
6 28 78
7 2h 67 (69)

?Yield of isolated product; GC yield in parentheses.

the conversion of sterically demanding substrates. Sterically very
demanding NHCs may facilitate the formation of a catalytically
active species,27 as well as enhance the reductive elimination
step.?® On the other hand, oxidative addition or transmetala-
tion steps might be slowed by steric demand.

Using the pyridine-derived imidazolium salts 2 as ligand pre-
cursors, we investigated the Suzuki—Miyaura cross-coupling of
sterically demanding aryl chlorides with aryl boronic acids to give
di- and tri-ortho-substituted biaryls (Table 3). Substantial differ-
ences were found between the different ligands. For example,
employing 2.5 mol % catalyst, most ligand/palladium combina-
tions produced only low amounts of the desired product 3 (Table
3). In contrast, ligands 2g and 2h lead to the formation of di- and
tri-ortho-substituted biaryls in respectable yields of up to 78% iso-
lated yield. In these cases, steric shielding or hemilabile binding
might be beneficial for the stability of a monoligated Pd cata-
lyst. Ligands derived from 2g (R = phenanthryl) and 2h (R = 2,6
dimethoxyphenyl)?® are especially suited for this kind of
o-interaction, since they exhibit reduced aromaticity and
increased electron-richness.

The preformed (IAd),Pd complex dissociates in solution to
give a monoligated palladium complex being one of the most
active catalysts for the Suzuki—Miyaura coupling of nonacti-
vated aryl chlorides at room temperature.3° However, steri-
cally demanding substrates containing o-substituents were not
tolerated under these mild reaction conditions. Intriguingly,
the structurally rather similar IBiox6 ligand could successfully
be applied to these otherwise difficult cases. The correspond-
ing in situ formed palladium—IBiox6 complex catalyzes the
coupling of sterically demanding aryl chlorides with arylbo-
ronic acids efficiently to generate di- and tri-ortho-sustituted
biaryls at room temperature (Table 4).

Encouraged by these results, a family of IBiox ligands with
varying cycloalkyl ring sizes was prepared, ranging from the

ovel
Jovel
taa!
A
£
AN,

FIGURE 11. X-ray structures of the IBiox-HOTTf salts of IBioxMe,,
IBiox5, IBiox6, IBiox7, IBiox8, and IBiox12. Hydrogen atoms and
triflate anions are omitted for clarity.

five-membered cyclopentyl-substituted IBiox5 to the sterically
more demanding cyclododecyl-substituted IBiox12 (see Fig-
ure 2).'2 The open-chain tetramethyl-substituted IBioxMe, was
synthesized for comparison. This represents a series of related
ligands with similar electronic character and different steric
demand, ideal for a systematic optimization of a reaction. Con-
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TABLE 4. Suzuki—Miyaura Cross-Coupling of Sterically Demanding Aryl Chlorides and Boronic Acids

+ (HO) B@ _Pd(OAc),, IBiox6_
: R) / KoMBu, THF, it

@EQ

R

Y,
R

PR

Entry  Aryl chloride Boronic acid

product

Yield [%]

(HO)zB@

Me

OMe

s

(HO).B

=

e

(HO),B

1S

=

e

=

e

(HO),B

U

=

e

=

e

(HO);B

o4

=

e

(HO).B

e

=

e

Me
QC.
Me
Me
as
Me
Me@CI
O,
o
Me
MeQ
[y
MeO
Me
s
Me

Me
Me Me

MeMe

94

87

70

95

76

66"

? Reaction conducted at 60 °C.

3.6 mol% imidazolium triflate, KOtBu,

Me Me

KH; 3 mol% Pd(OAc),

Me Me

K3PO4 (3 eq), toluene, 100°C, 12h
o+ v {)ve ave™

Me Me
(1.5eq)

Me Me

100

80

60

% GC yield of biaryl

IBioxMe,  |Biox5 |Biox6 |Biox7 IBiox8
FIGURE 12. Screening of ligands for Suzuki—Miyaura cross-coupling of sterically hindered substrates.

sequently, these ligands were found to be useful for the dif-
ficult formation of tetra-ortho-substituted biaryls starting from
aryl chlorides by Suzuki—Miyaura reactions. The results of an
initial screening are shown in Figure 12.
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Preliminary experiments of the Suzuki—Miyaura coupling
of 1-chloro-2,6-dimethylbenzene and 2,4,6-trimethylben-
zeneboronic acid identified toluene and KsPO, as optimal sol-
vent/base combination. Using the toluene/K5PO, system and

ACCOUNTS OF CHEMICAL RESEARCH = 1529





Sterically Demanding NHCs for Pd-Catalyzed Cross Coupling Wiirtz and Glorius

o. O
NN
~~
Ty
Pd
e |
ecrjﬁ '
NN
2={
o 0

FIGURE 13. Palladium(ll) precatalyst [(IBiox12)PdCl,],.

7
C14A"C12A'
NS,
®

FIGURE 14. X-ray structure of [(IBiox12)PdCl,],, showing one of the
conformations of the disordered cyclododecyl rings. Selected
distances (A) and angles (deg): Pd—C1 1.944(5); Pd—CI1 2.285(1);
Pd—CI2 2.337(1); Pd—CI2* 2.415(1); C8---Pd 3.627(6); plane(Pd, C1,
Cl1, CI2, CI2*)/plane(Pd, C1, N1, N2, C4, C5) 85(3).

an excess of the aryl boronic acid (1.5 equiv), a combination
of Pd(OAq), and IBioxMe, - HOTH, IBiox5 - HOTH, or IBiox6 - HOTf
gave only small amounts of the desired cross-coupled prod-
uct (Figure 12). In these cases, the main product was 2,4,6-
trimethylbenzene formed by proto-deboronation, which is a
well-known side reaction of sterically demanding substrates.?’
Use of IBiox7 - HOTf and IBiox8 - HOTf resulted in significantly
increased product formation. Gratifyingly, still more product
was formed by using the IBiox12 ligand (96%). It is impor-
tant to note that under the same conditions IMes-HOTf and
IAd - HOTf failed to provide substantial amounts of product
(Figure 12).

In order to demonstrate the efficacy and generality of this
catalytic system, several biaryl derivatives were prepared from
sterically hindered aryl chlorides and aryl boronic acids." 2 In
all cases, around 3% homocoupling of the boronic acid was
obtained, presumably originating from the reduction of the
Pd(ll) precatalyst. Whereas water was tolerated and sometimes
even beneficial in the synthesis of di- and tri-ortho-substituted
biaryls at ambient temperature,'?® the use of strictly anhy-
drous conditions was found optimal for tetra-ortho-substituted
biaryls since it minimized the competing proto-deboronation
of the aryl boronic acid.>* Thus, the use of dry reagents like
1530 = ACCOUNTS OF CHEMICAL RESEARCH
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TABLE 5. Suzuki—Miyaura Couplings of Aryl Chlorides Resulting in
Tetra-ortho-Substituted Biaryls?

entry ArX Ar’B(CH), Product Yield

Me, Me Me

(HO),B

=
o
i =
5
w
o
=
ii:
bt

=
5

Me Me
Me Me

=
)

(HO),B Me

VRS
’;‘z
(1]
o
2\@/
.
e
@
=
"
=
D
OO\IO
1S

=

3
=
@

(HO).B 75

73
=
@

o

=z
[0
5 F z S
=
I JE (T s
() [)

Me
Me Me,
o e v .
- 5
R F Me, F F Me
e woa ) LN
F F Me F  FMe
Me Me
Me, Me
Qe e QD s
Me Me
Me Me
Me Me Me Me
o oo (HO)ZB@ o)
Me Me Me Me
Oy w O
o (e el ) W
5 W)
¢ - O
Do %} 0«
2 . WG
Me Me, Me Me
o] [0}
: o ol ) S
Me Me 69
Me O Me
Me Me Me
Me
o 0 p
13 © ¢ (HOXB 70
Me Me
e Y e {_)
Me MeQ Me OMe
14 MeO o (HOXB O 47

Me

=
1)
(@]
=
©

9 Reaction conditions: 1.0 mmol of ArX, 1.5 mmol of Ar'B(OH),, 3 mmol of
K5PO,, 3.6 mol % IBiox12 (from IBiox12-HOTf, KH, cat. KOtBu), 3 mol %
Pd(OAq), in THF (0.5 mL), toluene (2.5 mL), 110 °C, 16 h; yield of isolated
products. 3 mol % of complex [(IBiox7)PdCl,],. <3 mol % of complex
[(IBiox12)PdCl,],. ¢ 0.5 mmol scale.

finely ground, flame-dried K5PO, gave best results. As shown
in Table 5, IBiox12 proved to be an excellent ligand for the
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TABLE 6. Ligand Screening in the Intermolecular o-Arylation of Aryl
Chlorides with Phenylethylketone

O

R
NaOBu
¥
Cl THF, rt- 50°C
R
R=H, R'=H
R =Me,R'= Me
Entry Ligand R R’ Yield [%]
1 H H 22
2 AN < H Me 0
3 (CAAC a) Me Me 0
4 H H 29
5 Ar-N - H Me 10
a)
7 H H 100
8 H Me 82
9 Me Me 0

(CAAC ¢

950 °C, 20 h. Yield = 61%, rt, 16 h.

synthesis of tetra-ortho-substituted biaryls in good yields.
Many different ortho-substituents, including methyl, ethyl, flu-
orine, and methoxy, can be accommodated. These results rep-
resent the first Suzuki—Miyaura cross-coupling of aryl
chlorides to give tetra-ortho-substituted biaryls with ortho-sub-
stituents that are methyl or larger.

Heating IBiox 12 - HOTf with Pd(OAq), in the presence of LiCl
and Cs,CO5 with dioxane as solvent results in the formation
of [(IBiox12)PdCl,],, an efficient precatalyst (Figures 13 and
14)."2" It is interesting to note that a relatively short Pd---C
contact (3.6 A) between a carbon atom of the cyclododecyl
ring (C8 in Figure 14) and the metal can be found in this com-
plex, indicative of a weak C—H- - - Pd interaction. This kind of
stabilizing agostic or anagostic interaction should become
even more important for the stabilization of unsaturated pal-
ladium catalysts formed in the course of a catalytic transfor-
mation. This might be one important mode of action of these
IBiox ligands, allowing longer catalyst lifetime and generat-
ing a larger amount of catalytically active species.

The Alkyl Sonogashira Cross-Coupling. For a long time
the application of nonactivated alky! halides, especially sec-
ondary and tertiary ones, in cross-coupling reactions remained
elusive, due to a difficult oxidative addition step and possi-
ble side reactions like g-hydride elimination. Recently, cata-
lyst systems have been developed that can oxidatively add to

alkyl halides and suppress side reactions and thereby allow
the cross-coupling of these substrates.?*3* The Sonogashira
coupling®® of alkynes with organic halides is an efficient
method for the synthesis of differently substituted alkynes,
versatile synthetic intermediates and also important motifs of
biologically active compounds. Generally, aromatic halides
have been used as the alkyne coupling partner. Fu et al.
developed the first examples of a palladium-catalyzed cross-
coupling of primary alkyl bromides and iodides with termi-
nal alkynes.3® In comparison, secondary alkyl halides possess
an increased steric bulk and electronic richness that lowers
their tendency for oxidative addition. Again the IBiox—
palladium complexes serve as efficient catalysts; best results
were obtained with the preformed [(IBiox)7PdCl,], complex.3”
Because of the mild reaction conditions various functional
groups on the alkyl bromides are well tolerated, for exam-
ple, esters and epoxides (Figure 15). However, the intolerance
of functional groups on the alkyne cross-coupling partner still
represents a significant limitation.

The Palladium-Catalyzed o-Arylation of Ketones:
Effects of Ligand Flexibility. The reactivity of several
(CAAQ)Pd(allyl)Cl complexes was examined in the challeng-
ing intermolecular o-arylation of arylchlorides with phenyl-
ethylketone (Table 6).>* This type of reaction was developed
in 1997 independently by the groups of Buchwald,®
Hartwig,® and Miura.*® However, no catalyst has been able
so far to catalyze this coupling with aryl chlorides at room
temperature.

Three different aryl chloride substrates with different lev-
els of steric hindrance were employed. CAAC a, the least steri-
cally demanding ligand was found to provide low yields at
best. On the other hand, the most sterically demanding CAAC
c ligand is very effective in the a-arylation of the unsubsti-
tuted chlorobenzene. After 1 h at room temperature the reac-
tion was finished and quantitative yields were obtained (Table
6, entry 7). However, increasing the steric hindrance of the
aryl chloride deteriorates the yield (Table 6, entries 8 and 9).
Interestingly, whereas the cyclohexyl-substituted CAAC b
exhibiting flexible steric bulk gave rather low yields with the
less sterically demanding aryl chlorides, it gave a good yield
with the 2,6-dimethyl chlorobenzene (entries 4—6). Thus,
ligands CAAC b and CAAC c are complementary in their sub-
strate scope. These results by Bertrand et al. are an additional
example of the advantages of sterically flexible ligands in the
cross-coupling of sterically demanding substrates.
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2 (IBiox7PdCly], R?
N Cul, Cs,CO.
+ \\n-he | — R! A
R “Br ' DMF/DME 3:2 n-hexyl
60 °C
X A N
n-hexyl n-hexyl n-hexyl
76 % 77% 62 %
EtO.C AcO
X A A
n-hexyl n-hexyl n-hexyl
76 % 57 % 63 %

FIGURE 15. Representative examples for the Sonogashira reaction of secondary alkyl bromides using the [(IBiox7)PdCl,], catalyst.

Conclusion

In the last couple of years, NHCs have transformed from lab-
oratory curiosities to standard ligands for many catalytic trans-
formations. Sterically demanding NHCs have been found to be
especially valuable, and in many cases, the unique impact on
the metal’s coordination sphere has been key to success.
Some aspects like the formation of unsaturated metal com-
plexes, stabilization of labile intermediates, or dynamic behav-
ior of the ligands have been highlighted in this Account. The
design of NHC ligand families whose electronic and steric
properties can be independently varied has been another
major improvement. In addition, the understanding of the
electronic, steric, and dynamic properties of NHCs will allow
the design of more sophisticated ligand systems for numer-
ous novel applications.
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Forschungsgemeinschaft.
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First-generation catalyst: Pd/P(o-tolyl),

Second-generation catalyst: Pd/chelating aromatic phosphines
Third-generation catalysts: Pd/Hindered alkylphosphines and carbenes
Fourth-generation catalysts: Pd/Hindered alkyl bisphosphines

Many active pharmaceuticals, herbicides, conducting polymers, and components of organic light-emitting diodes con-
tain arylamines. For many years, this dass of compound was prepared via classical methods, such as nitration, reduc-
tion and reductive alkylation, copper-mediated chemistry at high temperatures, addition to benzyne intermediates, or direct
nucleophilic substitution on particularly electron-poor aromatic or heteroaromatic halides. However, during the past decade,
palladium-catalyzed coupling reactions of amines with aryl halides have largely supplanted these earlier methods. Succes-
sive generations of catalysts have gradually improved the scope and efficiency of the palladium-catalyzed reaction.

