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1. INTRODUCTION

Transition metal-catalyzed cross-coupling reactions of organic
electrophiles and organometallic reagents have emerged as a
tremendously powerful synthetic tool, and the development has
reached a level of sophistication that allows for a wide range of
coupling partners to be combined efficiently.' > In the past 3
decades, this paradigm for carbon—carbon bond construction
has allowed chemists to assemble complex molecular frameworks
of diversified interests encompassing total synthesis of natural
products, medicinal chemistry, and industrial process develop-
ment as well as chemical biology, materials, and nanotechnology.
The emergence of cross-coupling as a popular method in
synthesis arises from both the diversity of organometallic rea-
gents utilized in these reactions and the broad range of functional
groups which can be incorporated into these reagents.*” '’
Since initial submission of this review, the importance of this
general class of reactions was recognized by the awarding of the
Nobel prize in chemistry to Richard Heck, Ei-ichi Negishi, and
Akira Suzuki “for palladium-catalyzed cross-couplings in organic
synthesis”. This review details transition metal-catalyzed cross-
coupling of C(sp®) organometallics with various organic elec-
trophiles (Figure 1a).

Historically, the use of C(sp3)-organometallics in cross-cou-
pling reactions has suffered from several serious problems,
making its development much slower than related C(sp®)-
couplings. The issues include but are not limited to the following:
(1) the spontaneous decomposition of alkyl organometallics via
B-elimination or by proto-demetalation;'> (2) the necessity to
preform the organometallic reagents without purification as they
are not air-stable, making the use of superstoichiometric (3—4
equiv) amounts required to achieve satisfactory conversions;
and (3) often slow transmetalation (vide infra), thereby requiring
various additives."> Additionally, evaluation of the general pro-
posed mechanism reveals several features which can lead to
undesired side products, especially when considering the emer-
ging area of C(sp>)—C(sp’) cross-couplings between alkyl
halides or pseudohalides and alkyl organometallics (Figure 1b,
¢)."*7'® In general, metal-catalyzed cross-coupling reactions
proceed through three critical organometallic processes: (1)
oxidative addition of an electrophilic carbon—heteroatom bond
into the low valent transition metal, (2) transmetalation or
displacement of a heteroatom leaving group by the nucleophilic
partner, and, finally, (3) reductive elimination to form a new C—
C bond. The use of C(sp*)-electrophiles generally results in
slower oxidative addition, which is proposed to be either a
nucleophilic substitution (Sn2) with a Pd-complex'® or radical
in nature with Ni ***' or Fe.”**® Comparatively, oxidative
addition of sp or sp> analogues is faster and generally proceeds
in a concerted manner. As illustrated in Figure 1b,c, slow
oxidative addition with alkyl electrophiles leads to the formation
of homocoupling products, or -hydride elimination generating
various possible side products. Finally, sluggish reductive elim-
ination also can lead to competing 3-hydride elimination.

These issues have made it necessary to identify sometimes
complex combination of ligands, metals, and conditions to effec-
tively promote cross-coupling reactions of C(sp®)-organometallics
especially with C(sp?)-electrophiles. The C(sp)—C(sp>) coupling
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Figure 1. Cross-coupling of C(sp*)-organometallics: (a) cross-coupling of C(sp3) organometallics; (b) mechanistic features; (c) issues with C(sp>)

electrophiles.

between alkynyl electrophile and a]kzrl organometallic nucleophiles
has not been commonly reported,”*** whereas alkynyl organo-
metallics in these cross-coupling reactions are very common. In
this review, the synthesis, stability, and transition metal-catalyzed
(Pd, Ni, Fe) cross-coupling reactions of sp>-organometallics
possessing [-hydrogen(s) using alkylzinc (Negishi protocol),
alkylboron (Suzuki—Miyaura protocol), alkylmagnesium (Kumada
protocol), alkyltin (Stille protocol), alkylsilicon (Hiyama protocol),
and alkylindium will be discussed. Besides their detailed development
and mechanistic investigations, extension to asymmetric catalysis and
applications in total synthesis will be described. It should be noted
that organometallic reagents that cannot undergo f3-hydride elimina-
tion will not be reviewed comprehensively. Cobalt-catalyzed cross-
coupling reactions will not be covered in this review because they
have been reviewed recently.”® Copper-catalyzed coupling reactions
will also not be covered in this review because this could be a subject
of a distinct review.

1.1. List of Common Ligands
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Scheme 1. Cross-Couplings with Alkylzinc Reagents

X

iy Mt Rezny | R 1
i -ZnXY i ML, R-R
L
M = Pd, Ni 1

2. ALKYLZINC REAGENTS

Organozinc reagents of type R,Zn or RZnX are some of the
most widely used organometallic reagents in cross-coupling
reactions.”” The preparation and systematic studies of their
reactivity in addition reactions to general electrophiles such as
acid chlorides, aldehydes, ketones, and esters was reported
initially in the 1880s.”® During this time, it was realized that
organozinc reagents in general possess low reactivity in addition
reactions because of the highly covalent character of the carbon—
zinc bond, and zinc has a mild Lewis acidic nature to activate
electrophiles.”” This low reactivity presents considerable advan-
tages in the preparation of functionalized organozinc reagents to
perform chemoselective reactions for the direct introduction of
desired functionality into organic scaffolds. Additionally, the
empty low-lying p orbitals of zinc make these reagents suscep-
tible to transmetalation reactions with various transition metals.
These combined characteristics have allowed organozinc reagents
to be a reaction partner for a vast number of cross-coupling reac-
tions, as highlighted by the Pd-catalyzed cross-coupling reactions
pioneered by Negishi.*® After smooth transmetalation of a Ni or a
Pd salt with organozinc reagents, a reactive intermediate 1 is
formed, which readily undergoes reductive elimination to provide
cross-coupling products (Scheme 1).>'"* This section will be
devoted to the synthesis and reactivity of C(sp°)-alkylzinc reagents
in cross-coupling reactions.

2.1. Synthesis of Alkylzinc Reagents

The zinc insertion into alkyl halides represents the most
convenient and widely used method for the preparation of
alkylzinc reagents.” In 1849, Frankland discovered that the
heating of ethyl iodide with zinc produces highly pyrophoric
diethylzinc that could be safely stored under a hydrogen
atmospher<e.44’45 During preparation of zinc reagents, a faster
rate of insertion was observed by activating zinc successively with
1,2-dibromoethane (4—5 mol %)46’47 and/or chlorotrimethylsi-
lane (3 mol %)*™>° prior to addition of the alkyl halide in
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Figure 2. Standard methods of preparation for alkylzincs reagents: (a)
oxidative addition; (b) Rieke zinc (reprinted with permission from ref
104; copyright 1996 American Chemical Society); (c) (reprinted with
permission from ref 105; copyright 1992 American Chemical Society);
(d) iodine-catalyzed (reprinted with permission from ref 106, copyright
2003 American Chemical Society); (e) aqueous media (reprinted with
permission from ref 107; copyright 2009 American Chemical Society).

IZn/\{NHBoc IZn/\:/NHBOC IZn/\/\{NHBOC
CO,Me CO,Bn CO,Bn
2 3 4

R=Me,Bn 5§

Figure 3. o-Amino acid derived alkylzinc reagents. Reprinted with
permission from ref 116. Copyright 1998 American Chemical Society.

tetrahydrofuran (THF). The Normant group reported the
preparation of alkylzinc using Et,O as solvent." Alternative
methods of metal activation include washing with aqueous
HCL>* using Zn—Cu**"%® Zn—Cu—A couples,57’58 or Zn—
Hg alloys, ? ultrasound irradiation,”® metal—solvent co-
condensation,®"*? sacrificial Zn anodes,®> pulsed sonoelectro-
chemical reduction of zinc salts,** and reduction of zinc salts on
titanium dioxide.®® A wide ranége of organic functionalities, such
as esters, "% Letones,*® cyanides, 606~ 737880~84 8689
halides, ***%7>7%%%8¢ N N-bis(trimethylsilyl)amino groups,™ primary
and secondary amino groups,’’ amides and phthalimides,”
sulfoxides,” sulfides,” sulfones,”>** thioesters,”* boronic esters, *”*%*
enones,”>”® and phosphates’®”” are compatible under this mild
zinc insertion protocol (Figure 2a). In contrast, carboxylic acid,
hydroxyl, nitro, and azide groups present in the alkyl moiety

Ar Ar Ar Ar

Hl;l (6] ’;‘ (I) :

R/\ R J"> R/\ Znl R/\

Znl Znl H H

6 7
Ot-Bu
O HN” O  p-elimination 0 Ot-Bu
- Znl— = +

Meok/\/ n MeOJ\/\ HN (_é) |
8 9 n

Figure 4. Decomposition of amino acid derived alkylzinc reagents.
Reprinted with permission from ref 12. Copyright 2008 American
Chemical Society.

Table 1. Cross-Coupling of Organozinc Reagents with Bro-
mobenzene (Reprinted with Permission from Ref 132;
Copyright 1984 American Chemical Society)

Br talyst (10 mol% R
+ R—7nCl catalyst (10 mol%)
THF, rt

yield” (%)

catalyst R”  time (h) secBuPh n-BuPh recovered PhBr

PdCL(dppf)  sec-Bu 20 100 0 0
Pd(PPh;), sec-Bu 24 1 2 78
PdCl,(PPhs), sec-Bu 22 3 3 87
PdCL(dppp)  sec-Bu 22 13 3 79
NiCL(PPh;), sec-Bu 22 1 4 59
NiCl,(dppp)  sec-Bu 22 45 7 44
PdCL(dppf)  n-Bu 22 100 0
PACL(PPhy), n-Bu 24 34 13
PdCL(dppp) n-Bu 24 66

PdCL(dppb)  n-Bu 21 90

NiCl,(PPh;), n-Bu 21 42 2
NiCl,(dppp)  n-Bu 21 3 78

“GC yields. " A 2.0 equiv zinc reagent was used.

potentially prevent zinc insertion. It is feasible to generate Rieke
zinc metal in situ by reduction of zinc chloride with lithium
naphthalenide in THF (Figure 2b).”*** Using a catalytic amount
of alkali metal iodides or a stoichiometric amount of alkali metal
bromides, zinc insertion into alkyl chlorides, bromides, sulfonates,
and phosphates, etc., was achieved in polar solvents (Figure 2c).'®
Huo reported an efficient and general procedure for the prepara-
tion of alkylzinc reagents and Ni-catalyzed coupling with aryl
halides (Figure 2d).'°® An interesting example of the pre-
paration of alkylzinc reagents directly from zinc metal and
primary alkyl halides in water at room temperature was reported
using diamines as promoter, followed by Pd-catalyzed cross-
couplings with aryl bromides (Figure 2e).'*”""*"!* Transition
metal salts also catalyze the zinc insertion process.'®® ''°
Boron—zinc exchange to afford functionalized dialkylzinc re-
agents is another attractive methodology."'"'"?

2.2. Stability of Alkylzinc Reagents

The stability of the preformed organometallics is an important
factor for the optimization of subsequent reaction conditions and
yield. It is a general observation that most cross-coupling

1420 dx.doi.org/10.1021/cr100327p |Chem. Rev. 2011, 111, 1417-1492
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Scheme 2. PdCl,(dppf)-Catalyzed Negishi Coupling
(Reprinted with Permission from Ref 132; Copyright 1984
American Chemical Society)

QQ N ie

idat] dditl ’ P\ R (iii) reductive

ox1 ative addition

Fe gg\l Pd 4 / elimination RI_R2
5 G (||) R2M

% \© transmetalation ( \©

Table 2. Negishi Coupling with Alkylzinc and Alkylmagne-
sium Reagents (Reprinted with Permission from Ref 31;
Copyright 1980 American Chemical Society)

Pd(PPhy), (5 mol%)
= + XM-R =
W' THF-ether /\/YR
M = Zn, or Mg 20-25°C
X=Cl, Br
product yield (%)
entry  organometallic reagent time (h)  cross-coupled  deiodo
1 n-BuZnCl 2 76 2
2 n-BuMgBr 2 25 S1
3 sec-BuZnCl 16 68 15
4 sec-BuMgBr 16 40 35
S H,C=CH(CH,),ZnCl 16 81 tr
6  H,C=CH(CH,),MgBr 16 21 34
7 TMSC=C(CH,),ZnCl 2 91 tr

Scheme 3. Negishi Coupling with Homoallylic and Homo-
propargylic Alkylzinc Reagents (Reprinted with Permission
from Ref 31; Copyright 1980 American Chemical Society)

TMS—C=C(CHy),ZnCl

— e, = S
A
cat /\/\r\ﬂ\ s

Pd(PPh3)4

=z
W' THF, rt

. . = =
H,C=CH(CH,),ZnCl

reactions require an excess (3—4 equiv) of alkylzinc reagents to
achieve satisfactory yields. At the same time, alkylzinc reagents
have usually been prepared in solvents of moderate Lewis basicity
such as THF'" or dimethylacetamide (DMA),"** and the benefits of
using polar aprotic solvents as a minor component of the solvent
mixtures such as dimethyl sulfoxide (DMSO)/THF and N-methyl-
2-pyrrolidinone (NMP)/THF have been highlighted.>* Another
crucial parameter for stability is the structure of the alkylzinc
reagents. Functionalized alkylzinc reagents containing one or
multiple functionalities have differing degrees of decomposition
tendency, depending on the nature and position of the functional
group. Generally, they undergo decomposition via [-hydride
elimination to form olefins or via protonation to form alkanes.
Amino acid-derived alkylzinc reagents are an important class
of reaction partners in Negishi coupling reactions as they provide

OMe OMe (0]
Br pd(PPh,), (7 mol%) R caN R
o,
Br 3.0 equivRZnX 10 min 5
THF, 55°C, 12 h
OMe OMe (0]
R = aryl, alkenyl, alkyl
"""""" oMe T TTome T
CO,Et
EtO,C
OMe OMe
30% 42%

Figure S. Synthesis of symmetrical 2,5-dialkylbenzoquinones via
Negishi coupling. Reprinted with permission from ref 144. Copyright
1998 American Chemical Society.

concise routes to the synthesis of numerous biologically active
molecules.''> The Jackson group has studied the structure
stability relationship as well as the solvent-de gendent stability
of these functionalized alkylzinc reagents.'"'® In this study, a
series of functionalized alkylzinc reagents derived from t-amino
acids were prepared by gentle heating (35 °C) in THF, and the
zinc was activated by 1,2-dibromoethane or chlorotrimethylsi-
lane (Figure 3).

From NMR studies in THF-dg, it was evident that samples
undergo decomposition at different rates upon heating at 50 °C
to form alkanes and alkenes through protonation and f3-elimina-
tion, respectively. The zinc reagents 2 and 3 are the most stable
(relatively), whereas 4 is susceptible to f-elimination. This high
stability of 2 and 3 is best accounted for invoking an internally
chelated structure S that voids the necessary conformation for
elimination (either a syn or anti arrangement of the C—Zn and
C—NHBoc bonds; Figure 3). In contrast, compound 4 contains
zinc remote to the Ot-center, which diminishes the potential for
chelating possibilities.

Interestingly, the stability of these reagents is relatively high in
dimethylformamide (DMF) as compared to THF. It has been
observed that the intramolecular coordination of the carbamate
carbonyl group to zinc is responsible for the faster 3-elimination
since zinc can act as an internal Lewis acid. The intramolecular
coordination of the carbamate carbonyl group to zinc appears to
be completely suppressed in DMF to improve their stability.
Their reactivity in subsequent cross-coupling reactions is also
enhanced in DMF as compared to THF.

It has been found that decomposition of 3-benzamido alkyl-
zinciodide 6 occurs by self-protonation of the carbon—zinc bond
to form 7 through first-order kinetics."> In contrast, the carba-
mate derivative 8 decomposes by a first-order elimination
process to form 9 (Figure 4). The homologous reagent also
decomposes at a faster rate compared to 8 by [(-elimination. In
conclusion, the structure of alkylzinc reagents and the solvent
used for their preparation have a pronounced effect on their
stability and reactivity.

2.3. Cross-Coupling Reactions of Alkylzinc Reagents
Typically, transition metal-catalyzed cross-coupling reactions
proceed through three consecutive steps as outlined in the
Introduction: (1) oxidative addition, (2) transmetalation, and
(3) reductive elimination to afford product (Figure 1). The
alkylzinc reagents exhibit an excellent ability to undergo trans-
metalation due to the presence of an empty low-lying p orbital of
zinc. Consequently, Pd(II)- and Ni(II)-catalyzed cross-coupling

1421 dx.doi.org/10.1021/cr100327p |Chem. Rev. 2011, 111, 1417-1492
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Figure 6. Negishi coupling of ethyl 3-bromo-3,3-difluoropropionate. Reprinted with permission from ref 147. Copyright 2000 American Chemical

Society.
R'2Zn (6.0 equiv) Pd o
' ,(dba)s (5 Mol%)
R TeCiHo  pgpphgycut R R BN dppf (5 mol%) BN
— — s \[ S—Br + Alkyl—2znl T S—Alkyl
H W THF/DMF, rt d W I THF, 1t, 16 h s
= CHj or C,Hs 33-92% 1285%
_____________________________________________________ Br. N Br. N Ph Br. N Br
e . Lo T LA T
Et
Me 85% 79% 72% 76%
73% 69% 83%

Figure 7. Negishi coupling of unsaturated organotellurium com-
pounds. Reprinted with permission from ref 149. Copyright 2000
Elsevier.

0
( % | Alkyl—ZnBr  Pd(PPha),Cl, (5 mol%)
+ or

(Alkyl)pZn DMF-THF, rt
n=1,2 36-96%

oo dom S

41%
Figure 8. Negishi coupling of cyclic 0-iodoenones. Reprinted with
permission from ref 150. Copyright 2000 Elsevier.
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reactions of alkgflzmc reagents with aryl or alkenyl,” " acyl,
alkyl halides''®™"*° or pseudohalides'*! have proved to be
powerful tools in vast areas of synthesis.

The cross-coupling of secondary and tertiary alkyl reagents has
been found to be especially difficult because it is accompanied by
the isomerization of the alkyl group and/or reduction of the
halide."** This isomerization and reduction must occur via 0—7t
interconversions of o-alkylmetal intermediates through f-hy-
dride elimination to give a hydrido—olefin complex followed by
readdition to the olefin.'**™'*® Therefore, selective cross-cou-
plings are realized by faster reductive elimination than -hydride
elimination. The undesired side reactions could be suppressed to
some extent by an appropriate choice of catalyst that could
potentially accelerate the reductive elimination pathway, providing

Figure 9. Regioselective Negishi coupling of 2,4-dibromothiazoles.
Reprinted with permission from ref 151. Copyright 2002 American
Chemical Society.

Scheme 4. Synthesis of Azamacrocycles via Negishi Cou-
pling (Reprinted with Permission from Ref 152; Copyright
2002 American Chemical Society)

X X
| L
~
Br” N Pd(PPhs),Cly (5 mol%) N
NsHN THF, 60 °C NsHN
+
72%
NC—(CH,);—2Znl | A CN 7
4 equiv N7
-
H NsN
N

a lower energy transition state or elevating the ground-state
energy.'>* "3° The isomerization of the coupling partners from
a trans arrangement to cis is necessary for reductive elimination to
occur."! Bidentate phosphine ligands with a large bite angle (P—
Pd—P) enforce the coupling partners into a cis geometry in a
square-planar Pd(II) complex, thereby increasing the rate of
reductive elimination. Thus, PACl,(dppf) was expected to be an
excellent catalyst for cross-coupling since it has a large bite angle
(£P—Pd—P = 99.07°) to facilitate reductive elimination
(Scheme 2)."** Indeed, the Hayashi group found that PdCl-
(dppf) is a highly active catalyst compared to similar Pd-catalysts
with other bidentate phosphine ligands providing excellent pro-
duct selectivity in the cross-coupling of bromobenzene and
primary or secondary butylzinc chloride (Table 1).
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Figure 10. Stereoselective Negishi couplings. Reprinted with permission from ref 153. Copyright 2004 Wiley-VCH.

2.4. Palladium-Catalyzed Cross-Coupling Reactions of Al-
kylzinc Reagents

In 1977, Negishi reported that organozinc reagents undergo
Ni- or Pd-catalyzed cross-coupling reactions, providing a general
and mild procedure for the synthesis of biaryls and diaryl-
methines with high chemo- and regioselectivitg as well as high
cross-coupling versus homocoupling ratios.>® Although this
Negishi protocol has been extensively studied using alkynyl,"**
aryl, alkenyl,**""7"3* methyl,** allyl,"*® and benzylzinc>**>”%'3”
reagents, the frequent use of more challenging alkylzinc reagents
containing S-hydrogen(s) as a cross-coupling partner has only
evolved more recently. Our discussion in this section will be
limited to the use of alkylzinc reagents as cross-coupling partners
in Pd(0) catalysis and is generally presented in chronological
order.

2.4.1. Palladium-Catalyzed C(sp?)—C(sp?) Negishi Cou-
pling with Alkylzinc Reagents. The 1,5-diene moiety can be
prepared via allyl—allyl coupling reactions.*®” '** Negishi re-
ported Pd-catalyzed cross-coupling reactions of homoallylic and
homopropargylic alkylzinc reagents with alkenyl halides,> which
provides an effective route for the synthesis of 1,5-dienes and 1,
S-enynes (Scheme 3) that constitute the core structure of several
terpenoids."*"** It was also observed that primary and second-
ary alkylzinc reagents are more selective toward cross-coupl-
ing compared to the corresponding alkylmagnesium reagents
(Table 2, entries 1 vs 2 and entries 3 vs 4). Homoallylic and
homopropargylic alkylzincs are even better coupling partners,
providing cross-coupling products in high yields (Table 2, entries
S and 7).>' The highly regio- and stereoselective product
formation through this protocol is noteworthy.'*

Symmetrical 2,5-disubstituted benzoquinones are synthesized
in a convenient route by Pd-catalyzed double Negishi coupling
reactions between simple or functionalized alkylzinc and 2,
5-dibromo-1,4-dimethoxybenzene, followed by oxidative demethy-
lation with ceric ammonium nitrate (CAN) (Figure 5)."** The
precursor 2,5-dibromo-1,4-dimethoxybenzene was easily synthe-
sized by bromination (Br,/AcOH) of 1,4-dimethoxybenzene.

Perfluorinated organometallics are an important class of
coupling partners as fluorine can be easily introduced into the
organic backbone via cross-coupling reactions.'*'*® The Qing
group prepared the fluorine-containing alkylzinc reagent 10 from
the corresponding alkyl bromide by the treatment with zinc dust
in anhydrous DMF at ambient temperature.'*’ It undergoes
Pd(0)/Cu(I)-cocatalyzed Negishi cross-coupling with aryl or
alkenyl iodides or bromides to produce 3-fluoro-a,3-unsaturated
ester 12 (Figure 6). Mechanistic studies revealed that the alkylzinc
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reagents first produce (Z)-1-fluoro-2-(ethoxycarbonyl)ethenylz-
inc reagent 11 via Cu(I)-catalyzed stereoselective elimination, and
this subsequently undergoes the Pd-catalyzed cross-coupling to
produce 12 in lieu of direct cross-coupling to produce 13
(Figure 6).

Organotellurium species undergo efficient tellurium/metal-
exchange reactions in a regio- and stereoselective manner.'**
This unique property is utilized for the preparation of organozinc
reagents by reaction with dimethyl- or diethylzinc reagents.
Although this Te/Zn-exchange reaction is not quite a general
method to obtain vinylzinc reagents, a new carbon—carbon bond
is formed when the reaction is carried out employing Cul/
Pd(PPh,), in DMF (Figure 7).'*

Negishi reported a Pd-catalyzed monosubstitution of cyclic
(t-iodoenones with organozinc reagents. Several five- and six-
membered Ot-iodoenones underwent cross-coupling reactions
with a number of dialkylzinc or alkylzinc halide reagents in the
presence of a catalytic amount of Pd(PPhs),Cl, (Figure 8)."*°

Dibromothiazole compounds undergo Pd-catalyzed Negishi
cross-coupling reactions in a regioselective manner as reported
by Bach and co-workers. The bromine atom at C-2 is more
susceptible to oxidative addition, allowing for a mild reaction
with alkylzincs using Pd,(dba)s/dppf to provide a series of
2-alkyl-substituted thiazole analogues, leaving the other C—Br
intact for further functionalization (Figure 9).13!

Palladium-catalyzed cross-coupling reactions were applied to
the synthesis of azamacrocycles. Suitably functionalized 2-bro-
mopyridines were reacted with alkylzinc reagents in the presence
of catalytic Pd(PPh;),Cl, in THF to produce 2,6-difunctiona-
lized pyridines which were converted to azamacrocycles after a
several of functional group interconversions followed by intra-
molecular N-alkylation (Scheme 4).152

Two Negishi couplings were performed consecutively for the
stereoselective synthesis of enynes from the corresponding 1,
1-dibromo-1-alkenes or 1,1-dichloro-1-alkenes. A trans-selective
alkenylation was accomplished with alkenylzinc chloride or
bromide catalyzed by Pd(DPEPhos)Cl, followed by a Pd(Pt-
Bu),-catalyzed stereospecific methylation or ethylation with
dimethylzinc/methylzinc halide or diethylzinc/ethylzinc halide,
respectively (Figure 10). Alternatively, a [Pd,(dba);]/NHC
ligand combination could be used to alkylate the second
halide stereospecifically.">> Following almost the same protocol,
(1E)-2-methyl-1,3-ene-ynes were synthesized from the trans-
selective Negishi coupling of 1,1-dibromo-1-alkenes with alky-
nylzinc rea§ents followed by stereospecific alkylation with
alkylzincs."

dx.doi.org/10.1021/cr100327p [Chem. Rev. 2011, 111, 1417-1492
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Figure 11. Negishi coupling of dihaloalkenes (“isolated yields were
based on E-isomer only). Reprinted with permission from ref 15S.
Copyright 2006 American Chemical Society.
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n-Hex
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Figure 12. High TON in Pd(0)-catalyzed Negishi couplings. Reprinted
with permission from ref 156. Copyright 2006 American Chemical
Society.
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Figure 13. Negishi coupling of alkenyl phosphates. Reprinted with
permission from ref 157. Copyright 2007 American Chemical Society.

1-Fluoro-1-haloalkenes undergo Pd-catalyzed Negishi cross-
couplings with primary alkylzinc bromides to give fluoroalkenes.
Excellent trans-stereoselectivity is observed to provide the
Z-fluoroalkenes in most cases.'** Interestingly, tertiary alkylzincs
also produce the desired fluoroalkenes in high yields (Figure 11).
Although PdCl,(dppb) gave the highest yields, the best stereo-
chemical outcome was observed with Pd(PPh;), in favor of
Z-fluoroalkene.

[PA(CH3CN),Cly] (5 mol%)/14

Ar—l + XZn—-R Ar—R
X=CL Bt THF, it, 2h
PPh, PCy, CO,Et
= Ph
14 0 16  CO,Et
COzEt N02 COzE'[
93% 64% 99% (b:/ = 55:45)

Figure 14. Negishi coupling using 7-acceptor ligands. Reprinted with
permission from ref 161. Copyright 2007 American Chemical Society.

The catalytic system using tetraphosphine cis,cis,cis-1,2,3,
4-tetrakis((diphenylphosphino)methyl)cyclopatane (tedicyp) as a
ligand and [Pd(C3H;)Cl], as the metal precatalyst are active
for Negishi cross-coupling reactions between aryl halides and
alkylzinc bromides as reported by Doucet and co-workers
(Figure 12). 156 A wide variety of aryl bromides react with aryl
or alkylzinc reagents, prowdln% good yields and high turnover
numbers (TONs up to 1 X 10°)

A series of aryl or alkyl v1ny1 phosphates undergo Pd(0)-
catalyzed Negishi cross-coupling reactions with alkylzinc re-
agents to produce the corresponding 1,1-aryl,alkyl or 1,1-alkyl,
alkyl disubstituted alkenes, respectively.">” In this coupling, the
counterion (chloride or bromide) of the alkylzinc reagent has a
pronounced effect. It was found that alkylzinc bromides, in the
presence of LiCl, are active toward the cross-couplings, whereas
alkylzinc bromides by themselves are less reactive or inactive.
This is in good agreement with the observation of Buchwald and
co-workers.">® It is assumed that during the preparation of the
organozinc chloride from the corresponding organochloride via
lithium—zinc exchange, at least an equivalent amount of lithium
chloride is formed that augments the concentration of a more
reactive anionic Pd(0) complex in equilibrium with its neutral
species. As a mechanistic probe, addition of an excess (S equiv) of
lithium chloride was found to effectively promote cross-cou-
plings with alkylzinc bromides in combination with Pd,dba;/
dppfin THF at 70 °C (Figure 13). Furthermore, it was observed
that alkylzinc reagents are less reactive compared to their arylzinc
counterparts.