This Account describes the conceptual basis and utility of our latest, “fourth-generation” palladium catalyst for the cou-
pling of amines and related reagents with aryl halides. In the past five years, we have developed these catalysts using the
lessons learned from previous generations of catalysts developed in our group and in other laboratories. The ligands on
the fourth-generation catalyst combine the chelating properties of the aromatic bisphosphines of the second-generation sys-
tems with the steric properties and strong electron donation of the hindered alkylphosphines of the third-generation systems.

The currently most reactive catalyst in this class is generated from palladium and a sterically hindered version of the
Josiphos family of ligands that possesses a ferrocenyl-1-ethyl backbone, a hindered di-tert-butylphosphino group, and a hin-
dered dicyclohexylphosphino group. This system catalyzes the coupling of aryl chlorides, bromides, and iodides with pri-
mary amines, N—H imines, and hydrazones in high yield. The reaction has broad scope, high functional group tolerance,
and nearly perfect selectivity for monoarylation. It also requires the lowest levels of palladium that have been used for C—N
coupling. In addition, this latest catalyst has dramatically improved the coupling of thiols with haloarenes to form C—S bonds.

Using ligands that lacked one or more of the structural elements of the most active catalyst, we examined the effects
of individual structural elements of the Josiphos ligand on catalyst activity. This set of studies showed that each one of these
elements contributes to the high reactivity and selectivity of the catalyst containing the hindered, bidentate Josiphos ligand.

Finally, we examined the effect of electronic properties on the rates of reductive elimination to distinguish between the
effect of the properties of the M—N o-bond and the nitrogen electron pair. We have found that the effects of electronic prop-
erties on C—C and C—N bond-forming reductive elimination are similar. Because the amido ligands contain an electron pair,
while the alkyl ligands do not, we have concluded that the major electronic effect is transmitted through the o-bond.

Introduction later with enolate nucleophiles to form sp?—sp?

carbon—carbon bonds.*> These efforts, along with
For many years, the development of cross-cou-  those of other groups contributing to this issue of
pling reactions focused on C—C bond formation."  Accounts, have led to practical synthetic methods
My group has sought to extend the reach of cross-  to generate aryl amines, ethers, and sulfides, as
coupling chemistry to reactions of aromatic elec-  well as a-aryl carbonyl compounds and o-aryl
trophiles with heteroatom nucleophiles*? and nitriles. This chemistry has been widely utilized in
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medicinal chemistry groups as well as the synthesis of clini-
cal candidates on kilogram scale. Several review articles have
appeared recently on cross-couplings that form amines, ethers,
and sulfides.°~® An Account from our group® has summarized
the coupling of enolates with aryl halides. Therefore, this
Account will focus on our recent development of a new class
of catalyst for the coupling of aryl halides with amines and thi-
ols. This catalyst couples primary amines, N—H imines, hydra-
zones, and thiols with aryl chlorides, bromides, and iodides
with broad scope and with remarkably low loadings of
palladium.

While developing this synthetic methodology, we sought to
address several fundamental questions about the factors that
control carbon—heteroatom bond cleavage and formation.
When we began to develop the coupling of amines with aryl
halides, reductive eliminations that form the C—N bonds in
amines were rare.'® Since that time, this reaction has been
shown to occur with a variety of anionic nitrogen ligands and
a variety of ancillary dative ligands on palladium.’" A por-
tion of our mechanistic work has focused on understanding
the role of the electronic properties of the heteroatom on the
rates of these reductive eliminations. A comparison of the
electronic effects on reductive elimination to form C—N bonds
from amido complexes and C—C bonds from alkyl complexes
has helped to dissect the role of bond polarity and the elec-
tron pair on nitrogen. These electronic effects will be
addressed at the conclusion of this Account.

Background on Palladium-Catalyzed
Amination of Aryl Halides

The first modern studies of palladium-catalyzed coupling
chemistry to form amines® were stimulated by a report by
Kosugi, Kameyama, and Migita'? on the coupling of tin
amides with aryl halides catalyzed by palladium and the hin-
dered tri-ortho-tolylphosphine (eq 1). Practical protocols for the
coupling of amines with aryl halides in the presence of a base
using the same “first generation” catalyst as in the previous
work (eq 2) were published in 1995 by Buchwald’s laborato-
ry'? and the authors’ laboratory.'* This new procedure elim-
inated the need for toxic and relatively unstable
aminostannane reagents. This chemistry began to encompass
reactions of primary amines through work by Buchwald’s lab-
oratory and the author’s laboratory with “second generation”
catalysts containing aromatic bisphosphines (eq 3).">~'” Buch-
wald’s laboratory focused on reactions catalyzed by palladium
complexes of BINAP,">'7 and our group focused on the fun-
damental organometallic chemistry and coupling reactions
catalyzed by palladium complexes of DPPF."®
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_LoPdClp X =
/ NRo+ BugSn—Br

Kosugi, Migita 1983

S

BU3Sn N
o-tonI)3P
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L2PdC|2, LoPd or !

B PA(OAC)y / P(otol)s o -Nogs
[ + HNRR ————— 2 ]
o 55-100 °C L
%

NaOBu, LiN(SiMez)y v 2)

LPdCl, or R

e (™
S 80-100 °C ~
Y L=DPPF, BINAP vy 3)

More recent work on this process has focused on develop-
ing systems that couple aryl chlorides under mild conditions.
Mild aminations of aryl chlorides were conducted in our lab-
oratory by a postdoctoral associate, Blake Hamann,'® using a
member of the Josiphos class of ligands originally developed
at Ciba-Geigy for asymmetric hydrogenation (eq 4)."® With a
Josiphos ligand containing one diphenylphosphino and one
di-tert-butylphosphino group (PPFtBu), reactions of primary
amines with several chloroarenes occurred at 85 °C (eq 4).
More than 5 years later, we returned to studying this class of
ligand, and this more recent work on C—N couplings using
Josiphos ligands is the focus of the majority of this Account.

N X X=Cl, Br, |, OTs PA(OAC), N NRR

Y +HNRR' + base —— Y—
- TN
R,P PR",
rt (for Br, )
85 °C (for Cl) or

110 °C (for ArOTs)
Me Me

R"ZP/\PR"'zz
@PB% @PCyg

@‘PBUz
Fe ‘pph, Fe 'pcy,
@PBU L, > <> 4

In the mean time, our efforts and those of many other
groups began to focus on reactions catalyzed by “third-gen-
eration” systems containing hindered monodentate
ligands.®2° Researchers at Tosoh Company reported the cou-
pling of aryl bromides with secondary amines catalyzed by
Pd(OAQ), and tri-tert-butylphosphine with 800—900 turnovers,
the highest obtained at that time.?" The Tosoh group also
reported the coupling of phenyl chloride with piperazine using
0.5 mol % palladium at 140 °C to form the coupled product
with 88% conversion.

Our work with hindered alkylphosphines began with mech-
anistic studies on these catalysts containing PtBus. Our stud-
ies showed that catalysts generated from a 1:1 ratio of this
phosphine to palladium coupled aryl bromides and chlorides
at room temperature or slightly above.>? This finding later led
us to initiate reactions with the palladium(l) dimers [Pd-
(PtBus)Br], and {Pd[PtBu,(1-Ad)|Br}, containing one PtBus or
PtBu,(1-Ad) (1-Ad = T-adamantyl) ligand on the palladium cat-
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alyst precursor.>® The rates of these reactions (eq 5) were
spectacularly fast for the coupling of secondary alkylamines
with aryl chlorides.

0.5 mol% Br
Vans
R(t-BU),P—PG—Pd—P(-Bu);R
R— + HNRR"
NaO-+Bu

cl Br
- NRR" R.R" = alkyl,
1 o
R—- R'R"=H, aryl
7 = R',R"= aryl
R=donating or room temperature, 15 min

= R=t-Bu, 1-Ad
withdrawing; o, mor p (5)

In parallel, through a series of mechanistic studies on a cat-
alyst generated from Pd(dba), and 1,1'-bis(di-tert-butylphos-
phino)ferrocene, we discovered that this bisphosphine
underwent P—C bond cleavage and arylation of one cyclo-
pentadienyl group to generate the sterically hindered pen-
taphenylferrocenyl di-tert-butylphosphine ligand.** The
palladium catalyst containing this modified ligand was
remarkably active for C—N coupling. Both secondary amines
(cyclic and acyclic) and primary amines coupled under mild
conditions with aryl bromides and chlorides (eq 6).>> Reac-
tions of primary amines occurred with high selectivity for for-
mation of the monoarylation product. In separate work, we
have used catalysts containing a 1:1 ratio of palladium to
P(tBu); and catalysts containing the Q-phos ligand to develop
the coupling of enolate nucleophiles with aryl halides into a
process that occurs with broad scope, with enolates contain-
ing different main group metals, and with much higher turn-
over numbers than had been achieved previously.?2°~3°

HNRR'
O

cl 1 mol% Pd(dba),

R
;' 2mol% PhgFcP(t-Bu
v— ahoN 2ol PhFOREBU);
‘R NaO-+Bu, Toluene
70-100 °C
PhsFcP(+-Bu),=

"Q-phos” )

In parallel, other groups have developed particularly valu-
able catalysts for the coupling of heteroatom nucleophiles with
aryl halides based on monophosphines or N-heterocyclic car-
benes that are strongly electron donating and sterically hin-
dered. Buchwald and co-workers have developed a family of
biaryl dialkylphosphine ligands that has expanded the scope
of the C—N coupling of aryl chlorides with weak nitrogen
nucleophiles, such as amides, sulfonamides, and electron-poor
arylamines.® This class of catalyst has also increased the abil-
ity of palladium complexes to catalyze the etherification of
aryl halides with alcohol and phenol nucleophiles. Beller and
co-workers developed heteroaryl dialkylphosphines that are
related to the biaryldialkylphosphine ligands and can be pre-
pared by simple syntheses.?! Finally, Nolan and co-workers

Me

=7 ey,

Fe "PCy,

FIGURE 1. Josiphos ligand CyPFtBu in the fourth-generation
catalyst.

developed catalysts based on hindered N-heterocyclic carbene
ligands, including single-site versions of these catalysts, that
catalyze the coupling of amines with aryl bromides and chlo-
rides.??

A Fourth-Generation Catalyst for the
Amination of Aryl Halides

Although the catalysts we developed containing P(tBu); and
the Q-phos ligand, as well as the hindered alkyl monophos-
phine and carbene catalysts described in the previous sec-
tion developed by other groups, are highly reactive toward the
coupling of secondary amines with haloarenes, they are less
reactive toward couplings of primary amines, often generate
mixtures of monoarylation and diarylation products, and typ-
ically require high loadings of palladium for the coupling of
heteroaromatic halides. Thus, our recent work on the coupling
of amines with aryl halides has focused most intensively on
developing a fourth generation system that would improve the
activity and selectivity for couplings of primary amines and thi-
ols, as well as the coupling of heteroaromatic halides.

To do so, we returned to studies on catalysts derived from
the Josiphos class of ligands.'® Because these ligands were
developed for enantioselective catalysis, principally asymmet-
ric hydrogenation, they have typically been used in combina-
tion with iridium, rhodium, and ruthenium catalyst
precursors.>33% Moreover, the use of a ligand developed for
enantioselective catalysis to prepare achiral products was
unconventional. However, an exceptionally hindered and elec-
tron-donating version of the Josiphos ligands containing one
dicyclohexylphosphino group and one di-tert-butylphosphino
group on the ferrocenyl-1-ethyl backbone (CyPFtBu)'® became
commercially available (Figure 1), and is air stable in solu-
tion and as a solid. We envisioned that the steric and elec-
tronic properties of this ligand were particularly well suited to
address some of the current limitations on catalyst scope and
activity.

For example, we envisioned that the steric property of this
ligand could improve the selectivity for monoarylation of pri-
mary amines.?>2> We also considered that its chelation could
create a catalyst that would be more stable toward displace-
ment of the ancillary ligand by primary amines and improve
turnover numbers. Finally, we considered that chelation
would prevent displacement of the phosphine by basic
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CHART 1
7o XS)0.001-1 mol% PA(OAC), ™~ X
R ]I /)—CI 0.001-1 mol% CyPFfBu ! | /)—NHR Me
YeoHN  NaOfBu, DME N <SS Spg,
X=CH, N b L= Fe “PC
+ HNRR®  70-100°C,2-16 h = Ya

@\ @NHoctyl O/NHoctyl E\/(
N” N N~

NHoctyl N” >NHoctyl

10 ppm, 100 °C 50 ppm, 90°C  0.01%, 90 °C 50 ppm, 90 °C
86% 93% 83% 96%
H H H H
~Nogn x N‘Cy N N\’< N N\;/Ph
| » B D
N N N N

0.01%, 100°C  0.01%, 100°C  1.0%, 70 °C
95% 79% 67%

*from >99% ee (S)-phenethylamine

0.05%, 100 °C
91%, 95%ee*

heterocycles®>3° and thereby improve the coupling of halopy-
ridines. If the bidentate ligand possessed a backbone that pre-
organized the two phosphines toward metal binding, then it
might stay bound to palladium despite severe steric demands;
the ferrocenyl-1-ethyl backbone of the Josiphos ligands cre-
ates this preorganization.

With these ligands, we sought to improve four aspects of
the scope of the aminations of aryl halides. First, we sought to
conduct the coupling of aryl chlorides with high turnover num-
bers. By doing so, we would take advantage of the lower cost
of these haloarenes without offsetting their cost advantage by
using large amounts of catalyst. Second, we sought to cou-
ple primary amines with high turnover numbers and high
selectivity for monoarylation. Third, we sought to conduct the
coupling of heteroaromatic halides with high turnover num-
bers. Finally, we sought to exploit the chelation and steric hin-
drance of the ligand for the coupling aryl halides with
ammonia to form monoarylamines. Each of these goals was
met by using the combination of a palladium precursor and
the Josiphos ligand CyPFtBu.

Our first studies confronted three of these challenges simul-
taneously. We investigated the coupling of primary amines
with heteroaromatic chlorides containing a basic nitrogen
atom.373® As shown in Chart 1, the reaction of 2-chloropyri-
dine with octylamine occurred to completion and in high yield
using only 10 ppm of palladium. Although this reaction can
be conducted at higher temperatures in more polar solvents
without a catalyst, only a few percent of the heteroarylamine
product formed under the mild conditions of the catalytic reac-
tions. Perhaps more striking, the reaction of the unactivated
3-chloropyridine occurred in high yield with only 50 ppm of
the catalyst. The analogous reaction of 4-chloropyridine
occurred to completion with only 0.01 mol % of the catalyst.
Other examples of the coupling of primary amines with het-
eroaryl halides in Chart 1 show that the reaction occurs with

CHART 2
~Cl 00051 mol% Pd(OAC), -~ NHR
R 0.005-1 mol% L R_:(j/ Ve
Z =
\ NaOBu, DME @ “PBu
+ HNRR'  80-100 °C, 2-16 h L= Fe “PCy, >
=
H
octyIHN\© ©:NHoctyl MeO\©/NHBn : N\)\
Me NC
50 ppm, 90°C  0.01%,100°C 50 ppm, 80 °C 50 ppm, 80 °C
O

94% 98% 98% 99%

H
' H
N MeO N. N NHBn
O/ \@ \[ j Cy ©/ j/\
MeO

0.05%, 100 °C~ 0.01%, 100 °C 0.05%, 100 °C 0.1%, 100 °C
99% 68% 99% 90%

halopyridines containing a substituent ortho to the halogen
despite the steric hindrance of the ligand. Moreover, reactions
of primary amines that are branched o to nitrogen, as well as
benzyl amines, occurred in high yield with low loadings of cat-
alyst. Because the cost of the ligands used for most palladium-
catalyzed aminations of aryl halides is similar to or greater
than the cost of palladium, the 1:1 ratio of metal to ligand in
this catalyst system is noteworthy.

If the poisoning of the catalyst by pyridine is avoided by
using a chelating ligand, then the coupling of halopyridines is
most similar to the coupling of electron-poor chloroarenes,
which are typically more reactive than electron-rich chloroare-
nes. Therefore, we were particularly pleased that the same
conditions that we used for the coupling of chloropyridines led
to the coupling of electron-rich or electron-poor chloroare-
nes using quantities of palladium that were orders of magni-
tude lower than required previously for the coupling of these
substrates with primary amines.?>3° As shown by the selected
examples in Chart 2, several of these reactions occurred with
50—100 ppm of palladium, and the particularly challenging
reaction of an a-branched, acyclic primary amine'” occurred
in quantitative yields.

The tolerance of coupling chemistry for ancillary function-
ality is a hallmark of palladium-catalyzed coupling. We
showed that the coupling of aryl and heteroaryl chlorides pos-
sessing protic functionality occurs when the reactions are con-
ducted with 2 equiv of lithium hexamethyldisilazide as
base,*®4 the first equivalent to deprotonate the protic func-
tionality and the second to be used during the actual cou-
pling process. By this method, reactions of primary amines
with aryl halides possessing hydroxyalkyl groups, phenolic
hydroxyl groups, enolizable keto groups, primary and second-
ary amides, and even a carboxylate occurred in high yield
(Chart 3). Examples of couplings of these types of aryl halides
with primary amines had not been demonstrated previously.
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CHART 3
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The combination of palladium and the hindered Josiphos
ligand also efficiently catalyzed couplings of other primary
nitrogen nucleophiles (Chart 4). For example, reactions of chlo-
ropyridines and chloroarenes with benzophenone imine
occurred with loadings as low as 0.005 mol % of the combi-
nation of palladium and the Josiphos ligand,?”*® and reac-
tions of several aryl halides occurred with 50 ppm to 0.1 mol
%. Reactions of benzophenone hydrazone also occurred with
loadings of this catalyst ranging from 0.1% to 1.0%.

A comparison of several catalysts for two prototypical cou-
plings of primary amines revealed the unusual reactivity of the
combination of palladium and the Josiphos ligand. Table 1
summarizes reactions of 3-chloropyridine with octylamine cat-
alyzed by palladium complexes of CyPFtBu, the biaryl dialky-
Iphosphine X-phos,*' and the hindered N-heterocyclic carbene
SIPr.#2 Reactions conducted with low loadings of the mono-
phosphine and the carbene occurred with low conversion.
Even reactions with 100 times more catalyst than is needed
with CyPFtBu did not run to completion.® Moreover, when run
with more catalyst, these reactions generated mixtures of
mono- and diarylation products. Likewise, the reaction of
4-chlorotoluene with octylamine occurred with low conver-
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TABLE 1. Comparison of the Activity of CyPFtBu, XPhos, and SIPr
for the Reactions of a Heteroaryl Chloride with a Primary

Alkylamine“
S X mol % Pd/ L Sy NHocty!
‘ _ + OctylNH, | _ + ArpNoctyl
) NaOfB
N 1.2equiv  pyE gr Tollfjene L\: B
conversion
entry Pd/L mol % Pd TI°q t[h] (vield, %) A/B

1 Pd(0Aq),/1 0.005 90 24 100 (92) 100:0
2 Pd(0Aq),/2 0.05 90 24 40 5.4:1
3 Pd(0Aq),/2 0.1 90 24 85 (80) 2.4:1
4 Pd(0Aq),/2 0.5 90 12 88 (81) 2.6:1
5 3 0.005 110 24 <10
6 3 0.05 110 48 58 >25:1
7 3 0.5 110 12 100 (71) 7.6:1

Fe PCy;

Me R\N
@QP,BW O PCys g_Pd):R

= iPr iPr c RR= —%
CyPF-t-Bu (1) ‘ Ph
Pr SIPr Complex (3)
XPhos (2)

TABLE 2. Comparison of the Activity of CyPFtBu, XPhos, and SIPr
for the Reactions of 4-Chlorotoluene with a Primary Alkylamine?

Cl NHoctyl
)©/+ OctylNH, /©/ + ArpNoctyl

X mol % Pd/ L

NaOfBu
1.2 equiv DME or Toluene A B
conversion
entry ligand mol % Pd/L  TI[°C tlh (vield, %) A/B
1 Pd(0Aq),/1 0.01 100 48 100 (95) 100:0
2 Pd(0Aq),/2 0.05 100 48 13 18:1
3 Pd(dba),/2 0.1 100 48 25 10:1
4 Pd(dba),/2 0.5 100 12 100 (93) 2.3:1
5 3 0.005 110 48 40 >50:1
6 3 0.05 110 48 76 15.3:1
7 3 0.5 110 12 100 4.3:1

= T S,
\N/§

PiB

Fe uz' Fl‘CY2 "/—Pd)\

PCy, N
VESSIN iPr iPr é cl R R= —§
CyPF-t-Bu (1) O Fh
Pr SIPr Complex (3)
XPhos (2)

sion when using low loadings of the catalysts derived from the
monodentate ligands, and reactions conducted with more cat-
alyst formed mixtures of mono- and diarylation products
(Table 2).38

A similar comparison of catalysts for the coupling of the
particularly electron-rich, deprotonated 4-chlorophenol was
published by Buchwald and co-workers.*? In this case, the
reactions with the X-phos ligand occurred under milder con-
ditions (40 °C) than with CyPFtBu,** although a closely related
reaction at 100 °C occurred in 72% isolated yield.?° These
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CHART 5
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comparisons illustrate that some classes of coupling reactions
benefit from the properties of the Josiphos ligands, while oth-
ers benefit from the properties of the biaryl dialkylphosphines.

Couplings of Aryl Bromides and lodides
Catalyzed by the Pd-Josiphos System
Aryl bromides tend to react faster than aryl chlorides in pal-
ladium-catalyzed amination processes. Consistent with this
trend, aryl bromides reacted with primary amines when
extremely low quantities of the palladium-Josiphos catalyst are
used (Chart 5).8 Reactions of electron-poor bromoarenes
occurred with 5—50 ppm of palladium, and the reactions of
electron-neutral to electron-rich bromoarenes occurred with
0.005—0.1 mol % of palladium. These reactions occurred with
linear and a-branched primary amines, as well as benzylic
amines. Reactions of ortho-substituted bromoarenes also
occurred using relatively low loadings of palladium. These
bromoarenes included those containing electron-donating sub-
stituents in the ortho position, those containing a large ortho-
isopropyl group, and those containing 2,6-disubstitution.
Although iodoarenes are more reactive than bromoarenes
for many cross-coupling processes, the coupling of amines
with iodoarenes has occurred more slowly and in lower yields
than the coupling of bromoarenes.**#> Thus, we conducted
studies to determine whether the Josiphos ligand would
improve the scope and efficiency of the coupling of iodoare-
es.3® These data are summarized in Chart 6. The reaction of
the unactivated 3-iodopyridine occurred in good yield with a
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CHART 6
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primary amine using just 0.05 mol % of palladium. Likewise
the reaction of 4-iodotoluene with an a-branched primary
amine occurred in good yield with the same loading of pal-
ladium. Although these reactions require a larger amount of
palladium to run to completion than do the reactions of
chloro- and bromoarenes, the amount of catalyst required is
orders of magnitude lower than was needed for the coupling
of iodoarenes using other catalysts, particularly for the cou-
pling of primary amines.***> Studies on reactions of bro-
moarenes and iodoarenes together have shown that the
presence of the iodoarene retards the rate of the reaction.
Although speculative at this point, we have proposed that the
alkali metal iodide byproduct deactivates the catalyst.

The First Palladium-Catalyzed Couplings of
Ammonia with Aryl Halides To Form
Primary Arylamines

The combination of palladium and the hindered Josiphos
ligand also led to the first coupling of ammonia with aryl
halides to form primary aromatic amines (Chart 7).*® The reac-
tion of the sterically unbiased bromoarene with an excess of
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ammonia in DME formed the primary aromatic amine in 86%
yield with a 17:1 selectivity for the primary amine over the
secondary amine. For reasons we do not yet fully understand,
the selectivity of reactions with unhindered haloarenes was
higher at lower concentrations (0.05 M) than at higher con-
centrations. However reactions of ortho-substituted bromoare-
nes occurred selectively at higher concentrations. For example,
the reaction of 2-bromo-1-isopropylbenzene and 1-bro-
monaphthalene occurred at 0.25 M in high yield with greater
than 50:1 selectivity for the primary amine. Heteroaryl bro-
mides, such as 4-bromo- and 5-bromoisoquinoline, also
reacted with ammonia to form the aminoisoquinolines in high
yield, and reactions of chloro- and iodoarenes occurred in
good yield.

In parallel, we reported similar reactions of haloarenes with
lithium amide to form primary aromatic and heteroaromatic
amines.*® The selectivity of these reactions with unhindered
aryl halides was not as high as for reactions of ammonia, but
was still acceptable. For example, the reaction of the steri-
cally unbiased 1-bromo-4-tert-butylbenzene occurred in 72%
isolated yield with 9.5:1 selectivity for formation of the pri-
mary amine. Like reactions of ammonia, the reactions of lith-
ium amide with ortho-substituted haloarenes, bromo-
naphthalenes, and isoquinolines also occurred with essen-
tially complete selectivity for the primary amine. Reactions of
ammonia with haloarenes using catalysts derived from biaryl
dialkylphosphines were recently reported by Buchwald.*”

Coupling of Aryl Halides with Thiols
Catalyzed by the Fourth-Generation
Catalyst

Many catalysts are poisoned by thiols. Although the forma-
tion of palladium thiolates and the reductive elimination from
arylpalladium thiolate complexes is fast,*®“° the scope and
efficiency of catalytic coupling of aryl halides with thiols has
been limited.”>° Until recently, no catalyst had been devel-
oped that couples 1) aryl halides with thiols possessing a sig-
nificant range of ancillary functional groups, 2) arene thiols
with high selectivity for the mixed diaryl sulfide, 3) aryl chlo-
rides with thiols, or 4) any aryl halide with a thiol with high
turnover numbers. We considered that the chelating property
of the Josiphos ligand would minimize catalyst deactivation by
thiols. Indeed, the palladium—Josiphos catalyst coupled a wide
range of aryl chlorides and thiols with turnover numbers far
exceeding those of previous systems.>'

Chart 8 shows selected examples of the coupling of chlo-
roarenes with alkane thiols catalyzed by palladium and
CyPFtBu.>>>3 The coupling of chlorobenzene with 1-oc-

Me

0.01-3 mol% Pd{OAc), or Pd,(dba)s
e 0.01-3 mol% CyPFfBu NSRSy B,
R—- + HS R— L= Fe “PCy,
> NaOBu / DME or toluene >
mosc CyPFtBu
©/SOctyl Q/SOctyl /©/80ctyl ©/
0.1%, 91% 0.1%, 96% 0.1%, 98% 0.05%, 95%

0.05%, 91% 0.05%, 97%

0.01%, 85%

o O * &5 som

0.05%, 91% 0.1%, 82% 0.05%, 94% 0.05%, 96%

JOACICQCR OGN G C

0.05%, 97% 0.25%, 90% 0.25%, 97% 0.5%, 86%

Meo/@%SPh ﬁ?LSPh @ESPh \@\@\

0.1%, 98% 0.1%, 95%

QES\Q\ /@EsPh MeO Es%:g—
Me rc

0.25%, 97% 0.25%, 89% 0.25%, 94%

0.05%, 86% 1%, 92%

tanethiol using just 0.01 mol % of this catalyst formed the
thioether in high yield. A range of more substituted chloro-
arenes reacted with similar efficiencies. Even the electron-rich
4-chloroanisole coupled when just 0.1 mol % of palladium
was used. Aliphatic thiols with branching a or § to sulfur also
coupled efficiently. Some of these reactions were conducted
with Pd(OAq), as precursor and others with Pd,(dba)s. The
effect of the precatalyst on the rates of these reactions is cur-
rently under investigation.

The reactions of chloroarenes with arenethiols can be more
challenging because of competing formation of symmetrical
thioethers®* from reversible C—S bond formation. However,
with the palladium—Josiphos system, high vyields of the
unsymmetrical diarylsulfides were obtained without recourse
to special solvents.>>>' These reactions were somewhat
slower than those of aliphatic thiols, but the product was
formed in high yield with 0.05—1 mol % of palladium and
CyPFtBu. Like the C—N coupling, the C—S coupling of chloro-
arenes occurred with high functional group tolerance. For the
C—S coupling, it was unnecessary to conduct reactions with
silylamide base. Reactions conducted with NaOtBu or KOtBu
as base occurred in high yield for haloarenes containing a
variety of protic and electrophilic functional groups (Chart 9).