C(sp”)-centers with higher electronegativity or adjacent dou-
ble bonds have an accelerating effect on the rate of cross-coupling
reactions. This is proposed to arise from faster reductive elim-
ination via the transfer of metal d electrons to the 77* orbitals of
the olefin or aryl group.'**'* As a result, competitive 3-hydride
elimination is suppressed. On the basis of this concept, the Lei
group designed a chelating ligand containing a phosphine and an
electron-deficient olefin for Pd-catalyzed Negishi couplings
(Figure 14). Superior effects of the ligands were observed not
only in terms of h}gher yields but also faster reaction rates under
mild conditions.'®" Thus, a series of aryl iodides underwent
cross-couplings with primary, secondary, and even tertiary
alkylzincs at ambient temperature. A kinetic study with a 1:1
mixture of ligand 14 and PdCL,(CH;CN), was performed using
the cross-coupling between ethyl-2- 10dobenzoate and cyclohex-
ylzinc chloride as the model reaction.'®® The kinetic data
revealed that the rate constant for reductive elimination of
[Ar—Pd—Cj;] was >0.3 s~ ', which was about 4 or § orders of

1424 dx.doi.org/10.1021/cr100327p |Chem. Rev. 2011, 111, 1417-1492
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Figure 15. Negishi coupling of S-iodopyrimidine nucleosides. Re-
printed with permission from ref 165. Copyright 2008 American

Chemical Society.
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Figure 16. Palladium—phosphinous acid-catalyzed Negishi couplings.
Reprinted with permission from ref 169. Copyright 2008 American
Chemical Society.

magnitude greater than values using [Pd-(dppbz)] or [Pd(PPhs),]
(dppbz = 1,2-bis(diphenylphosphino)benzene). The rate en-
hancement was proposed to be a result of the sr-acidity of the
ligand. As expected the same reaction with the saturated analogue
of the ligand resulted in not only a slower rate but also
the formation of a substantial amount of ethyl benzoate. The
formation of ethyl benzoate was a clear indication that the ligand
promotes reductive elimination and suppresses competitive
p-hydride elimination. During a subsequent mechanistic inves-
tigation by Lei and co-workers, a second transmetalation step
in the Negishi coupling was revealed and its competition with
reductive elimination was disclosed."®® The isomerization of
the secondary dialkylzinc such as i-Pr,Zn to a linear one was
significantly suppressed using the catalytic combination of [Pd-
(CH3CN),Cl,] and ligand 14 (Figure 14). Similarly, ligand 15
was used for the Negishi coupling between aryl bromides and
alkylzinc chlorides. Using the same concept, a highly electron-
deficient diene ligand 16 was also employed for the Pd-catalyzed
cross-couplings of aryl iodides and alkylzinc reagents. 164

A library of biologically active S-fluoroalkylated pyrimidine
nucleosides was synthesized by a Pd(PtBuj),-catalyzed cross-
coupling reaction between protected S-iodo-2'-deoxyuridine
nucleosides and fluorinated, unactivated alkylzinc reagents
(Figure 15) 165 This methodology provides a direct route to
synthesize F'*-radiolabeled $-fluoroalkylated pyrimidine nucleo-
sides that could be used as probes for noninvasive in vivo
molecular imaging. 1667168 Although yields are modest, mild
reaction conditions for the cross-coupling reactions of sensitive
and densely functionalized molecules are noteworthy.

Pd(OAc), (1 mol%)
SPhos (2 mol%)

<\i1i2>78r + RZnX:LiCl <>—

THF, 25 °C
Y ENR O 5 9_‘?_8_°{° _________
O n-Oct Meoch/n-Bu )\Q/\A
92% 90% 88%
D/\ACOZEt Me02C
73% 98%

Figure 17. Negishi coupling of aryl halides bearing acidic protons.
Reprinted with permission from ref 170. Copyright 2008 American
Chemical Society.

Scheme 5. Chemoselective Negishi Coupling of 2-Bromo-
pyridinylstannanes (Reprinted with Permission from Ref 172;
Copyright 2008 American Chemical Society)

Br Alkyl—2ZnCl, Alkyl
/PngCI rt | SN Pd(PPhg), | SN
BU3SnCI rt Z rt =
SnBU:; SnBu3
90% 65-79%
alkyl = n-CHop+1; wheren =5, 6, 9,10,13
0
Ar—I + Alkyl-ZnCl w» Ar—Alkyl
BusNBr, THF, rt
: :COOEt ©fcj/ Of;Et
79% 99% 95%

Figure 18. Palladium-nanoparticle-catalyzed Negishi couplings. Re-
printed with permission from ref 175. Copyright 2008 American
Chemical Society.

Wolf and co-workers recently reported the Negishi cross-
coupling of organozinc reagents and aryl halides catalyzed by
palladium—phosphinous (POPd7) acid in NMP (Figure 16). A
wide range of functional groups were compatible under the
reaction conditions.”

The cross-coupling of unsaturated halides bearing acidic protons
with organozinc reagents is an ongoing challenge. The Knochel
group reported that Pd(OAc),/SPhos is an excellent catalyst
combination for the Negishi cross-cou 7phng reactions of substrates
bearing acidic protons (Figure 17)."”%'”! Thus a variety of bromo- or
iodo-anilines, alcohols, and acidic phenols underwent cross-coupling
upon slow addition (90 min) of the organozinc reagents at 25 °C.
The relative kinetic basicity of the organozinc reagents orders as
follows: arylzinc halide > alkylzinc halide > benzylzinc halide as
determined by the addition of i-PrOH to the organozinc reagents
and subsequent quenching with CuCN/allyl bromide in THFE.'”

A highly chemoselective Negishi cross-coupling reaction be-
tween alkylzinc reagents and 2-bromo-5(or 6)-trin-butylstannyl-
pyridines was reported by the Twieg group.'”> The Pd(PP-
h;),-catalyzed cross-coupling occurred at ambient temperature

1425 dx.doi.org/10.1021/cr100327p |Chem. Rev. 2011, 111, 1417-1492
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Scheme 6. Pincer Thioimido—Palladium Complex Catalyzed Negishi Couplings (Reprinted with Permission from Ref 178;

Copyright 2009 Wiley-VCH)
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The Knochel group observed a positive effect of tetra- THF/toluene (0.25 M)
n-butylammonium iodide on Pd(0)- and Ni-catalyzed Negishi 23-60°C, 0.5-1h
cross-couplings. A series of aryl or alkenyl triflates underwent a O ! N-Boc
Pd(dba),/dppf (7 mol %)-catalyzed cross-coupling with benzyl'”> PCyz | 0
and/or alkylzinc halides using 3 equiv of Buy,NL'"* To explore Me;N NMe;
the impact of BuyNI on the conversion of the starting material, O | oN | o

experiments were performed with differing amounts of BuyNI
It was found that the cross-coupling between benzylzinc bromides
and p-Cl-phenyl triflate produced 2.4% of the coupling product
with 0.1 equiv, 38% with 1.0 equiv, and 90% with 3.0 equiv of Bu,NI.
More recently, Marder et al. reported that Pd-nanoparticles
were formed from Pd(OAc), and Bu,NBr under these reaction
conditions (Figure 18).'7° Transition metal nanoparticles can
provide a more accessible and active surface area to interact with
substrates that increase the catalytic activity.'’ Suitable stabilizers
such as commercially available tetraalkylammonium halides are
frequently used in nano-Pd catalysis to prevent agglomeration
and precipitation of the catalyst."”” Thus, a combination of Pd-
(OAc), and BuyNBr catalyzed the cross-coupling between aryl
iodide and alkylzinc efficiently at room temperature as well as at —
20 °C in excellent yield within 1 h (Figure 18). Presumably, Pd-
(OAc), was reduced to Pd(0) by the alkylzinc reagent under the
reaction conditions. The Pd(0)-species was then suspended as
nanoparticles (PdNPs) and stabilized by Bu,NBr. The reaction
between ethyl-2-iodobenzoate and CyZnCl was monitored by in
situ IR. It was found that the reaction reached 60% completion
after 30 s and 100% after 2 min. Several experiments support that
Pd(NPs) are formed, including the observation that PPh; acts as a
catalyst poison.

1426

CPhos X=Cl,91% X =Br, 89% (b = 23:1)
Figure 19. Negishi coupling of secondary alkylzinc halides. Reprinted
with permission from ref 125. Copyright 2009 American Chemical

Society.

Yang and Lei identified a highly efficient alkylated pincer
thioimido—palladium complex intermediate in Negishi coupling
by in situ IR and 'H and "*C NMR studies. Contrary to the
Pd(OAc),/BuyNBr catalytic system that forms Pd(NPs) as a
true active species, the thioimido—palladium(II) complex 17
reacted with CyZnCl to form an alkylated, anionic species 19 that
catalyzed cross-coupling further with ethyl 2-iodobenzoate
(Scheme 6)."”® The long induction time (~60 min) was due
to the formation of 18. Once it was formed, the subsequent
coupling was complete within 20 min.

The Buchwald group reported an efficient Negishi coupling
between secondary alkylzinc halides and aryl bromides and
chlorides catalyzed by Pd(OAc), and an electron-rich ligand
CPhos (Figure 19). Excellent selectivity for branched versus
linear products using CPhos was observed due to the slow
relative rates of f-hydride elimination—reinsertion versus re-

. . 3s
ductive elimination.

dx.doi.org/10.1021/cr100327p [Chem. Rev. 2011, 111, 1417-1492
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Figure 20. Negishi coupling of thiomethyl-substituted heterocycles.
Reprinted with permission from ref 181. Copyright 2009 American
Chemical Society.

In 1979, the Wenkert group first reported the transmetalation
of Grignard reagents containing unsaturated thioethers in transi-
tion metal-catalyzed cross-coupling reactions.'”” The Fukuyama
coupling is another illustration of this concept that converts
thioesters to ketones bly reacting with organozincs in the
presence of catalytic Pd."*® The Knochel group exploited this
concept of C—S bond activation to show that various thio-
methyl-substituted N-heterocycles, i.e. pyridines, pyrimidines,
pyrazines, pyridazines, and benzothiazoles, etc., undergo Pd-
catalyzed cross-coupling reactions with organozinc reagents
using Pd(OAc),/SPhos (Figure 20)."8" For alkylzincs, the
cross-couplings required heating at 50 °C for completion. More
recently, the same group reported that Ni(acac),/DPEPhos
could catalyze this reaction at room temperature. Several 2-sub-
stituted oxazoles were synthesized using a Ni-catalyzed cross-
coupling of 2-(methylthio)oxazole and various organozinc
reagents.'®> A Pd-catalyzed cross-coupling with thiomethylated
alkynes and alkylzinc reagents was also reported by this group.'**
Furthermore, Stambuli reported the synthesis of unsymmetrical
2,S-disubstituted oxazoles from the corresponding 2,5-bis-
(methylthio)oxazole by chemoselective Pd- and Ni-catalyzed
cross-couplings with organozinc reagents in one pot.184

Lipshutz and co-workers reported the in situ preparation of
alkylzinc reagents in water catalyzed by tetramethylethylenedia-
mine (TMEDA) and subsequent cross-coupling reactions with
arylbromides. A combination of a sterically hindered and elec-
tron-rich Pd-catalyst along with a surfactant (PTS) in water
formed a highly active aqueous micellar catalyst for the Negishi
cross-coupling (Figure 21).""” This methodology offers a low-
waste technology for C(sp”)—C(sp®) bond constructions in the
absence of stoichiometrically preformed organometallic coupling
partners and organic solvents. Similarly, a one-pot protocol using
a Pd—PEPPSI-catalyst for a cross-coupling between aryl chlo-
rides, bromides, and triflates and alkylzinc reagent was reported
by the Knochel group.'®®

2.4.2. Palladium-Catalyzed C(sp®)—C(sp?) Negishi Cou-
pling with Alkylzinc Reagents. Over the past 2 decades,
significant progress has been achieved in the area of C(sp®)—
C(sp”) cross-coupling between alkyl organometallics and alkyl
electrophiles. The Fu group has made key contributions by
identifying a set of electron-rich hindered ligands capable of
promoting oxidative addition and reductive elimination to
farnish cross-coupling products. As an example, Pd,(dba)s/
PCyps/N-methylimidazole (NMI) was found to be an effective
catalyst combination for the cross-coupling of alkylzinc reagents
with alkyl halides and tosylates (Figure 22)."*' The addition of
NMI improved yields to some extent, perhaps through activation
of alkylzinc halides toward transmetalation.

(2 mol%)
tBu_ ¢ tBu
_P—Pd-PL_,
t-Bu Al t-Bu
NMe2 NMe,
N Br Zn-diamine X Alk
| + Ak—X > |
vy PTS (2 mol%) /H,0, rt v
R R
X=1,Br 65-96%
(0]
W ><N n-CqoHa4
OTBS Boc
EtO,C
2 72% 83% 74% OMOM
NBoc @
EtO,C
78% MeO 63% 60%

Figure 21. Negishi couplings in aqueous medium. Reprinted with
permission from ref 107. Copyright 2009 American Chemical Society.
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Figure 22. Negishi coupling with unactivated alkyl halides and tosy-
lates. Reprinted with permission from ref 121. Copyright 2003 American
Chemical Society.
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Figure 23. Alkyl—alkyl Negishi coupling using NHC ligands. Reprinted
with permission from ref 188. Copyright 2005 American Chemical
Society.

As discussed earlier, one of the main problems in alkyl—alkyl
cross-coupling is the reluctance of saturated carbon—halogen
bonds to undergo oxidative addition compared to aryl, vinyl,
benzyl, or allyl halides and competing fB-hydride elimination
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Figure 24. Oxidative C(sp®>)—C(sp”) coupling: (a) oxidative cross-coupling; (b) proposed mechanism. Reprinted with permission from ref 189.

Copyright 2009 American Chemical Society.
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Figure 25. Oxidative cross-coupling through double transmetalation. Reprinted with permission from ref 24. Copyright 2006 American Chemical

Society.

from the organometallic intermediates. To overcome these
obstacles, an electron-rich Pd-center is often employed for
effective oxidative addition, wherein N-heterocyclic carbenes
(NHCs) are an alternative to electron-rich phosghine ligands
due to their o-donicity and steric properties.'**'®” Fu and co-
workers reported low yields when a NHC ligand having modest
sized substituents was used in a Negishi coupling.'*! In contrast,
Organ and co-workers reported good to excellent yields using
sterically more hindered NHC ligands (Figure 23)."*®

The use of an NHC ligand (Li-Pr) in an oxidative Pd(II)-
catalyzed C(sp®)—C(sp?) cross—cou;)ling was recently reported
by the Sigman group (Figure 24)."* In this chemistry, styrenes
were utilized as synthons for alkyl halides in an overall hydro-
alkylation process with alkylzinc reagents to form primary—
secondary carbon—carbon bonds under oxidative conditions.
The reaction is proposed to proceed by transmetalation to form
complex 23 followed by [-hydride elimination to form a
palladium—hydrido species 24. Insertion of the palladium
hydride into the conjugated alkene presumably generates a
7r-benzyl species 25 which undergoes transmetalation to form
the product. Benzoquinone was used as a terminal oxidant that
regenerates the active Pd(II)-species to complete the catalytic
cycle (Figure 24). The cationic nature of the metal center was
found to be crucial in this transformation, which is in contrast to
the involvement of electron-rich metal centers in C(sp>)—
C(sp®) couplings with alkyl halides. To illustrate the origin of
hydrogen in the product, a deuterated alkylzinc reagent was
subjected to the cross-coupling reaction. Nearly one deuterium
incorporation was observed predominantly (94%) at the methyl
position and at the methine position to some extent (11%). This
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phenomenon indicates that the insertion of alkene occurs with
either regiochemistry, but the resultant palladium—alkyl species
likely rearranges to the more stabilized 77-benzyl intermediate via
f-hydride elimination—reinsertion.

2.4.3. Palladium-Catalyzed C(sp)—C(sp3) Negishi Cou-
pling with Alkylzinc Reagents. Although C(sp”)—C(sp®)
couplings have been studied extensively, there are few examples
of C(sp)—C(sp®) couplings using alkynyl electrophiles and alkyl
organometallics.” One such example is the Pd-catalyzed oxida-
tive cross-coupling of terminal alkynyltin reagents with alkylzincs
to generate alkylated alkynes through double transmetalation
(Figure 25).** Mechanistically, the oxidative addition of decyl
chloride to Pd(0) generates C-bound palladium—enolate chlo-
ride 26 that undergoes tautomerization into the O-bound palla-
dium—enolate chloride 27. Sequential transmetalation with zinc
and tin reagents produces the C(sp)—Pd—C(sp?) intermediate
29, which undergoes reductive elimination to yield the desired
cross-coupling product 30 (Figure 25). Kinetic studies by in situ
IR revealed that the rate of cross-coupling is much faster than that
of the corresponding homocoupling. In addition, the rate of
stilbenyloxyzinc chloride formation is almost equal to the con-
sumption of desyl chloride and the formation of the cross-
coupling product (R'—R?).

Similarly, C(sp)—C(sp>) coupling of terminal alkynes with
alkylzincs using Pd(dba), were accomplished under oxidative
conditions by the same group (Figure 26).”> A substantial
amount of diyne formation was observed using air as the oxidant
along with Pd(dba),. However, cross-coupling products were
obtained in good to high yields using a (10:1) mixture of air/CO.
Presumably, the well-known sr-acidic ligand CO facilitates the
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Pd(dba), (5 mol%)

1_— _R? R'—==—R?
R + Xen-R THF, rt, 24 h .
R' = aryl, alkenyl, alkyl air: CO (10:1) 71-93%
R2 = alkyl 1atm
X =Cl, Br
O = n-Bu Q%n—Bu n-CsHq (CH,);CO,Et

O 80% 75% 85%

Figure 26. Oxidative cross-coupling with terminal alkynes. Reprinted
with permission from ref 25. Copyright 2010 American Chemical
Society.

0 0
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x—1 Cl | rg.rzm _Fdtphen)Cl ( ) X1 R-FG
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X=Cl, F; 77-92%
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~ ~ /
CcI”" >N CI”" N cl” N el
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Figure 27. Formation of ketones via Negishi coupling. Reprinted with
permission from ref 192. Copyright 2009 Georg Thieme.

reductive elimination in this process. A similar accelerating effect
was observed using dibenzylideneacetone (dba) in lieu of CO. A
nice practical advantage of using CO as the s-acidic ligand was
that no rigorous column chromatography for separation was
required.

2.4.4. Formation of Ketones via Palladium-Catalyzed
Negishi Coupling with Alkylzinc Reagents. The Pd-cata-
lyzed acylation of organozinc reagents usin% carboxylic acid
chlorides was reported in the early 1980s."">'"! As a recent
example, pyridine carboxylic acid chlorides were coupled with
alkylzinc reagents catalyzed by Pd(phen)Cl, to afford pyridyl
ketones. Interestingly, only the acid chlorides react while the
2-chloroazine moiety remains intact under the reaction condi-
tions (Figure 27)."%”

2.5. Nickel-Catalyzed Cross-Coupling Reactions of Alkylzinc
Reagents

The use of Ni-complexes in Negishi type cross-coupling
reactions was initially reported simultaneously with the Pd
variants. As described below, the Ni-catalyzed variants are quite
powerful on an array of substrate types.

2.5.1. Nickel-Catalyzed C(sp“)— C(sp3) Negishi Cou-
pling with Alkylzinc Reagents. Liebeskind reported a biologi-
cally relevant, Ni-catalyzed cross-coupling of a thioglycolate series
with organozinc reagents based on the principle of metal—thiolate
activation. A series of thioglycolic acids were synthesized conve-
niently by base-catalyzed thioether formation of thioarenes and
2-bromoethanesulfonic acid and underwent cross-coupling
with organozincs in the presence of catalytic (MePPh,),NiCl, in
THF at 25—50 °C (F1 re 28)."”* Control experiments suggested
the crucial role of Zn*" presumably as a thiolate ion scavenger to
prevent poisoning of the metal catalyst in these cross-coupling
reactions.

The Yang group reported Pd-catalyzed cross-coupling reac-
tions of arene and vinyl sulfonates with organozincs to produce

) 2-5 mol%
R°-ZnBr  (MePh,P),NiCl
R1-SCH,CO,H +  or St R1-R2
2 THF, 23-55 °C, 10-20 h
m
X s O  CO,Et
Me
~ r —
00 N—N N
84% 93% 54%

Figure 28. Negishi coupling of thioglycolic acids. Reprinted with
permission from ref 193. Copyright 1999 American Chemical Society.

OPO(OEY), R
A NiCly(dppe) (1 mol% X

+ Rezngr _NCh(dppe) ( 0) ©\/i
o Yo 1.5 equiv benzene, rt, 8 h o X0

R = alkyl, aryl, alkenyl

Figure 29. Negishi coupling of 4-diethylphosphonooxycoumarins.
Reprinted with permission from ref 194. Copyright 2001 American

Chemical Society.

JIN\]\ R=ZnX  NiCly(dppp) (10 mol%)
+ or
7 (R)pZn dioxane, 2-24 h, 65 °C

HNT N el
e ‘1 f§_9_2_°{°___
N
N
N L L
H,N" N H,N
92% 46% 43%

Figure 30. Negishi coupling of aminoheteroaryl chlorides. Reprinted
with permission from ref 195. Copyright 2005 Elsevier.

Scheme 7. Aminoalkylation of Heteroarenes (Reprinted
with Permission from Ref 196; Copyright 2007 American
Chemical Society)

Ni(acac), (2.5 mol%)
PPh2 Ne
MgCl 2o (5 mol%)

ZnBry (2 equiv)
THF-NMP (9:1) N

N\ OTf r, 72 h H
92%
= 100% exo

4-substituted coumarins.'”* Switching from Pd to Ni resulted in
the facile coupling of organozinc reagents with vinyl phosphates.
Thus, a series of 4-substituted coumarins were obtained from the
corresponding 4-phosphate—coumarins (Figure 29).
Nickel-catalyzed Negishi coupling of aminoheteroaryl chlo-
rides with alkylzinc reagents was reported by Walters (Figure 30)."°
The alkylzinc reagents could be commercially available dialkylzincs
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Ni(acac), (8 mol%)
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Figure 31. Nickel-catalyzed three-component coupling. Reprinted with permission from ref 197. Copyright 2009 Royal Society of Chemistry.

or alkylzinc halides, or they could be conveniently generated in
situ from diethylzinc and primary alkyl bromides in the pre-
sence of NiCl,(dppp) as catalyst, which also catalyzes the cross-
coupling reaction.

Palladium-catalyzed Negishi coupling of substrates bearing
basic nitrogen substituents has proved to be unsuccessful in
general. The Knochel group has developed a Ni-catalyzed
protocol for aminoalkylations of arenes. The lithium salts of
amino alkyl Grignard reagents were converted to the correspond-
ing alkylzinc reagents in situ by treatment with ZnBr,. Subse-
quently, Ni(acac),/DPEPhos-catalyzed cross-coupling with an
aryl or a heteroaryl (pseudo)halides introduced the aminoalkyl
moiety into the arene system (Scheme 7).'%

Recently, the Terao group reported a Ni-catalyzed regioselec-
tive three-component coupling of alkyl halides, arylacetylenes,
or enynes with organomagnesium or organozinc reagents
(Figure 31)."”” Mechanistically, it was proposed that alkyl
radicals are generated in situ from the alkyl halides by single
electron transfer from nickelate complex 31. The alkyl radical
undergoes addition to the unsaturated C—C system forming 32
(at terminal double bond in the case of enynes) followed by
generation of 34 through combination of 32 and Ni-complex 33.
Finally, reductive elimination from Ni-complex 34 provides
trisubstituted olefins 35 (or allenes).

2.5.2. Nickel-Catalyzed Carboxylations with Alkylzinc
Reagents. A Ni(0)-mediated three-component coupling of
alkynes, alkylzinc reagents, and CO, has been reported to yield
B, -disubstituted, unsaturated carboxylic acids (Figure 32).1%%
Mechanistically, the reaction of Ni, alkyne, and CO, forms an
oxonickelacycle 36 that undergoes transmetalation with alkylzinc
reagents to produce intermediate 38. Reductive elimination of
the f3,('-disubstituted, unsaturated carboxylate 39 is followed by
hydrolysis to release the product 40 (Figure 32). Various
functionalized alkylzinc reagents also underwent this alkylative
carboxylation of alkynes whereas diethylzinc produced corre-
sponding 3-monosubstituted acids via f-hydride elimination.

Oshima and co-workers reported an efficient Ni-catalyzed
carboxylation of alkylzinc reagents for the production of satu-
rated carboxylic acids. Lithium chloride salts of alkylzinc reagents
underwent carboxylations smoothly under ambient pressure of
CO,, catalyzed by Ni(acac), and PCy; (Figure 33)."”” The
mechanism is proposed to proceed by initial reduction of
Ni(acac), with the organozinc reagent. Ni(0) subsequently

Ni(cod), (1.0 equiv)

DBU (2.0 equiv) R
R—== + CO, +R—2ZnX DBU@0equ) | \/\COOH
1 atm THF, 0 °C R'
(balloon) 68-81%
BnO A COM BnO A COM
CO,Et

Proposed Mechanism

R R ¥
Ni(0 - R'—ZnX —
R 1 oo, MO T Rz | =y
0~ -0 RY 0 (6]
Zn
36
x 37

R R

YO SN

HO XZnO xzno~ O
40 39 38

Figure 32. Alkylative carboxylation of alkynes. Reprinted with permis-
sion from ref 198. Copyright 2001 American Chemical Society.

reacts with CO, to produce 77*-coordinated complex 41, which
undergoes transmetalation with the organozinc reagent to gen-
erate reactive intermediate 42; upon a rapid reductive elimina-
tion, alkylcarboxylate 43 and active Ni(0) species are formed
(Figure 33). The transmetalation and reductive elimination are
thought to be facilitated by the highly electron-rich and bulky
PCyj; ligand. Recently, this protocol has been revisited by the
Dong group, and they found that [Ni(PCys),(N,)] is an efficient
catalyst for the carboxylation of alkylzinc halides as well as
alkylzinc halide—lithium salts.>*’

2.5.3. Nickel-Catalyzed C(sp®)-—(sp®) Negishi Coupling
with Alkylzinc Reagents. The Ni-catalyzed cross-coupling
reaction between an alkyl organometallic reagent and an alkyl
halide has been an active area of research during the past 2
decades. During the study of Ni-catalyzed Negishi couplings, the
Knochel group observed that the presence of unsaturation or an
electron-withdrawing functional group on the alkyl halide accel-
erates the rate of reaction and produces the desired cross-
coupling product in higher yields. Therefore, it was suspected
that the remote double bond could act as an additional ligand for

1430 dx.doi.org/10.1021/cr100327p |Chem. Rev. 2011, 111, 1417-1492



Chemical Reviews

Ni(acac), (5 mol%)
PCy3 (10 mol%)
—_—

R—=ZnI'LiICI + CO, DVIE R-CO,H
1atm o 1t 50-79%
(balloon)
COOH
o}
COOH
Q)\WCOOH
50% 79% | 62%
"""" o0 7 Proposed Mechansm
RJ\OH Ni(acac),
44 . R—2Znl-LiCl
protonolysis
2
R OZnl-LiCl Ni(0) CO,
43
;‘;%zta”;; " n?-coordination
(6] 40
R. Ni_
NiJ\OZnI-LiCI 41 O
42 \/<
transmetalation

R-2Znl-LiCl

Figure 33. Carboxylation of alkylzinc reagents. Reprinted with permis-
sion from ref 199. Copyright 2008 American Chemical Society.

Scheme 8. Hypothesis for Substrate-Controlled Negishi
Coupling (Reprinted with Permission from Ref 160; Copy-
right 1999 American Chemical Society)

1 R! R!
R reductive
_ Et,Zn =— elimination —
/L /L >
Ni< /NI Et
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N T
R1 R1 ST R_ 1_ o
& Etzzn [
Lo
X Ni-_ transmetalation ZnX
45 a9/ E 50
X =Br, | X =Br, Et

Ni intermediates in the cross-coupling reaction. To gain more
insight, the corresponding saturated alkylzinc reagent was sub-
mitted to the same cross-coupling conditions where a negligible
amount of product formation was observed. On the basis of these
observations, it is proposed that the catalytically active species
L,Ni(0) generated by in situ reduction of Ni(acac), undergoes
an oxidative addition of the alkyl halide to produce a Ni(II)
complex 46, in which the double bond is coordinated to the
metal center (Scheme 8). After ligand exchange with diethyl zinc,
complex 47 is formed where the double bond accepts the d
electrons of the Ni (51), resulting in a faster reductive elimina-
tion reaction. In the absence of the double bond (or if it is
sterically encumbered), a Ni complex of type 49 is formed that
undergoes further transmetalation to generate a new alkylzinc

R R
G Ni(acac), (10 mol%) G
+ (Alkyl),Zn
| -35t0 0°C Alkyl
THF/NMP 65-90%
n-Bu Ph
[K/ Ci (ﬁcoza
OPi Pi
n-Pent W OPiv
72% 90% 79%

Figure 34. Substrate-controlled alkyl—alkyl Negishi coupling. Rep-
rinted with permission from ref 201. Copyright 1996 Wiley-VCH.