As part of this work, we demonstrated a method to form
diaryl sulfides without the need to use aromatic thiols as
reagents or to isolate aromatic thiol intermediates.>* The reac-
tion of triisopropylsilane thiol>® with a haloarene generated
the TIPS-protected arenethiol. Reaction of this intermediate
with a second haloarene in the presence of CsF and the
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CHART 9
Me
0.05-2 mol% PA(OAC); or Pdy(dbals
NI 0.05-2 mol% L SR L_@‘pmz
R + HSR R = Fe “PCy,
L~ NaOfBu or KOfBu F >

DME or toluene 110 °C CyPFBu

NC StBu Ph{O)C Sig HzN(O)C\©/SPh H020©/8\©\
Y

0.05%, 90% 0.05%, 86% 0.25%, 70% 0.26%, 95%
S

OHC StBu HO. S\)\/ HoN SPh

0.25%, 91% 0.5%, 85% 0.25%, 91% 2%, 91%

S. StBu SOctyl
@[ Octyl @[ AcHN Svk/

2%, 97% 0.5%, 93% 0.1%, 78% 0.25%, 99%

palladium—CyPFtBu catalyst formed the unsymmetrical biaryl
thioether in high yield.>2

Ligand Structure—Reactivity Relationships

Having shown that the Josiphos ligand CyPFtBu generates a
palladium catalyst that is highly active, but long-lived, for a
wide range of C—N and C—S couplings, we sought to deter-
mine which features of this ligand led to this favorable reac-
tivity. To do so, we compared the reactivity (Table 3) of the
catalyst generated from CyPF{Bu to catalysts containing the
ligand lacking the methyl group on the benzylic position of
the backbone (A), ligands with propyl groups on the backbone
(B, €), a ligand containing a phosphinoethylbenzene back-
bone (D), a ligand possessing an arene—chromium carbonyl
unit in place of the ferrocene unit (E), a ligand based on a xan-
thene backbone (F), a ligand (PPF-t-Bu) possessing a diphe-
nylphosphino group in place of the dicyclohexylphosphino
group, and ligands containing less sterically demanding
groups on phosphorus.®

The lifetime of the desmethyl catalyst is long, but not as
long as that for the catalyst containing CyPF{Bu. However,
ligands based on the xanthene and arene—chromium tricar-
bonyl backbones generated much less reactive catalysts. We
assume that the metal—ligand bonds in the complex gener-
ated from the hindered Xantphos analog are unstable under
the conditions of the catalytic process and that the ligand con-
taining the chromium carbonyl fragment is deactivated by
nucleophilic attack onto the carbonyl units. The catalyst gen-
erated from PPFtBu was also less reactive than that gener-
ated from CyPFtBu, and the less hindered analogs of CyPFtBu
containing dimethyl and diethylphosphino groups in place of
the dicyclohexylphosphino group of CyPFtBu were much less
reactive. These data imply that the preorganization imparted
by the relative stereochemistry of the methyl group and the
ferrocenyl unit, the steric properties of the dialkylphosphino
groups in CyPFtBu, the strong electron donation of the alky-

TABLE 3. Effect of Bidentate Ligand Structural Properties of on C—N
Coupling with a Heteroaryl Chloride®

X Cl Pd(OAc),/ L x NHoctyl
| + OctylNH, |
NZ NaOfBu N7

DME
entry ligand loading T(°Q t () vield (%)
1 CyPF-t-Bu 0.005 90 24 93
2 PPF-t-Bu 1.0 90 24 67
3 MePF-+-Bu 0.005 90 24 <5
4 EtPF-tBu 0.005 90 24 <5
5 CyPF-Cy 1.0 90 24 46
6 CyPF-Ph 1.0 90 24 48
7 BUPF-Cy 0.005 90 24 62
8 A 0.005 90 24 50
9 B 0.001 100 48 16
10 B 0.005 90 24 93
11 C 0.005 90 24 <5
12 D 0.005 90 24 <5
13 E 0.005 90 24 <5
14 F 0.005 90 24 <5
Me PBu, "Pr
@ Sore @ @ "PfBu
e PRy 2 Fe PCy2 fe PR :
< <X <X
R R A R=Cy B
Cy Bu CyPF-tBu Et C

Ph Bu PPF-+Bu
Me Bu MePF-t-Bu .y
Et Bu EtPF-tBu 2 T PBu,

PCy;
Cy Cy CyPF-Cy oc Cr
Cy Ph CyPF-Ph PCy2 ¢ ©o
Bu Cy BuPF-Cy D E
CL 0
PCy, E PBu,

Iphosphino groups, and the high stability of the ferrocenyla-
Ikyl backbone contribute to creating a catalyst that reacts with
such high turnover numbers.

Mechanistic Considerations

The basic steps of the palladium-catalyzed amination and thio-
etherification have been discussed in review articles
previously.®>7-°8 The reaction is initiated by oxidative addi-
tion of a haloarene to an unsaturated palladium(0) fragment.
Early studies with Pd(0) complexes of CyPF{Bu showed that
{Pd(CyPFtBu)[P(o-tol)5]} undergoes remarkably fast oxidative
addition of typically unreactive aryl electrophiles.>® The result-
ing aryl halide complex then reacts with amine or thiol and
base to generate an aryl palladium amide or thiolate interme-
diate. This intermediate then undergoes reductive elimina-
tion to form the carbon—nitrogen or carbon—sulfur bond in
the final product and regenerates the palladium(0)
species.' 7

A series of studies from our laboratory and others have
shown that reductive elimination to form a carbon—
heteroatom bond occurs more rapidly from complexes con-
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{ faster for more electron-donating R

\
faster for more electron-withdrawing R

FIGURE 2. Electronic effects on C—X and C—C bond-forming
reductive eliminations.

taining the more basic heteroatom."" Reductive elimination
from an alkylamido complex is faster than reductive elimina-
tion from an arylamido complex, which is faster than reduc-
tive elimination from a diarylamido complex.®® Recent studies
on aryl palladium amidate complexes®’ have shown that they
undergo reductive elimination even more slowly than the dia-
rylamido complexes. We have also shown recently that reduc-
tive elimination from an unsaturated, three-coordinate
arylpalladium(ll) diarylamido complex®* occurs more rapidly
than reductive elimination from a related arylpalladium
alkoxo complex.®?

One could attribute the faster rate of reductive elimination
from the complex containing the more basic heteroatom to
more favorable attack of the electron pair on the ipso carbon
of the aryl group in the transition state.°* Alternatively, one
could attribute this faster rate to a decrease in the polarity, and
thereby strength, of the metal—heteroatom bond. (Increasing
polarity of a metal—heteroatom bond tends to lead to increas-
ing strength, in the absence of steric or mesomeric effects.) A
comparison between the electronic effects on the rate of
reductive elimination from arylpalladium amido and amidate
complexes with those on the rate of reductive elimination
from arylpalladium alkyl complexes® helps dissect these
potential contributions to the electronic effect (Figure 2).

Studies on the rates of reductive eliminations from arylpal-
ladium alkyl complexes containing varying functional groups
on the o carbon have shown that the C—C bond-forming
reductive elimination is influenced by the electronic proper-
ties of the alkyl group in a fashion similar to the C—X bond-
forming reductive elimination from amido and alkoxo
complexes. Reductive elimination from the arylpalladium alkyl
complexes occurs more slowly from the alkyl complexes con-
taining an electron-withdrawing group on the o-carbon.
Because the arylpalladium alkyl complexes lack an electron
pair on the atom bound to the metal, we have concluded that
the electronic effects are imparted more strongly through the
metal—ligand ¢ bond than through the lone electron pair on
the anionic heteroatom ligand.

{ faster for more electron-donating R
XR L\ ,LCH.R CHzR
+ L.Pd d ©/+ L.Pd

faster for more electron-withdrawing R

Summary

During the past several years, we have demonstrated that pal-
ladium catalysts containing sterically hindered alkylmono-

phosphines and catalysts containing sterically hindered
alkylbisphosphines can significantly improve both the amina-
tion and thioetherification of aryl halides. In particular, the
reactions of primary alkylamines, benzophenone imine, ben-
zophenone hydrazone, and even ammonia occur with high
selectivities for monoarylation, and reactions of primary nitro-
gen nucleophiles occur with high turnover numbers using a
very sterically hindered member of the Josiphos family of
ligands. In parallel, we have shown that the reactions of thi-
ols with haloarenes can now be conducted with high turn-
over numbers, including reactions to form unsymmetrical
diaryl sulfides. Although no catalyst is optimal for all combi-
nations of substrates, we anticipate that the high selectivity
and efficiency of these catalysts for reactions of these classes
of nucleophiles, in parallel with the high tolerance of the sys-
tem for ancillary functional groups, will enable the efficient
synthesis of alkyl arylamines, primary arylamines, N-aryl
hydrazine derivatives, and aryl thioethers on both small and
large scale.
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CONSPECTUS

ransition metal-catalyzed cross-coupling reactions of organic . . o oat. AlglR

halides and pseudo-halides containing a C—X bond (X = I,

Br, Cl, OTf, OTs, etc) with organometallic reagents are among
the most important transformations for carbon—carbon bond
formation between a variety of sp, sp?, and sp>-hybridized car-
bon atoms.

In particular, researchers have widely employed Ni- and Pd-catalyzed cross-coupling to synthesize complex organic struc-
tures from readily available components. The catalytic cycle of this process comprises oxidative addition, transmetalation,
and reductive elimination steps. In these reactions, various organometallic reagents could bear a variety of R groups (alkyl,
vinyl, aryl, or allyl), but the coupling partner has been primarily limited to sp and sp? carbon compounds: alkynes, alk-
enes, and arenes. With alkyl coupling partners, these reactions typically run into two problems within the catalytic cydle.
First, oxidative addition of alkyl halides to a metal catalyst is generally less efficient than that of aryl or alkenyl com-
pounds. Second, the alkylmetal intermediates formed tend to undergo intramolecular S-hydrogen elimination.

In this Account, we describe our efforts to overcome these problems for Ni and Pd chemistry. We have developed new
catalytic systems that do not involve M(0) species but proceed via an anionic complex as the key intermediate. For exam-
ple, we developed a unique cross-coupling reaction of alkyl halides with organomagnesium or organozinc reagents cata-
lyzed by using a 1,3-butadiene as the additive. This reaction follows a new catalytic pathway: the Ni or Pd catalyst reacts
first with R—MgX to form an anionic complex, which then reacts with alkyl halides. Bis-dienes were also effective addi-
tives for the Ni-catalyzed cross-coupling reaction of organozinc reagents with alkyl halides. This catalytic system tolerates
a wide variety of functional groups, including nitriles, ketones, amides, and esters.

In addition, we have extended the utility of Cu-catalyzed cross-coupling reactions. With 1-phenylpropyne as an addi-
tive, Cu-catalyzed reactions of alkyl chlorides, fluorides, and mesylates with Grignard reagents proceed efficiently.

These new catalytic reactions use sz-carbon ligands such as s-allyl units or alkynes instead of heteroatom ligands such
as phosphines or amines. Overall, these reactions provide new methodology for introducing alkyl moieties into organic
molecules.

G Ph—=—=—Me
/Pd\/\ :
N |
R Mg*X ReCu Mg*X

and Ni-catalyzed cross-couplings using alkyl Grig-
nard reagents and alkylzincs? and the Cu medi-
ated cross-couplings, especially the Cu-catalyzed
version permitting alkyl—alkyl coupling of wide
applicability.® During the past decade, remarkable

Introduction
Transition metal-catalyzed cross-coupling reactions

of organic halides and pseudo-halides containing
a C—X bond (X =1, Br, Cl, OTf, OTs, etc.) with
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organometallic reagents are among the most
important transformations for carbon—carbon
bond formation between a variety of sp, spz, and
sp3-hybridized carbon atoms.' For constructing
new alkyl chains, of particular note are the Pd-

© 2008 American Chemical Society

progress has been brought about in cross-coupling
using alkyl halides by many groups using various
transition metal catalysts.* Alkyl halides have now
become even more promising candidates as sub-
strates in transition metal catalyzed reactions.

Vol. 41, No. 11 = November 2008 = 1545-1554 = ACCOUNTS OF CHEMICAL RESEARCH = 1545





Cross-Coupling Reaction of Alkyl Halides Terao and Kambe

Transition metal complexes are usually classified broadly
into three groups: neutral, cationic, and anionic complexes.
The former two have been widely used as catalysts for organic
synthesis at both bench and industrial scale, while synthetic
applications of anionic complexes is less well-developed.
Anionic complexes formed by the reaction of neutral com-
plexes with organometallic reagents possess high electron
densities. Consequently, it is expected that the nucleophilic-
ity at the metal center or z-carbon ligands, as well as the elec-
tron-donating ability of the anionic complexes, would be
enhanced in comparison with the corresponding neutral com-
plexes. Our interest was to create new catalytic systems for
transition metal-catalyzed cross-coupling reactions using alkyl
halides by use of an anionic complex. During the course of
this study, we have demonstrated that an anionic Ni, Pd, or Cu
complex plays an important role in cross-coupling reactions of
alkyl halides with Grignard or organozinc reagents in the pres-
ence of a s-carbon ligand (Scheme 1).

SCHEME 1. Ni-, Pd- or Cu-Catalyzed Cross-Coupling Reaction Using
Alkyl Halides in the Presence of a #-Carbon Ligand

cat. Ni, Pd, Cu

cat. 1,3-Butadienes or Alkynes

Alky-X  + R-M Alkyl-R

X =F, Cl, Br, OTs, OMs

M = MgX, ZnR
Ni-Catalyzed Cross-Coupling Reaction
Using Alkyl Halides in the Presence of
1,3-Butadiene

n-Decyl bromide did not react with n-butylmagnesium chlo-
ride at 0 °C but gave 35% yield of cross-coupling product
under reflux conditions along with 31% yield of n-decane and
4% yield of 1-decene (Scheme 2). When the reaction was car-
ried out in the presence of NiCl, as a catalyst, tetradecane was
obtained in only 2% yield, and significant amounts of decane
and decenes were formed. However, when isoprene was
added to this system, a big change occurred and, on increas-
ing the amount of isoprene, the yield of cross-coupling prod-
uct increased and the formation of decane and decene was
suppressed.®

SCHEME 2. Effect of Isoprene as an Additive

"Dec-Br +  "Bu-MgCl "Dec"Bu + "Decane + 1-Decene
0°C,3h 0% 0% 0%
reflux, 24 h 35% 31% 4%
NiCly (3 mol%), 0 °C, 3 h 2% 39% 59%
NiCl; (3 mol%), 0 °C, 3 h )\4 10 mol % 12% 36% 52%

100 mol % 97% <1% 2%

As shown in Scheme 3, the use of nickel complexes bear-
ing phosphine ligands, such as NiCl,(PPhs),, NiCl,(dppp), and

NiCl,(dppf) resulted in the decrease of yields of tetradecane.
Under similar conditions, FeCl; and CoCl,(dppe) were
ineffective.

SCHEME 3. Effect of Catalysts

catalyst (3 mol %)
(100 mol %)
"Dec-"Bu + "Decane + Decenes

e

" e
DecBr + "BuMaCl e T3y

NiCl, 97% <1% 2%
NiClx(PPhs), 45% 0% 0%
NiClz(dppp) 27% 0% <1%
NiCl,(dppf) 16% 0% <1%
FeCl 7% 33% 30%
CoCly(dppe) 4% 3% 2%

The effect of additives is summarized in Scheme 4. Unsub-
stituted 1,3-butadiene shows the highest activity for this cross-
coupling reaction. 2,3-Dimethyl-1,3-butadiene, alkynes, and
alkenes are far less effective under the same conditions. Opti-
mization of the reaction revealed that use of 1 mol % NiCl,
and 10 mol % 1,3-butadiene based on the halides at 0 °C
afforded desired coupling products quantitatively in 30 min.

SCHEME 4. Effect of z-Carbon Ligands

NiCly (3 mol %)
it 9
"Dec-Br + "Bu-MgCl w) "Dec"Bu + "Decane + Decenes

P 97% <1% 2%
A >99% 0% 0%
)\( 5% 9% 14%

Ph—=——Et 3% 23% 7%

A
- A 15% 14% 25%
3

Aryl and secondary alkyl Grignard reagents also afforded
the corresponding products in moderate to good yields. This
cross-coupling reaction proceeds efficiently by using alkyl
tosylates (Scheme 5). Reaction of (boromomethyl)cyclopropane
with n-Oct-MgCl gave nonylcyclopropane as the sole coupling
product in 87% yield without formation of 1-dodecene, which
may arise from ring-opening of the cyclopropylmethyl radi-
cal.® This result rules out a radical mechanism.” Interestingly,
alkyl chlorides can also undergo this cross-coupling reaction,
giving rise to the desired products in high yields. This is the
first example of cross-coupling reactions using unactivated
alkyl chlorides catalyzed by transition metals.? The present
catalytic system is highly advantageous, particularly for large-
scale production, since the reaction proceeds efficiently using
less expensive alkyl chlorides as the reagent, NiCl, as the cat-
alyst, and 1,3-butadiene as the additive instead of using phos-
phines or other heteroatom ligands.