Ni(acac), (10 mol%)
e T,
THF/NMP

FG'R'CH,l + (FG?R?CH,),Zn FG'R'CH,-CH,R?FG?

FG' = alkyl, ester; FiC N 66-76%
FG2 = amide, ketone, \O/\

thioacetal, ketone

(0.2-1.0 equiv)
X i
. S..S N
O n-Pent OPIv ©)‘\/\/ @
70% 67% 66%

Figure 35. Nickel-catalyzed alkyl—alkyl Negishi couplings. Reprinted
with permission from ref 159. Copyright 1998 Wiley-VCH.

R2-Zn-x2 Ni(acac), (10 mol%)
R'.XX"+  + R1—R2

(R%),Zn X
63-94%
F (20 mol%)

R" = aryl, alkenyl, alkyl
BuygNI (3.0 equiv)

R2 = alkyl, benzyl
1= Lw2 —
X' =OTf EXT=Br | 1HE/NMP, -35-60 °C

0 0
N ONH *&Ab
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Ok/\o 0\/\/

H
63% 60% 61%

exo:endo >95:5

Figure 36. Nickel-catalyzed alkyl—alkyl Negishi couplings. Reprinted
with permission from ref 174. Copyright 2002 American Chemical
Society.

reagent 50, which can also undergo cross-coupling to give the
undesired product. Alkyl halides bearing double bonds can be
utilized in a substrate-controlled cross-coupling with dialkylzinc
reagents as demonstrated by the Knochel group (Figure 34).%%"

Similarly, functional groups such as ketones, cyanides, esters,
and amides have positive effects on related cross-couplings.
Besides the strategic control over reductive elimination by
substrates that contain double bond(s), external additives were
also effective in promoting cross-coupling reactions. It was found
that additives such as acetophenones, benzophenones, and
styrenes with electron-withdrawing substituents accelerate the
reaction (Figure 35).1%7 Among all of these additives, p- and
m-trifluoromethyl-substituted styrenes were the most effective in
affording high yields at faster rates (Figure 35).1%7

The Knochel group reported a Ni(II)-catalyzed cross-cou-
pling of benzyl zinc reagents with alkyl iodides in combination
with p-fluorostyrene and Bu,NI as additives (Figure 36)."* The
role of p-fluorostyrene was quite evident on the basis of the
preceding discussion; however, the role of BuyNI is not clear
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Figure 37. Negishi coupling of secondary alkyl halides. Reprinted with
permission from ref 203. Copyright 2003 American Chemical Society.

NiCl, (3 mol%)
52 (9 mol%)
MgBr; (3.0 equiv)

THF-NMP, 25 °C, 1 h

R™-X + (R?,Zn
1.3 equiv
R, RZ=alkyl; X = Br, OTs

» R1_R2
79-96%

96% 79%

Figure 38. 1,3,8,10-Tetraenes in Negishi coupling. Reprinted with
permission from ref 204. Copyright 2004 Wiley-VCH.

although it is necessary for improved rates and yields. The same
protocol was applied to the coupling of functionalized primary
and secondary alkylzincs with primary alkyl halides.'”* Recently,
the same group has discovered that isopropyl iodide accelerates
Negishi cross-couplings.**>

Fu and co-workers reported Ni-catalyzed C(sp>)—C(sp?)
cross-coupling reactions of diverse alkylzinc reagents with un-
activated secondary alkyl halides under very mild conditions.
Ni(cyclooctadiene), and s-Bu—pyridine-bis(oxazoline) (Pybox)
catalyzed the Negishi couplings in DMA at room temperature
(Figure 37). Gratifyingly, the same catalytic system was also
employed in the Negishi coupling with primary alkyl halides hlgh-
lighted by the use of neopentyl iodide as a reaction partner.””®

A number of primary alkyl halides and a tosylate underwent
cross-coupling with dialkylzinc reagents at room temperature in
NMP using catalytic NiCl, in combination with MgBr, and
tetraene 52 (Figure 38).2%* It was found that the electron-
withdrawing tetraene additive 52 has a pronounced effect on
reaction outcome, compared to conventional additives such as
BuyNBr, BuyNI, p-fluorostyrene, isoprene, and i-Prl. It was
speculated that a bis-sr-allyl—nickel structure $3 is formed by

NiCl, (10 mol%)
PO O X Pybox (15 mol%)  po O R

+ R-ZnBr ———

PO™ OP DMI, 1t, 12 h PO™ OP

AcO Bno” N O

AcO™ BnO™ OBn
OAc OBn
69% (ou:p = 8:1); glucal = 9% 40% (o); glucal = 25%

o)
BnO 0 o \/\% BnO o COZEt
BnO" OBn o BnO“ "OBn
OBn

OBn

61% (o), glucal = 7% 65% (a:f =1:1.2), glucal = 3%

Figure 39. Cl-Alkylation of glycosides. Reprinted with permission
from ref 205. Copyright 2007 American Chemical Society.

[Ni(py)4Cl2] (10 mol%)
(S)-(s-Bu)-Pybox (10 mol%)

THF, 23 °C

O 81% 66%
(dr=93:7)

T
T

Figure 40. Nickel-catalyzed radical cyclization. Reprinted with permis-
sion from ref 206. Copyright 2007 Wiley-VCH.

R

\\ NiCl,eglyme (5-10 mol%) R
R 57 or 58 (5-10 mol%) S
X + 1zn—
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X=BrCl 50-88%
R =TIPS,Bu

n-Bu
88% Ph 73% Cl 82%
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\ \ -
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MeO,C—), Ph/_ 3
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Figure 41. Secondary—secondary Negishi couplings. Reprinted with
permission from ref 208. Copyright 2008 Wiley-VCH.

oxidative cycloaddition of Ni(0) with the two butadiene
moieties of 1,3,8,10-tetraene 52. An organomagnesium or zinc
reagent attacks the bis-sr-allyl—nickel complex to generate the
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Scheme 9. Secondary—Secondary Negishi Coupling in a Formal Total Synthesis of ®t-Cembra-2,7,11-triene-4,6-diol (Reprinted

with Permission from Ref 208; Copyright 2008 Wiley-VCH)

o Q(t-Bu TIPS
\\ NiCl, . glyme (10 mol%)
0 57 (10 mol%)

° \

Me Br + IZn\<
=

= (3 equiv)
Me

DMA, rt

t-Bu TIPS

=
Me
(racemic) 61%

a-cembra-2,7,11-triene-4,6-diol

1,m-octadienediylnickelate complex 54, which then reacts with
the alkyl halide to yield complex 55. Cross-coupling product 56 is
obtained via the subsequent reductive elimination of complex 55,
and complex 53 is regenerated to complete the catalytic cycle
(Figure 38).

Gagné and co-workers reported another example of a Ni-
catalyzed Negishi coupling between functionalized alkylzinc
reagents and secondary glycosidic halides.”® It was observed
that NiCl, with an achiral Pybox ligand led to good product
yields, and mannosyl halides were diastereoselective for retentive
Cl-alkylation. In the case of acetyl-protected glycosides,
o-bromides were the reaction partners, whereas benzyl-pro-
tected a-bromoglycosides were more reactive and in that case
0.-chlorides provided good yields and selectivity (Figure 39).

The Cardenas group utilized the proposed intermediacy of
alkyl radicals in a Ni-catalyzed radical cyclization/cross-coupling
process. This led to the successful construction of substituted
cyclic ethers via cascade formation of C(sp*)—C(sp>) bonds by
cyclization and cross—couplin§ reactions of iodoalkanes with
alkylzinc halides (Figure 40).>%

Cross-coupling reactions between secondary electrophiles and
secondary alkyl organometallics are very problematic due to the
presumed steric interactions associated with the process. The
Ready group reported a Cu-catalyzed ot-alkylation of at-chloro
ketones with secondary alkylzinc reagents at room tem-
perature.””” Fu and co-workers developed a Ni-catalyzed Negishi
coupling with secondary alkylzinc reagents and secondary pro-
pargylic halides at room temperature using a combination of
10 mol % Ni-complex and 10 mol % terpyridine 57 in DMA
(Figure 41).”°® More hindered alkylzinc reagents required the
use of S mol % of Ni-complex and S mol % of 2,6-bis(N-pyrazolyl)-
pyridine 58 as ligand in THF. Bulky substituents on the alkyne
were found to be crucial to avoid diyne formation via homocou-
pling. This methodology has been extended into the formal total
synthesis of 0t-cembra-2,7,11-triene-4,6-diol (Scheme 9).

2.5.4. Mechanistic Insights in Nickel-Catalyzed Cross-
Couplings. Alkyl halides are known to undergo oxidative
addition to Ni-catalysts via a radical pathway.”> Cérdenas and
co-workers conducted tandem cyclization-cross-coupling reac-
tions.”*® It was observed that the cis- and trans-isomers of a
secondary alkyl halide containing a tethered olefin underwent
intramolecular cyclizations followed by cross-coupling to give the
same degree of cis/trans selectivity, indicating loss of stereo-
chemical fidelity (Scheme 10).>% The same type of selectivity is
observed under reported radical cyclization conditions,*'® im-
plicating the formation of a planar radical intermediate.

The same phenomenon was also observed under Fu’s condi-
tions where cross-coupling of both exo- and endo-2-bromonor-
bornane with various organometallic reagents produced the exo

Scheme 10. Stereochemistry in Tandem Cyclization Cross-
Couplings (Reprinted with Permission from Ref 206; Copy-
right 2007 Wiley-VCH)
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Scheme 11. Identification of Monomethyl Nickel Complex
(Reprinted with Permission from Ref 21; Copyright 2005
Royal Society of London)

\N/ o terpyridyl R
[ it R ligand

N CHs  -TMEDA
/\

N\N{ + 1/2 CH3-CH,
“CH
N N/ 3

R =H, t-butyl

product predominantly.’'! Therefore, enantioselective cross-
coupling reactions, which are discussed later, with racemic
secondary alkyl halides, undergo stereoconvergence rather than
a kinetic resolution.

Vicic and co-workers carried out an extensive study to probe
the mechanism of Ni-catalyzed Negishi couplings.”>*'> Tt was
observed that a (terpyridine)nickel(0) complex does not react
with alkyl halides by simple oxidative addition (two-electron
process) followed by transmetalation to afford cross-coupling
product.”’ The monomethyl Ni-complex is formed by ligand-
induced loss of ethane followed by a comproportionation with
another molecule of a dimethyl Ni(II) species (Scheme 11).*"*

In contrast, the mechanism involving a secondary alkyl iodide
and (terpyridyl)Ni(alkyl) complex 59 was proposed to proceed
via a single electron transfer from the ligand to the alkyl halide
generating a new metal complex 60 and an alkyl radical (Scheme 12).
In EPR investigations, it was observed that the radical in the
complex remains mainly on the ligand (g = 2.021 %+ 0.002),
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Scheme 12. Radical Mechanism in Nickel-Catalyzed Alkyl—
Alkyl Cross-Couplings (Reprinted with Permission from Ref
212; Copyright 2006 American Chemical Society)

.Rz

and the alkyl radical remains in close proximity to the metal
center. A subsequent oxidative radical addition to the metal
center gives a putative nickel(III)—dialkyl complex 61 that
yields the cross-coupling product via reductive elimination along
with the complex 62.

Further DFT calculations performed by Phillips and co-work-
ers also suggest the involvement of a single-electron process in
Ni-catalyzed alkyl—alkyl Negishi couplings.”'® It was computed
that the traditional two-electron redox mechanism is energeti-
cally unfavorable. Moreover, the halogen atom transfer to the
metal center is the rate-determining step. The use of secondary
electrophiles led to a faster decomposition of a Ni(IIl) complex
compared to the reductive elimination.

Finally, a plausible mechanism for the cyclization/coupling
reaction described by Cardenas was proposed on the basis of
computational and experimental results.”*®*'* Free radicals
of type 63 are readily formed from alkyl iodides in the presence of
Ni salts, which in some cases cyclize to yield intermediate 64. If
the cyclization is slow, faster coordination to a Ni"-complex to
give a dialkyl—nickel(Ill) intermediate 68 may occur. This
species would then undergo reductive elimination to give simple
coupling product 69. Alternatively, intermediate 64 could react
with the starting iodide to give 63 and 66 that could undergo
subsequent coupling to give final product 67 (Scheme 13).

The role of additives in alkyl—alkyl Negishi couplings has also
been investigated."” The Organ group performed a titration
study with the various amounts of LiBr doped into the alkyl—
alkyl cross-coupling reaction mixture.*' It was observed that the
rate of cross-coupling increases with the amount of LiBr added,
and a sharp increase was observed at appoximately 1.0 equiv of
LiBr added. In addition to the presumed break up of polymeric
zinc aggregates, LiBr converts it to the tetracoordinated zincate
complexes, which is an active transmetalating agent.

3. CROSS-COUPLING WITH ALKYLBORON REAGENTS

3.1. Introduction

In the context of transition metal-catalyzed C—C bond
forming reactions, the Suzuki—Miyaura coupling using organo-
boron compounds has emerged as a powerful tool due to its

R
B
R oo OH OR' -
é é |'3 R-B R-B, R-BF; M
R"R R0 R OH OR’
Borane Boroxine  Boronic acid Boronic ester  Trifluoroborate

Figure 42. Various organoboron reagents.

Scheme 13. Proposed Mechanism for Tandem Radical Cy-
clization Cross-Coupling (Reprinted with Permission from
Ref 206; Copyright 2007 Wiley-VCH)
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operational simplicity, environmentally benign nature, and the ther-
mal stability of the transmetalating agents (Figure 42)."7*'%*!” The
broad functional group tolerance compared to Negishi or Kumada
protocols, which utilize organozinc and organomagnesium reagents,
respectively, is an added advantage of this protocol."”*'® Although
organoboron compounds are highly electrophilic, the organic groups
on boron are weakly nucleophilic. Additionally, the coordination of a
negatively charged base to the boron atom can increase the nucleo-
philicity of the organic moiety on boron.”'® Interestingly, Suzuki and
Miyaura simultaneously realized that organoboron compounds, even
organoboronic acids and esters, have sufficient reactivity for the
transmetalation to various metals such as silver(I),*'? magnesium-
(), zinc(I1),*'7**  aluminum(11),***** tin(IV),* copper-
(1),7*** and mercury(11).* Since the first report in 1986 of the
cross-coupling reaction between alkylboron reagents and aryl and
alkenyl halides in the presence of Pd(0) and a base,*’the B-alkyl
Suzuki—Miyaura cross-coupling has become one of the most popular
cross-coupling protocols in organic synthesis.”*"***

Primary alkyl borane compounds are easily synthesized by
hydroboration of terminal alkenes in a highly chemo-, regio-, and
stereoselective manner.”*> They are generally reactive species
and undergo cross-couplings under diverse reaction conditions,
but secondary alkylborons, especially secondary alkylboronic
acids or trifluoroborates, are less reactive with the exception of
cyclopropylboron derivatives that possess significant sp’-character.”**
In spite of their low reactivity, the use of alkylboronic acids or
trifluoroborates has become common practice in cross-coupling
reactions due to their excellent compatibility with a wide range of

functional groups.

ll coupling
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3.2. Synthesis of Alkylboron Reagents

Classically, alkylboron reagents have been synthesized from
the corresponding alkyllithium or alkylmagnesium reagents by
reaction with suitable boron compounds. The Brown group
reported a simple and efficient preparation of boronic esters, in
which the corresponding alkyl halides were treated with methyl-
lithium and quenched with trialkoxyborane at low temperature
(=78 °C).*** Acidification with anhydrous HCI at 0 °C furn-
ished the corresponding alkylboronic acids. Triisopropylborate
was found to be the most effective, furnishing diisopropylborates
in quantitative yields. Similarly, treatment of alkyl iodides with
t-BuLi followed by trapping with 9-methoxy-9-borabicyclo-
[3.3.1]nonane produces the corresponding alkylboron com-
pounds in situ, which undergo cross-coupling reactions with-
out further purification.”*® Soderquist and co-workers used tri-
isopropylsilyl (TIPS)S-9-9-borabicyclo(3.3.1)nonane (BBN) in-
stead of B-MeO-9-BBN. (Figure 43).>” A more common and
popular approach to the synthesis of alkylboron reagents is through
hydroboration of the corresponding alkene, which offers operational
simplicity and a high degree of chemo-, regio-, and diastereo-
selectivity (Figure 43). The terminal alkylboron compounds are
formed selectively through the anti-Markovnikov addition of the
boron from the less hindered side of the alkene. Catecholborane
(HBcat.)***** or pinacolborane (HBpin.)*** can also be used to
synthesized the corresponding alkyl boronic ester under rhodium or
iridium catalysis, respectively (Figure 43). The Hartwig group also
reported the Ti-catalyzed hydroboration of alkenes.**' Mioskowski
and co-workers reported the synthesis of polymer-bound alkylbor-
anes that could be purified by filtration, washing with anhydrous
THEF, and drying under vacuum for subsequent Pd-catalyzed cross-
coupling reactions.”* Alkylboronic acids are prepared by the
reaction of Grignard reagents or alkyllithium reagents with trihalo-
boranes and trialkoxyboranes, followed by acidification. Instead
of the acidic workup, the reaction can be quenched with different
alcohols to form the corresponding esters in high yields
(Figure 43»).235 The Brown group reported a convenient pre-
paration of alkyl boronic acids and esters by the hydroboration of
alkenes with dibromoborane —dimethylsulfide, followed by treat-
ment with water or alcohols (Figure 43).7*>*** A recent literature
account described the preparation of alkyl trifluoroborates via
halomethyltrifluoroborates.***

3.3. Stability of Alkylboron Reagents

Alkylation reactions can be achieved under Suzuki—Miyaura
conditions using alkylboron components as the coupling partner
that transfers the alkyl group to the organic framework. One of
the leading candidates to serve this purpose is B-alkyl-9-BBN.
However, this reagent is not air-stable, which makes it relatively
difficult to handle, isolate, and purify.*** Typically, cross-cou-
pling reactions with B-alkyl-9-BBN are carried out in situ
immediately after hydroboration of the alkene. In addition,
carrying out a cross-coupling reaction with alkyl-9-BBN pro-
duces significant waste. As an alternative to alkyl-9-BBN, alkyl-
boronic acids, esters, and trifluoroborates are extremely useful.
They can be easily prepared as described in the previous section
and stored (Figure 43). Alkylboronic acids are frequently used in
superstoichiometric amounts to achieve satisfactory yields of the
cross-coupling products. This is due to the fact that, under the
cross-coupling conditions, they can decompose via either proto-
deboration or -elimination. The corresponding esters of boro-
nic acids can be employed as coupling partners, but very often
they require activation by thallium bases, such as TIOH or

a)
. 78°C .
B(OR); + MelLi ———» Li[(Me,B(OR),.]
Et,0
HCIlO °c

Me,B(OR)3 + ROH + LiCl
b)
R t-BuLi /Ef
~ 9-BBN-OMe R B

OMe

c)

R_M ’S‘/—Zé_A’ -
M +TIPS"B R B

M = MgBr, Li
d)
9-BBN-H
R
~~ TTHF.oCn R\/\B/_Zé
e)

o RhCI(PPh3)] R<~g-O
R~ +HE D RNCIPPRaI] ‘?\@
e} o
0 [IrCl(cod),/dppe Ro~g-0
R~ *+HB - (\)\é
O

n
n _-78°C .- .+ R'OH }

R M +BOR)—p 5 [R_BOR) M" —= R_BIORY,

M = Li, MgX

R"OH = H,0, alcohol or diol

0°C R"OH
R . —R
\/ + HBBFZ SMez EtZO \/\BBrz' SM824>
M = Li, MgX

R"OH = H,0, alcohol or diol

R \/\B(OR")Z

9)
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CH,X, + B(OR); TKHF. XCH,BF 3K N Nu—CH,BF 3K
2

Figure 43. Preparation of common alkylboron reagents: (a, f)
(reprinted with permission from ref 23S; copyright 1983 American
Chemical Society); (b) (reprinted with permission from ref 236; copy-
right 1998 American Chemical Society); (c) (reprinted with permission
from ref 237; copyright 2000 Elsevier); (d) (reprinted with permission
from ref 233; copyright 1975 Wiley); (e) (reprinted with permission
from refs 238 and 240; copyrights 1985 Wiley-VCH and 2004 Elsevier,
respectively); (g) (reprinted with permission from ref 244; copyright
2006 American Chemical Society).

TLL,CO5.2* In contrast, potassium organotrifluoroborates are
stable under air and moisture indefinitely without any special
precautions. Several functionalized organotrifluoroborates can
be easily synthesized from various organoboron intermediates by
addition of KHF,.**#**

3.4. General Mechanistic Aspects

In 1986, Suzuki and Miyaura reported the cross-couplin%
between alkylboron reagents and aryl halides (Scheme 14).%°
Since its disclosure, it has been an attractive solution to challeng-
ing synthetic problems and has been used frequently in total
synthesis for the construction of complex molecular frame-
works.”*"?*3* Like other cross-coupling reactions, this reaction
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Scheme 14. Suzuki—Miyaura Catalytic Cycle

1
R'-R? Pd(0) R'-X
reductive oxidative
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(R%,-BOR® + X~ R2-B(R*),
transmetalation

typically proceeds through (1) oxidative addition of aryl, alkenyl,
or alkyl halides or pseudohalides to a low-valent metal complex,
(2) transmetalation with the alkylboron component, and (3)
reductive elimination to give the cross-coupling product and
metal complex for use in the next catalytic cycle. In most cases,
oxidative addition is the turnover-limiting step. The electronic
character of the alkyl groups as well as the nature of the halide or
pseudohalide greatly influences the rate of oxidative addition. Fu
and co-workers have shown that the relative rate of oxidative
addition of the electrophile is in the order I>> Br > OTf> CL.>*®

3.4.1. Catalysts for Suzuki—Miyaura Cross-Coupling
Reactions. A rigorous literature survey revealed that among
all other electrophiles*'”** the alkyl electrophiles'®'*® are the
most challenging in B-alkyl Suzuki—Miyaura coupling due to the
sluggish oxidative addition and deleterious fS-hydride elimina-
tion. The most frequently used catalysts in B-alkyl Suzuki—
Miyaura coupling with aryl, alkenyl, benzyl, and allyl halides and
triflates are PACL,(dppf) and Pd(PPh,),,** but they have been
found to be unsuccessful for alkyl—alkyl couplings. In the past
decade, the Fu group has made significant progress in this field
using electron-rich and sterically hmdered phosphine ligands, as
well as replacing Pd- with Ni-catalysts.**® The Buchwald group
also developed a series of electron-rich ligands for the Pd-
catalyzed Suzuki couplings of various substrates including aryl
chlorides and alkylboranes that were previously considered to be
an unreactive.”>**"!

3.4.2. Role of Bases in the Suzuki—Miyaura Cross-
Coupling Reaction. It has been found that the choice of
base(s) is crucial in the Suzuki—Miyaura coupling reaction. In
their initial reports, the Suzuki group demonstrated the solvent
and base degendence of the conversion for different boron
derivatives.**>%* Stronger bases such as NaOH, TIOH, and
NaOMe perform well in THF/H,O solvent systems, whereas
K,CO3 and K3PO, are more efficient in DMF. Soderquist and
co-workers™>> have shown that the base is involved in several
steps, such as (1) formation of the borate complex; (2) hydrolysis
of the RPd"X intermediate to the more reactive RPd"OH
species, which was evident from *'P NMR spectroscopy
(Scheme 15; the chemical shift in the *'P NMR for Pd(PPh,),
appears at O = 18.0 (broad singlet), whereas it shifts to 0 = 26.1
after oxidative addition (70), and the adduct is then hydrolyzed
by base to form 71 with 6 = 23.6); (3) complexation of HOBR,
byproducts that can compete for base with the trialkyl borane;
(4) acceleration of the rate of reaction for the OBBD derivatives
(Scheme 16); and (S) regeneration of the catalyst.

On the basis of Soderquist’s study, it was proposed that the
oxidative addition of phenyl bromide is the rate-limiting step

Scheme 15. Role of Bases in Suzuki—Miyaura Coupling
(Reprinted with Permission from Ref 253; Copyright 1998
American Chemical Society)
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Scheme 16. Modified Suzuki—Miyaura Catalytic Cycle
(Reprinted with Permission from Ref 253; Copyright 1998
American Chemical Society)

HO:/_ZZ -
B R1PdL2 Rz
OH
HO. /_Zé

R1R2PdL2
1 2,
R'-R? PdL, —RX = R'PdXL, ) *re.oon
75 OH
72
R'R?PdL, X~
K‘\ HOPdR'L,
->B tz AA
;Zé R'L,Pd” 2
R? 1a
R
R?-0BBD

in the case of alkyl-9-BBN derivatives. The halide ion is
displaced by the base to form a hydroxo u,-bridged inter-
mediate 73. The coordination of the Pd species with the
hydroxyl group of the intermediate 73 accelerates the trans-
metalation with boron with retention of configuration through
a four-centered transition state (Scheme 18). After fast reductive
elimination, the cross-coupling product is formed. In contrast,
the formation of PdPh(PPh;),OH is rate-limiting in the case
of less Lewis acidic OBBD-derivatives. The reaction proceeds
through the formation of the u,-bridged species 73’ that
collapses spontaneously to 74, which on reductive elimination
gives the cross-coupling product. Thus, a more detailed catalytic
cycle for the B-alkyl Suzuki coupling was proposed, which
demonstrates the crucial role of base and boron derivatives
(Scheme 16).

3.4.3. Boron Derivatives in the Suzuki—Miyaura Cross-
Coupling Reactions. Generally, unhindered electron-rich or-
ganoboranes and electron-deficient vinyl or aryl halides or
triflates are the most efficient reaction partners for the B-alkyl
Suzuki reaction. Although 9-BBN-H is the most commonly used
hydroborating agent, disiamylborane and dicyclohexylborane are
also used in this reaction. The rate of transmetalation of a primary
alkyl group on boron is much higher than that of a secondary
alkyl group. The coupling reactions with secondary alkylborons
provide only moderate yields (Table 3).>*%*5*

The Soderquist group observed differences in rate when
varying the structure of boron reagents. The B-alkyl-9-BBN deriva-
tive was found to be significantly more reactive toward bromoben-
zene than the corresponding B-alkyl-OBBD counterpart.”** Their
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Scheme 17. Stereochemistry of the Palladium-Catalyzed
Oxidative Addition of Alkyl Tosylates (Reprinted with Per-
mission from Ref 19; Copyright 2002 Wiley-VCH)
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Scheme 18. Mechanism of Transmetalation (Reprinted with
Permission from Ref 253; Copyright 1998 American Chemi-
cal Society)
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different Lewis acidities accounted for the observed reactivity, which
was examined in the study of borane —borate equilibria. The boranes
were titrated with NaOH, and the changes in chemical shift in their
"B NMR spectra were recorded (Figure 44). The corresponding
chemical shift of 9-BBN-H (76) was shifted from 0 = 87.7 to 0 =
12.0,to 0 = 6.0, and to O = 3.3 upon the addition of 1, 2, and 3 equiv
of NaOH, respectively. No change in chemical shift was observed
upon further addition of NaOH. In contrast, there was no ob-
servable change in ''B chemical shift of the OBBD counterpart (78)
upon treatment with NaOH. These results clearly indicate that the
9-BBN derivative is much more Lewis acidic than OBBD. There-
fore, the borate of the corresponding 9-BBN participates in the
transmetalation step, whereas OBBD-derivatives undergo transme-
talation without further complex formation with base (Scheme 16).

Soderquist and co-workers also observed differences in reac-
tion kinetics under Suzuki coupling conditions. For the reaction
of PhBr with [(HO)Bu-9-BBN] ™, a first-order rate dependence
on [PhBr] was observed, indicating that the oxidative addition
was the turnover-limiting step. In contrast, a first-order depen-
dence on base and zero-order dependence on [PhBr] and [Bu—
OBBD] was observed for the Bu—OBBD derivative. Therefore,
the hydrolysis of [BrPdPh(PPhs),] is the proposed turnover-
limiting step in this case (Figure 44).

3.4.4. Stereochemistry of Oxidative Addition. The ster-
eochemistry at the oxidation step in the B-alkyl Suzuki—Miyaura
coupling is highly dependent on the metal complexes used for the
cross-coupling. Recently, Fu and co-workers demonstrated that
the oxidative addition process in Pd-catalyzed Suzuki—Miyaura
cross-couplings proceeds predominantly via inversion of config-
uration.'” In their mechanistic investigation (Scheme 17), the
diastereomerically pure tosylate 80 was subjected to the optimized
reaction conditions without alkyl-9-BBN. From NMR analysis, it

Table 3. Suzuki Coupling of Iodobenzene with Alkyl Bor-
anes”

Borane Base” Solvent Yield (%)
n-Oct-9-BBN NaOH THF/H,0 99
n-Oct—B(Sia), NaOH THF/H,0 82
n—Oct—B@> NaOH THF/H,0 93

2
(n-Oct)3B NaOH THF/H,0 98
<‘>>;B KOH THF/H,0 40
<@B KOH THF/H,0 65
3
<<:>>;B KOH THF/H,0 55
o NaOH THF/H,0 1
pOct—E :> TIOH THF/H,0 75
\O T|2003 THF 60
TIOH benzene/H,0 93
0 KOH THF/H,0 trace
"‘OCt—B\O TIOH THF/H,0 41
TI,CO4 THF 93
0 TIOH THF/H,0 34
n-Octh\o T1,CO4 THF trace
n-Oct—B(OH), TIOH THF/H,0 trace

“3 mol % PdCl,(dppf) was used at 50 °C. b3 equiv of NaOH, KOH, and
TIOH and 1.5 equiv of T1,CO; were used.

/B£ 1.0 equiv
R

Pd(PPhg)s
PhBr (0.8 equiv) ©\ @\
= —_—> +
R =n-Bu, n-Hex NaOH (2.0 equiv) Bu o Hex
0 THF, reflux
> 1.0 equiv
Rv -~ B q
R' = n-Hex, n-Bu R =n-Bu, R' = n-Hex 84% 0%
R = n-Hex, R' = n-Bu 0% 86%
OH~
_ B aa— Ho\é
Hex™ 7¢ K ~ 102 Hex 77
5('"'B)=87.7 5("B)=33
0 . 0
H _ B ~——— Hex~ $_
e 78 OH 79
5("'B) = 54.1 (not observed)

Figure 44. Rate dependence on boron derivatives. Reprinted with
permission from ref 253. Copyright 1998 American Chemical Society.

was determined that the oxidative addition was predominantly
associated with inversion of configuration [inversion (81)/reten-
tion (82) = 10:1], and the primary kinetic isotope effect for the
subsequent [3-hydride elimination was found to be ky/kp = 3. In
the next step, Ph-9-BBN was added to the reaction mixture and the
cross-coupling products (83, 84) were obtained with inversion of
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Scheme 19. Stereochemistry in Suzuki—Miyaura Couplings
(Reprinted with Permission from Ref 254; Copyright 1998
American Chemical Society)
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configuration, 1nd1cat1ng retention of configuration at the reduc-
tive elimination step."

3.4.5. Stereochemistry of Transmetalation. Woerpel***
and Soderquist>*® independently studied the stereochemistry of
transmetalation in the B-alkyl Suzuki—Miyaura coupling. The
Soderquist group proposed that the transmetalation proceeds
with retention of configuration through the formation of a four-
membered cyclic transition state 87 (Scheme 18).*** From
deuterium-labeling experiments, the Woerpel group also showed
that transmetalation to Pd proceeds with retention of configura-
tion (Scheme 19).>** In this experiment, diastereomeric dideu-
terioalkenes cis-89 and trans-89 were synthesized and underwent
hydroboration followed by Pd-catalyzed cross-coupling with
o-iodocyclohexenone. The stereochemlstry of the corresponding
coupling products was assigned by "H NMR coupling constants
(for syn isomer J,;, = 5.8 Hz, anti isomer J,;, = 9.1 Hz). The syn-
coupling product (syn-91) was obtained from the cis-90 isomer,
whereas the trans-coupling product (trans-91) was obtained
from the corresponding trans-90. Since hydroboration is a
syn-addition process, it was concluded that transmetalation in
B-alkyl Suzuki—Miyaura cross-coupling proceeds through reten-
tion of configuration, which is in agreement with Soderquist’s
findings.

3.4.6. Choice of Bases and Boron Substituents in
Suzuki—Miyaura Couplings. Various alkylboranes have been
used in the B-alkyl Suzuki—Miyaura cross-coupling reactions

(See Table 3). 9-BBN-derivatives are the most commonly used.
Different bases are used to activate them, and no reaction is
observed in the absence of base.****% Therefore, selection of a
suitable base is crucial to obtain high yields. The Kishi group first
observed a rate- enhancm% effect of thallium salts in the C(sp*)—
C(sp®) Suzuki reactions.”*® In their early reports, Suzuki and
Miyaura also observed a dramatic effect of different bases
with different boron compounds. Therefore, thallium salts were
found to be i gportant for several Suzuki—Miyaura coupling
reactions.”>¢~%°

3.5. B-Alkyl Suzuki—Miyaura Cross-Coupling with Alkyl
Boranes

3.5.1. B-Alkyl Suzuki—Miyaura Cross-Coupling with
Aryl and Alkenyl Halides. Generally, aryl or alkenyl iodides
or bromides are the most frequently used coupling partners in
Suzuki—Miyaura cross-couplings,”*” whereas aryl or alkenyl
chlorides have traditionally been less common due to their low
reactivity. However, the development of electron-rich and steri-
cally hindered catalysts has overcome the slow oxidative addition
of these substrates and made these cross-coupling reactions more
effective.'®

In their seminal report in 1989, Suzuki and Miyaura reported
the cross-coupling reaction of B-alkyl-9-BBNs readily generated
in situ from the corresponding alkenes and 9-BBN-H with a range
of aryl and alkenyl halides, performed in the presence of a
catalytic amount of PdCl,(dppf) and base, such as sodium
hydroxide, potassium carbonate, and phosphates.”>* High stereo-
selectivity was observed for the alkene products obtained from
the reaction of alkenyl halides and B-alkylboranes. Several
common functional groups were found to be compatible under
these mild reaction conditions. The stereoselective hydrobora-
tion of a C20—C21-methylene steroid 92 with 9-BBN-H pro-
duced predominantly C21-boryl steroid 93. This underwent
cross-coupling with ethyl (E)-3-bromomethacrylate to give 94
in 75% yield (Scheme 20). Interestingly, the hydroboration
occurred chemoselectively at the less hindered C19—C20 double
bond in the presence of C5—C6 double bond.

The Buchwald group developed an exceptional Pd catalyst for
the Suzuki—Miyaura cross-coupling of challenging aryl halides
(Scheme 21).>* An electron-rich biaryl ligand 95 was designed
to provide the necessary steric interactions and electron density.
Furthermore, X-ray analysis suggests an important interaction of
the ipso-carbon of the arene with Pd. Employing this ligand,
cross-coupling between sterically hindered aryl halides and aryl
boronic acids or alkylboranes was accomplished with low catalyst
loadings.””

The Taylor group demonstrated the synthesis of non-
natural amino acids via B-alkyl Suzuki—Miyaura cross-coupling
(Figure 45).>° The precursor olefin for the hydroboration was
synthesized by Wittig olefination of Garner’s aldehyde. The
alkylboranes formed in situ underwent cross-coupling with
alkenyl or aryl halides in the presence of K3PO, and a catalytic
amount of PdCl,(dppf). The coupling products could easily be
converted to the corresponding amino esters via Jones oxidation
followed by methylation with diazomethane.

Johnson and co-workers subsequently reported the synthesis
of nonproteinogenic ®-amino acids and amino alcohols follow-
ing a similar protocol (Figure 46). 261 In this case, it was observed
that a catalytic amount of Pd(PPh;), was more efficient than
PdCL,(dppf). Aryl triflates were found to be excellent coupling
partners under these reaction conditions, whereas, in Taylor’s

1438 dx.doi.org/10.1021/cr100327p |Chem. Rev. 2011, 111, 1417-1492



Chemical Reviews

Scheme 20. Suzuki—Miyaura Coupling with a Steroidal
Moiety (Reprinted with Permission from Ref 252; Copyright
1989 American Chemical Society)

9-BBN-H /ﬂ Bﬁ
X

AcO 92
B
o P ScoMe
[Pd(dppf)Cly]
K3PO4 AcO

Scheme 21. Suzuki—Miyaura Coupling with Electron-Rich
and Sterically Hindered Aryl Bromides (Reprinted with
Permission from Ref 259; Copyright 2004 Wiley-VCH)

NMe, Pd(OAC), (1 mol%) NMe,
Ligand (2 mol%)
Br + B n-Hex
n-H/ex K3PO4' Hzo,
OMe THF, 65 °C 789 OMe
Ligand = PCy,
MeO. l OMe
95
1) 9-BBN-H, THF Y
A *s, 2) PdCl,y(dppf) (5 mol%) o N

K3POg4, DMF, 11, 2 h ')(NBOC

O% /Y\/©
)(NBOC CO,Et O 0
NBoc )VNBOC
X =Br, 70% X=1,79% X = Br, 76%
X =Br,72%
OMe
(0] (0]
NBoc  No, NBoc )VNBOC NHBoc
X= |, 69% = | 72% = | 70%
X OTf, 11%

Figure 45. Suzuki—Miyaura coupling on amino acid synthons. Re-
printed with permission from ref 260. Copyright 1999 Elsevier.

report, they were inefficient and only a small amount (11%) of
the coupling product was isolated. All coupling products were
converted to their corresponding amino acids using various
oxidation protocols. Following the same procedure, Overman
and Kamatani reported the synthesis of phenethyl and homo-
allylic amines from grotected vinyl amines and aryl or alkenyl
halides, respectively.

X 1)9-BBN-H, THF Z ]
0
N, 2PdPPhg), @mai%) ) S%4
N 2 NaCH, toluene, 80 °C N,
R
R = Boc, Cbz
X =Br, |, OTf

“NHCbz

NB
)( °¢ X = Br, 87%

X =Br, 74%

BocN

o /\S/\/O
)VNCbZ 2 NBoc

X=Br, 77% X =Br, 63%

Figure 46. Suzuki—Miyaura coupling on amino acid synthons. Re-
printed with permission from ref 261. Copyright 2000 American Chemi-
cal Society.

1) 9-BBN-H
Bfﬁ Hj 2) PdCly(dppf)/PhsAs Brmmc
+ =
N B Sy DMF-H,0, K,CO; N?
________________ o %%
o)
77% 98%
\w, NBoc
oo
H,CO
94% 82%

Figure 47. Cross-coupling with N-Boc-4-methylene piperidines. Re-
printed with permission from ref 263. Copyright 2001 American Chemi-
cal Society.

Scheme 22. Alkylation of 2-Halopurines (Reprinted with
Permission from Ref 264; Copyright 2010 American Chemi-
cal Society)

xﬁ%

Pd(dppf)Cl, (6 mol%)

Y
Y=z

Cs,CO,, THF R7N |

60°C,6h Me

When X = Nan Y =Cl R =n-Bu, 85%
R=Et, 87%

When X -CI, Y =1 R = n-Bu, 66%
R=Et, 77%

A B-alkyl Suzuki—Miyaura coupling procedure for the synth-
esis of biologically active 4-benzylpiperidines and related sub-
stances was reported by Vice and co-workers (Figure 47). 29 The
hydroboration of N-Boc-4-methylene piperidine, followed by
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olefin
9-BBN-H, THF, rt; .
R © | : then 1 N ag NaOH, rt R © | R
R™ Pd(dppf)Cl, 20 mol%)  R™
OTIPS THF, H0, rt OTIPS
R =H, OTIPS

~aw

97% BnO“

Figure 48. Suzuki coupling on Cl-iodoglycals. Reprinted with permis-
sion from ref 265. Copyright 2004 Elsevier.

1) 9-BBN-H, THF, rt, 1 h
2) Pdy(dba)s (2.5 mol%)
2
Cl ) XantPhos (5 mol%) /\l/\/R

Cl CsF-Cs,CO3, THF, reflux CI

(JY T I
cl MeO,C Z

17 h, 80%, Z/IE = 97/3 75 h, 65%, Z/E = 98/2

WOBn /\/\/\(\/\/\/
Cl Cl
114 h, 46%, Z/IE = 97/3 114 h, 65%, Z/E = 94/6

Figure 49. Suzuki coupling for selective monoalkylations. Reprinted
with permission from ref 266. Copyright 2007 American Chemical
Society.

1) 9-BBN-H, THF, rt, 1 h
2) Pd(dppp)Cl, (7 mol%)
or
Pd,(dba); (2.5 mol%)
2-(dicyclohexylphosphino)-biphenyl

R2 9 R2
R

cl KF-K3POQy4, THF, reflux
65-92%
MeO Ph MeO,C
69% 69%
F Ph F
74% 74%

Figure 50. Suzuki coupling for the synthesis of trisubstituted olefins.
Reprinted with permission from ref 266. Copyright 2007 American
Chemical Society.

reaction with aryl bromides, iodides, and triflates in the presence
of a catalytic amount of PdCl, (dppf)/AsPh; produced a series of

» T
) N\~ ~CONMe,

Boc
9-BBN-H, THF, 0 °C-rt
2) PdCl,(dppf) (5 mol%)

NaOH (2N), THF, 60 °C, 2 h

NHCO,PMB

3S/3R=1:1
4S/4R =41

Figure 51. Suzuki coupling in carbapenem analogue synthesis. Re-
printed with permission from ref 267. Copyright 1997 Elsevier.

1) 9-BBN-H, THF, reflux
2) Pd(dppf)Cl, (10 mol%)

, Po- PhAs, KBr |Po'u
| ﬁ Cs,CO;3, THF, reflux, 20 h A
O~ "OTf o) (0] QO
O LS

MPM QBn

BnO, 0. OBn
MOMOM

sl

Figure 52. Suzuki coupling in polyether synthesis. Reprinted with
permission from ref 269. Copyright 1998 Elsevier.

biologically relevant coupling products. Interestingly, 2,5-dibro-
mopyridine underwent cross-coupling regioselectively at the
2-position, producing the corresponding coupling product in
high yield.

A Pd-catalyzed direct alkylation of 2-halopurines with
Et;B or BuzB was developed by Piersanti and co-workers
(Scheme 22).2%* The alkylation of these particular substrates
was challenging but highly desirable, as it offers a concise route
for the synthesis of ST153S, a potent adenosine A,5 receptor
antagonist. Fortunately, applying a B-alkyl Suzuki—Miyaura
cross-coupling in the presence of Cs,COj; and catalytic Pd
(dppf)Cl, in THF afforded 2-alkylated purines in high yields.
A comparative study with other organometallics revealed that,
with the exception of tetra-n-butyltin, no other organometallics,
including n-butylboronic acids, were successful in producing the
desired product.
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Scheme 23. Suzuki Coupling in Quinoacridine-Derivative Synthesis (Reprinted with Permission from Ref 270; Copyright 2003

Royal Society of Chemistry)

1) 2~ NHCOCF; O
9-BBN-H, THF, 0°C, 3h

2) Pd(OAc),/PPh3 (10 mol%)

Cs,CO3, dioxane,100 °C, 16 h

N
|

Cl l N l OTf
Me

N
|

Cl O N O (CH,)sNHCOCF3
Me

59%

Tan and co-workers developed a flexible and efficient method
to convert glycals to Cl-substituted glycals using a B-alkyl
Suzuki—Miyaura cross-coupling approach (Figure 48).%° A
wide range of Cl-iodo-substituted glycals were alkylated directly
with a variety of in situ generated alkylboranes in the presence of
NaOH(aq) and a catalytic amount of Pd(dppf)Cl,. It was
observed that, upon preincubation of the alkylborane with base
prior to the addition of a mixture of Cl-iodoglycal and Pd-
(dppf)Cl,, the Pd-mediated reduction of the alkene iodide
product was substantially suppressed.

Interestingly, when 1,1-dichloro-1-alkenes were cross-coupled
with B-alkyl-9-BBN, the chloride trans to the alkene chain
reacted preferentially (Figure 49).>° A detailed ligand study
was performed, which showed that the larger bite angle of the
ligand resulted in an improved ratio of the monoalkylation
product. Thus, moving from dppb (ZP—Pd—P = 98°) to
DPEPhos (£ P—Pd—P = 102°), the yield as well as selectivity
were dramatically improved. Finally, using XantPhos (£P—
Pd—P = 111°) in combination with Pd,(dba); and K;PO,—KF
as base couple afforded excellent yields of the monoalkylated
products. The stereoselectivity was also very good in most cases
(Z/E =90/10 to 98/2). Interestingly, when the monoalkylation
product was subjected to further alkylation with Pd(dppp)Cl, or
2-(dicyclohexylphosphino)biphenyl, the unsymmetrical dialky-
lation product was obtained in good yields (Figure 50).2%¢

3.5.2. Cross-Coupling with Aryl and 1-Alkenyl Triflates.
Aryl or 1-alkenyl triflates are also an efficient class of coupling
partners in B-alkyl Suzuki—Miyaura cross-coupling reactions.
Suzuki and co-workers first reported that 1-alkenyl or aryl
triflates underwent cross-coupling reactions with various alkyl-
boranes in the presence of K3PO, and a catalytic amount of
Pd(PPhs), or PACL,(dppf) in dioxane in high yields.**> Alkyl-
boranes containing several functional groups, derived in situ from
the reaction of the corresponding alkene with 9-BBN—H were
also compatible under the reaction conditions.

Narukawa and co-workers reported an efficient synthesis of
2-alkyl carbapenems via Pd-catalyzed alkylation of carbapenem-
2-yl triflate with B-alkyl-9-BBN (Figure 51).>*” The alkylboranes
were prepared in situ by reaction of 9-BBN—H with an alkene.
Since the hydroboration occurs stereoselectively from the less
hindered side of the olefin, the alkylborane obtained from the
corresponding chiral olefin gave a single isomer that was in-
corporated into the carbapenem moiety without racemization
through the subsequent cross-coupling reaction.

The Pd-catalyzed B-alkyl Suzuki coupling has been success-
fully employed for the construction of the trans-fused polyether
framework that constitutes the core of several natural products.**®
Sasaki and co-workers reported that cyclic vinyl triflates and a
highly functionalized B-alkyl-9-BBN underwent cross-coupling in

_S P I, (2.5 mol?
Ar=Nj N D + Rop —PRNCL, @5 molA)
s THF, rt, 30 min

71% 85% 88%
/@/ n-Bu ©: n-Bu /©/ Et
OoN NO, OoN
85% 70% 87%

Figure $3. Suzuki coupling with arenediazonium o-benzenesulfona-
mides. Reprinted with permission from ref 271. Copyright 2008 Georg
Thieme.

Scheme 24. Intramolecular Suzuki—Miyaura Couplings

(,’I(CHz)nCH:CHz 9-BBN-H ,,’I(CHZ),NZ-Q-BBN
/ T .
X R

X = Br/l/OTf J Pd(0)/base

"\ j@c HZ) n+2

the presence of Cs,CO3, KBr, and a catalytic amount of Pd-
(dppf)Cl,/AsPh; (Figure 52).>%

The Stevens group applied the B-alkyl Suzuki—Miyaura cross-
coupling reaction in the synthesis of functionalized 8-methylqui-
noacridines, which were methylated with methyl iodide to
generate telomerase-inhibitors, 8,13-dimethylquinoacridinium
iodides (Scheme 23). Alkylboranes were prepared in situ by
reaction of 9-BBN-H with allyl acetate or N-allyltrifluoroaceta-
mide, which was subsequently treated with chloro- and triflate-
substituted 8-methylquinoacridines. The cross-coupling oc-
curred chemoselectively with the triflate functionality leaving
the chloride intact when Cs,CO; and a catalytic amount of
Pd(OAc), and PPh; were used.”°

An interesting example of Suzuki—Miyaura cross-coupling
between arenediazonium o-benzenesulfonamides and alkylbor-
anes was reported by the Dughera group.””! In this study,
arenediazonium o-benzenesulfonamides were reacted with triethyl-
or tri-n-butylborane in the presence of Pd(OAc),, Pd(PPhs),-
Cl,, or Pd(dppf)Cl, to afford ethyl or n-butyl arenes in high yields

(Figure 53). No base was required for this transformation. It was
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Table 4. Cyclization of Haloalkenes via Intramolecular
Suzuki Coupling” (Reprinted with Permission from
Ref 252; Copyright 1989 American Chemical Society)

Entry Haloalkene Product Yield (%)
=
L D -
Br
X
2 66
Br
Br
3 68
X
OMOM OMOM
LS
o} o}
o oo
o_ O o_ 0O
=
5 84
Br 7@

“ Hydroboration was carried out with 9-BBN-H in THF at 0 °C—rt for
4 h and then cross-coupled intramolecularly in the presence of Pd-
(dppf)ClL, (1.5 mol %) and NaOH (3.0 equiv).

Table S. Synthesis of Exocyclic Alkenes” (Reprinted with
Permission from Ref 272; Copyright 1992 Elsevier)

Entry Haloalkene Product Yield (%)
7/
¥z
1 Br 68
t-Bu
t-Bu
Ph
/(
2 Ph ERN 83
e
n-Bu n-Bu
| |
3 I 51
X
OMOM OMOM
OTBS oTBS
60

N
N\
C@

“ Hydroboration was carried out with 9-BBN-H in THF at 0 °C—rtfor
4 h and then cross-coupled intramolecularly in the presence of Pd-

(dppf)Cl, (1.5 mol %) and NaOH (3.0 equiv).

observed that although high yields of the cross-coupling products
were obtained using tetramethyltin reagents, ethyl or n-butyl
analogues produced mainly protonated arenes via -hydride elim-
ination.

3.5.3. Intramolecular Suzuki—Miyaura Cross-Coupling
and Macrocyclization. An interesting extension of the Suzuki—

O

9 BBN-H Br R
THF |

o
&B\/\X/\/B£ T PdPPhg,

NaOH, THF, 23 °C

34-76%
Me OMe
| |
Me  Me
56% 34% 76% 45%
Me Me e’ OTBS OTBS
41% 6% 38% 64%

Figure 54. Formation of six-membered rings with exocyclic double
bonds. Reprinted with permission from ref 273. Copyright 1995 Elsevier.

Table 6. Macrocyclization via Suzuki—Miyaura Coupling”
(Reprinted with Permission from Ref 258; Copyright 2000
American Chemical Society)

Entry Haloalkene Yield (%)

e
CLO e

Product

2
OTBDPS OTBDPS
AN
3 41
I X
OM 0
o} 0
Me ores Me ores
4 MeO MeO 40, 60°
7 \\ﬁ
I
Me 5ras Me ores
5 MeO MeO. 46

Vs L' —

“ Hydroboration was carried out with 9-BBN-H in THF at 23 °C—rt for
1.5 h and then cross-coupled (slow addition for S h) intramolecularly in
the presence of Pd(dppf)Cl, (20 mol %), AsPh; (20 mol %), CSZCO3
(3.0 equiv), and H,O (40 equiv) in THF:DMF (10:1; 0.003 M).  H,O
(5 equiv) and preincubation with TIOEt (3 equiv).

Miyaura cross-coupling process is the formation of five- or six-
membered rings via intramolecular cross-coupling (Scheme 24). 22
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Figure 55. Carbonylative Suzuki—Miyaura couplings: (a) (reprinted with permission from ref 275; copyright 1991 Chemical Society of Japan);

(b) (reprinted with permission from ref 276; copyright 1991 Elsevier).

The Suzuki group first reported the intramolecular reaction of aryl
or alkenyl halides with B-alkyl-9-BBN derivatives to form five- and
six-membered rings. However, the authors were unable to construct
larger rings through this protocol due to oligomerization of the
coupling partners at high substrate concentration. Compounds
containing a vinyl halide and a terminal olefin linked through a
two- or three-carbon tether can also be cyclized to form five- and six-
membered exocyclic alkenes (Tables 4 and 5).>”*

Soderquist and co-workers extended this idea when they
performed tandem cross-coupling reactions with symmetrical
bis-boranes and geminal dibromides (Figure 54).>”> The inter-
molecular followed by intramolecular cross-couplings produced
six-membered ring systems with exocyclic double bonds in
moderate to good yields. The construction of five-membered
rings was unsuccessful using this protocol.

Applying a high dilution technique (0.003 M), macrocycliza-
tion was achieved via intramolecular B-alkyl Suzuki—Miyaura
cross-coupling with substrates containing aryl or alkenyl iodides
and terminal double bonds. The double bond was converted to
the corresponding terminal B-alkyl component in situ for sub-
sequent cross-coupling in the presence of Cs,CO5 and a catalytic
amount of Pd(dppf)Cl,/AsPhy in THF (Table 6).>*® The
Halcomb group accomplished the total synthesis of (+)-pho-
mactin via late stage B-alkyl Suzuki macrocyclization.””*

3.5.4. Carbonylative Suzuki—Miyaura Cross-Coupling
Reactions. In 1991, Suzuki and co-workers reported a carbo-
nylative cross-coupling for the synthesis of a,f3-unsaturated
ketones from alkenyl halides and B-alkylboranes using a catalytic
amount of Pd.*’® In the same year, they reported the synthesis of
unsymmetrical ketones via carbonylative cross-coupling between
alkyl iodides and alkylboranes under an atmosphere of carbon
monoxide (Figure 5S). It was found that the reaction was
accelerated by visible light, which could be due to the involve-
ment of a radical process in the oxidative addition step.”’® Tan
and co-workers reported a carbonylative Suzuki—Miyura cross-
coupling for the synthesis of Cl-substituted glycals from the
corresponding iodo—glycals (Scheme 25).>%°

3.5.5. Suzuki—Miyaura Alkyl—Alkyl Cross-Coupling Re-
actions. As in many other cross-coupling reactions, alkyl elec-
trophiles are the most problematic substrates, and difficulties are
especially exasperating in C(sp’)—C(sp®) couplings. In 1992,

Scheme 25. Carbonylative Suzuki Coupling of 2-Iodoglycal
(Reprinted with Permission from Ref 265; Copyright 2004
Elsevier)

\/\/OTBS
9-BBN, THF, rt (0}
TIPSO (6] | |then 1 NCJ NaOH, rt ‘TIPSO (0] | 4OTBS
T|PSO\" Pd(dppf)CI2 (20 mol%) T|PSO\" 68%
TIPSO CO (ballon), THF, H0, rt TIPSO o

the Suzuki group first reported the C(sp®)—C(sp®) couplings
using B-alkyl-9-BBN and alkyl halides (Figure 56). In a previous
report, rate acceleration was observed for the carbonylative cross-
coupling reaction in the presence of light,276 which suggested
that the oxidative addition to the alkyl halide proceeds through a
radical process. Although there was no induction using light in the
cross-coupling of 9-octyl-9-BBN with 6-iodo-1-hexene, the forma-
tion of nonylcyclopentane as a byproduct alon§ with the cross-
coupling product suggests a radical pathway.”’” To explore the
effect of organometallic reagents, a series of n-butyl organometallic
reagents were subjected to cross-coupling with 1-iododecane under
the optimized reaction conditions, and 9-butyl-9-BBN was found to
be the best coupling partner, providing 50% of the desired product.
Fu and co-workers have made substantial progress in the field
of alkyl—alkyl Suzuki—Miyaura cross-coupling. Exploiting PCy;
as the ligand, the oxidative addition of the Pd complex to alkyl
halides was accelerated and cross-couplings with B-alkyl-9-BBN
were accomplished at room temperature. Gratifyingly, it was
discovered that Pd(OAc),/PCy; (1:2) in the presence of
K;PO,-H,0 7provided cross-coupling products in high yields
(Figure 57).2”® Besides the mild reaction conditions, triumph
over [3-hydride elimination, which is a major challenge of using
alkyl electrophiles bearing 3-hydrogens, was a major achieve-
ment of this protocol. Under a slightly modified catalytic
combination of Pd,(dba); and PCy; in the presence of
CsOH - H,0, alkyl—alkyl Suzuki—Miyaura cross-couplings with
more challenging alkyl chlorides were also accomplished at
elevated temperature (90 °C) in dioxane (Figure 58).27%
Although alkyl bromides and chlorides underwent cross-
coupling successfully using PCy; as the ligand, alkyl tosylates
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Preliminary Result CH,=CH(CH,);4-CHs

Pd(PPh
CHy=CH(CHy)s-| + 9-BBN—(CH,);CH _Pd(PPhals 40%
KaPO,
(CH2)gCH3
21%
Pd(PPhs), (3 mol%)
R+ 9-BBN—R— 50, dioxane R-R
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Figure 56. Radical oxidative addition. Reprinted with permission from
ref 277. Copyright 1992 Chemical Society of Japan.

Pd(OAc); (4 mol%)
! PCy3 (8 mol% '
R-Br + 9-BBN ! " . RN
K3PO4+H,0 (1.2 equiv) 62-93%
R, R'= alkyl THF, rt, 16-24 h

N N
n-Dodec

93% n-Dodec

O
NCWOMe Y\/\/\/\OTES
81% 72%

Figure 57. Alkyl—alkyl Suzuki—Miyaura couplings with alkyl bro-
mides. Reprinted with permission from ref 278. Copyright 2001
American Chemical Society.

were unreactive using the same reaction conditions. After
optimization of the reaction conditions for these substrates, it
was observed that a slightly different trialkylphosphine ligand, Pt-
Bu,Me, was able to provide cross-coupling products in high
yields (Figure 59). During this study, it was observed that the
reaction was exceptionally sensitive toward the cone angle of the
ligands employed. Finally, a bench-stable trialkyl phosphonium
salt, [HPt-Bu,Me]BF,, and Pd(OAc), in the presence of NaOH
were discovered to be effective for the cross-coupling between
alkyl tosylates and B-alkyl-9-BBN."