It is noteworthy that (sp?)C—Br bonds are tolerant to the
present system. This remarkable difference in reactivity
between (sp*)C—Br bond and (sp?)C—Br bond prompted us to
perform a site-selective sequential cross-coupling reaction
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SCHEME 5. Scope of Ni-Catalyzed Cross-Coupling Using Alkyl
Halides

NiCly (3 mol %)
A~ (30 mol %)

0°C,3h Et

Ph

Et-OTs + Pl

Ph
~"Mgcl
87%

”Oct—<

72%

NiCl, (3 mol %)
ANF (30 mol %)

0 °C, 30 min

"Oct-Br  + >—MgCI
NiCl; (1 mol %)

A~F (10 mol %)
Dy, o+ roctMgol — 27 b,
" 0°C, 10 min 'Oct
87%
NiCl5 (3 mol %)
AF (30 mol %)

25°C,20h

"Bu-MgCl "Oct-"Bu

96%

"Qct-Cl +

using dibromide 1 (Scheme 6). Into a solution of 2 prepared
in situ from 1 according to our method were added dppp (5
mol %) and o-tolyl Grignard reagent (0.75 mmol). After the
mixture was stirred at 55 °C for 18 h, the desired coupling
product 3 was obtained in 82% yield, in which n-propyl and
o-tolyl groups are introduced site selectively to the phenethyl
skeleton.

SCHEME 6. Site-Selective Seqgential Cross-Coupling Using
Unsymmetrical Dibromides
NiCl2(5 mol% }
AN (50 mol%)
Br "Pr-MgBr (1.05 equiv) B'\@\A
\©\/\Br THF, 0 °C, 40 min "

Pr

1, 0.50 mmol 2, >98% (GC yield)
dppp (5 mol%)
@\/ (1.5 equiv)
MgBr O
THF.55°C, 18 h O
"Pr
3,82%
NICl, (8 mol %)
N (30 mol %)
"Pr-MgBr (1.15 equiv.
va\)\ _ e e | ¢ d - ) "Prv\)\
Br THF, 20 °C, 25 min Br
4, 1 mmol
dppf (16 mol %) 5, 94% (GC yield)
N (1.2 equiv)

Ph-MgBr (1.5 equiv) ,.Prm
S ph

THF,rt, 18 h :

H

6, 64% [E/Z = 67/33]

No reaction took place with secondary alkyl bromides
under similar conditions as in Scheme 5. This reactivity allows
the successful synthesis of 2-octyl bromide (5) in high yield by
using 1,4-dibromopentane and n-propyl Grignard reagent
(Scheme 6). As a synthetic application of this reaction, 5 was
subjected to successive C—C bond formation by Ni-catalyzed
three-component coupling developed separately.? Into a solu-
tion of 5 prepared in situ from 4 were added dppf (16 mol %),
2,3-dimethyl-1,3-butadiene (1.2 mmol), and Grignard reagent
(1.5 mmol). After the reaction was stirred at 25 °C for 18 h,
the corresponding three-component coupling product 6 was
obtained in 64% yield (Scheme 6).

Cross-Coupling Reaction of Alkyl Halides Terao and Kambe

To shed light on the mechanism, we carried out a stoichio-
metric reaction of Ni(COD), with n-decyl bromide in the pres-
ence of isoprene. After the reaction was stirred at 25 °C for 30
min, n-decyl bromide was recovered unchanged (eq 1). This
result may imply that the present coupling reaction does not
involve a process of oxidative addition of alkyl halides to Ni(0)
giving alkyl—Ni—X under these conditions.

A H

Ni(COD), + "Oct-Br "Oct-Br 1)
THF, 0 °C, 30 min

100% recovered

We then performed a reaction of NiBr, with 2 equiv of
n-octylmagnesium chloride in the presence of 1,3-butadiene
at 25 °C for 15 min. Octane and 1-octene were formed in
55% and 45% vyields, respectively; however, the homocou-
pling product, n-hexadecane, was not obtained. This result
also suggests that our cross-coupling reaction does not involve
an oxidative addition intermediate (n-Oct—Ni—Br), which
should arise from a reaction of NiBr, with n-octylmagnesium
chloride (eq 2).

) P ad
NiBry + "OctMgCl ——————— "Oct’Oct + Octane + Octenes (2)
2 equiv THF, 0 °C, 30 min 0% 55% 45%
l 1,3-Butadiene
"Oct-MgCl

"Oct-Ni-Br —H#——= "Oct-"Oct ]

A proposed reaction pathway is depicted in Scheme 7. Ni(0)
reacts with 2 molar amounts of 1,3-butadiene to afford the
bis(;73-allyl)nickel complex 7,'° which reacts with Grignard
reagents to form the anionic bis(y',»>-allyl)nickel complex 8.""
This complexation might enhance the nucleophilicity of Ni
toward alkyl halides. A coupling product is formed by nucleo-
philic substitution of alkyl halides by the attack of the nickel
in 8 yielding the dialkyInickel complex 9, which undergoes
reductive elimination to give the product or direct substitu-
tion via 9'. In this system, cationic magnesium of the nick-
elate 8 would act as Lewis acid and accelerate the cleavage
of C—X bonds by a strong Mg—X interaction. 1,3-Butadienes
play an important role to convert Ni(0) to Ni(ll) complex 7,
which is inert toward organic halides but readily reacts with
R—MgX' to form an anionic complex 8. Complex 8 is coordi-
nately saturated, and thus, -hydrogen elimination process is
suppressed. 2,3-Dimethyl-1,3-butadiene can also form a sim-
ilar bis(i7>-allyl)nickel complex, but it is thermodynamically less
stable than the complexes of 1,3-butadiene or isoprene and
cannot promote the catalytic reaction. This is supported by the
evidence that rates of Ni-catalyzed dimerization of butadienes,
which involves similar bis-z-allyl Ni intermediates, decrease in
the order 1,3-butadiene > 2-methyl-1,3-butadiene > 2,3-di-
methyl-1,3-butadiene. Besides, the 2,3-dimethyl-1,3-butadi-
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ene complex might be less reactive toward R—MgX' due to
steric reasons hindering formation of anionic complexes.

SCHEME 7. Proposed Catalytic Cycle for the Case of 1,3-Butadiene
as an Additive

NF

Ni

Alky—R Y
/

e+
MgXx' Alkyl—X

As shown in Scheme 7, the present reaction proceeds via
a new catalytic pathway; that is, the Ni catalyst in this sys-
tem reacts first with R—MgX' to form an anionic complex and
then with alkyl halides. This is in large contrast to conven-
tional cross-coupling reactions using Ni or Pd, where low-va-
lent metals react first with halides and then with R—MgX'.

Ni-Catalyzed Cross-Coupling Reaction
Using Alkyl Fluorides in the Presence of
1,3-Butadiene

The successful result of cross-coupling reaction using alkyl
chlorides prompted us to examine alkyl fluorides as the sub-
strate. Theoretical calculations by the G2 method using Gauss-
ian 98 program on the thermodynamic properties of coupling
reaction (Me—X + R—MgCl to Me—R + X—Mg(l) suggests that
alkyl fluorides are not unfavorable energetically as substances
for reactions with R—MgCl. Calculated bond energies of
X—MgCl are 142, 112, and 101 kcal/mol and those of Me—X
are 112, 85, and 74 kcal/mol for X = F, Cl, and Br, respec-
tively. Consequently, energy differences between these two
bonds for F, Cl, and Br are similar (30, 28, and 27 kcal/mol,
respectively), indicating that the formation of a strong F—MgCl
bond can compensate for destabilization arising from C—F
bond cleavage.

The reaction of n-octyl fluoride with n-PrMgBr did not take
place at rt even in the presence of Ni catalysts such as
(PPh)5NiCl, (dppf)NiCl,, and NiCl,. Addition of 1,3-butadiene
was also found to be effective giving rise to cross-coupling
products (Scheme 8). On increasing the amount of 1,3-buta-
diene up to 100 mol %, the yield of undecane improved to
64%%. However, further increase of 1,3-butadiene did not lead
to improvement of the product yield.'? This is probably
because, under high concentrations of 1,3-butadiene, Ni(0)
reacts with more than two 1,3-butadiene molecules to give

nickel—butadiene trimer complexes resulting in low concen-
trations of bis(;>-allyl)nickel complex (Scheme 9).'3

SCHEME 8. Cross-Coupling Reaction of Alkyl-F

NiCl, (3 mol %)
NF

THF,25°C,6h

"Oct—F + "Pr—MgBr "Oct—2pr + Octane + Octenes

A~ (mol %)

0 0% 0% 0%
10 9% 1% 0%
100 64% 4% 2%
400 65% 3% 2%

SCHEME 9. Reaction of Ni(0) with 1,3-Butadiene and Tetraenes

Mg*X

Since it is known that tetraenes react with Ni(0) species
exclusively to form bis(;>-allyl)nickel complexes, we exam-
ined the effect of tetraene as an additive.'* The yield was dra-
matically improved by the use of only 0.6 mol % of Ni
catalyst and 15 mol % of tetraene 10 (eq 3).'> This result pro-
vides supporting evidence for the intermediary of bis(i>-al-
lyl)nickel complexes.

Ni(acac), (0.6 mol %)

SN
\/\/\N“ (15 mol %)
N #~77 Ph
"Non-F  +  "Pr-MgBr "Non-"Pr (3)
THF,25°C,6h
94%
SN Ni (0) AN
N~ ——————— Ni. N
7~ Ph > en

10

We then examined the relative reactivities of alkyl halides
(RX; X = F, Cl, Br) by competitive experiments using
n-CsH,;MgBr. The reactivities of alkyl halides increase in the
order chloride < fluoride < bromide (eq 4). When this reac-
tion was carried out at 0 °C, the selective formation of n-pen-
tadecane from decyl bromide was observed. The strong
interaction between leaving F anion and Mg cation at the tran-
sition state to form 9 from 8 or as exemplified by 9" in
Scheme 7 would explain the rapid reaction of alkyl fluorides
in comparison to alkyl chlorides where a much weaker CI—Mg
interaction is expected. As a related system, for the reaction
of alkyl-X with R,CulLi, it is proposed that interaction between
Li and X plays an important role in C—X bond fission.'®
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NiCly (5 mol %)
AN (50 mol %)
—_—

25 °C, THF,30 min
1.5 equiv )

"CsH11-MgBr +"CgH1g-F +"CgHy7-Cl +"CygHpq-Br

1.5 equiv 1.5 equiv

"C1qHzo + "CagHag * "CrsHaz
8% 0% 39%

This reactivity allows selective synthesis of 1-tridecyl fluo-
ride by the cross-coupling reaction of 1-fluoro-9-bromononane
with n-BuMgCl. We undertook sequential C—C bond forma-
tion by successive Ni-catalyzed alkylative dimerization of vinyl
Grignard reagents using thus formed alkyl fluoride (eq 5)."”
Into a THF solution of tridecyl fluoride formed in situ from
1-bromo-9-fluorononane were added an excess amount of
vinyl Grignard reagent (1.5 mmol) and PPh5 (10 mol %). After
the reaction was stirred at 25 °C for 4 h followed by quench-
ing with 1T N HCI, the desired coupling product 3-methylhexa-
decene was obtained in 98% yield.

NICI, (5 mol %)
N (50 mol %)

. \/é‘)?/F "Bu-MgCl (1.1 equiv) |:nBu \/@\/ﬁ .

0.5 mmol

THF, 0°C, 15 min 7
(>98%)

PPh; (10 mol %)
# Mgl (3.0 equiv) H*
THF, rt, 4 h

H
Lo
7

98%

Ni-Catalyzed Cross-Coupling Using
Organozinc Reagents

A serious drawback of the cross-coupling reaction using Grig-
nard reagents is the limited tolerance of functional groups due
to the high reactivity of Grignard reagents. Thus, we tried to
extend this catalytic system to organozinc reagents instead of
Grignard reagents.'® Although our Ni-butadiene system could
be applied to Negishi-type cross-coupling reactions, only mod-
erate yields of coupling products were obtained even in the
presence of large amounts of butadiene. We could also solve
this problem again by employing tetraenes as additives
(Scheme 10).

SCHEME 10. Ni-Catalyzed Cross-Coupling Reaction Using Et,Zn
NiCl, (3 mol %)

"Dec-Br + EtZn "Dec-Et + "Decane + Decenes
THF/NMP, MgBr, 1t
additive mol%  time
none o] 48 h 0% 0% 0%
Pava 100 48 h 45% 20% 11%
NS 400 48h 73% 2% 2%
mcowe 9 1h  >99% 0% 0%
#>z"7 COOMe
AN
/\/\/ijh 9 1h >99% 0% 0%

This catalytic system tolerates ketones, esters, nitriles, and
amides. Secondary alkylzinc and alkyl tosylate can also
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undergo this reaction efficiently under mild conditions
(Scheme 11).

SCHEME 11. Ni-Catalyzed Cross-Coupling Reaction Using
Organozinc Reagents

NiCI, (3 mol %)
S COOMe .
/v\:/:><COOMe (9 mol %)

THF/NMP, MgBry, rt, 1h

EtO0C

92%

B'ij + "PryZn
EtOOC
Br "Oct:
Y e rown e
NC NC
88%

Br- Ph
EtzNj(\j + (PhCHCHp)pZn ————————— Etsz

o} O
NM%

Br. "Oct:
nBu\n/\j +  "OctyZn nBuY\J
o} o}
87%
"CigHa1-Br  +  'Pryzn "C10H21—<
86%
"CiH15-0Ts  + EtpZn "CqHqs-Et

84%

A proposed reaction pathway is shown in Scheme 12 for
the case of organozinc reagents. Bis(>-allyl)nickel complex 11
is formed by the oxidative cycloaddition of Ni(0) with two
butadiene moieties of a tetraene 10. Organozinc reagent
attacks 11 to generate anionic (' 53-allyl)nickel complex 12,
which then reacts with alkyl halides to give 13. Subsequent
reductive elimination affords the coupling product along with
11 to complete the catalytic cycle. Selective and efficient for-
mation of 11 from Ni(0) and 10 in comparison to the case of
1,3-butadiene would facilitate the generation of ate complex
12. These tetraene ligands have broadened the scope of
reagents, both of the alkyl halides and of the organometallic
reagents, and dramatically improved the efficiency of the Ni-
catalyzed cross-coupling reaction.