The Capretta group synthesized a series of phosphaadaman-
tane ligands via P-arylation of 1,3,5,7-tetramethyl-2,4,8-trioxa-
6-phosphaadamantane and employed them in Pd-catalyzed cross-
coupling reactions. A highly active catalyst combination was
found for the alkyl—alkyl Suzuki—Miyaura cross-coupling using
alkyl halides and tosylates as electrophiles. Thus, catalytic Pd-
(OAC), in combination with 1,3,5,7-tetramethyl-6-(2,4-dimeth-
oxyphenyl)-2,4,8-trioxa-6-phosphaadamantane in the presence
of K3PO, - H,0 facilitated the C(sp®)—C(sp?) coupling in high
yields (Figure 60).%

Caddick and co-workers first reported the use of N-hetero-
cyclic carbenes in a Pd-catalyzed alkyl—alkyl Suzuki—Miyaura
coupling. Using this protocol, alkyl bromides were treated with B-
alkyl-9-BBNss to provide cross-coupling products in modest yields
(Figure 61).**" Later, a modified NHC-based catalyst, Pd—PE-
PPSI—IiPr, was used to obtain high yields from the corresponding
alkyl bromides and B-alkyl-9-BBN (Figure 62).>%**%

Pd,(dba); (5 mol%)
PCys (20 mol%)

—-C| + R /\/R'
RTCI* 98BN “Coom-H,0(12equy) R
R, R =alkyl dioxane, 90 °C, 48 h 65-83%

n_Dodeé\/\/\/\ OBn

83% 74%
TBSO 2
W@ t-BU\OWMOBn
73% 65%

Figure 58. Alkyl—alkyl Suzuki—Miyaura couplings with alkyl chlorides.
Reprinted with permission from ref 279. Copyright 2002 Wiley-VCH.

Pd,(dba)s (4 mol%)
P(t-Bu),Me (16 mol%)

R-OTs + /\/Rv /\/R'
9-BBN NaOH (1.2 equiv) R55 a0
R, R = alkyl dioxane, 50 °C, 48 h R
N N PN
n-Dodec o_ O
80

0 67%

NC™ &
(0}
\) 76% 64%

Figure 59. Alkyl—alkyl Suzuki couplings with alkyl tosylates. Reprinted
with permission from ref 19. Copyright 2002 Wiley-VCH.

Pd(OAc), (4 mol%)
Ligand (5 mol%)

R-X + R R

L P 9BBNT " Tk PO R0 (12equy) R
R, R =alkyl THF, rt-90 °C, 24 h 51-93%
X = Br, Cl, OTs

OMe O\M{\H{\OBn
X = OTs, 76%
Ligand = or P
?L \g\ OMe TBSO
6

X =Cl, 74%

Figure 60. Alkyl—alkyl Suzuki—Miyaura couplings with alkyl halides.
Reprinted with permission from ref 280. Copyright 2004 American
Chemical Society.

The use of secondary alkyl halides as the electrophile in cross-
coupling reactions is extremely rare due to their unreactive
nature. Fu and co-workers were able to accomplish this challeng-
ing transformation, utilizing a Ni-catalyzed Suzuki—Miyaura
cross-coupling. It was found that a catalytic amount of NiCl,+
glyme, in combination with commercially available trans-N,N'-
dimethyl-1,2-cyclohexanediamine in the presence of KOt-Bu and
i-BuOH at room temperature is the best catalytic system for this
reaction (Figure 63).”** Thus, a series of B-alkyl-9-BBN were
cross-coupled with a wide variety of secondary alkyl bromides
under the optimized reaction conditions affording high yields.
From a ''B NMR study, it was confirmed that KOt-Bu and
i-BuOH activate the alkylborane for transmetalation with Ni via
the formation of a tetravalent ate complex, which is in good
agreement with Soderquist’s earlier observation.>>* Recently, the
same group reported that after modification of the Ni-source, the
ligand, and the solvent that unreactive secondary alkyl chlorides
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Figure 61. Alkyl—alkyl Suzuki coupling with alkyl iodides. Reprinted
with permission from ref 281. Copyright 2004 Elsevier.
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Figure 62. Alkyl—alkyl Suzuki couplings with alkyl halides. Reprinted
with permission from ref 282. Copyright 2008 Royal Society of
Chemistry.

also underwent Suzuki coupling at room temperature providing
high yields.”*®

In summary, alkyl—alkyl Suzuki—Miyaura cross-couplings
have been successfully accomplished using several metal com-
plexes and electron-rich as well as sterically hindered ligands. The
electron-rich metal center generally overcomes slow oxidative
addition to alkyl halides, and steric crowding of the ligands
provides the necessary interactions to stabilize the metal center
and suppress -hydride elimination. In addition to primary alkyl
halides, secondary alkyl halides were also successfully coupled
with alkylboranes. Ultimately, the use of bench-stable ligands for
such challenging cross-coupling reactions has made the protocols
accessible to the entire community.

3.5.6. B-Alkyl Suzuki—Miyaura Cross-Coupling for the
Synthesis of Ketones and Amides. The direct ketone or
amide formation from organometallic reagents with acid chlo-
rides, activated esters, or potentially formamide derivatives is an

NiClyeglyme (6 mol%)
Ligand (8 mol%)

R-Br + R R
"7 9-BBN" KOt-Bu (1.2 equiv) R™

R = sec-alkyl; -BUOH (2.0 equiv) 64-93%

R' = alkyl dioxane, rt, 24 h
iLigand = ; Cluw <:></_\ph
! HN  NH: /\
1 N/ Ph CI<:> Ph
"""""""""" From endo, 75% yield

82 % yield
starting from 100% cis
trans:cis = 65:35

From exo, 65% yield
diastereoselectivity
> 20:1(exo:endo)

Figure 63. Alkyl—alkyl Suzuki—Miyaura couplings with secondary
alkyl bromides. Reprinted with permission from ref 284. Copyright
2007 American Chemical Society.

attractive method due to its simplicity and reliability. However,
organometallic reagents used for this approach have been limited
mainly to magnesium, lithium, or alkylzinc reagents (Fukuyama
coupling).'® The use of less reactive alkylboron reagents for
these transformations is highly desirable due to their high
functional group tolerance.

The Liebeskind group reported the synthesis of ketones from
activated thioesters via C—S bond scission and C—C bond
formation. Coupling of thiol esters and B-alkyl-9-BBN deriva-
tives was achieved in the presence of stoichiometric copper(I)—
thiophene-2-carboxylate (CuTc) and catalytic Pd(PPh;),
(Figure 64). Unlike in the case of boronic acids, B-alkyl-9-BBN
required only activation by base for this transformation, and no
oxygen source was found to be necessary. A series of alkyl—alkyl
and aryl—alkyl ketones were prepared in high yields from the
corresponding thioesters.*®

The Takemoto group reported a one-pot amidation of alkenes
via Pd-catalyzed coupling of carbamoyl chlorides with alkylbor-
anes derived from the in situ reaction of alkenes and 9-BBN-H in
a highly stereoselective manner (Figure 65). A series of functio-
nalized alkylboranes was prepared and reacted to afford good to
excellent yields.”®’

3.6. Suzuki—Miyaura Cross-Coupling Reactions with Alkyl-
boronic Acids

Alkyl- or arylboronic acids exist in equilibrium with their
trimeric cyclic anhydrides, boroxines.”® The equilibrium has
some influence on the coupling process, but it is difficult to
determine the concentrations of boronic acid and boroxine
during the catalytic reactions. Furthermore, boronic acids can
degrade via hydrolysis or protonolysis. Consequently, most of
the Suzuki—Miyaura coupling protocols employ superstoichio-
metric amounts of boronic acids to ensure complete conversion
of the electrophilic coupling partner. Advantages of using
organoboronic acids in cross-coupling reactions are the ease of
purification via recrystallization prior to reaction, compatibility
with air and moisture, and generally long shelf life.

3.6.1. Suzuki—Miyaura Coupling with Primary Alkyl-
boronic Acids. In 1989, Suzuki and co-workers reported the
cross-coupling between alkylboronic esters with 1-alkenyl or aryl
halides in the presence of thallium hydroxide or thallium carbonate
and catalytic PACL,(dppf) or Pd(PPhs), (Figure 66).”* A serious
limitation of this protocol is the use of toxic thallium bases that was
found to be crucial, as in their absence extremely low conversion
was observed. In search for alternative bases, Falck and co-workers
found that high yields of the cross-coupling products with
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Pd(PPh)4 (5 mol%)
CuTc (1.2 equiv)
Cs,CO3 (1.0 equiv) O

THF, 45°C, 16 h
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(CH,)sCHs Ph O'V'e
83% 64% 8% OMe

Hsc(HZC)sW<CH2>SCH3

O 63% 90%

5@

Figure 64. Formation of ketones from thioesters. Reprinted with
permission from ref 286. Copyright 2004 American Chemical Society.
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Figure 65. Formation of amides from carbamoyl chlorides. Reprinted
with permission from ref 287. Copyright 2007 American Chemical
Society.

alkylboronic acids and aryl bromides were achieved using PdCL,-
(dppf) as a catalyst and K,COj as a base. The reaction unfortu-
nately required a superstoichiometric (2.5 equiv) amount of Ag,O
as an additive."® In the same year, Bellina and co-workers also
reported the regioselective cross-coupling of 3,4-dibromofura-
nones with alkylboronic acids in the presence of 5 mol % PdCl,-
(MeCN),, 20 mol % AsPhs, and 3. 0 equlv of Ag,O to afford the
corresponding 4-alkylation product.”®

In 2002, the Molander group developed reaction conditions
for the Suzuki—Miyaura cross-coupling with phenethylboronic
acids and aryl triflates or halides, which do not require Ag,O. A
catalytic amount of Pd(dppf)Cl,+ CH,Cl, in combination with
3.0 equiv of K,CO; in THF/H,O furnished the cross-coupling
products in high yields (Figure 67).**° Electron-deficient aryl
triflates led to high yields while electron-rich triflates were less
effective.

To overcome the problem of slow oxidative addition to
electron-rich aryl triflates and chlorides, the Hartwig group
developed an air-stable, sterically hindered ferrocenyl dialkylpho-
sphine ligand for Pd-catalyzed cross-coupling reactions.””" With
this catalyst, a series of alkylboronic acids were coupled success-
fully with various aryl chlorides and bromides. Gratifyingly, the
cross-coupling of electron-rich, 2-chloroanisole with n-butyl-
boronic acid catalyzed by a 1:1 mixture of Pd(dba), and the
ferrocenyl ligand in the presence of K3PO, also afforded high
yields at 100 °C in toluene (Figure 68). A secondary boronic acid
was coupled with p-tert-butylbromobenzene to afford the uni-
somerized coupling product in moderate yield, although the

B
r + (HORB R? Pd(dppf)Cl, (10 mol%) /©ﬁ
R 2 K,CO3, Ag,0
THF, 80°C, 6-10 h 77-84%

o T T
MeO MeOC MeOC

80% 84% 7%

Figure 66. Suzuki—Miyaura coupling of alkylboronic acids. Reprinted
with permission from ref 13. Copyright 2001 Elsevier.

X (9 mol%) oh
N Pd(dppf)ClpeCH,Cl, N
| o (HORB_~p, : | P
Y K>CO3 (3.0 equiv) R1/
R* THF/H,0 (10/1) ,
X =Br, OTf 80°C, 6-10 h 15-94%
©/\/Ph /@/\/ Ph /@/\/\ Ph
02N Ac
X =Br, 73% X = OTf, 93% X =0Tf, 93%
O /@/V Ph
X =Br, 73% X =Br, 61% X Br, 42%

Figure 67. Suzuki coupling of phenethylboronic acids. Reprinted with

permission from ref 290. Copyright 2002 Elsevier.

Pd(dba), (1 mol%)
ngand (1 mol%)

N X
+ (HO),B
O (HORB A~~~ K3PO4 toluene

R! 100°C, 12-48 h

X=Br, Cl 55—97%
pea,
Ph
gand - Ph o ©\/\/\ /@/\/\
OMe NC
Ph Ph 18 h, 94% 12 h, 97%

Figure 68. Suzuki coupling with aryl halides. Reprinted with permission
from ref 291. Copyright 2002 American Chemical Society.

secondary alkylboronic acids are prone to isomerize to the linear
form via 5-hydride elimination and reinsertion. A similar ferro-
cene-based ligand and reaction protocol was reported by the
Chan and Kwong group.””

Phosphite ligands have also been used in B-alkyl Suzuki—
Miyaura cross-coupling reactions. The bulky ligands undergo
facile orthopalladation in situ, which forms an active species for
the cross-coupling reactions. Therefore, a catalytic amount (0.5
mol %) of Pd(OAc), and P(OC4H3-2,4-t-Bu, )5 in the presence
of K3PO, constituted effective conditions to carry out the cross-
coupling between electron-rich 4-bromoanisole and n-butyl-
boronic acid (Figure 69).*”> High turnover numbers were
observed when electron-deficient aryl bromides, such as 4-bro-
moacetophenone (TON = 10000), was used. An indolyl phos-
phine ligand coordinated to Pd,(dba); catalyzed the same
reaction to afford excellent yields.””*

Cross-coupling reactions in aqueous media are often desirable
in the field of organic and organometallic chemistry, as they
provide a manifold to develop more environmentally benign
protocols for the incorporation of desired functionality. To per-
form a reaction in an aqueous medium, water-soluble ligands, as
well as suitable additives, are necessary for optimal performance.””
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88%, TON =175 100%, TON = 10 000

Figure 69. Suzuki coupling with phosphite ligands. Reprinted with
permission from ref 293. Copyright 2003 Wiley-VCH.
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Figure 70. Suzuki coupling in aqueous medium. Reprinted with
permission from ref 296. Copyright 2004 Wiley-VCH.

Nijera and co-workers developed a water-soluble di(2-pyri-
dyl)methylamine-based palladium—dichloride complex for the
Suzuki—Miyaura cross- couphng and related reactions in aqueous
medium (Figure 70).>” Utlhzmg this catalyst, trimethylboroxine
and n-butylboronic acid were coupled with bromo- and chloroar-
enes in refluxing water with K,CO3 and BuyNBr as additives. The
reaction was accomplished in a shorter reaction time under
microwave irradiation, providing comparable yields.

Doucet and co-workers reported the use of [PdCI(C3Hs)],/cis,
cis,cis-1,2,3,4-tetrakis (diphenylphosphinomethyl)cyclopentane
(tedicyp) in Suzuki—Miyaura cross-coupling reactions of alkyl-
boronic acids with aryl bromides or chlorides (Figure 71) 297298
The low catalyst loading and high turnover number (TON up to
10000) of this protocol are noteworthy. A wide range of
functional groups were well-tolerated under the reaction condi-
tions.

The Buchwald group developed an electron-rich biaryl hgand
for general Suzuki—Miyaura cross-coupling reactions.”"**
et al. used the same ligand, along with catalytic PdCIZ(PhCN)Z,
for the cross-coupling of n-butylboronic acids with chlorobenzy-
lidenelactone in refluxing toluene (Scheme 26). 299

Delaude and co-workers tested the cross-coupling between
n-butylboronic acid and unprotected 3-bromo-2,4,6-trimethyla-
niline under Fu’s conditions, using the sterically hindered and
electron-rich P(#-Bu); ligand along with Pd,(dba); (Scheme 27). 300
The corresponding cross-coupled product was isolated in
63% yield after refluxing in dioxane for 24 h. Although the
yield was far from quantitative, the result was encouraging,
considering the steric hindrance imposed by the two methyl

Ph,P oo
Ph,P. 2
2 %Pphz

X R
N 1/2[PdCI(C3Hs)] X
| + R-B(OH), ST |
W K,COj3, xylene, G
R 130°C, 20 h R
X =Cl, Br 58-95%
i~ Pr/©[ 2N
X = Br, 73% X = Br, 88% X = Cl, 74%
MeOC MeOC MeOC
X = Br, 95% X = Br, 93% X = Br, 94%

Figure 71. Suzuki coupling with tedicyp ligand. Reprinted with permis-
sion from ref 297. Copyright 2004 Elsevier.

Scheme 26. Suzuki Coupling with Chlorobenzylidenelac-
tone (Reprinted with Permission from Ref 299; Copyright
K3PO4.3H20

2006 Wiley—VCH)
/ﬁ;p toluene, 110 °C \/\/ﬁ;p
____________________________ 45%

PdCI,(PhCN), (5 mol%)
Ligand (10 mol%)

groups flanking the bromine as well as the unprotected aniline
moiety.

The Ranu group also reported a simple and efficient ligand-
free Suzuki coupling in aqueous medium. The sodium tetra-
chloropalladate (Na,PdCl,) precatalyst is reduced to Pd(0) by
organoboronic acids in aqueous medium to form Pd nanoparti-
cles (PdNPs), which were stabilized by sodium dodecyl sulfate
(Figure 72). Using K3PO, as a base, the cross-coupling reaction
between aryl bromides and iodides and alkylboronic acids was
accomplished at 100 °C within 25 min.**!

The Fu group has reported a C(sp>)—C(sp®) Suzuki—
Miyaura cross-coupling of alkyl halides with alkylboronic acids at
room temperature. It was observed that a catalytic amount of
Pd(OAc),/P(t-Bu),Me in the presence of KOtBu afforded alkyl—
alkyl cross-coupling products in high yields (Figure 73).**> Inter-
estingly, the oxidative addition of alkyl halides was accomplished
under very mild conditions, furnishing intermediates that were
stable enough to undergo transmetalation instead of decomposi-
tion via 3-hydride elimination. One such oxidative addition product
96 was isolated and characterized by X-ray crystallography. When
the oxidative addition product 96 was treated with a boronic acid,
the cross-coupling product was formed with comparable yield.

3.6.2. Suzuki—Miyura Coupling with Secondary Alkyl-
boronic Acids. While primary alkylboronic acids have been
explored in Suzuki—Miyaura cross-coupling reactions, secondary
alkylboronic acids have been sparsely studied. This is due to the
fact that transmetalation of these hindered substrates is extremely
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Scheme 27. Suzuki Coupling of Hindered Aryl Bromides
(Reprinted with Permission from Ref 300; Copyright 2007
Elsevier)

Pdy(dba); (5 mol%)

Br P(t-Bu); (12 mol%)

+ (HO),B S —
PN Cs,CO3, dioxane 63%
NH, 100°C, 24 h NH,

SDS, Na,PdCl,

K3PO4, H,0, 100 °C
5-25 min

R1
R :

Figure 72. Pd nanoparticle-catalyzed Suzuki couplings. Reprinted with
permission from ref 301. Copyright 2009 Elsevier.

Pd(OACc), (5%)
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Mechanistic Experiments
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B’er\/Ph B0 | Fg\l_/ o-tol—B(OH),
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| KOt-Bu, rt

P 0°Cc
L—Pd—L Br tert-amyl alcohol
L = P(t-Bu),Me 96

n-Dodec-Br +(HO),B—n-Hex

h>"0-t0l

Figure 73. Alkyl—alkyl Suzuki couplings with alkylboronic acids.
Reprinted with permission from ref 302. Copyright 2002 American
Chemical Society.

slow, failing to yield cross-coupling products. In contrast, cyclo-
propylboronic acids have been used successfully, as they possess
a substantial amount of s-character on the exocyclic C—B bond,
and their geometry prevents 3-hydride elimination.

Deng and Wang reported Suzuki couplings of trans-2-butyl-
cyclopropylboronic acid with aryl bromides. The reactions gave
stereodefined trans-2-cyclopropylarenes in high yields with both
electron-rich and electron-deficient aryl bromides.>*® Cyclopro-
paneboronic acid itself has also been coupled with aryl bromides,
irrespective of their electronics, in the presence of catalytic
Pd(OAc), and the electron-rich PCy; (Figure 74).%*

Fu and co-workers reported a Suzuki—Miyaura cross-coupling
between cyclopentylboronic acid and p-chlorotoluene (Scheme 28).
This challenging transformation was made possible by employing
P(t-Bu) with catalytic Pd,(dba),.**

3.7. Suzuki—Miyaura Cross-Coupling with Alkylboronic
Esters

In general, alkylboronic esters are even less reactive than
alkylboronic acids and often fail to produce cross-coupling
products. Higher catalyst loadings and more forcing reaction
conditions are often required for these cross-couplings to
proceed. However, alkylboronic esters are important coupling
partners in Suzuki coupling reactions, as they can offer neutral
reaction conditions (pK, of boronic acid ~ 9), and only the
monomeric form is the active species. In addition, high yields of

a)

Br 0
@/ + (HOLB \[>\n_Bu Pd(PPhy), (3 mol%) 7 \
R

K3PO,63H,0 </= n-Bu
toluene, 100 °C

OHC OoN
n-Bu n-Bu n-Bu

OMe 89% 96% 85%

b)
Pd(OAC), (5 mol%)
B Br PCys (10 mol%)
S + (HOpB—] K3POy (2.0 equiv)
R toluene, H,0,100 °C
©\/A MeO\©A H,N \@/A /©A
COMe NC
65% 95% 85% 96%

Figure 74. Suzuki coupling with substituted cyclopropylboronic acids:
(a) (reprinted with permission from ref 303; copyright 1996 Royal
Society of Chemistry); (b) (reprinted with permission from ref 304;
copyright 2002 Elsevier).

Scheme 28. Suzuki Coupling with Cyclopentylboronic Acid
(Reprinted with Permission from Ref 248; Copyright 2000
American Chemical Society)

Cl
Jogion™
Me

Pd,(dba); (1.5 mol%)
P(t-Bu); (4.5 mol%)

THF, KF, 100 °C
75%

boronic esters are isolated by the simple addition of an alcohol or
diol to boronic acids.

After the first report in 1989 by the Suzuki group, several
examples of Suzuki coupling with alkylboronic esters have been
reported (Figure 75).2* In 1996, Marsden and Hildebrand
reported the stereoselective coupling of a cyclopropylboronate
with several p-substituted electron-deficient or electron-rich ar(})rl
bromides in the presence of catalytic Pd(PPh;), (Figure 76).3%
In 1997, Charette and co-workers reported the cross-coupling
between cyclopropylboronate and iodocyclopropanes to gener-
ate contiguous cyclopropanes (Figure 77).3 ® These reactions
proceed smoothly in the presence of Pd(OAc), with PPh; in
DME with t-BuOK as base. In 2001, de Meijere and co-workers
reported the same reaction between 2-cyclopropylborolane and
aryl halides under identical reaction conditions. Although a wide
range of aryl iodides were tolerated and furnished cross-coupling
products, electron-deficient p-bromonitrobenzene or methyl-
2-iodobenzoate gave no coupling products.*””

In line with the previous observations, alkylboronic acids are
poorer nucleophiles than alkenyl- and arylboronic acids, and
alkylboronic esters are even less reactive in Suzuki—Miyaura
cross-couplings. This is demonstrated in the Suzuki couplings of
vinyl triflates derived from N-alkoxycarbonyl lactams and alkyl-
boron derivatives (Table 7).**® An accelerating effect of Ag(I)
salt was also observed in these transformations.

Andrus and co-workers demonstrated that N,N-bis(2,6-diiso-
propylphenyl)dihydroimidazolium chloride with Pd(OAc), was
an effective catalytic system for the cross-coupling between
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Figure 75. Suzuki coupling with alkylboronic esters. Reprinted with
permission from ref 246. Copyright 1989 Chemical Society of Japan.
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Figure 76. Suzuki coupling with cyclopropylboronic esters. Reprinted
with permission from ref 305. Copyright 1996 Georg Thieme.
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Figure 77. Suzuki coupling with cyclopropylboronic esters. Reprinted
with permission from ref 306. Copyright 1997 Elsevier.

aryldiazonium tetrafluoroborates and alkgl catecholborane at
room temperature in the absence of base.>” The aryldiazonium
tetrafluoroborates were generated in situ by the treatment of aryl
amines with fert-butyl nitrite followed by BF3- OEt, at 0 °C in
THF (Figure 78). Interestingly, despite having bromine in the
alkyl catechol borane moiety, cross-coupling with aryldiazonium
salts occurs selectively, leaving the bromine intact. This suggests
that oxidative addition of allyl bromide is slow under these
reaction conditions, whereas aryldiazonium salts readily furnish
cross-coupling products in high yields.

Table 7. Suzuki Coupling with Alkyl Boron Derivatives”
(Reprinted with Permission from Ref 308; Copyright 2001
American Chemical Society)

e b Pd(dppf)Cl, (3 mot%) (i N-FC
n + RZBX, - n
ZoTf K,CO5 (3 equiv), Z R2

2 equiv Ag,0 (2 equiv)

n=12 toluene, 80 °C
Substrate Boronic acid or ester  Product Yield (%)
N,Boc N Boc
(HO)B _~_~ 88
Z ot 7
.Boc
N-BoC Q\O N o
\
Z> ot o'B\/\ 7
N,Cbz N,Cbz
Q (HOB. _~_~ o3
Z ot 7
Cbz Cbz
N (HO),B N
OTf I p 22
/
Pd(OAc), (2 mol%)
e
Ar_N2+ BF4_
2 mol%
+ ( ) > A,-/\/\/Br

(0] THF, rt, 45h
©i ‘B/\/\/E”r
O/

@/\/\/ Br ©/\/V8r /@/\/\/ Br
61% . B1% Me 80%

Figure 78. Suzuki coupling with catecholboranes. Reprinted with
permission from ref 309. Copyright 2001 American Chemical
Society.

In the same year, Falck and co-workers demonstrated that
when a mixed alkylboronate containing primary and secondary
alkyl chains was subjected to Suzuki—Miyaura cross-coupling
conditions with aryl bromides or alkenyl triflates, the n-alkylaryl
product was isolated in excellent yield (Scheme 29).*'® This
suggests that the secondary alkyl group undergoes [3-hydride
elimination and reinsertion to give the n-alkyl isomer under the
reaction conditions, followed by a normal cross-coupling reac-
tion. Aryl triflates were also tested with this mixed alkylboronate,
and similar results were consistently observed.

In summary, alkylboronic esters are used as coupling partners
less frequently due to their lower reactivity. In many cases, they
afford modest yields and sometimes fail to give products, whereas
their alkylboronic acid counterparts give better yields of the
cross-coupling products under the same reaction conditions.
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Scheme 29. Suzuki Coupling with Mixed Alkylboronic Esters
(Reprinted with Permission from Ref 310; Copyright 2001
Elsevier)

OTf oTf - (5mol%) n-Bu n-Bu
O PdCl f
o . _<B< dClx(dppf) o
/J (0] NaOAc, THF
COMe t-Bu

80 °C COMe  tBu
88% 78%

3.8. Suzuki—Miyaura Cross-Coupling with Alkyltrifluorobo-
rates

Organotrifluoroborates are an interesting class of coupling
partners in Suzuki—Miyaura cross-coupling reactions.”"' The
Molander group has made substantial contributions to their
preparation and applications in cross-couplings. Potassium orga-
notrifluoroborates are easily synthesized by addition of KHF, to
various organoboron intermediates, and several functionalized
trifluoroborates can be synthesized easily from readily available
starting materials. Nearly all organotrifluoborates synthesized to
date can be stored indefinitely without special precautions.

In 2001, Molander and co-workers reported the Pd-catalyzed
B-alkyl Suzuki—Miyaura cross-coupling between }aotassium al-
kyltrifluoroborates and aryl- or alkenyltriflates.’'* Besides the
simple potassium alkyltrifluoroborates, a number of functiona-
lized variants were also synthesized and readily underwent the
cross-coupling reaction with aryl- or alkenyltriflates. It was
observed that electron-deficient aryl- and alkenyl triflates under-
went cross-couplings efficiently in the presence of catalytic
amounts of Pd(dppf)Cl,-CH,Cl, and Cs,CO; as a base
(Figure 79). Electron-rich triflates were not suitable coupling
partners. The aqueous conditions for this transformation were
found to be necessary presumably due to the formation of
alkylboronic acid in situ, which under§oes the coupling
process.>"> To probe this hypothesis, an "B NMR study was
performed. When potassium 3-phenylpropylfluoroborate was
exposed to water for 4 days at room temperature, the ''B
NMR revealed a new peak at 0 33.5 ppm in addition to the
original resonance at 0 5.6 ppm. This observation indicated that
the alkylboronic acid (whose ''B NMR signal typically appears at
0 315 ppm) or a fluorinated active species such as RBF;
RBF,(OH) ", and/or RBF(OH),  could be generated in situ and
be the active species in fluoride-mediated coupling of boronic
acids. Interestingly, it was observed that the corresponding
alkylboronic acid and ester also underwent cross-coupling under
identical reaction conditions, affording similar yields. This ob-
servation has great synthetic potential as it implies that the cross-
coupling reactions in general could be performed with potassium
alkyltrifluoroborates instead of the corresponding alkylboronic
acid or esters.

In 2003, the same group demonstrated the synthesis of
alkyltrifluoroborates and their use in the Pd-catalyzed Suzuki—
Miyaura coupling with aryl halides and triflates. Along with
potassium methyltrifluoroborate and potassium trimethylsilyltri-
fluoroborate, potassium-3-substituted-propyltrifluoroborates were
also reacted with electron-deficient aryl halides and triflates to
afford moderate to good yields.*'* Similarly to the previous
results, electron-rich electrophiles proved to be more difficult
substrates. In general, the products were formed efficiently in
refluxing THF or THF—H,O. Further heating led to the forma-
tion of protio-dehalogenation and protio-deboration products and

1 | PdCh(dppNeCHCl, @moi%)
_ + - -
R-OTE * KFsBR oo CO, THE-R,O, reflux, 180~ 1 1

R = aryl, alkenyl
RZ = alkyl
Me CO,Et Br
EtO,C 5
2N 5 Ph W
Bn 75% ; " e
89% o
N
Ac O,N Ac
4% 73% 79%

Figure 79. Suzuki coupling with alkyl potassium trifluoroborates.
Reprinted with permission from ref 312. Copyright 2001 American
Chemical Society.

Scheme 30. Comparative Study with Boron Derivatives
(Reprinted with Permission from Ref 312; Copyright 2001
American Chemical Society)

OTf
/©/ PdCl,(dppf)« CH,Cly (9 mol%) o
Ac Cs,CO3, THF-H,0, reflux, 18 h W
Ac

+

When X = BF;K, yield = 84%
X = B(OH),, yield = 77%
X = Bpin, yield = 60%

ultimately resulted in an inseparable mixture of several products
and poor yields of the desired cross-coupling product. During the
coupling of aryl triflates with various alkylboron reagents it was
observed that gotassium alkyltriflouroborates provided better yield
(Scheme 30).>"

The Deng group reported the reaction of substituted potas-
sium cyclopropyltrifluoroborates with aryl bromides. A series of
electron-deficient as well as electron-rich aryl bromides under-
went Pd-catalyzed cross-coupling with retention of configuration
to provide the corresponding disubstituted cyclopropanes in
high yields (Figure 80).>'* Subsequently, the Charette group also
reported a stereospecific cross-coupling between disubstituted
cyclopropyltrifluoroborates and aryl bromides to furnish trisub-
stituted cyclopropanes in high yields (Figure 81).>'¢

The Molander group reported the synthesis of ketone-, ester-,
and amide-containing potassium trifluoroboratohomoenolates
and their cross-coupling reactions with aryl halides and triflates.
These boron salts are particularly challenging in cross-coupling
processes due to the formation of metallacyclopropanoxides and
facile B-hydride elimination that leads to Heck-type products.
Gratifyingly, it was observed that aryl bromides, chlorides,
triflates, and alkenyl bromides afforded high yields irrespective
of their electronic nature (Figure 82). A series of functionalized
potassium alkyltrifluoroborates underwent coupling with rela-
tively unreactive aryl chlorides to furnish excellent yields.*"”

In 2008, Molander and co-workers demonstrated the rare
cross-coupling of secondary alkyltrifluoroborates with aryl chlo-
rides (Figure 83).>'® The reaction conditions for this challenging
transformation were optimized using parallel microscale experi-
mentation. Aryl chlorides, irrespective of electron-donating or
electron-withdrawing substituents, underwent cross-coupling
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Pd(PPh,), (2 mol%)

AN Br K3PO403H20 I X R2
+
| - R? BFsK  toluene/H,O (3:1) L
R refux, 20h R
/\ /\

=
@
o
(¢}

88% Ph 80%

/Ej%\/\
o o
MeOC ° MeOC 9%

Figure 80. Suzuki coupling with potassium trifluoroborates. Reprinted
with permission from ref 315. Copyright 2004 American Chemical
Society.

Pd(OAc), (3 mol%)
(6 mol%)

e VANe

KF,B N

| N -Br e OH P(Cy) R OH
+

[ KsPO,

R toluene/H,0 (3:1)

OBn OBn
e JTeMfuX, 200
MeOC O,N

OH OH OH
OMe
69% OBn 88% OBn 47% OBn

Figure 81. Suzuki coupling with substituted cyclopropyl potassiumtri-
fluoroborates. Reprinted with permission from ref 316. Copyright 2005
Georg Thieme.

efficiently under the optimized reaction conditions. In the case of
branched acyclic alkyltrifluoroborates, e.g., with potassium iso-
propyltrifluoroborate, a mixture of branched and linear (1.4:1 for
2-chloroanisole; 8.2:1 for 4-chloroanisole) products were iso-
lated. During the course of this study, enhanced nucleophilicity
of the alkyltrifluoroborates compared to their alkylboronic acid
and boronic ester counterparts was experienced, and the reactiv-
ity order for the aryl or alkenyl component was found to be Br >
OTf> Cl.

3.9. Conclusion

Itis quite evident that considerable progress has been achieved
in B-alkyl Suzuki—Miyaura cross-coupling reactions. Various
boron sources have been used successfully as coupling partners.
Several catalyst systems with high activity and chemo- and
regioselectivity are now available for this widely used process.
The success in alkyl—alkyl Suzuki—Miyaura cross-coupling is
also noteworthy. However, a number of challenges still need to
be addressed. Although there are a few examples of Suzuki—
Miyaura cross-coupling with relatively inert and inexpensive aryl
chlorides, general catalytic systems for these substrates are in
high demand. Additionally, an efficient catalytic system for the
general class of secondary alkylboron reagents has yet to be
developed. A more detailed mechanistic understanding is essen-
tial for less efficient alkylboronic acids or esters to make them
effective toward cross-coupling. At the same time, cost-effective
catalysts are in high demand for successful application in
industrial processes.

PA(OAC); (2.5 mol%) 0
X (0] Ru-Phos (5 mol%) X R2
X7+ - .
| " KF,B R?  K,COs (3.0 equiv) R{ =
R’ toluene/H,0
X = Br, Cl, OTf 85°C, 18-24h
R, = Et, OR, NR,
o o o}
Et Et Et
Meo” 5 o MeOCHN 78%
o o) o} o
Et Moa /O/\)J\NMez
78% MeO 77% MeO 50%

Figure 82. Suzuki coupling with potassium trifluoroboratohomoeno-
lates. Reprinted with permission from ref 317. Copyright 2008 American
Chemical Society.

Pd(OAc); (2 mol%)
n-BuPAd, (3 mol%)

Ar—X + KF3;B-R Ar—R
Cs,CO; (3.0 equiv)

X=1,Br,Cl toluene/H,0 (10:1)

100 °C, 24-72 h

@D onMe ) KIQ
MeO Me OoN

X=Cl X=Cl X =Cl; 24 h, 82% X =Cl; 24 h, 89%
24 h, 87% 24h,78%  X=Br;24h, 77% X =Br; 24 h, 86%
i-Prin-Pr=1.4
X X X X
L L P P
N F” °N N N
X=Cl X=Cl X=Cl; X=Br;
24 h, 57% 24 h, 77% 24 h, 88% 24 h, 72%

Figure 83. Suzuki coupling with secondary potassiumtrifluoroborates.
Reprinted with permission from ref 318. Copyright 2008 American
Chemical Society.

4. CROSS-COUPLINGS WITH ALKYLMAGNESIUM RE-
AGENTS

4.1. Introduction

Organomaognesium reagents were first discovered by Grignard
in 1900,'%%2% and since then, thegr have occupied a central role in
synthetic organic chemistry.'~'®3*'73** Despite their extensive
use, the main focus of these reagents has been on nucleophilic
addition and substitution reactions. The pioneering studies of
Kharasch and Fuchs opened new synthetic avenues for Grignard
reagents.3’25 In 1972, Kumada and co-workers and Corriu and Masse
independently demonstrated the synthetic utility of Grignard
reagents in Ni-catalyzed cross-coupling reactions. However, the
modest functional group tolerance of Grignard reagents compared
to that of corresponding boron and zinc reagents has limited their
use in synthesis. In this section of the review, the synthesis, stability,
and cross-coupling reactions of alkylMg reagents will be discussed.
This will exclude cross-coupling reactions of reagents unable to
undergo B-hydride elimination such as ArMgX, MeMgX, PhCH,-
MgX, trimethylsilyl (TMS)CH,MgX, and alkynylMgX.
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Ni(acac), (0.1-1 mol%)
R-Br + R'-MgX » R-R'

Et,O, rt
R = alkenyl, aryl 2 50-80% yield

Figure 84. Seminal report. Reprinted with permission from ref 336.
Copyright 1972 Royal Society of Chemistry.

4.2. Synthesis and Stability

The most common method to synthesize organomagnesium
reagents is via magnesium—halogen exchange. Though there
have been significant developments in the preparation of func-
tionalized arylMgX and alkenylMgX, the preparation of function-
alized alkylMgX has not received much attention. Since the
preparation of functionalized arylMgX, alkenylMgX, and hetero-
arylMgX is discussed in detail by Knochel and co-workers in their
review,>> this will be excluded from discussion here.

Unfunctionalized alkylMgX can be synthesized via magne-
sium—halogen exchange reactions with the corresponding alkyl
halides. Similar methods can be applied to the synthesis of the
polyfunctionalized alleM%X, but few examples of such processes
have been reported.**’ >

4.3. Nickel-Catalyzed Cross-Coupling Reactions with Alkyl-
magnesium Reagents

4.3.1. Kumada Cross-Coupling Reactions via Carbon—
Halogen Bond Activation. In 1972, Kumada and co-
workers®** 33 as well as Corriu and Masse®*® independently
reported the Ni-catalyzed coupling reaction with organomagne-
sium reagents. This transformation has come to be known as the
Kumada—Corriu cross-coupling.' ™ >'>'7183357337 Corriu and
Masse used vinyl bromides and chlorides and aryl bromides with
arylMgBr and Ni(acac), as a catalyst (Figure 84).3%

In the same year, Kumada and co-workers reported the cross-
coupling of aryl and vinyl chlorides with alkyl- and arylMgBr
using Ni(dppe)Cl, in high yields (Figure 85)."2333% It was also
observed that only bidentate ligands gave reasonable yields of the
cross-coupled products. The reaction was not found to be highly
stereospecific.

Use of sec-alkylMgX resulted in a mixture of products as shown
in Figure 86."> It was postulated that more electron-rich ligands
favored the formation of the linear over the branched product.
The proposed mechanism for the undesired (linear) product
formation is depicted in Figure 86a. Oxidative addition of PhCl
followed by transmetalation with i-PrMgCl gives intermediate
97. Intermediate 97 can either undergo reductive elimination to
give the desired branched product 100 or it can [(-hydride
eliminate to give 98, which then rearranges to intermediate 99,
which upon reductive elimination gives undesired product 102.

In 1976, Kumada and co-workers reported a full account
of this work.>*” The proposed mechanism is described in
Figure 86b, starting with the reaction of L,NiX, with 2 equiv of
RMgX to give a diorganonickel species, which undergoes re-
ductive elimination to produce Ni(0). The resulting Ni(0)
undergoes oxidative addition to give Ni-complex 103. Inter-
mediate 103 transmetalates with another equivalent of RMgX to
give intermediate 104, which then coordinates with an alkyl
halide to give penta-coordinated Ni-species 10S. Intermediate
105 undergoes reductive elimination to give the cross-coupled

NiCl,(dppe) (1-10 mol%)

R-Cl + R-MgX » R-R'
1.1 equiv. Et,0, rt 9
_ 80-98%
R = alkenyl, aryl
R' = alkyl, aryl
Et n-Bu
O g e
98% 76% 95%
¢l Cl NiCl,(dppe) . Ph __ cis:trans
\—/ Ph-MgBr pp 80°20
Etzo, rt
Cl L NiCl,(dppe) - Ph ___ cis:trans
ol Ph-MgBr 43197
Etzo, rt

Figure 85. Seminal report. Reprinted with permission from ref 33S.
Copyright 1972 American Chemical Society.

product as well as regenerate the active catalyst 103. The scope of
this transformation is extremely broad with one major limitation,
namely, that substitution of organic halides and on the Grignard
reagents are restricted to those that cannot react with Grignard
reagents. The most striking feature of this chemistry is that even
alkyl Grignard reagents containing 5-hydrogens are compatible
under the reaction conditions to give cross-coupled product and
do not undergo S-hydride elimination (Figure 87).**” In the
same year, Kumada and co-workers extended this methodology
to include B-bromovinyl ethers as substrates to give the corre-
sponding aldehyde after coupling and hydrolysis (Figure 88).>**

Mono- and dichlorinated benzenes were used by Kumada to
give corresponding mono- and dialkylated products, respectively.
Tamborski and co-workers extended this work to trichlorinated
benzenes to give trialkyl benzenes (Figure 89).**” They observed
a significant decrease in the rate of the reaction when mono-
alkylated dichlorobenzene was used as a substrate, which in-
dicates that the substitutions do not occur in a stepwise fashion
(Figure 89). Furthermore, this limits sequential functionalization
to obtain unsymmetrical trialkyl benzenes. Bochmann reported
the Ni-catalyzed alkylation of di-, tri-, and polychlorobiphenyls.**°

Though these reactions are useful, the selective alkylation of
one halogen atom, for dihalobenzenes that possess two iden-
tical halo groups, was not achieved. In 1983, Tam and Reddy
developed a Ni catalyst that gave high selectivity for the
monoalkylation of dichlorobenzene with 1 equiv of R-MgX
(Scheme 31).>*' The use of the tridentate ligand “triphos”
[triphos = bis(2-(diphenylphosphino)ethyl)phenylphosphine]
was necessary to achieve high selectivity. Manabe and Wang
addressed the issue of selectivity by using phenol as the directing
group to achieve a highly selective cross-coupling reaction,
where the halogen next to the phenol is activated and reacts to
give the corresponding alkylated product (Scheme 32).**
Interestingly, the o-fluoro group was more reactive than a
p-bromo group (106), which indicates that the directing
effects of hydroxyl group take priority over the inherent reactivity
of the halo groups. The proposed transition state is shown in
scheme 32, where the coordination of Mg to the phenol is
postulated to facilitate oxidative addition of Ni to the adjacent
C—X bond.**

Liao and co-workers reported a unique tridentate amido
diphosphino ligand for Ni-catalyzed cross-coupling. Using this
pincer-type complex, they were able to couple EtMgCl and
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Figure 86. (a) Mechanistic studies; (b) proposed mechanism.
NiCl,L (10 mol%) Rl + R-MoX Ni(dppe)Cl, (1-3 mol%) R
L = dppp, dppe, dmpe -Cl + R-Mg - R
- " -R' Et,0, refl -939
RX + R-MgX EL,O, reflux R-R R=1,23 124 1354riClaryl 20 15-:9%%
R = alkenyl, aryl 2 80-98% R' = alkyl
X=CLBr e eeeeeoiiioeioeolooooiooeooloooooooooo
Lo n-CgHyz n-CgHyz n-CgHyz
R zalkl alkenyl anyl i n-CgHyz n-CgHyy
n-C4H9
n-CaHo n-CgHq7 n-CgHy7 n-CgHy7 0
o 20 h, 76% 72h, 71% h-CgH, 20 1 44%
94% 89% 79-83% 67% n-CgHiz n-CeHyy
Ni(dppe)Cl, (10 mol%)
Figure 87. Cross-coupling of aryl and alkenyl halides. Reprinted with + n-CgHy3-MgX Et,0, reflux >
permission from ref 337. Copyright 1976 Chemical Society of Japan. Cl Cl 10 days n-CeHy3 54% n-CeH13

Ni(dppp)Cl, (1 mol%)
Br/\/o\/ + RMgBr - > R/\/O\/
THF, 0 to 40 °C 53.77%
o}
n_CAHg/\/O\/ H—CSHW/\/O\/ n_C6H5/\/ ~
66% 63% 70%

Figure 88. Cross-coupling of f-bromo vinyl ethers. Reprinted with
permission from ref 338. Copyright 1976 Chemical Society of Japan.

n-BuMgCl with aryl halides in moderate yields (Scheme 33).**
Saint-Jalmes and Roques reported a unique use of the Kumada
coupling reaction to synthesize 3-alkyl-trifluoromethylbenzenes,
where NiCl,/Xantphos is used as the catalyst and the reaction can
be scaled up to 2 L (Scheme 34).*

Claesson and co-workers initially reported the Ni-catalyzed
synthesis of multisubstituted 1,3-butadienes from the corre-
sponding phosphates.** Shi and Shao reported the use of
Ni(dppp)Cl, as an effective catalyst for the synthesis of multi-
substituted 1,3-butadienes.>*® In this case, diiodo-substrates of
type 108 were first treated with 1,8-diazabicycloundec-7-ene (DBU)

Figure 89. Trialkylation of trichlorobenzenes. Reprinted with permis-
sion from ref 339. Copyright 1984 American Chemical Society.

Scheme 31. Selective Alkylation of Dichlorobenzene
(Reprinted with Permission from Ref 341; Copyright 1984
American Chemical Society)

[Ni(triphos)CI|PFg

Cl '
™ . (5 mol%) S
J e e O
Cl 1.0 equiv. THF %
R' = alkyl, aryl T Me Tl 21-71%
'Ph,P | PPh,!
: PPhy i
. _triphos

to give the corresponding dienes 109, which were subsequently
treated with the Ni catalyst and R—MgX to give the desired
cross-coupled products in good yields (Figure 90). To probe the
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?cheme 32. Phenol-Directed Alkylation of Halobenzenes R! | R?pBU, THF,8h R! | R?  Ni(dppp)Cl, (10 mol%) ~ RL_R?
Reprinted with Permission from Ref 342; Copyright 2009 - > >
R®MgBr (3 equiv.), THF
American Chemical Society) [ [ | 98 (3 equlv.) R® |
108 | R'= RZ=aryl 109 110
Q R® = Me, Et, aryl 47-82%
PP
oV ©> N <© . O A
b cl” Gl 2 | | |
F 5 mol% n-CizHas
» Me Me' | Et
n-Cq,Ho5MgBr (3 equiv.), toluene, rt I | |
Br E """""""""""" )'('"': Br 82% 82% (1:1) 68%
106 L LNi() | son
! )é@ ; % Control experiments:
E Mg~g :
Loy’ 107 E Ni(dppp)Clz (10 mol%)
' Proposed transition : | 2 - |
L state. _______ : | CH3MgBr (3 equiv.), THF H
112
111 48%

Scheme 33. Tridentate Amido Diphosphino Ligand for O O O O
Ni(dppp)Cl, (10 mol%)

Nickel-Catalyzed Cross-Coupling (Reprinted with Permis- | |

sion from Ref 343; Copyright 2006 American Chemical | CHsMgBr (3 equiv.), THE CH;
Society) |
113 114
50%
1 mol% . . . . . . .
N Figure 90. Synthesis of multisubstituted 1,3-butadienes. Reprinted with
X RaP--=-Ni----PR; R permission from ref 346. Copyright 2005 Royal Society of Chemistry.
Cl
R = Ph, Cy, i-Pr ©
*+ R-MgCl > Ni(PPh
o 3)2Cl
R' = Et, n-Bu THF, 60°C Rl SR . (3 mol %) R R°
X=Br | 33-60% ¥+ RMgXx ——————— =

R2 R3 THF, reflux R2 R®

R' R2 R® R* R®=H, alkyl, aryl

Scheme 34. Synthesis of Alkylated Trifluoromethylbenzenes

Ni(PPh3),Cl.
(Reprinted with Permission from Ref 344; Copyright 2006 PhS  Ph ((3 mo?)éo) ? n-Bu  Ph
Elsevier) N__/ +n-BUMgX———» \N__/
THF, reflux 45%
X R' EIZ = 6/94

NiCly/Xantphos (0.5 mol%)
R-MgX + > Ni(PPh3),Cl,
CF THF, 20 °C CF MeS @mol%) nBu

3 3 — +n-BUMgX—————— \—
R'= Et, Me Ph THF, reflux 44% Ph
X=Cl, Br

ElZ =98/2

75-81%

Figure 91. Alkylation of organosulfides. Reprinted with permission

role of the diene, the following control experiments were from ref 349. Copyright 1979 Elsevier.

conducted: the use of a substrate lacking the diene (111) resulted
in only dehalohydrogenation to give product 112, whereas a (Figure 91).>* The use of 3 mol % Ni(PPh;),Cl, was found to

substrate with a diene 113 gave the desired product 114. These be effective for the coupling of various organosulfides with
experiments suggest that the diene is necessary to 3promote the Grignard reagents. Under these conditions, no reaction with
Kumada coupling reaction under these conditions.”****’ alkyl sulfides as substrates was observed. Interestingly, excellent
4.3.2. Kumada Cross-Coupling Reactions via Carbon— retention of stereochemistry was observed when isomerically
Sulfur Bond Activation. Cross-coupling reactions with orga- pure alkenes were used.
nosulfur compounds**® are promising because of their ease of Later, the scope was expanded to include allyl sulfides and
synthesis and availability; however, such reactions are not well heterocyclic sulfides.**® Ni(dppp)Cl, (3 mol %) was the catalyst
developed. The strong carbon—sulfur and metal—sulfur bonds of choice for the coupling of various alkylMgBr with heterocyclic
result in slow oxidative addition and transmetalation compared sulfides. The use of bidentate dppp was essential for the
to organic halides. Hence, strong 0-donating ligands as well as successful cross-coupling with alkylMgX, presumably because
higher temperatures are required for a successful reaction.*** of its ability to prevent [B-hydride elimination of the alkyl
In 1979, Takei and co-workers first reported the cross- Grignard as demonstrated by Kumada.'** Thiols and disulfides

coupling between aryl and alkenyl sulfides and arylMgBr were also successfully coupled to give products in good yields
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Ar-SR + RMgX

NiCl,(dppp)
(3 mol %)

Et,0, reflux

Ar-R'

Ar = heteroarometic; R = Me, H, R' = alkyl, Ar

s/\/\ Ph SMgBr

s ng\NICIZ(dppUPh/\/\MgBr

Ph” " sH

Ph
N/

Figure 92. Scope and proposed mechanism. Reprinted with permission from ref 350. Copyright 1979 Chemical Society of Japan.

SCH . R'
: NiCl,(dppp)
N N (5 mol %) N N\
1§ Y + RMgX ———— l >
~ /
N H THF, reflux
n-C4H9 n- C5H11 Z
N N
N
tt > L ) >
N N N
H H
74% 62% 71% 72%

Figure 93. Synthesis of substituted purines. Reprinted with permission
from ref 351. Copyright 1985 Chemical Society of Japan.

(Figure 92). Interestingly, for the reaction of 2,2'-dipyridyl
disulfide with PhCH,CH,MgBr, formation of PhCH,CH,SH
was observed. On the basis of this observation, a mechanism for
the reaction with disulfides was proposed (Figure 92).>*

In 1985, Takei and co-workers reported the synthesis of
6-substituted purine bases via cross-coupling between 6-(meth-
ylthio)purine and Grignard reagents (Figure 93).%! In the same
year, Wenkert and co-workers reported the preparation of 4-al-
kylpyridines from the corresponding thiopyridines and 2-alkylin-
doles from the corresponding thioindoles (Figure 94).3%%

In 2005, Ila and co-workers reported the synthesis of an
unsymmetrical quinoxaline.>>> To demonstrate the synthetic
utility of their method, they showcased the cross-coupling of
2-thioquinoxaline with #-BuMgBr to give 2-butylquinoxaline in
good yield (Scheme 35).**® In 2008, Oshima and co-workers
reported Ni- catalzzed (5 mol %) cross-coupling of sulfides with
alkyl Grignards.”>* The use of bidentate (Z)-3,3-dimethyl-
2-bis(diphenylphosphino)but-1-ene ligand was optimal for cou-
pling (Figure 95). The most striking feature of this protocol is the
use of sec-alkyl Grignards as coupling partners. Moreover, the
reaction of an alkenylsulfide and an alkylMgBr occurs with
retention of configuration under the reaction conditions.

In 2005, Park and co-workers demonstrated that neopentyl
arenesulfonates could be used in Ni-catalyzed cross-coupling
reactions (Scheme 36).%%° Interestingly, arenesulfonates are

NiClx(dppp)
(10 mol %)
Ar-SMe + RMgX ———» Ar-R
CgHg, reflux
R' = alkyl, aryl
H n-Bu n-Hex

58% 86% 86%

Figure 94. Cross-coupling of thioaryls with Grignard reagents. Rep-
rinted with permission from ref 352. Copyright 1985 American Che-
mical Society.

unreactive in the Pd-catalyzed variant, allowing for stepwise
functionalization of the bromoarenesulfonates. Under the opti-
mized conditions, MeMgBr, t-BuCH,MgBr and BnMgBr under-
go the cross-coupling reaction in good yields. It should be noted
that only alkylMgBr reagents with no 3-hydrogens are used in
this report. This methodolo ogy was later extended to the use of a
Ni—NHC (IiPr) system.**® NHC ligands are better o-donors
than phosphines, which facilitates oxidative addition of the
relatively unreactive C—S bond.

4.3.3. Kumada Cross-Coupling Reactions via Carbon—
Oxygen Bond Activation. The conversion of a C—O bond to
the corresponding C—C bond holds high synthetic value because
of their ease of synthesis and high stability. In 1981, Kumada and
co-workers reported a Ni-catalyzed cross-coupling reaction
between aryl phosphonates with various arylmagnesium rea-
gents.>>” Only n-BuMgBr was used as an alkyl coupling partner
in this seminal publication (Scheme 37).

In 1999, Fiaschisi and co-workers reported the Ni-catalyzed
cross-coupling of vinyl triflates with alkylMgBr.**® They ob-
served a significant impact of the ligand’s bite angle on the
reaction outcome, which was more pronounced in the case of
coupling with sec-alkylMgBr (Figure 96). The use of sec-
alkylMgBr is complicated by the formation of n-alkyl product
116, which was suppressed by use of ligands with smaller bite
angles (dppe, dppp) as compared to ligands with larger bite
angles (dppf, dppb) (Figure 97). Moreover, under the optimized
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Ni(acac), (5 mol%)
ligand (5 mol%)

R-SR" + R'MgBr > RR
Et,0, reflux
R = aryl, alkenyl 29-95%
R" = Me, C12H25 H
R' = alkyl —
Ph,P PPh,
ligand
n-Bu F3C\©/ n-Bu | Ny n-Bu /©/H-BU
Z MeO
95% 70% 70% 93%
| N
= MeO

Ni(acac), (5 mol%)

X SCi2Hzs  ligand (5mol%) X

©/\/ Et,0, reflux 70%
E/Z =90/10 O/MQB" E/Z = 99/1

Ni(acac), (5 mol%)

X ligand (5 mol%) _

SCy2Has Et,0, reflux
93%

- MgBr
E/Z = 4/96 O/ E/7 = 8/92

Figure 95. Cross-coupling of sulfides with alkyl grignards. Reprinted
with permission from ref 354. Copyright 2008 Georg Thieme.

Scheme 35. Synthesis of Unsymmetrically Substituted Qui-
noxaline (Reprinted with Permission from Ref 353; Copyright

2005 American Chemical Society)
80%

NiCIz(dppp

CBHG, reflux
n-BuMgX

conditions, trisubstituted vinyl triflates also react to give the
corresponding products in good yield.

Backvall and co-workers have reported the cross-coupling of
dienyl phosphates with Grignard reagents in the presence of
1 mol % Ni(dppe)Cl, or Ni(dppp)Cl, (Figure 98). %% Under the
optimized conditions, various alkylMgBr, including sec-al-
kylMgBr, react to give satisfactory yields of the corresponding
products. In addition to cyclic dienyl phosphates, one acyclic
substrate was found to give the product in 77% yield. Aryl triflates
are also viable coupling partners for a Ni- catalyzed cross-coupling
as demonstrated by Busacca and co-workers.>*

In 2005, Du Bois and co-workers first reported the Ni-
(dppp)Cl,-catalyzed cross-coupling of ?fchc sulfamates with
organomagnesmm reagents (Figure 99)

4.3.4.C(sp®)—C(sp°) Cross- Coupllng with Alkylmagne-
sium Reagents. C(sp>)—C(sp’) cross-coupling reactions are
challenging for the reasons described in the preceding sections of
this review. Thus, it was not until 2002, almost 30 years after the

Scheme 36. Use of Neopentyl Arenesulfonates in Cross-
Coupling (Reprinted with Permission from Ref 355; Copy-
right 2005 American Chemical Society)

1@ Ni(dppe)Cl, (5 mol%) — R’
@ + REMgX ——————» R~
THF, reflux
35-96%
R3
Xr %
N|(dppe)CI2 (5 mol%) Me—-
+ MeMgX —————> N\
THF, reflux

up to 96%

R"=4-t-Bu, 4- Ph 4-tolyl, 4-Biph, 4-MeOPh
R? = Me, Neopentyl, 2-Me-2-PhPr, Bn

R3 = H, NMe,
oTf R'
NiL,Cl, (5 mol%)
Ry, + R'MgX R
R2 R'=alkyl PhMe or CgHg R2

L = dppp, dppe 24-95%

o oS ofod

91% OMe 93% 84% 24%

Figure 96. Cross-coupling of vinyl triflates. Reprinted with permission

from ref 358. Copyright 1999 Elsevier.