SCHEME 12. Proposed Catalytic Cycle for the Case of a Tetraene
as an Additive

.
R
pool
-, N P

. R-ZnR
NiCl, Ni(0)

Alkyl—R Y 1 R—ZnR
AIkyI—ilﬁ { NI
4 R’

13

Alkyl—X

e Ln*R
12
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Pd-Catalyzed Cross-Coupling Reaction
Using Alkyl Halides in the Presence of
1,3-Butadiene

Palladium also catalyzes the cross-coupling reaction of alkyl
tosylates and bromides with Grignard reagents in the pres-
ence of 1,3-butadiene as an additive.'® Because alkyl chlo-
rides were somewhat more sluggish in Pd-catalyzed reactions,
selective synthesis of the alkyl chloride from 6-chlorohexyl
tosylate could be achieved (eq 6). When NiCl, was used as
catalyst under the same conditions, the dialkylated product
was obtained in 139% vyield. Pd catalyst afforded better yields
than Ni for the reaction of aryl and sec-alkyl Grighard reagents
(eq 7). This Pd-catalyzed cross-coupling would proceed by a
similar pathway via the corresponding bis(i>-allyl)palladium
complex as proposed for the Ni-catalyzed reaction shown in
Scheme 7.

cat. MXg [ 7~

A~ 0T bkt S
cl * EBMgBr  TEseC. 1h ©

Cl/\/\/\/El + Et/\/\/\/Et

Pd(acac), 86% 0%
NiCl, 87% 13%

cat. MXp 1A~

SN NoTe + BrMg )

THF,25°C,1h
Pd(acac), 1%
NiClp 45%

Cross-Coupling Reaction Using Bis(n>-
allylmetal Complexes as Catalysts
Cross-coupling of alkyl bromides or tosylates with Grignard
reagents proceeds in the presence of a catalytic amount of
bis(i>-allyl)nickel or -palladium complexes as a catalyst with-
out using butadienes (Scheme 13).2° Bis(»>-allyl)palladium
complex afforded a moderate yield of cross-coupling prod-
uct, and bis(;3-allyl)nickel catalyst showed much higher activ-
ity. It was also revealed that two allyl ligands are essential to
attain high yields of the cross-coupling products. However,
PdCl, and (p3-allyl)palladium chloride gave less than 10%
yield of cross-coupling product along with significant amounts
of decane and decenes. These results suggest that while both
allyl groups on the metal play important roles, the ethylene
tether (CH,CH,) between two allyl ligands of 7 in Scheme 7
is not essential. A proposed reaction pathway similar to
Scheme 7 is depicted in Scheme 14.

To confirm the validity of this pathway, we examined the
stoichiometric reaction of alkyl halides with the anionic com-
plex 15. Into a solution of bis(y',5>-allyl)palladate complex
(15'),2" generated by the reaction of bis(i;>-allyl)palladium??
with EtMgBr, was added n-hexyl bromide at —60 °C. After 2 h

SCHEME 13. Bis(y3-allyl)metal-Catalyzed Cross-Coupling Reaction

cat. (10 mol%)}

"Dec-Br + "Bu-MgCl "Dec-"Bu + Decane + Decenes
9

1.3 equiv 0°C.3h

cat. yield (%)

PdCl, 3 54 26

(PPh3);PdCl, 2 1 1

Pd 10 26 23

SCHEME 14. Proposed Catalytic Cycle for the Case of Bis(;;>-
allyl)metal as an Catalyst

M

A~

Alkyl-R R-MgX'

MgX'X Alkyl-X

at the same temperature, NMR analysis showed formation of
nearly equal amounts of octane and bis(;>-allyl)palladium
(14') (eq 8). It should be noted that no evidence for the for-
mation of coupling products involving an allyl group such as
1-pentene or 1-nonene was detected, suggesting that
alkyl—alkyl reductive elimination proceeds exclusively from
16. This fact is consistent with evidence that reductive elimi-
nation of R-H from (PPhs),Pt(H)R proceeds preferentially with
alkyl groups compared with an allyl group.*>

Sy ~ x| T 8
SgF  60°C,2h THF Et” = | mgBr ®
10 15

Hex-Br

P
Octane  + Pd
60°C,3h S

38% 14'; 35%

Cu-Catalyzed Cross-Coupling Reaction
Using Alkyl Chorides and Fluorides

Cu-catalyzed cross-coupling reaction of alkyl halides or sul-
fonates with alkyl Grignard reagents has become one of the
most straightforward methods for constructing methylene
chains.® However, no successful application to alkyl chlorides
and fluorides is available.>* This is probably due to the strong
C—Cl or C—F bond compared with C—I and C—Br bonds. In
2003, we reported the first example of Cu-catalyzed cross-
coupling reactions of nonactivated alkyl fluorides with Grig-
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nard reagents in the presence of 1,3-butadienes as additives
under mild conditions (eq 9).'? Interestingly, alkyl chlorides
are less reactive than fluorides and gave only 3% yields of the
cross-coupling products from octyl chloride under the same
conditions of eq 9.

CuCl, (3 mol %)
2~ (10 mol %}

CgH17-X  +  "CaHy-MgBr
e srrMg THF, 25°C, 6 h

"CaHiz-"CaHr  (9)

X=F 94%
Cl 3%

For the cross-coupling reaction of primary alkyl fluorides
with Grignard reagents in the presence of 1,3-butadiene, CucCl,
and CuCl showed the highest activities. The coupling product
was obtained in 20% yield even in the absence of 1,3-buta-
diene at 25 °C for 6 h; however, prolonged reaction times did
not improve the yield (Scheme 15). Isoprene, tetraene 10, and
diphenylacetylene were less effective under these conditions.
1-Octene, styrene, 2,3-dimethyl-1,3-butadiene, and 1,5-cyclo-
octadiene were also ineffective. When the reaction was car-
ried out at —20 °C, the coupling reaction proceeded slowly
without significant loss of catalytic activity even in the absence
of 1,3-butadiene resulting in formation of undecane in 68%
yield after 48 h.

SCHEME 15. Cu-Catalyzed Cross-Coupling Reactions Using Alkyl
Fluorides

CuCly (3 mol %)
additive (10 mol %)

THF, 25°C, 6 h
AF

"Oct-F + "Pr-MgBr "Oct-"Pr

1 mmol 1.3 mmol

20%
none 20%(18 h)
68%(0 °C, 48 h)

ZHex  (18%) m/\ (25%) )\]/ (23%) O (21%)
T

N
e e 7T @w pe——pn 1%
Ny

In 2007, we reported that Cu-catalyzed cross-coupling reac-
tions of alkyl chlorides with primary, secondary, and tertiary
alkyl and phenyl Grignard reagents proceeded efficiently in
the presence of 1-phenylpropyne as additive.?> For example,
n-nonyl chloride reacted with nBuMgCl in the presence of a
catalytic amount of CuCl, and 1-phenylpropyne under THF
reflux conditions for 6 h to give tridecane in >98% vyield. In
the absence of 1-phenylpropyne, tridecane was obtained in
only 3% yield and 95% of n-nonyl chloride was recovered.
Li,CuCl, alone was not effective either toward n-nonyl chlo-
ride; however, in the presence of 1-phenylpropyne, 86% yield
of tridecane was obtained in refluxing THF.

The effects of other 1-arylalkynes in the present cross-cou-
pling reaction were examined (Scheme 16). On increasing the
length of the alkyl chain from methyl to butyl, the yield of
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tridecane gradually decreased. The o-methyl substituent on
the aryl ring decreased the yield; however, the p-methyl sub-
stituent did not affect the reaction. These results suggest that
the present cross-coupling reaction is sensitive to steric hin-
drance around the C—C triple bond of alkynes.

SCHEME 16. Effect of Internal Alkyne

CuCl, (2 mol %)
Ar—==R(10mol %) ,

CqH1g=Cl + "CqHg-MgCl
e 4he g THF, reflu, 6 h

'Cq3Hzg + Nonane + Nonenes

1 mmol 1.5 mmol
R
Ph CHa 98% 1% 0%
CqH1g 13% 12% 1%
{C4Hg 5% 15% 2%
o-tol CoHs 6% 18% 2%
p-tol CoHs 82% 5% 3%

As illustrated in Scheme 5, Ni-catalyzed cross-coupling reac-
tions of a primary alkyl chloride with n-BuMgCl in the pres-
ence of 1,3-butadiene afforded a good yield of the product.
However, this reaction using alkyl chlorides cannot be applied
to s- and t-butyl and aryl Grignard reagents. On the other
hand, Cu-catalyzed cross-coupling reactions proceed efficiently
using a variety of alkyl and phenyl Grignard reagents, as
shown in Scheme 17. In addition, all yields are higher than
98% yield for n-CoH;o—X (X = F, Br, and OTs*°) regardless of
the nature of the Grignard reagent. However, methyl and vinyl
Grignard reagents did not give coupling products in good
yields.

SCHEME 17. Cu-Catalyzed Cross-Coupling Reactions Using 1-
Phenyl-1-Propyne as an Additive

CuCl; (2 mol %)
Ph—==—Me {10 mol %)

THF, reflux, 6 h

"CoHig—Cl  +
1.0 mmol

R—MgCI
1.5 mmol

"CoHig—R
R="Bu >98%

*Bu  95%

By >98%

Ph  82%

To examine the relative reactivities of alkyl halides (alkyl-X;
X =F, Cl, Br) in the present reaction, we performed the fol-
lowing competitive experiments. To a mixture of equimolar
amounts of n-octyl fluoride, n-nonyl chloride, and n-decyl bro-
mide were added CuCl,, 1-phenylpropyne, and a THF solu-
tion of n-BuMgCl. After the reaction was stirred for 30 min in
THF at reflux, GC analysis of the resulting mixture indicated
the selective formation of tetradecane in 98% yield along with
2% vyield of dodecane (eq 10). A similar reaction using only
alkyl fluorides and chlorides gave dodecane and tridecane in
95% and 5% vyields, respectively. These results indicate the
reactivity of alkyl halides to be in the order chloride < fluo-
ride < bromide.

We then attempted a site-selective sequential cross-cou-
pling reaction using dihaloalkanes. When a reaction of
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CuCl, (2 mol %)
Ph—=—Me (10 mol %)

THF, reflux, 30 min

C4Hg-MgCl + "CgH7-F + "CoHyg-Cl + "CqgHay-Br
1 mmol 5 mmol 5 mmol (5 mmol)
(10
"C4Hg-"CaHz + "CqHg-"CoHg + "CaHg-"CioHp

with "C1oHg4-Br 2% 0% 98%

without "C1oHy4-Br 95% 5% -
1-bromo-6-chlorohexane (17) with n-BuMgCl (1.1 equiv) was
conducted in the presence of catalytic amounts of CuCl, and
1-phenylpropyne at 0 °C for 15 min followed by successive
addition of +-BuMgCl (1.3 equiv), nearly quantitative yield of
2,2-dimethyldodecane (18) was obtained along with less than
1% of tetradecane (19) (eq 11). The use of s-BuMgCl instead
of n-BuMgCl under the identical conditions as in eq 11 pro-
duced 2,2,9-trimethylundecane (20) in 96% yield accompa-
nied by 2% yield of 2,2,9,9-tetramethyldecane (21) (eq 12).

CuCl; (2 mol %) oM
Ph—=Me (10 mol %) ~ 91 (1.3 mmol)

THF, 0 °C, 15 min

Brao~~ap T
cl MgCl reflux, 3 h 1)

17; 1 mmol 1.1 mmol

/\/»\’/\/\/JK NN RN

18; >98% 19; <1%

cuck@mol%)
Ph—="e (10 mol %) = "9 (1.3 mmol)

THF, 0 °C, 15 min

Br~oong \/LMgCI
reflux, 3 h (12)
1.1 mmol

\/Lﬁ/V\/\fK + >‘\J/\/V\f]<

20; 96% 21;2%

17; 1 mmol

Stereochemistry of the reaction of primary alkyl fluoride
was examined using pure a,[-d>-p-adamantylethyl chloride
22 and PhMgBr (eq 13). The 'H NMR analysis of the prod-
ucts indicated that substitution occurs primarily with inver-
sion of configuration with ca. 10:1 selectivity.?” This result
suggests that cross-coupling reactions of primary alkyl fluo-
rides proceeds predominantly via an Sy2 mechanism.

threo

H CuCl, {2 mol %)
D3° ¢l _
s Ph-=Me (10 mol %)
r/P + PhMgBr—— " (13)
o THF, refiux, 12 h
22 threo erythro

H

ol Ph DJ° Ph

D+ \'H,

S 5> Ho D"
1 : ~10

Although the role of 1-phenylpropyne in the present cat-
alytic reaction has not been clarified yet, a proposed reac-
tion pathway is shown in Scheme 18. Coordination of
alkynes to the thermally unstable alkylcopper(l) intermedi-
ates 2328 would form more stable alkyne—alkylcopper(l)
complex 242° and a bis(alkyne)copper(l) complex 26.° The
complex 26 might be a resting state of the catalyst, because
high concentrations of alkynes retarded the reaction. Com-
plexation of alkyne—alkylcopper(l) complex 24 with Grig-

nard reagent forms an ate complex 25, which would react
with alkyl halides as a key species in the present cross-
coupling reaction.?’

SCHEME 18. A Proposed Reaction Pathway

o e Ph—:3 Me  ryiMgCl Phii: Me
Alkyl-Cu Alky-Cu  ——| (Alkyl),-Cu MgCI*
23 24 25
ﬂ HPh =Me ﬂ
decomposition catalytic cycle
Ph—=—=—Me
Alkyl-Cu
Ph——=——Me

26

Concluding Remarks

We have developed a unique cross-coupling reaction system
using 1,3-butadiene derivatives, where the metal catalyst
reacts first with R—MgX to form an anionic complex and then
with alkyl halides. This is similar to Cu-catalyzed reactions but
in strong contrast to conventional cross-couplings using Ni or
Pd with phosphine ligands. We have also achieved the effi-
cient Cu-catalyzed cross-coupling of alkyl chlorides by the use
of 1-phenylpropane as an additive. The present catalytic sys-
tems have several advantages over conventional systems for
large scale production since the reaction proceeds efficiently
under mild conditions using less expensive Ni, Pd, and Cu
salts as the catalysts and hydrocarbon additives instead of het-
eroatom ligands involving N, P, S, etc.
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Metal-catalyzed coupling reactions of aryl electrophiles with organometallics and with olefins serve as unusually effec-
tive tools for forming new carbon—carbon bonds. By 1998, researchers had developed catalysts that achieved reac-
tions of aryl iodides, bromides, and triflates. Nevertheless, many noteworthy challenges remained; among them were
couplings of aryl iodides, bromides, and triflates under mild conditions (at room temperature, for example), couplings of
hindered reaction partners, and couplings of inexpensive aryl chlorides.

This Account highlights some of the progress that has been made in our laboratory over the past decade, largely through
the appropriate choice of ligand, in achieving these synthetic objectives. In particular, we have established that palladium
in combination with a bulky trialkylphosphine accomplishes a broad spectrum of coupling processes, induding Suzuki, Stille,
Negishi, and Heck reactions. These methods have been applied in a wide array of settings, such as natural-product syn-

thesis, materials science, and bioorganic chemistry.

1. Introduction

By the late 1990s, palladium-catalyzed coupling
reactions of aryl and vinyl halides and sulfonates
had emerged as remarkably powerful tools for the
construction of carbon—carbon bonds. Numerous
reviews documented the increasing frequency
with which cross-coupling processes (Figure 1) and
Heck reactions (Figure 2) were applied to a broad
spectrum of endeavors, ranging from synthetic
organic chemistry to materials science.'?