OTf
NiL,Cl, (5 mol%)
O‘ PhMe
i-PrMgCl
OMe
115

OMe

116
ligand bite angle 115 116
dppe 85.8° 8 : 1
dppp 90.6° 3 : 1
dppf 99.07° No reaction

Figure 97. Effect of ligand bite angle on product distribution.

initial report of the Kumada—Corriu coupling, that the first
successful Ni-catalyzed C(sp®)—C(sp®) coupling reaction was
reported by Kambe and co-workers (Figure 100)."%3%736>

In 2002, Kambe and co-workers reported the successful cross-
coupling of alkyl bromides, chlorides, and tosylates with al-
kylMgBr using a Ni-catalyst. Interestingly, it was found that the
use of 1,3-butadiene rather than phosphine ligands led to a
competent catalyst. Under the optimized conditions (NiCl, (1—
3 mol %) and butadiene (10—100 mol %)), the products were
obtained in good to excellent yields. The butadiene ligand was
essential for the observed reaction, as in the absence of butadiene
reduction and/or elimination of the substrates was mainly
observed (Figure 100).**

The proposed mechanism for this transformation is shown in
Figure 38. NiCl, is reduced to Ni(0) by reacting with 2 equiv of
n-BuMgCl. The resulting Ni(0) complex reacts with 2 equiv of
1,3-butadiene to afford bis-sr-allyl—nickel complex 117. Inter-
mediate 117 is proposed to react with Grignard reagents to form
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0.2%0r Ni(dppe),Cl, (1 mol%) Xy~
. B i(dppe mol%)
: P74 Rmger ———2 20 0 j/
.. O THF/Et,0 N F

R' = Ph, Me, alkyl
n-Bu n-Octyl n-Bu
OO0 w oS
Ph
66% 86% 45% 77%

Figure 98. Synthesis of substituted dienes. Reprinted with permission
from ref 359. Copyright 1999 American Chemical Society.

(@)
o:\ ;gR R NHR
Ni(dppp)Cl, (5 mol%)
) + R'MgX 2 > )n
n CeHs, 55 °C
72-95%
i-Bu NHBn n-Bu NHPMB n-Bu NHi-Bu
Me Me Me
95% 94% 86%

Figure 99. Ni-catalyzed cross-coupling of cyclic sulfamates. Reprinted with
permssion from ref 361. Copyright 2005 American Chemical Society.

NiCl, (1-3 mol%)
1,3-butadiene (10-100 mol%)
R-X + R-MgX » R-R'
R = alkyl THF, 0 °C-25 °C
X=Cl,Br, OTs
R' = alkyl, aryl

Br. Et
ol ", 7
n-Oct
n-Bu

X=Br, 72% X = Br, 100% X=0Ts,87% X=Br, 87%

56-100%

Figure 100. C(sp®>)—C(sp’) cross-coupling reaction. Reprinted with
permission from ref 347. Copyright 2002 American Chemical Society.

Scheme 37. Initial Report (Reprinted with Permission from
Ref 357; Copyright 1981 Elsevier)

1) NaH/THF NiL,Cl, (5 mol%)
Ar-OH ————» ArOP(O)(OEt), » Ar-R'
2) CIP(O)(OEt), R'MgBr, THF
n-Bu
82%

Scheme 38. Proposed Mechanism (Reprinted with Permis-
sion from Ref 347; Copyright 2002 American Chemical
Society)

N o R-MgX PN .
NiO) Z—2 » °Ni A AN /,\O Mg*X
S R~ =
lR-X
RR A
120 o

Scheme 39. C—F Bond Functionalization (Reprinted with
Permission from Ref 365; Copyright 2003 American Chemi-
cal Society)

NiCl, or CuCl, (3 mol%)
1,3-butadiene (100 mol%)

n-Oct-F + R'-MgX » n-Oct-R'

up to 99% yield

THF, 25 °C
R' = alkyl, aryl

Control experiment:

n-CsHq4-MgBr + n-CgHyg-F +

1.5 equiv. NiCl, (3 mol%)

1,3-butadiene (100 mol%)
THF, 25 °C

n-CigHzo  n-Cy3Hzg n-CysHap

-( - + - -
n-CgHq7-Cl + n-CqgH,4-Br 8% 0 39%

1.5 equiv. 1.5 equiv.

7" m*-octadiene—diylnickelate complex 118, which then under-
goes oxidative addition of alkyl halides and tosylates to yield
dialkylnickel complex 119. Complex 119 reductively eliminates
to give desired product 120. In 2010, Fang and co-workers
reported DFT calculations on the model substrate for Ni(allyl),-
catalyzed cross-coupling.**® Their study suggested a weak but
persistent interaction between Mg and the allyl moiety through-
out the catalytic cycle. Moreover, oxidative addition is proposed
to be the turnover-limiting step, and competing [-hydride
elimination is much higher in energy compared to reductive
elimination.**® Subsequently, Kambe and co-workers reported
the use of bis(#’-allyl)nickel complex as a catalyst for the
coupling of alkyl bromides and alkyl tosylates with alkyl Grignard
reagents.%4

Kambe and co-workers extended this methodology to alkyl
fluorides, where the use of nickel/butadiene as a catalyst pro-
vided excellent yields of the cross-coupled products as shown in
Scheme 39.°%° Surprisingly, the reactivity of the alkyl halides
increased in the order CI < F < Br. This trend cannot be explained
by the bond energies of the alkyl halides and the magnesium salts
formed.

Despite substantial advancements in Kumada cross-coupling
reactions, functional group tolerance has always been an issue.
This can be attributed to the high nucleophilicity/basicity of
Grignard reagents. Recently, Kambe and co-workers reported a
C(sp3)—C(sp3) cross-coupling reaction using the NiX,/buta-
diene system, where improved functional group tolerance was
observed (Figure 101).>°°

In 2008, Hu reported a Ni-catalyzed Kumada—Corriu cou-
pling with a unique pincer amido—Dbis-(amine) ligand.**”*"*
They observed an unusual reaction of CH,Cl, and CHCl; with
n-BuMgBr to give the dialkylated or trialkylated products re-
spectively (Scheme 40).%”>

The reaction involves cleavage of up to three C—Cl bonds to
form three new C—C bonds at the same carbon center. The
reaction is proposed to follow a radical pathway based on
the following observations: (1) the reactions of CH,Cl, and
CHCl; were faster than octyl-Cl; (2) TEMPO inhibits the
reaction of 121 with CH,Cl,, and the formation of TEMPO—
CH; was observed; (3) the reaction of 121 with bromomethyl-
cyclopropane gave 1-pentene as the product. The scope of this
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NiCl, (1-5 mol%)
1,3-butadiene (20 mol%)
» FG-(CH,),-R

THF, 0°C 51-100%

o) o
EtzNJ\/\/\/Y )(OJ\/\/\/\/\
93% 93%
9 OY\/\/\
)(OJ\/\/\)\ Q/O

72% 86%

FG-(CHp),-X + R-MgX

Figure 101. Scope of reaction. Reprinted with permission from ref 366.
Copyright 2009 Elsevier.

Scheme 40. Nickel-Catalyzed Kumada—Corriu Coupling
with a Unique Pincer Amido—Bis-(amine) Ligand (Reprinted
with Permission from Ref 372; Copyright 2008 American
Chemical Society)

N
MezN-——-r\:li-——-NMez N
¢ ' Me,N----Ni----NMe,
3-12 mol% : CH,
CH,Cl, + R-MgX > R-CH,R!
2equiv.  THF,-20°C 44-82% | 121

transformation was later e)gpanded to include other alkyl
Grignard reagents (Table 8). 8369 This system was found to
be general for the cross-coupling between various alkyl halides
and alkylMgCl and exhibits good functional group tolerance.
Interestingly, Grignard reagents containing functional groups
also undergo smooth reactions in the presence of 3—9 mol %
catalyst in DMA at —35 °C.

4.4. Iron-Catalyzed Kumada Cross-Coupling Reactions

Cross-coupling reactions are typically catalyzed by Pd and Ni
salts. But the higher cost of these metals, as well as environmental
issues, demand cheaper and more environmentally friendly
metals for this transformation. Iron being less expensive than
Pd and Nij, as well as its lower toxicity, makes it an ideal choice for
cross-coupling reactions.””> 7

4.4.1. C(sp?)—C(sp®) Cross-Coupling with Alkylmagne-
sium Reagents. In 1971, Kochi and co-workers®”® %% first
reported Fe-catalyzed cross-coupling reactions.®’3%%383384
In this seminal report, they described the coupling of vinyl
bromides with alkyl Grignard reagents catalyzed by FeCl;
(Figure 102). Utilizing this protocol, Kochi obtained good
yields, but the requirement of a large excess of vinyl halide
to effect the reaction limited its synthetic utility. Further-
more, they observed decomposition of the catalyst on
standing (catalyst aging), which led to diminished yields
of products.

Several years later, Kochi published a subsequent report
aimed at improving this reaction bz employing tris(dibenz-
oylmethido)iron (III) as the catalyst.*®' Indeed, this improved
the reaction stoichiometry and catalyst stability to some
degree; however, excess vinyl halide was still required. The
proposed reaction mechanism is shown in Scheme 41.%"3%?
The catalytically active Fe(I) species is formed in situ by

Table 8. Substrate Scope

N

3-9 mol%
FG-(CHy)y-X + R-MgCl o2 > FG-(CHy),R'
1.0 equiv. DMA, -35 °C 56-99%
R-X R'-MgCl Yield
9 85%
n-Bu
/\O)K/\/ Br ’
//\/\/\Br
N7 n-Bu 77%
O
)J\/\/| n-Pent 60%
HO. Br
~ N n-Oct 79%
Cso~g, n-Pent 91%
ﬁ\/l

N

/ n-Bu 91%
/
(0]
0}

W n-Bu 93%

n-Bu 99%

o\(\%
60%
!

reduction of Fe(Ill) with 2 equiv of RMgX. The resultant
Fe(I) species undergoes oxidative addition of R—X followed
by transmetalation with RMgX to give intermediate 122,
which upon reductive elimination yields product and regen-
erates the catalyst.

The following experiments provide support for the formation
of a Fe(I) complex.*®' First, a careful study of the amount of
methane and ethane gases generated in the reaction with
methylmagnesium bromide suggested a stoichiometric relation-
ship Fe(IlI) + nCH3MgBr = Fe(Ill—n) + XCH, + YC,Hg,
where n = X + 2Y. The value of n according to the above equation
provides the change in oxidation state of iron. The value of n was
found to be close to 2, which supports reduction of Fe(III) to
Fe(I). Second, the ESR spectrum of Fe(dbm); after treatment
with excess EtMgBr gave (g) = 2.08. This value matches the well-
characterized HFe'(dppe), complex,®*®® providing additional
evidence for the presence of Fe(I).

Vinyl sulfones and allyl phosphates can also serve as viable
coupling partners with Grignard reagents as demonstrated by
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FeCl3 (1 mol%)
R-Br + R'-MgX » R-R'

R = alkenyl THF,0°Ctort 64-87%
R' = alkyl
83% 64% 67%
Fe(DBM); (1 mol%)
g, + CHyMgBr : N AN
THF, rt
Br Fe(DBM); (1 mol%)
A+ CHaMgBr NG
THF, rt

Stereospecific product formation

Figure 102. Seminal report. Reprinted with permission from ref 384.
Copyright 1971 American Chemical Society.

Scheme 41. Proposed Mechanism (Reprinted with Permis-
sion from Ref 382; Copyright 1976 American Chemical
Society)

FeCly
l 2 RMgX
R-R' Fe(l) R-X
reductive oxidat_ive
elimination addition
R [R-Fe(lIX]
[R-Fe(liN)]
122
MgX, R'-MgX

transmetalation

Julia®*® and Yamamoto,**”*%® respectively. Despite this early

report of a Fe-catalyzed cross-coupling reaction with alkylMgX,
almost 30 years passed from the original report before the
development of synthetically useful protocols. Cahiez and Ave-
dissia reported that the reaction of a vinyl bromide with
octylMgBr in the presence of 3 mol % Fe(acac); in THF afforded
the desired alkene in only 40% yield (Scheme 42).**” However,
the addition of N-methyl-2-pyrrolidinone (NMP) as a cosolvent
enhanced the yield to 87%. An even more drastic increase in yield
was observed for the reaction between a vinyl chloride and
BuMgX (Scheme 42).%*

Suprisingly, the nature of the iron salt had little effect on the
reaction outcome. The only requirement found was that the
catalyst should be soluble in THF, as illustrated by the ability of
various iron catalysts (Fe(acac);, Fe(dpm);, Fe(dbm);, and
FeCl;) to catalyze the reaction with isolated yields in excess of
85%. In contrast, Fe,(SO,); gave a poor yield of 31%, as it is
sparingly soluble in THF (Figure 103). Interestingly, the nature
of the halide also had little effect on product yield. The scope of the
reaction is broad with tolerance for a vast array of functional groups
including esters and ketones. Vinyl phosphonates are also viable
substrates under these conditions. Furthermore, this protocol is
highly stereospecific, (Z)- and (E)-1-chlorooct-1-enes afforded the

Scheme 42. Effect of NMP on Reaction Outcome (Reprinted
with Permission from Ref 389; Copyright 1998 Georg
Thieme)

Fe(acac); (3 mol%)

M A g +1-OctMgBr ppe > N, Oct

THF 40%
THF-NMP (2 equiv) 87%

n-Bu Fe(acac); (3 mol%) n-Bu
>:\ + n-BuMgBr - > >:\
n-Bu Cl 15 min n-Bu h-Bu
THF 5%

THF-NMP (9 equiv) 85%

corresponding Z- and E-olefins with excellent stereoisomeric
purity.

In 2002, Furstner and co-workers reported the reaction of aryl
chlorides, tosylates, and triflates with alkylMgBr, which repre-
sents substrate classes that were unreactive prior to this
report.*”®3%93%! 1 this report, they proposed a modified mech-
anism for the Fe-catalyzed coupling reaction in the presence of
Grignard reagents. FeCl, reacts with 4 equiv of RMgX to give a
new species of the formal composition [Fe_H(MgX)z] , an
“inorganic Grignard reagent”, which is readily soluble in ethereal
solvents.””” In complex 123, the iron is proposed to have a formal
charge of —2.**' The nucleophilic iron “super-ate” complex is
proposed to oxidatively add to aryl chlorides to give species 124.
Intermediate 124 undergoes transmetalation with another
equivalent of RMgX to form species 125, which upon reductive
elimination gives product and regenerates the active catalyst
(Scheme 43).

To support their mechanistic proposal, Furstner and co-
workers conducted a key control experiment. When nonpassi-
vated iron metal Fe(0)* powder was used, which was prepared by
reduction of FeCl; with potassium, no reaction with substrate
was observed (Scheme 44). Whereas, when excess Grignard
reagent was added to the reaction mixture containing Fe(0)*, the
desired product was formed. These experiments rule out an
active catalytic species with Fe in the zero oxidation state and
support their proposed mechanism.*"

The scope of this transformation was found to be broad, and
commercially available, air- and moisture-stable Fe(acac); could
be used as the precatalyst (Figure 104). Of most interest, the
reaction of 126 in the presence of a Ni-catalyst proceeds in 6 h at
reflux in ether, whereas with a Fe-catal}fst it was completed in
5 min with a better yield (Scheme 45).*" Vinyl triflates were also
found to undergo the cross-coupling under the reported condi-
tions (Figure 105).>* Furthermore, monoalkylation of a dichlo-
roarene was also achieved using Fe(acac); as a catalyst in THEF/
NMP as solvent.*** Hocek and co-workers utilized Fe-catalyzed
cross-coupling for preparation of 6-methyl purine bases and
nucleosides (Scheme 46).>** Tam and co-workers reported the
synthesis of 2-substituted bicyclic alkenes utilizing an Fe-cata-
lyzed cross-coupling of alkenyl triflates with alkyl Grignard
reagents.395

Alami and co-workers utilized an Fe-catalyzed cross-coupling
for the synthesis of substituted quinolines, which show antire-
troviral activity against HIV-1 and HTLV-1 transformed cells
(Scheme 47).7°° The optimized reaction conditions were also
effective for the reaction of substituted chloroenynes with alkyl
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a.
Fe(lll) (3 mol%)

THF-NMP (9 equiv.)

N g +n-0ctMgBr > SN ot

R Fe(acac); (1 mol%)

. _R2 + RMgCI
RZJY 8 THF-NMP (9 equiv)
X 1.1€quiv 5o to 0 °C, 15 min

min
Catalyst Yield neHex n-Hex n-Hex n-Bu
Fe(acac); 87% \/ﬁ< \/\<
Fe(dbm)s 87% 80% 64% 74% 89%
Fe(dpm)s 88%
FeCl 88% AcO .
Fey(SO4)3 31% 0 80% 80%
C'W\‘[/
n-Bu
79% 79%
Figure 103. (a) Evaluation of iron salts. (b) Scope. Reprinted with permission from ref 389. Copyright 1998 Georg Thieme.
Scheme 43. Proposed Mechanism (Reprinted with ' Fe(acac)s (5 mol%) '
Permission from Ref 391; Copyright 2002 American Ar-X-+ R-MgX THEINMP Ar-R
Chemical Soci ety) Ar = Fg-Aryl, Heterocycle )
X = Cl, OTs, OTf 41-95%
FeCly + 4 RCH,CH,MgX [Fe(-l1)(MgX),] + 2MgX, Rzakyl G
o}
/ + Rv+ R\/\/\R /@)J\OMe WOME
S
Ar- R‘\ [Fe(-)(MgX),l /A CeH1z
reductive 123 oxidative 91% 85%
elimination addition
CN CF
[Ar-Fe(0)(MgX)] + MgX, 3 CigHo N
[Ar-Fe(O (MgX),] 124 _
125 Ci4Hzg Ci4H2g N
transmetalation 91% 94% 92%
R-MgX | X N YCMHZQ | S
0" N7 QN {
~
© CiaHa2o
56% 93% 41%
Scheme 44. Control Experiments (Reprinted with Permis-
sion from Ref 391; Copyright 2002 American Chemical AcO /=N
Society) CiaH29 N O N 2 Ci4Hag
| | \
3K " ) -N ~ NN
FeCl; ———» Fe(0)* —/—> no reaction Ph™ °N N” “CyigHyg  AcO OAc
68% 81% 72%
C14H2oMgBr CiaHoeMgBr It
(excess) X = Cl, in all cases

excess
( ) o

(0]
ﬁOMe [Fe(-I1)(MgX),] cat. . ﬁ OMe
cl CiqH2

9

Grignards. Using similar conditions, Olsson and co-workers
reported the cross-coupling of imidoyl chlorides with Grignard
reagents (Scheme 48). 397 Vogel and Volla reported the cross-
coupling of alkenyl sulfonyl chlorides with Grignard reagents
using Fe(acac) 3 as catalyst 348,398,399

Skrydstrup reported the cross-coupling of heteroaromatic
sulfonates and phosphates with alkyl Grignards using FeCl;
using a THF/NMP mixture as a solvent (Scheme 49). 400

Recently, Shi and co-workers reported the cross-coupling of
alkenyl carboxylates with Grignard reagents in the presence of
FeCl, (1 mol %) and H,IMes-HCl (2 mol %) as a ligand
(Figure 106).*" Interesingly, the counterion of the Grignard
reagent was highly important, as n-hexylMgCl reacts cleanly, but

Figure 104. Scope of iron-catalyzed cross-coupling. Reprinted with
permission from ref 391. Copyright 2002 American Chemical Society.

n-hexylMgBr gave no
addition of excess LiCL.*

4.4.2. C(sp)—C(sp®) Cross-Coupling with Alkylmagne-
sium Reagents. Iron-catalyzed C(sp’)—C(sp>) coupling re-
actions of unactivated alkyl electrophiles face various issues,
including homocoupling, disproportionation, and 3-elimination.
These issues hinder the development of a successful iron-
catalyzed C(sp®)—C(sp®) cross-coupling. In 2007, Chai and
co-workers reported the first C(sp>)—C(sp?) couphng of un-
activated alkyl halides with alkyl Grignard reagents.**> In their
optimization study, they found that use of 3 mol % Fe(OAc), and
6 mol % Xantphos in Et,O gave the best results. Using these
conditions, various unfunctionalized alkyl bromides coupled with
alkyl Grignards in moderate yields of 46—64% (Figure 107). The
reaction is proposed to proceed via a radical pathway based on

groduct which can be overcome by
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Fe(acac); (5 mol%)

J o+ R-MgX - Ny
\ -
\ 1.1-13equiv.  THF/NMP R
OTf -30°C 17.98%
CyqH
C14H29 147129 O
| 0 J o
BocN Q/o Ci4H2g
73% 65% 66%
R = CHa, 91%

R= C14H29, 86%
R = (CH;)s-OMOM, 91%

R

Figure 10S. Cross-coupling reaction with vinyl triflates. Reprinted with
permission from ref 393. Copyright 2004 American Chemical Society.

Scheme 45. Superiority of Iron-Catalyzed Reaction
over Nickel-Catalyzed Reaction (Reprinted with
Permission from Ref 391; Copyright 2002
American Chemical Society)

n-C4HoMgBr n-CgH43MgBr
NiCly(dppp) Fe(acac)s
Et,O THF/NMP
reflux, 6 h, 63% 0 °C, 5 min, 73%

/ /
n-C4Hg N n-C4Hg n-CgHq3 N
127 128

n-CgHq3

Scheme 46. Synthesis of 6-Methylpurine Bases (Reprinted
with Permission from Ref 394; Copyright 2003 American
Chemical Society)

Cl
N XN
A)I,?
Cl N Bn

the results shown in Scheme 50.*°> Reaction of alkylMgBr with
hexyl bromide and cyclopropyl bromide gave radical-induced
cyclization and ring-opened products, respectively. Both of these
experiments suggest the formation of an alkyl radical from the
corresponding alkyl halide.

4.4.3. Mechanistic Considerations. Despite these im-
pressive advances, the mechanistic understanding of iron-cata-
lyzed cross-coupling reactions is not well developed. Various
proposals with catalytic cycles shuttling between Fe(—2)/Fe-
(0),22374390391,393403 Be(0) /Fe(42), %240 or Fe(41)/Fe-
(+3) 381382405406 have been proposed and discussed briefly
above. Moreover, the catalyst is generated in situ and is prone to
rapid degradation on isolation attempts. Kochi proposed a
catalytic cycle where the active catalytic species is formally a
Fe(I) species (Figure 108). 3893917393 Recenty, Norrby and co-
workers supported this claim on the basis of their findings.*®

CH3MgCl CHs

Fe(acac)s (5 mol%) )I

THF/NMP, 50-75 °C
71%

Scheme 47. Cross-Coupling of Chloroenynes with Grignard
Reagents (Reprinted with Permission with Ref 396; Copyright

2004 Elsevier)
I RMgCI (1.5 equiv)
Fe(acac)3 (3 mol%)
THF/NMP 15 equiv)
-10to 0 °C
R = Et, 70%, Z-isomer
R = Et, 68%, E-isomer
R = (CH,)30H, 36%, Z-isomer
OH
C12H25MQC| 3 0 equw)
% Fe(acac)s (3 mol%)
| THF/NMP (15 equiv)
-10to 0 °C
cl 85% szHz5

Scheme 48. Cross-Coupling of Imidoyl Chlorides with
Grignard Reagents (Reprinted with Permission from Ref 397;
Copyright 2006 American Chemical Society)

Cl
Cl N=
\(:[ Fe(acac); (56 mol%) \E:[
X THF/NMP (10/1)

rt, 5 min
X=NH, O, S X =NH, 82%
ClMg N— X=0,71%
X=38, 86%
2 equiv

Scheme 49. Cross-Coupling of Heteroaromatic Sulfonates
with Alkyl Grignards (Reprinted with Permssion from Ref
400; Copyright 2009 American Chemical Society)

X FeCls (5 mol%) X
RTK _ + R-MgX > RTK _
N OTs 1.5 equiv THF/NMP N R’
R' = alkyl up to 96%
= alky

From computational studies the authors found unfavorable
thermodynamics for reductive elimination of Fe(—II) to Fe(0),
while the energy barrier for reductive elimination in the case of
Fe(III) to Fe(I) was only 10 kJ/mol. The energy barrier for
reductive elimination of Fe(II) to Fe(0) was also found to be
prohibitively high. On the basis of these findings as well as
systematic study of change in the oxidation state of iron,
Hammett plots suggest Fe(I) as the active catalyst in Fe-
catalyzed cross-coupling reactions with alkylMgX

In contrast, Fiirstner proposed a catalytic cycle,*" in which the
active catalytic species is formally in the —2 oxidation state.
Recently, Furstner reported a full account of their mechanistic
study and proposed two different active species for different
Grignard reagents (mth and without 5-hydrogens) based on the
following observations.”*

Furstner and co-workers observed that the treatment of
methyl 4-chlorobenzoate with EtMgBr (or higher alkyl Grignard
reagents) in the presence of Fe(acac); or FeCl, (n =2, 3) as the
precatalyst affords the desired product in excellent yield at 0 °C,
whereas MeMgBr fails to react even under more forcing conditions
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SR FeCl, (1 mol%)

; LICI (6 equiv) L
: "+ R'-MgX EtOOC™ ~Y”
Et0OC™ X 9 THF, 0°C ~
R' = alkyl R
OP 51-94%
Ph
COOEt
R R = CgH1a, 94%
COOEt =Me, <5% COOEt ©
= Et, 69% oJ
= CypHps, 81%
51% 2%
S FeCl, (1 mol%) )
S H,IMeseHCI (2 mol%)
R'-MgX EtOOC
Etooc Xy T V9 THF, 0°C /\1
 R'=alkyl
OPiv 70- 93%
EtOO COOEt CeH
CGH13 67113
C6H13 X
0" o
78% 87% 90%

Figure 106. Cross-coupling of alkenyl carboxylates with Grignard
reagents. Reprinted with permission from ref 401. Copyright 2009
American Chemical Society.

Fe(OAc); (3 mol%)
Xantphos (6 mol%)

R-Br + R'-MgX » R-R'
Et,0, rt, 15 min
R = alkyl 8-64%
___________ R Ayl e
P N N P
64%

62%

0,

Figure 107. Iron-catalyzed C(sp3)—C(sp3) coupling reaction. Re-
printed with permission from ref 402. Copyright 2007 Wiley-VCH.

(Scheme S1). Interestingly, the appearance of the reaction mix-
tures is also noticeably different: the reaction containing MeMgBr
leads to a yellow-colored solution that slowly darkens, whereas the
reaction containing EtMgBr instantaneously generates a brown/
black and turbid mixture, which eventually transforms to black-
violet as the reaction proceeds. This observation indicates the
presence of two different active catalytic species for Grignard
reagents vmth ﬁ -hydrogens as compared to reagents without
B-hydrogens.”

To gain insight into the nature of the catalytic species, Furstner
and co-workers isolated the Fe complex. On treatment of
ethereal solutions of FeCl; with excess MeLi at low temperatures
ared Fe-complex was isolated, which was exceptionally sensitive.
X-ray analysis provided the structural composition as [(Me,-
Fe)(MeLi)][Li(OEt,)], (129). This complex was found to
exhibit reactivity similar to that observed with the reaction of
MeMgBr in the presence of FeXj, suggesting that 129 might be
the reactive iron species which acts as the nucleophilic partner in
methylation reactions. It was postulated that other analogues
such as aryl Grignards and vinyl Grignards (not contalmng
B-hydrogen) might also lead to similar reactive species.”

Scheme 50. Control Experiments (Reprinted with Permis-
sion from Ref 402; Copyright 2007 Wiley-VCH)

SIS

Xantphos (6 mol%)
+ Et20 rt, 15 min
NSNBr 51%

@/ O\/\/\MgBr Fe(OAC); (3 mol%)

(0]
©/0V\/\MgBr Fe(OAC); (3 mol%) [\/\/ O

Xantphos (6 mol%) 4
i e S

Et,0O, rt, 15 min
C0

A/Br 48%

Bogdanovi¢ and co-workers have proposed that Grignard
reagents containing a 3-hydrogen react with FeX, to give
dark-brown bimetallic clusters of the formal composition
[Fe™ H(MgX) ], (Scheme 52).*** Various attempts to further
characterize the iron species failed. On the basis of a model study
conducted by Fiirstner and co-workers, [Fe "(MgX),], is
proposed to be the active catalytic species for Grignard reagents
containing f3-hydrides. The proposed mechanism for the Fe-
catalyzed cross-coupling with various alkylMgX is shown in
scheme $3.

4.4.4. Kumada Cross-Coupling for Ketone Formation.
Direct addition of Grignard reagents to acid chlorides is limited
by the subsequent addition to the product ketones to give the
tertiary-alcohol products. Addition of metal salts was found to be
effective to improve selectivity for the ketone product over the
tertiary alcohol."”" In 2000, Taurino and co-workers reported a
polymer-supported Fe-catalyst, Fe(AAEMA )3, which was effec-
tive for the coupling reaction between hexanoyl chloride and
butylmagnesium chloride (Figure 109).**” This catalyst showed
similar activity to the homogeneous Fe(acac); catalyst. Further-
more, low leaching of iron was observed, and the recovered
Fe(AAEMA); gave similar results on subsequent uses.