Until 1998, nearly all reports of palladium-cat-
alyzed coupling reactions described the use of aryl

© 2008 American Chemical Society

and vinyl bromides, iodides, and sulfonates as
substrates; chlorides were rarely employed,
despite the fact that they are arguably the most
useful single class of halides, due to their lower
cost and the wider diversity of available
compounds.®* However, aryl chlorides were unre-
active under essentially all of the conditions that
had been applied to bromides, iodides, and
triflates.

The low reactivity of aryl chlorides was often
attributed to the strength of the C—Cl bond (bond
dissociation energies (kcal/mol) for Ph—X: Cl (95);
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catalyst
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FIGURE 1. Metal-catalyzed cross-coupling reactions, including a generalized catalytic cycle for a palladium-catalyzed process.
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olefin decomplexation

olefin complexation,
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FIGURE 2. Metal-catalyzed Heck reactions, including a generalized catalytic cycle for a palladium-catalyzed process.

Br (80); I (65)),> which could lead to reluctance to oxidatively
add to Pd(0), a critical initial step in palladium-catalyzed cou-
pling reactions (Figures 1 and 2). Of course, a more electron-
rich metal complex would be expected to be more prone to
oxidative addition. In 1996 we had reported a new phospho-
rus ligand, 1-(diphenylphosphido)boratabenzene (1),° and we

©

® ®
B/
ool O'C
1-(diphenylphosphido)boratabenzene
M

had determined that it is virtually isosteric with and signifi-
cantly more electron-donating than PPh;, the most widely
used ligand for palladium-catalyzed couplings. We therefore

decided to examine the utility of 1-(diphenylphosphido)bo-
ratabenzene in coupling reactions of aryl chlorides.”

2. Suzuki Reactions

Due to the particular usefulness of Suzuki cross-couplings,® we
chose at the beginning of 1998 to focus our initial efforts on
palladium-catalyzed reactions of arylboronic acids with unac-
tivated (electron-poor O activated) aryl chlorides. Unfortu-
nately, a preliminary study with Pd/1 was disappointing: under
the conditions illustrated in eq 1, almost none of the desired
Suzuki coupling product was observed (<5%).

Pd,(dba)g
ligand
R@CI (HO),B-Ph —— R@Ph (1)
KaPOy4
R =H, Me 80-100 °C
ligand yield (%)

potassium salt of 1 <5
P(t-Bu)s, PCys >80

As part of this investigation, we benchmarked ligand 1
against a range of phosphines. We were interested to discover
that commercially available P(t-Bu); and PCy; furnish the tar-
get biaryl in over 80% yield (eq 1). To the best of our knowl-
edge, this was one of the first examples of a palladium-
catalyzed Suzuki coupling of an unactivated aryl chloride that
proceeded in good yield.?~ "2

Although we were initially surprised by the effectiveness of
P(t-Bu); and PCys, observations by others had in fact foreshad-
owed our discovery. Thus, Shen had reported that
Pd(PCy5),Cl, can achieve Suzuki couplings of highly activated
aryl chlorides,'2 and Koie had described the application of
Pd/P(t-Bu); in a C—N bond-forming reaction of an unactivated
aryl chloride.'*'>

With the key results illustrated in eq 1 in hand, we turned
our attention to developing a general method for Suzuki reac-
tions of aryl chlorides. In our early work, we employed addi-
tives such as K5PO, and Cs,COs5 to activate the boronic acid,
but we later determined that KF is often more effective.'®
Thus, through the use of Pd/P(t-Bu)s/KF, we were able to
achieve couplings of a wide array of aryl chlorides, including
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TABLE 1. Suzuki Reactions of Aryl Chlorides Catalyzed by Pd/P(t-
Bu),

0.5-1.5% Pdo(dba)s
1.0-4.5% P(+-Bu)s

Ar—Cl  (HO),B-Ar’ - Ar—Ar!
. 3.3 equiv KF
1.1 equiv THF or dioxane
r.t.t0 90 °C
entry Ar—Cl (HO),B—Ar"  vyield (%)
Me
1 MeO@—m (HO)QB—@ 88
2 Hm@@ (HO)2B© 82
Me
N
3 7N g (HO),B 97

Me

(HO),B 77

PN
Z7TX
|/

o

0 Me

(HO),B 99

(HO),B

heley

electronically deactivated (entries 1 and 2 of Table 1), hetero-
cyclic (entries 3—5), and hindered (entry 6) compounds. Vinyl
chlorides and alkylboronic acids also serve as suitable cou-
pling partners.

We further established that Pd/P(t-Bu);/KF is effective for
Suzuki reactions of a broad spectrum of aryl bromides and
iodides (Table 2). These cross-couplings occur under unusu-
ally mild conditions (i.e., at room temperature), even for deac-
tivated (entries 1, 2, and 5) and hindered (entries 3, 4, and 6)
substrates. A low catalyst loading can be employed (eq 2;
turnover number ~10 000 for the cross-coupling of a deacti-
vated aryl bromide with a hindered boronic acid). Suzuki cou-
plings of vinyl bromides and iodides also proceed smoothly.

MeOQBr 0.005% Pd,(dba)s Me,
0.012% P(t-Bu)g
Me, —_— > MeO O Q (2)
3.3 equiv KF
(HO),B rt. 98%

Interestingly, we observed relatively inefficient
carbon—carbon bond formation when we attempted to
employ Pd/P(t-Bu); for Suzuki reactions of aryl triflates. How-
ever, by using a smaller trialkylphosphine, PCys, we were able
to achieve cross-couplings in good yield at room tempera-
ture (egs 3 and 4). PCy; has also proven to be useful for pal-
ladium-catalyzed Suzuki reactions of nitrogen heterocycles.'”

Vol. 41, No. 11

TABLE 2. Room-Temperature Suzuki Reactions of Aryl Bromides
and lodides Catalyzed by Pd/P(t-Bu);
0.5% Pdy(dba)s
1.2% P(t-Bu),

—————  Ar-Al

Ar=X  (HO),B-Ar'

) 3.3 equiv KF
X=8rl 1.1 equiv THF. rt.
entry Ar—X (HO),B—Ar" yield (%)

s
1 MegN@Br (HO)@@ 99

2 HO Br (HO)ZB@ 97
Me Me
Me
Me Me
4 QBr (HO)284©7Me 97
Me
Me

5 MeQO

(HO)zB@ 97
(HO)ZBOOMe 94

¢

Me

|G

1% Pd(OAc), Me
1.2% PCy3
3 3 equiv KF

THF, r.t. 98%

1% Pd(OAC),

wo-Oy-on
ey

oo

oo

1.2% PCy3 . .
3.3 equiv KF
THF, r.t. 94%

The relative inertness of aryl triflates toward Pd/P(t-Bu); can
be exploited to accomplish unique site-selective functionaliza-
tions. Thus, the typical order of reactivity of aryl electrophiles
in palladium-catalyzed cross-couplings is | > Br ~ OTf > Cl.
For the process illustrated in eq 5, Pd/PCys furnishes the
expected product, which results from coupling of the aryl tri-
flate (>20:1 selectivity). However, a change in the ligand from
PCy; to P(t-Bu); leads to a complete reversal of the usual pref-
erence: now, the aryl chloride reacts with excellent selectiv-
ity (>20:1). This strong propensity of Pd/P(t-Bu); to couple an
aryl chloride rather than a triflate, which was unprecedented
for a palladium-catalyzed cross-coupling process, was con-
firmed through a competition experiment (eq 6).

On the basis of reactivity studies, we postulated that the
unusually high activity of Pd/P(t-Bu); in Suzuki reactions of aryl
halides is a consequence of not only the electron-donating
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3% Pd(OAC), Me,
6% PCygy

e —
TfOOCI : C'
87%

reaction of Ar-OTf
KF

Me, THF ®)
. 1.5% Pdy(dba)s Me
(HO)B 3% P(£Bu),
o< )
reaction of Ar—Cl
95%
B(OH),
Me o]
1.0 equiv
Me. O Me. O Me. O Me 0O
0.5% Pdy(dba)s
1% P(t-Bu), ©
3 equiv KF O
cl oTt THE, rt cl oTt
1.0 equiv 1.0 equiv 8% 93% 99%
%—J
unreacted

starting materials

ability of the ligand but also its steric demand, which leads to
ready access to a key palladium—monophosphine complex.'®
Numerous groups have applied Pd/P(t-Bu)s to Suzuki cross-
couplings in a range of contexts.'®

3. Stille Reactions

Having established that Pd/P(t-Bu); is an unusually reactive
catalyst for Suzuki couplings of aryl halides, we decided to
examine its utility in other families of cross-coupling processes.
The Stille reaction of organotin compounds is widely
employed in organic chemistry, particularly in natural-prod-
uct synthesis.?° However, to the best of our knowledge, when
we began to explore Stille cross-couplings in 1998, there were

TABLE 3. Stille Reactions of Aryl Chlorides Catalyzed by Pd/P(t-Bu)s

3% Pd/6% P(t-Bu)s 7\

. 2.2 equiv CsF
1.1equlv  gioxane, 60-100 °C
entry aryl chloride BuzSn—R yield (%)

1 MeO—@—CI Bu3Sn—© 94
2 7 N—g Buﬁn—@ 76
N=

Me Me
3 QCl Bu3Sn4©—Me 89
Me Me
OFEt
4 MeO@CI Bu3Sn-§ 98
5 MeO—QCI BusSn—allyl 87
[§] MeOOCl BusSn—Bu 82
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TABLE 4. Room-Temperature Stille Reactions of Aryl Bromides
Catalyzed by Pd/P(t-Bu)s
0.5-1.5% sz(dba)3

/ \ _ 1.1-3.3% P(t—BU)g @
XQBr BuzSn—R [CsF] - R

1.1 equiv rt.
entry aryl bromide BusSn—R yield (%)
1 HOOBr Bu3Sn—// 85
Me
2 Q—Br BugSn Ph 95
Me
Me

C

Br Buﬁn@ 94

OMe

4 MeO Br BuzSn—allyl 95

¢

OMe
S

Br Buﬁn@ 97

no examples of palladium-catalyzed reactions of unactivated
aryl chlorides.?"

We were therefore pleased to determine that Pd/P(t-Bu); is
indeed a versatile catalyst for couplings of aryl chlorides with
organotin reagents (Table 3).22 Deactivated (entries 1, 4, 5,
and 6), heteroaryl (entry 2), and hindered (entry 3) chlorides
are suitable substrates. As far as we are aware, the cross-cou-
pling depicted in entry 3 is the first example of a Stille reac-
tion that provides a tetra-ortho-substituted biaryl in good yield.
In addition to aryltin compounds (entries 1—3), vinyl- (entry 4),
allyl- (entry 5), and alkyltins (entry 6) can be employed. In the
coupling illustrated in entry 6, a typically less reactive alkyl
group is efficiently transferred from tin to a deactivated aryl
chloride.

As for Suzuki reactions (egs 5 and 6), Pd/P(t-Bu); displays
remarkable selectivity in Stille cross-couplings for an aryl chlo-
ride in preference to an aryl triflate (eq 7). Vinyl chlorides also
serve as useful coupling partners.

5 MeO

-

SnBug
1.0 equiv n-Bu Me
Me 4 59 Pd,(dba), O O
3.6% P(t Bu)3
)
2.2 equiv CsF
dioxane, 60 °C O O
1.0 equiv 1.0 equiv 85% 2%

Pd/P(t-Bu); is an effective catalyst for Stille reactions not
only of aryl chlorides but also of bromides (Table 4). Although
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SnMe,

NH 1 equiv PA(P(-Bu)3),
5 equiv CsF
10 equiv collidine
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0
Meozc\/ \ﬂ/\ - J\/ NHBoc

<5 QCA@

dioxane, 50 °C

one
diastereomer

FIGURE 3. Application of Pd/P(t-Bu); to a Stille cross-coupling: a diastereoselective macrocyclization en route to chloropeptin I (Snapper and

Hoveyda).**

TABLE 5. Negishi Reactions of Aryl Chlorides Catalyzed by Pd/P(t-Bu)s

2% Pd(P(t-Bu)y),
OCI ClZnr-R ——m QR
X \= 1.5 equiv THF/NMP X =
100 °C
entry aryl chloride ClZn—R yield (%)
Me
Me,
Me
Me—C.
B Cl Clzn 87
Me O/
Me Me
s D am{) w
=N
Me
—
4 Q—CI CIZn@ 89
Me Me
5 QCI CIZn@ 91
Me
CN Me
6 Q‘CI CIZn«@ 76
MeO OMe Me
ClZn—n-Bu 83

=
@

at the time of our study many methods had been described
for Stille cross-couplings of aryl bromides, none of them oper-
ated at room temperature for unactivated substrates.

Snapper and Hoveyda applied Pd/P(t-Bu) in a Stille reaction
en route to an elegant total synthesis of chloropeptin I (Figure
3).2 Spedifically, they effected a late-stage construction of a mac-
rocyclic biaryl bond, generating the desired atropisomer with
excellent diastereoselectivity. Although it was necessary to
employ a stoichiometric quantity of palladium, it is noteworthy
that the cross-coupling proceeded in the presence of a wide array
of functional groups (e.g., ester, phenol, secondary amide, aryl
chloride, carbamate, and unprotected indole).**

Vol. 41, No. 11

4. Negishi Reactions

A third powerful method for cross-coupling is the Negishi reac-
tion of organozinc reagents.?® At the time that we initiated our
program, we were aware of one example of a palladium-cat-
alyzed Negishi coupling of an unactivated aryl chloride (PhCl
with PhZnBr).2® Using a discrete, now commercially available
Pd(P(t-Bu)s), complex,?”*® we were able to achieve Negishi
reactions of a variety of aryl and heteroaryl chlorides in good
yield (Table 5).2°

For example, Pd(P(t-Bu)s), efficiently catalyzes the coupling
of a deactivated aryl chloride with a hindered arylzinc reagent
(Table 5, entry 1). In the case of a chloride-substituted aryl-
boronate ester, the carbon—boron bond is unreactive under
these conditions, thereby permitting selective cross-coupling
of the aryl chloride with the arylzinc (entry 2). Heteroaryl chlo-
rides are suitable reaction partners (entries 3 and 4). Hindered
chlorides can also be cross-coupled (entries 5 and 6); to the
best of our knowledge, the coupling illustrated in entry 6 is
the first example of the synthesis of a tetra-ortho-substituted
biaryl via a Negishi reaction. Not only arylzinc but also n-alkyl-
zinc compounds cross-couple cleanly in the presence of Pd(P(t-
Bu)s), (entry 7).

Pd/P(t-Bu);-catalyzed Negishi reactions have found appli-
cation in a variety of settings, including the synthesis of nat-
ural products®® and of hole-transporting materials (eq 8; two

Negishi reactions).?'32
Ph
ZnCl
/
HO = 1) n-Bulli o {
el LU Ph
nGla (o]
Ph cizn
PA/P(t-BU)s
foluene/NMP, 100 °C | M@ Br
p-Tol
o
Ph— Nph o (8)
o
p-Tol
70%
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5. Heck Reactions

In addition to cross-couplings, we were interested in devel-
oping milder and more versatile palladium-based catalysts
for other processes, including the Heck reaction.® By 1999,
several groups had clearly established the viability of Heck
couplings of aryl chlorides, although there were significant
limitations with respect to scope (no reactions of highly hin-
dered or electron-rich chlorides that proceeded in >50%
yield or of olefins other than styrene and acrylic acid deriv-
atives) and elevated temperatures were necessary (=120
oc).34

In an initial study, we determined that Pd/P(t-Bu)s, with
Cs,CO5 as the stoichiometric base, catalyzes Heck reactions of
a range of aryl chlorides, including deactivated and ortho-
substituted compounds.3>3° Stimulated by an investigation of
my colleague, Steve Buchwald,?” we subsequently discovered
that the use of Cy,NMe, rather than Cs,COs, as the Bransted
base allows Pd/P(t-Bu);-catalyzed Heck reactions to proceed
under even milder conditions.®

Thus, Pd/P(t-Bu);/Cy,NMe achieves Heck couplings of an
array of activated aryl chlorides with mono- and disubsti-
tuted olefins at room temperature with good E/Z selectivity
(>20:1; Table 6, entries 1—4). Reactions of unactivated
chlorides require heating (entries 6—8), but challenging sub-
strates can be employed as coupling partners (e.g., highly
electron-rich and di-ortho-substituted aryl chlorides; entries
6 and 7). The same catalyst system is effective for room-
temperature Heck reactions of a variety of quite demand-
ing aryl bromides (Table 7). Not only aryl but also vinyl
halides can be coupled.

Pd/P(t-Bu);-catalyzed Heck reactions have been exploited in
a range of contexts, including bioorganic chemistry®° and
materials science (e.g., organic light-emitting diode materi-
als, eq 9).404!

6. Phosphonium Salts as Substitutes for
Phosphines

Trialkylphosphines can react with oxygen to produce the cor-
responding phosphine oxide. In our initial studies of Pd/P(t-
Bu)s-catalyzed coupling processes, we typically combined
Pd,(dba); with P(t-Bu); to generate our active catalyst. Han-
dling P(t-Bu)5 in the air could be avoided by using commer-
cially available P(t-Bu); in hexane or by employing a glovebox.
In 2001, we demonstrated that Pd(P(t-Bu)s),, which can be
handled in air, provides another potential solution to this prac-
tical issue.*®

TABLE 6. Heck Reactions of Aryl Chlorides Catalyzed by Pd/P(t-
Bu),?
R 1.5% Pd,(dba), R

o 2
\ g HjRZ 3-6% P(tBU)s NR
Py
R! X' = R?

—_—
1.1 equiv Cy,NMe

>
>

dioxane
entry  aryl chloride olefin temperature product yield (%}
Me Ph Ph
1 o}/-—@cn Va rt e 78
Me Me
2 NCOC! )—\ rt J—\\ 79
OH Ar [e]
= A\
Cl =
3 Q 4 ) rt sy o 87
O
CO,Me CO,Me
MeO,C COMe
4 NC Cl 2/ rt Ar—( 57
Me Me
Me

Q

y
Q
S
5

Me
100 °C @jCOZMe 76
N

Me
cl }*COQMe 120°C jcone 72
Ar

Me,
120 °C jCOZMe 80
Ar

6 MeQO

00,0 T ¢
E/ 3

MeO,C
CO,M;
8 cl 2/ 120°C Ph—(/_ S
Me Me
9E/Z selectivity >20:1.
= o~ D
O~si O=g;j
\S/O\\S “a Br
/\/6’ \ ! \O 8 equiv ©
O\O\\Si> /OSi/ VY 1% Pd(P(t-Bu)a),
Si \Oéi;‘c) CyzNMe
—/ o\~ toluene, 80 °C
Ar,
— Ar
O
s o
At ZSi7 AT SR AT
/9 \ 0

>80% yield
8 H — Ar substitutions: most abundant

Not entirely satisfied with these approaches, we decided to
pursue an alternative strategy, one that would be useful not
only for Pd/P(t-Bu);-catalyzed coupling reactions but for tri-
alkylphosphine chemistry in general. Specifically, we exam-
ined the simple idea of protecting the phosphine from
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TABLE 7. Room-Temperature Heck Reactions of Aryl Bromides
Catalyzed by Pd/P(t-Bu);®

0.5-1.5% Pdy(dba)s R ,
2 o, R
- Ag—R _1B%PEBu, N\ )
A= 1.1 equiv CyZNMe X = R
dioxane, r.t.
entry aryl bromide olefin product yield (%)
Me, Me,
1 HO@Br }-—COZMe J—oone 77
Ar
MGOQC / COzMe
2 MeZN—Q—Br g/ Arﬁ(‘ 80
y oh Ph
e
MGOZC COZMS
3 Br 2/ Arj 83
Me Me

Me

9 E/Z selectivity 10:1 for entry 1 and >20:1 for entries 2 and 3.

oxidation by protonating the phosphorus lone pair, thereby

furnishing a storable, air-stable phosphonium salt (Figure
4).42,43

PR; HBF, —= [HPR,BF,

R mp (°C) of [HPR]BF,

Me 212-213

n-Bu  51-52

t+Bu 261 (decomp) (stable upon exposure to air
at r.t. for three months)

FIGURE 4. Synthesis and stability of phosphonium salts.

These salts do indeed serve as direct replacements, through
in situ deprotonation by a Brgnsted base, for the correspond-
ing phosphines in a diverse set of catalytic processes,** includ-
ing palladium-catalyzed coupling reactions (Figure 5).

A number of phosphonium tetrafluoroborate salts (e.g.,
[HP(t-Bu)s]BF,, [HP(n-Bu);]BF,, [HPCy;|BF,, and [HPMes]BF,) are
now commercially available from an array of suppliers, and
they have found application in a variety of contexts.*>

7. Mechanistic Observations

During the course of our methods development work on
Pd/P(t-Bu)s-catalyzed Suzuki, Stille, Negishi, and Heck reac-
tions, we pursued mechanistic studies directed at a variety of
issues, including the composition of the active palladium cat-
alyst and the nature of the organometallic species that partic-
ipates in the transmetalation step of the catalytic cycle for
cross-coupling processes. Due to space limitations, those
investigations will not be summarized in this Account. Instead,
we will focus on a particular mechanistic study that was stim-
ulated by intriguing observations made during our early work
on the Suzuki and Heck reactions.*®
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Baylis—Hillman reaction:

O (0] O OH
P 20% cat.
H™ “CHyCHpPh  ———= CH,CHzPh
catalyst yield (%)
P(n-Bu)z / PhOH (1:1) 96

[HP(n-Bu)s]BF, / PhONa (1:1) 94

Acylation:

Bz,0O
n-Bu\/\(Me 10% cat. n-Bu Me
T Y
OH OBz
catalyst yield (%)
P(n-Bu)g 96

[HP(n-Bu)a]BF, / (-PP),NEL (1:1) 98

Palladium-catalyzed coupling reactions:

P(#-Bu);  [HP(t-Bu)s]BF4
Suzuki (Pdy(dba)s, KF, r.t.):
o]
O
Me
+ 93% 90%
ons—")-one
Stille (Pdy(dba)s, CsF, 100 °C):
MeO—@—CI
+ 94% 93%
BuaSn—Ph
Heck (Pdy(dba);, Cy,NMe, 120 °C):
Me
Cl
Me
80% 90%

=
@
ﬁ/ N
Q
(@]
N
=
)

FIGURE 5. Phosphonium salts as substitutes for phosphines.

In our original report on palladium-catalyzed Suzuki cross-
couplings, we noted that both P(-Bu); and PCy; are effective
ligands for the reaction of an unactivated aryl chloride (eq
10).°% In contrast, in our initial study of Heck couplings, we
observed that, under very similar conditions, P(¢-Bu); provides
an effective catalyst for the reaction of an unactivated aryl
chloride, whereas Pd/PCy; does not (eq 11).3°

cat. Pd/PR3
—_—
Cs,CO4
dioxane, A
PR;=PCys;  75%
P(#Bu); 86%

p-Tol—Cl  (HO),B—P pTol—Ph  (10)

o cat. Pd/PR o
d 3
_ /s, (11
Ph-cl sl oMe "~ Cs00; o /\)LOMG )
dioxane, A

PR3 = PCys <2%
P(tBu); 56%
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The data in eq 10 indicate that oxidative addition of an
aryl chloride to palladium is viable in the presence of Pd/PCys/
Cs,COs. It therefore seemed likely that the failure of Pd/PCy;
to catalyze a Heck reaction (eq 11) arises from a difficulty else-
where in the catalytic cycle. A possible clue to this puzzle
came from our earlier observation (section 5) that the choice
of Bransted base significantly impacts the efficiency of Pd/P(t-
Bu);-catalyzed Heck reactions. An example of the effect of
base on the rate of a Heck coupling is provided in eq 12.

2 (0] On-Bu
Pd/P(t-Bu)s : C //— (12)
0 1.1 equiv base Me
>—®7CI dioxane, r.t.
Mé 32h

base: Cy,NMe 94%
Cs,CO; 23%
(catalyst still active after 32 h)

//—OH-BU

According to the commonly accepted mechanism for Heck
reactions (Figure 2), the primary role of the Brgnsted base is
to regenerate a Pd(0) complex from a Pd(ll) hydride in the final
stage of the catalytic cycle. By 'P NMR spectroscopy, we have
determined that, for the Heck coupling illustrated in eq 12, the
resting state of the catalyst depends on the choice of base: for
the more effective Brgnsted base (Cy,NMe), the resting state
is a Pd(0) complex (PdL,; L = P(t-Bu)s), whereas for the less
effective base (Cs,COs), the resting state is a Pd(ll) hydride
(PdL,HCI). As far as we are aware, this latter observation rep-
resents the first time that a palladium hydride has been iden-
tified during a catalyzed Heck reaction.

These data suggested that an improved understanding of
the reductive-elimination step of the catalytic cycle might pro-
vide insight into the divergent behavior of Pd/P(t-Bu); and
Pd/PCy5 in Heck reactions. We therefore synthesized and
examined the reactivity of the two discrete PdL,HCI com-
plexes. Interestingly, upon treatment with Cy,NMe, the P(t-
Bu); adduct reductively eliminates in quantitative yield,
whereas under the same conditions the PCy; complex
remains unchanged (eq 13).

H
| excess Cy,NMe
L—Pd—L : L—Pd—L (13)
| dioxane
Cl 20°C L = P(t-Bu);: quantitative
—[Cy,NHMe]Cl L = PCys: no reaction

To elucidate whether the failure to generate Pd(PCys), is
due to unfavorable Kinetics or thermodynamics, we exam-
ined the reverse reaction (eq 14). Upon treatment of Pd(PCys)
with [Cy,NHMe]|Cl, Pd(PCys),HCI is rapidly formed, thereby
establishing that reductive elimination is not observed in eq
13 (L = PCys) because it is endergonic. Thus, the relative
reluctance of Pd(PCys),HCI to undergo reductive elimination

and regenerate Pd(0) may be responsible (in part) for the com-
paratively low reactivity of Pd/PCy; in Heck reactions of aryl
chlorides.

1 equiv [Cy,NHMe]CI H
excess Cy,NMe

|
CysP—Pd—PCy, CysP—Pd—PCy; (14)

dioxane
20°C Cl
guantitative

8. Conclusions

Trialkylphosphines furnish unusually reactive and versa-
tile catalysts for a variety of palladium-catalyzed coupling
reactions. For example, in the presence of Pd/P(t-Bu)s, a
wide array of challenging substrates (e.g., aryl chlorides and
hindered/electronically deactivated coupling partners) can
be employed in powerful carbon—carbon bond-forming pro-
cesses such as the Suzuki, Stille, Negishi, and Heck reac-
tions under unusually mild conditions. These new methods
have found application in a broad spectrum of settings,
including natural-product synthesis, materials science, and
bioorganic chemistry.

I am extremely grateful to the co-workers who contributed
to this program, particularly Adam F. Littke, who initiated our
studies. Primary support for this investigation has been pro-
vided by the National Institutes of Health (National Institute
of General Medical Sciences, Grant RO1-GM62871), with sup-
plementary funding furnished by Merck Research Laborato-
ries and by Novattis. | thank Prof. Amir Hoveyda (Boston
College) and Prof. Alan Sellinger (Institute of Materials
Research & Engineering) for assistance with two of the
illustrations.
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GUEST EDITORIAL

Cross Coupling

The substitution of an aryl, vinyl, or alkyl halide or pseudohalide by a nucleophile that takes place with catal-
ysis by a transition-metal complex is generally referred to as a cross-coupling reaction if it follows the mech-
anistic course of oxidative addition, transmetalation, and reductive elimination.

While many types of cross-coupling reactions have been known for several decades, advances in recent years
have greatly increased their scope and practicality. This progress has had a significant impact on academic research,
and cross-coupling reactions are now widely employed in a variety of synthetic venues, from the total synthesis
of natural products to the preparation of new materials to bioorganic chemistry. In addition, due to this progress,
these reactions are increasingly being applied in industrial settings. This includes a high level of use not only in
research but also in the preparation of large samples for clinical trials as well as for manufacturing. A number of
industries have been impacted, including those that produce pharmaceuticals, agrochemicals, and polymers. This
progress has been greatly facilitated by an increased understanding of the mechanism by which these and related
reactions proceed. Furthermore, a tremendous upsurge in the development of new ligands has contributed sub-
stantially to the recent advances. Now, these and other transition metal-catalyzed processes are no longer consid-
ered out of the ordinary and, instead, have become part of the everyday repertoire of the synthetic chemist.

One common group of these processes utilizes carbon-based nucleophiles, such as aryl, vinyl, or alkyl deriva-
tives of magnesium (Kumada—Corriu), boron (Suzuki—Miyaura), tin (Stille—Migita), zinc (Negishi), or silicon (Hiyama).
In another very important cross-coupling process, a terminal alkyne serves as a pronucleophile in the presence
(Sonogashira) or absence (Heck alkynylation) of a copper cocatalyst. In both sets of cross couplings, the catalysts
that are utilized most frequently are palladium-based. Only recently has the electrophilic component of these pro-
cesses been extended to alkyl halides and pseudohalides. Thus, these substrates can now be coupled with aryl,
vinyl, and alkynyl nucleophiles. Moreover, the past few years have seen the development of the coupling of a
nucleophile and an electrophile where sp*—sp® carbon—carbon bonds are being formed.

The definition of cross coupling has been broadened to include the combination of aryl and vinyl halides
and pseudohalides with heteroatomic nucleophiles. Among the most venerable of all cross-coupling reac-
tions are the Ullmann and Goldberg reactions, in which an amine, amide, or alcohol is coupled with an aryl
halide, using a stoichiometric or catalytic quantity of a copper complex. In the past decade or so, a great deal
of progress has been made in the area of palladium- and copper-catalyzed carbon—heteroatom bond forma-
tion. It is noteworthy that a good deal of progress has been made on the development of “green” cross-
coupling reactions. This includes employing, in some instances, catalysts based on first-row transition metals,
as well as using water or ionic liquids as the reaction medium.

This special issue has gathered contributions from many of the primary contributors to the development
of new or improved cross-coupling methods. It is my hope that these Accounts will lead readers to embark
on new research projects that further enhance the utility of such processes in organic chemistry.

Stephen L. Buchwald

Massachusetts Institute of Technology
Guest Editor
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