In 2004, Fiirstner reported a Fe(acac); system, which showed
excellent functional gro up. tolerance. Representative examples
are shown in Figure 110.

+

4.5. Palladium-Catalyzed Kumada Cross-Coupling Reactions
with Alkylmagnesium Reagents

In 1975, Murahashi and co-workers*’ were the first to
demonstrate the use of Pd in cross-coupling reactions of vinyl
halides with CH;MgBr.**® Despite significant advances in Ni-
and Fe-catalyzed Kumada cross-couplings, Pd-catalyzed alkyl
Kumada cross-couplings are limited. This could be attributed
to the high reactivity of Grignard reagents and the higher
propensity of Pd-alkyl species to undergo -hydride elimination
compared to the corre _Ponding nickel—alkyl species.

4,5.1. C(spz) C(sp) Cross-Coupling with Alkylmagne-
sium Reagents. In 1984, Hayashi and co-workers demon-
strated a significant effect of ligand bite angle on the reaction
outcome for primary and secondary alkyl Grignards and zinc
reagents (see section 2.3)."*> The use of dppf as ligand gave
optimal results for both primary and secondary alkyl Grignards.
Since this initial report, dppf has become a very common ligand
in both Pd-catalyzed Kumada and Negishi coupling reactions.

—410
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reductive oxidative
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[Ar-Fe(0)(MgX)] + MgX,
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transmetalation
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Figure 108. Proposed mechanisms: (a) (reprinted with permission from ref 382; copyright 1976 American Chemical Society); (b) (reprinted with

permission from ref 391; copyright 2002 American Chemical Society).

Scheme 51. Different Reactivity for MeMgBr and EtMgBr

MeMgBr
Fe(acac); (5 mol%)
» N0 cross coupling
yellow-golden mixture

/©/COOM6
Cl

EtMgBr
Fe(acac)s (5 mol%) COOMe
dark brown/black mixture > 95%

Scheme 52. Proposed Mechanism for Reaction of Grignard
Reagents Containing f-Hydrogen with FeX,

R~

MgX +1 i‘ +I
FeXz . S Fe ~ |‘:e

-2 MgX, R H

R~

[Fel f [Fe(-1)(MgX),]

Ro_~s + R _+ R\/\/\R

In 1991, Katayama and co-workers used Pd(dppf) Cl, as a catalyst
to selectively monoalkylate dichlorobenzenes (Figure 111)."'"
They observed that the use of additional dppf ligand gave
better results for reactions with alkyl Grignard reagents. It was
postulated that the additional ligand blocks the open coordi-
nation site on Pd.

In 2002, Miller reported the Pd-catalyzed cross-coupling of
Grignard reagents with enol phosphonates, which were formed
in situ from the corresponding ketones using hindered Grignard
reagents and used as substrates for sequential cross-coupling
reactions with separate Grignard reagents (Figure 112). *12 The
reaction of the ketone with mesitylMgBr and CIP(O)(OPh),
gave the corresponding enol phosphonate, which was then
treated with n-BuMgBr in the presence of Pd(dppf)CL, to give
the product in 79% yield.

Scheme 53. Proposed Mechanism for Iron-Catalyzed Cross-
Coupling

RMgX with no p-hydrogen RMgX with p-hydrogen

FeX,

R = Et or higher

>/ [Fe(MgX).] \S

[R-Fe(MgX)] + MgX,

R = Me, Ph etcl

R4Fe(MgX),

o

R-R'
organoferrate
manifold

[R™ Fe(MQX)z]

low-valent redox manifold
R-MgX

o Fe-pol, THF, rt o

)l\CI + RMgX ——————— ]|

Figure 109. Polymer-supported iron catalyst for ketone formation.
Reprinted with permission from ref 407. Copyright 2000 Elsevier.

In 2005, Hartwig and co-workers reported a Pd-catalyzed
cross- cou})lmg between aryl and vinyl tosylates with Grignard
reagents.” ~ The use of an electron-rich phosphine ligand allows
for oxidative addition of aryl and vinyl tosylates (Figure 113).
Under the optimized conditions, alkenyl, n-alkyl, branched alkyl,
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0] Fe(acac)s (3 mol%) O
U+ Rugx R TOR
R Cl THF, -78 °C R R'
28-99%
O
I
Br 69% 80% 92%
OAc
o O
MeO/U\/\)J\/\/\/ )
95% 43%
O
O ,
6] | O

Figure 110. Cross-coupling of acid chlorides with Grignard reagents.
Reprinted with permission from ref 393. Copyright 2004 American
Chemical Society.

Cl R
Pd(dppf)Cl, (1 mol%)
X dppf (1 mol% AS
| + R-MgX ppr ‘) |
[ THF, 85 °C P
Cl Cl
Cl Cl Cl
34% 84% 68% 80% 42%

Figure 111. Selective monoalkylation of dichlorobenzene. Reprinted
with permission from ref 411. Copyright 1991 Chemical Society of

Japan.

(0} MesMgBr OPO(OPh), R'-MgX R'
— > 1 1
RJ\/R CIPO(OPh), R)WR Pd(dppf)Cl R)\/R
(1 mol%)
Bu
79%

Figure 112. Cross-coupling reaction with enol phosphonates. Re-
printed with permission from ref 412. Copyright 2002 Elsevier.

cycloalkyl, and benzyl Grignard reagents all couple with electron-
rich anisyl tosylates in good to excellent yields. Moreover, vinyl
tosylates also react with sec-alkyl Grignards to give products in
good yields.*'?

Recently, Van der Eycken and co-workers utilized a Pd-
catalyzed desulfitative Kumada cross-coupling reaction to gen-
erate libraries of 2-(1H)-pyrazinones (Figure 114)."'* In this
report, few examples using alkyl Grignards are demonstrated.
Interestingly, the use of Ni- and Fe-catalysts in the desulfitative
Kumada cross-coupling reaction resulted in the formation of
homocoupling products, whereas Pd(dba), (5 mol %) and TFP
(tri-2-furylphosphine) (10 mol %) in THF/NMP mixtures gave
the desired products in good yields.

4.5.2. C(sp®)—C(sp>) Cross-Coupling with Alkylmagne-
sium Reagents. In 2003, Kambe and co-workers were the first

P(t-Bu),
OTs R
Q PR, \
| D CpFe |/ ¥z
R R = Ph, Cy R
+ R-MgX =
1 Pd(0) (1 mol%) R
R
i ~_OTs R' = alkyl, aryl R2J§/R'
R3 R®
Hex E ~ % 1
OCHs OCHs OCH; OCH; CFs
91% 92% 67% 55% 66%
&K “
X
82% 30% 82% 87%

Figure 113. Cross-coupling reaction of vinyl and aryl tosylates. Re-
printed with permission from ref 413. Copyright 2005 American
Chemical Society.

R1
Ho _N__O
1TX O
CI” N7 s

R1
|
R'-MgX H |N (0]
Pd(dba), (5 mol%) I I ,
TFP (10mol%), it~ ©17 N° R
THF/NMP, 1.5 -12 h

IT’MB IT’MB

H__N_O H__N_O

1L JX
Cl N Cl N

63% 68%

octyl

Figure 114. Synthesis of 2-(1H)-pyrazinones. Reprinted with permis-
sion from ref 414. Copyright 2009 American Chemical Society.

to report a Pd-catalyzed C(sp®)—C(sp>) coupling with
alkylMgX.*'> The use of 1,3-butadiene as a ligand was found to
be essential for this reaction to proceed, similar to the Ni-
catalyzed transformation.>*”****** Under the optimized condi-
tions (1—3 mol % Pd(acac),, 30—100 mol % butadiene, THF),
alkyl bromides and tosylates react with alkylMgX to give
products in excellent yields (Figure 115). To showcase the
superiority of Pd over Ni as the catalyst, parallel reactions of a
chloroalkyl tosylate with EtMgBr were conducted (Scheme 54).
The Pd-catalyst reacts exclusively with the -OTs leaving the -Cl
intact, whereas Ni reacts with partial selectivity.

4.6. Conclusion

From its discovery in 1972, the Kumada—Corriu cross-
coupling has come a long way. Key contributions by scientists
in the Ni- and Fe-catalyzed Kumada cross-coupling have made it
more synthetically useful. Additionally, recent developments in
C(sp3)—C(sp3) cross-coupling as well as the successful use of
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Pd(acac), (1-3 mol%)
1,3-butadiene (30-100 mol%)

Alkyl-X + R'-MgX » Alkyl-R'
y 9 THF, rt y
X =Br, OTs
NN P U
X=0Ts, 93% X =Br, 86%
/\/\/\)\/ Br\@\/\/\/
X=0Ts, 71% X=0Ts, 71%

Figure 115. Palladium-catalyzed C(sp®)—C(sp”) coupling. Reprinted
with permission from ref 415. Copyright 2003 Chemical Society of
Japan.

Scheme 54. Selectivity of Palladium over Nickel Catalyst

cat. (1 mol%)
1,3-butadiene (30 mol%)

C|/\/\/\/OTS + EtMgBr >
1 mmol 1.5 mmol THF, 1t 1h
E A~ E
cat T t+ Et t
Pd(acac), 86% 0%
NiCl, 87% 13%

functionalized reagents are promising and showcase the potential
to make this methodology even more general.

5. CROSS-COUPLING WITH ALKYLINDIUM REAGENTS

5.1. Introduction

Transition metal-catalyzed cross-coupling reactions of alkyl
organometallics and organoelectrophiles are a field of growing
interest due to their potential applications in the synthesis of
target-oriented molecular frameworks.>*'® Although traditional
organometallic reagents are frequently used in cross-couplings,
they sometimes suffer from serious limitations, particularly in the
case of alkyl-transfer reactions.*'” In recent years, the synthetic
scope of these types of reactions has been continuously expanded
by the use of new organic electrophiles, catalysts, and organo-
metallics. Besides the chemo- and stereoselectivity issues they
also generate a stoichiometric amount of metal waste that can
display serious toxicity. Organoindium reagents were introduced
as cross-coupling partners that offer a protocol for C—C bond
formation. Importantly, unlike other organometallics, triorga-
noindiums generate substoichiometric (1/3) metal waste in the
alkylation processes. In addition, indium organometallic reagents
are substantially less nucleophilic reagents, compared to alkylzinc
and alkylmagnesium reagents but possess sufficient transmetala-
tion properties for cross-coupling reactions.*'®

5.2. Preparation of Trialkylindium Reagents

Indium organometallics are readily accessible by different
approaches. (1) Transmetalation of dimethylmercury with in-
dium metal in the presence of mercuric chloride leads to the
formation of the trimethylindium reagent, but this method is not
practically useful due to the involvement of highly toxic materials
(Figure 116).*"

(2) The metathesis reaction of lithium, magnesium, sodium,
aluminum, or zinc organometallics with indium halides is a
frequently used protocol for the preparation of triorganoindium

a)
cat. HgCl,
31In + 3Hg(CHs), 2 In(CHs)3
b)3R " THF
_
+ InCl3 —>-78 °C -1t Rsln
M = Li, MgX; R = aryl, alkenyl, alkyl
c)
InCl; + 3K In* + 3KCI

xylene, reflux
_CH,CO,EL .

N InBr
CH,CO,Et

2 In* + 2BrCH,COEt —— Brln

Figure 116. Preparation of indium reagents: (a) (reprinted with
permission from ref 419; copyright 1934 American Chemical Society);
(b) (reprinted with permission from ref 420; copyright 1967 Elsevier);
(c) (reprinted with permission from ref 422; copyright 1975 American
Chemical Society).

reagents. Anhydrous indium(III) chloride is added to a solution
of alkyllithium or alkylmagnesium reagents in THF at —78 °C,
the reaction mixture is warmed to room temperature, and the
subsequent cross-coupling reaction is performed without further
purification.****" (3) Oxidative addition of indium metal to an
organic halide is one of the most common procedures for the
preparation of organoindium reagents.**> The Hill group iso-
lated an indium metal complex which was formed from the
oxidative addition of methyl iodide to indium(I) species. From
an electron paramagnetic resonance (EPR) study, it became
evident that the indium insertion to the alkyl halide bond is a
radical process.**

5.3. Cross-Coupling Reactions of Alkylindium Reagents

Due to low bond strengths in triorganoindiums and the large
difference between the heats of formation of trialkylindiums and
indium halides, indium has the ability to transfer all three groups
in cross-coupling reactions.*** Nevertheless, the highly Lewis
acidic character of the indium reagents may lead to an alternative
mechanism that involves the formation of Pd—In complex prior
to transmetalation.**®

Initially, the Nomura group reported a catalyst-free addition of
trialkylindium to chloroalkenes. Subsequently, several groups
have made significant progress on the use of triorgano-
indium reagents in metal-catalyzed cross-coupling reactions
(Scheme 55).*****¢ The Sarandeses group reported a Pd-cata-
lyzed cross-coupling of triorganoindiums with aryl or alkenyl
iodide and triflate (Figure 117).**' It was revealed that, in
addition to aryl, alkenyl, and alkynylindium organometallics,
trialkylindiums also undergo cross-coupling reactions with a
variety of organic electrophiles, such as aryl halides and triflates,
vinyl triflates, benzyl bromides, and acid chlorides in the presence
of Pd- or Ni-catalysts. A systematic study revealed that tri-n-
butyl-, trimethyl-, and triallylindium underwent cross-coupling
with p-iodotoluene in the presence of 1 mol % Pd(PPh;),CL, in
refluxing THF, affording high yields. In addition, the trialkylin-
diums are able to deliver all three alkyl groups for effective cross-
coupling with electrophiles. Therefore, the ratio of trialkylindium
reagents to electrophiles could be reduced to 1:3, still obtaining
almost quantitative yields. Aryl bromides and triflates as well as
alkenyl triflates were also successful coupling partners under the
same reaction conditions (Figure 118). In contrast, relatively
inert aryl chlorides did not afford any cross-coupled 2products
using Pd-catalysts, even with Buchwald or Fu ligands.”****%**”
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Figure 117. Cross-coupling with aryl halides. Reprinted with permis-
sion from ref 421. Copyright 2001 American Chemical Society.

Scheme 55. Catalytic Cycle for Triorganoindium Reagents

R'-R? M(0) R1-X
reductive oxidative
elimination addition

R1_MII_R2 R1_M||_X
M = Pd, Ni
InX3 1/3InR3;

transmetalation

oTf
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Figure 118. Cross-coupling with alkenyl triflates. Reprinted with
permission from ref 421. Copyright 2001 American Chemical Society.

However, a combination of 5 mol % Ni(PPh;),Cl, and DIBAL-
H/PPh; generates Ni(0) in situ, which catalyzes the cross-
coupling between p-chlorotoluene and triphenyl- or tri-n-buty-
lindium (Scheme 56). Similar to Pd catalysis, all three alkyl
groups were transferred to the electrophiles under Ni catalysis.
A comparative reactivity study was performed with an aryl
iodide, bromide, and triflate, and the reactivity order was
observed as I > Br = OTf. The same order of reactivity is
observed in the case of Pd-catalyzed cross-coupling with other
organometallics reagents. Therefore, the oxidative addition is
proposed to be the turnover-limiting step similar to many other
cross-coupling processes.

In 2002, utilizing the chemoselective nature of organoindium
reagents, a sequential one-pot cross-coupling with oligohaloarenes
was accomplished. For example, p-iodobromobenzene was reacted
first with TMS-protected triacetyleneindium in the presence of

Scheme 56. Nickel-Catalyzed Cross-Coupling with Aryl
Chlorides (Reprinted with Permission from Ref 421; Copy-

right 2001 American Chemical Society)
/©/n-Bu
Me

Cl Ni(PPhg),Cl, (5 mol%)
+ In(n-Bu);
Ve DIBALH, PPh;
THF, reflux 83%

0.34 equiv

Scheme 57. Sequential Cross-Coupling (Reprinted with
Permission from Ref 428; Copyright 2002 Royal Society of

Chemistry)
=
82%
n-Bu

|
Br/©/
catalytic Pd(PPh;), followed by a second cross-coupling with
tributylindium to afford disubstituted benzene in high yields
(Scheme 57).4%*

Considering the low reactivity of indium organometallics, the
Oshima group hypothesized that cross—couglings could be
performed in aqueous media (Scheme $8).**” As a proof of
concept, 1.0 equiv of triphenylindium was reacted with 3.0
equiv of 3-iodoanisole in aqueous THF (THF:H,O = 6:1).
After workup and purification, 2.1 equiv of the cross-coupled
product was isolated along with 0.9 equiv of unreacted
3-iodoanisole. This observation led to the conclusion that at
least two of the three phenyl groups could participate in the
cross-coupling reaction under these aqueous reaction condi-
tions. It was further confirmed by NMR experiments that
triphenylindium converted to diphenylindium hydroxide upon
addition of water. The cross-coupling of diethylindium chlo-
ride with p-nitroiodobenzene in the presence of Pd,(dba);-
CHCl; afforded excellent yield under the optimized reaction
conditions.

The Sarandeses group reported a regio- and stereoselective
Pd-catalyzed cross-coupling reaction of indium organometallics
with 1,1-dihaloalkenes and stereodefined 1-haloalkenes (Figures 119
and 120)."° Triorganoindium reagents were stereospecifically
coupled with stereodefined alkenyl iodides in good yields
and short reaction times using Pd catalysts. Additionally, the
Pd-catalyzed cross-coupling reaction of RzIn (0.9 equiv) with
1,1-dibromo-1-alkenes gave coupling products in high yields
(Figure 120). Interestingly, when the reaction was performed
with 0.4 equiv of aryl, vinyl- or alkynylindium derivatives,
trans-monosubstituted products were obtained selectively in
moderate to good yields. These selective cross-couplings were
performed with [Pd,dba;]/P(2-furyl); (1:1, 2 mol %) at room
temperature. The resulting (Z)-monobromoalkenes were
further functionalized by cross-coupling reactions with various
triorganoindium reagents at room temperature in the presence
of [Pd(#-BusP),] as a catalyst, to provide trisubstituted olefins
in good yields.

In 2009, the same group reported the synthesis of unsymme-
trical 3,4-disubstituted maleimides by a sequential one-pot Pd-
catalyzed cross-coupling reaction of indium organometallics with
3,4-dihalomaleimides (Figure 121). Disubstituted products were
obtained in high yields and selectivity.*"

1) In(C=CSiMes); (40 mol%)
Pd(PPhs), (2 mol%)

SiMe,

2) In(n-Bu); (40 mol%)
THF, reflux
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Figure 119. Stereoselective cross-coupling with iodoalkenes. Reprinted
with permission from ref 430. Copyright 2008 Wiley-VCH.

Scheme 58. Cross-Coupling in Aqueous Media (Reprinted
with Permission from Ref 429; Copyright 2001 American
Chemical Society)

[
/©/ + EtInCl
O,N

(0.25 mol%)
Pdy(dba);eCHCl,
P(2-furyl); (1.5 mol%)

THF/H,0 (6:1), reflux

Or
O,N

) 0.65 equiv
1.0 equiv 92%
Pdy(dba),/P(2-furyl);
Br (1:1, 2 mol%) R
n-CzHys™ ™ + Rgln n-CyHys™ ™
/E ° THF, reflux, 10-12 h /:(
1.0 equiv 0.9 equiv
“““““““““““ Me . ~onChe
n-C7H15/\( © H—C7H15 A e
Me n-C4Hg
79% 84%
2 Pd(t-Bu3P), (2 mol%) 2
R R™ . R%In RV\(R
Br THF, t, 3-5h R3
1.0 equiv 0.6 equiv
S 1Y ™s
Z Z
n-CoHys™ Ph™ X
Me n-Cy4Hg
70% 69%

Figure 120. Cross-coupling with 1,1-dibromoalkenes. Reprinted with
permission from ref 430. Copyright 2008 Wiley-VCH.

5.4. Carbonylative Cross-Coupling with Trialkylindium Re-
agents

In 2003, the Lee group reported a Pd-catalyzed cross-coupling
of aryl halides, triflates, benzyl bromides, and acid chlorides with
tetraorganoindate complexes. The tetraorganoindates were pre-
pared in situ by the reaction of indium trichloride and alkyl, aryl,
or alkenyl lithium or magnesium bromides. It was observed that
0.28 equiv of indate complexes were able to furnish almost
quantitative yields of the cross-coupled products. Primary as well
as secondary alkyl groups were transferred successfully, whereas
tertiary alkyls did not form any cross-coupling products. When
the coupling reaction was performed under CO atmosphere, the

(R")zln (R%);ln
PG 5 mol% PG 5 mol% PG
0=_N_o Pd(PhCN),Cl, o_ N__go Pd(PhCN),Cl, o N.__o
ﬁ THF, reflux ﬁ THF, reflux ﬁ
X X R' X R' R2
| 5mol% PA(PhCN),Cly 1) (R)sln I
2.
X=Cl, Br 2) (R)sin
PG = Me, Bn
I\Ille I?n I\Ille I\Ille
n-Bu Br n-Hex Ph n-Bu Ph Bu Me
81% 91% 89% 87%

Figure 121. Cross-coupling with maleimides. Reprinted with permis-
sion from ref 431. Copyright 2009 American Chemical Society.

o}
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| P + CO + (R')InM THE 60°C |
R/ balloon 0.28 eq. ’ R//
M = Li, MgCl 58-85%
o) 0
HsC cl o
0 0,
80% 72% 60%
0 0
X A Me
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63% 75% 80%

Figure 122. Carbonylative cross-couplings. Reprinted with permission
from ref 433. Copyright 2004 American Chemical Society.

n
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0
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X = Br, I, OTf 61-89%
n=12
S m e m e
Q 0
. -B
n-Bu e PhA\)K(Wn -
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Figure 123. Carbonylative cross-couplings. Reprinted with permission
from ref 434. Copyright 2003 American Chemical Society.

corresponding carbonylative cross-coupling product was ob-
tained in good yield (Figure 122).%3

The same group also reported a Pd-catalyzed synthesis of
unsymmetrical ketones using trialkyl- and triarylindiums via
carbonzflative cross-coupling with a variety of organic electro-
philes.** Only 0.37 equiv of alkylindium was required to afford
high yields of ketones using 1 atm of CO (Figure 123). Inter-
estingly, when p-bromoiodobenzene was reacted with 0.37 equiv
of trimethylindium under a CO atmosphere in the presence of 4
mol % Pd(PPh;),, p-bromoacetophenone was formed selec-
tively. The subsequent addition of 0.37 equiv of triphenylindium
generated 4-phenylacetophenone in 75% overall yield. In the
following year, modified conditions for ketone formation were
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Figure 124. Oxidative carbonylative cross-couplings: (a) scope; (b) proposed mechanism. Reprinted with permission from ref 435. Copyright 2008

American Chemical Society.

Scheme 59. Oxidative Cross-Couplings (Reprinted with
Permission from Ref 436; Copyright 2009 Wiley-VCH)
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reported using tetraorganoindate complexes.*** This protocol
allows for the use of secondary alkyl groups to afford unsymme-
trical ketones in high yields.

5.5. Oxidative Cross-Couplings with Trialkylindium Re-
agents

The Lei group reported a Pd-catalyzed oxidative carbonylation
protocol for a broad range of primary and secondary alkyl- and
arylindium reagents under mild conditions.** The alkylindium
reagents exhibited compatibility to a wide range of functional
groups, whereas the alkyl Grignard precursor precludes their
involvement in such reactions in many cases because of the high
reactivity and basicity. Unlike conventional cross-coupling pro-
tocols, desyl chloride was used as an oxidant to avoid slow
oxidative addition and [3-hydride elimination. Mechanistic in-
vestigations under stoichiometric and catalytic conditions pro-
vided evidence for the oxidative addition of desyl chloride to
Pd(0) followed by rapid tautomerization to give Pd species 131
(Figure 124). Subsequent displacement of the enolate group in
131 by ROH, followed by CO insertion gave alkoxycarbonyl Pd
complex 132. Transmetalation with alkylindium and reductive
elimination furnished the desired alkyl esters 134.

Exploiting the oxidative addition of desyl chloride to Pd(0)
complex, the C(sp*) —C(sp®) cross-coupling of arylzinc reagents
with trialkylindium reagents was accomplished in the following
year by the same group. Analysis of the preliminary kinetic data
revealed that alkylindium reagents rapidly undergo transmetala-
tion after oxidation with desyl chloride. A second transmetalation
with an arylzinc reagent and reductive elimination yields the
cross-coupling product (Scheme 59).**

5.6. Formation of Ketones from Acid Chlorides

Sarandeses reported ketone formation via the cross-coupling
of triorganoindium and acid chlorides. Besides triaryl- and
alkynylindium reagents, trimethylindium also afforded a near-
quantitative yield with benzoyl chloride (Scheme 60).**"

The Liebeskind group reported the synthesis of ketones via a
Pd-catalyzed cross-coupling of thioesters and alkylindium re-
agents (Figure 125).**7 This protocol offers an advantage over
other existing methods, in that, due to the thiophilicity of indium,
no added Cu was required and no base activation was necessary.
It was observed that with 0.40 equiv of a trialkylindium reagent
less than 5% yield was observed, whereas upon increasing the
amount of the indium reagent to 1.2 equiv, very high yields
(95%) were achieved. Unfortunately, this process requires 3.6
equiv of the alkyl group from the indium reagent. This problem
was addressed by using a nontransferring tert-butyl “dummy
ligand” on indium. Employing 0.6 equiv of this mixed trialk-
ylindium bearing two transferring alkyl groups, good yields of the
ketones were achieved.

5.7. Conclusion

Triorganoindium reagents have been successfully used in
cross-coupling reactions. Due to their low reactivity, alkylindium
reagents provide a high degree of chemo-, regio, and stereo-
selectivity and good functional group compatibility. Above all,
they are attractive alternatives as they are environmentally benign
and generate substoichiometric (0.33 equiv) metal waste. In
addition, due to their water compatibility, aqueous conditions
can be used to perform cross-coupling reactions.

6. CROSS-COUPLING REACTIONS WITH ALKYLSILICON
REAGENTS

Hiyama first reported the use of an organosilicon in a cross-
coupling reaction in 1988.*® Since then, substantial advance-
ments have been made in the cross-coupling of alkynylsilicons
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Figure 125. Cross-coupling with thioesters. Reprinted with permission
from ref 437. Copyright 2005 American Chemical Society.

Scheme 60. Cross-Coupling with Acid Chlorides (Reprinted
with Permission from Ref 421; Copyright 2001 American
Chemical Society)
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and arylsilicons, while the use of alkylsilicons s still limited.***~***
The strong C—Si bond requires higher temperatures along with
activation of the organosilicon reagent for successful transmetala-
tion, which restricts their use. However, alkylsilicons have several
advantages over other alkylmetals: (1) low toxicity, (2) high
stability to air and moisture, and (3) easy handling and prepara-
tion. In this part of the review, the seminal report on the use of
alkylsilicons in cross-coupling as well as significant advancements
will be discussed in chronological order.

In 1988, Hiyama and co-workers reported the first example of
alkylation of arylhalides with alkylsilicon.**® They showcased
the use of tris(diethylamino)sulfonium difluorotrimethylsili-
cate (TASF) as a source of a methyl group in cross-coupling
with various arylhalides. The [Pd(allyl)Cl], was an effective
catalyst for this transformation. The Pd-catalyzed methylation
reaction using TASF has excellent functional group tolerance
(Figure 126).

Several years later, Hiyama and co-workers reported the use of
vinyl and aryl triflates in the cross-coupling reaction with various
organosilicons.**>*** TBAF as the source of fluoride was essen-
tial for the successful reaction. Fluoride is proposed to react with
the organosilicon reagent to generate pentavalent silicon,
which undergoes transmetalation with the palladium complex.
The Hiyama group expanded the scope of this transforma-
tion to various functionalized aryl halides and organosilicons
(Figures 127 and 128).*°7* They observed that Pd(PPhs), in
THF at 100 °C was the best catalyst for the desired trans-
formation. Moreover, excess TBAF was required for activation of
the alkylsilicon.

The proposed mechanism for this transformation is depicted
in Scheme 61.**° The oxidative addition of the aryl halide results
in the formation of palladium—aryl complex 136, which under-
goes transmetalation with activated alkylsilicon 138 to give Pd
complex 141 and SiF,. Upon reductive elimination, the product
is released and the active catalyst 135 is regenerated. The SiF, is
proposed to react with an equivalent of TBAF to either form
SiFs~ (139) or SiFs > (140) species. The existence of these
species was confirmed by '"E-NMR.****

[(allyl)PdCI],
_ (12.5mol%)

Ar-X + (CHs3)3SiFy ——— > Ar-CHs
TASF THF, 50 °C

CH;,
H
o e
X=1,78% 81% 86% NO
X = Br, 13%
CH3 CH3 Q/CH:;
OCOCH,4 OCOCHs OCOCH;
84% 67% 59%

Figure 126. Methylation reaction of aryl halides. Reprinted with
permission from ref 438. Copyright 1988 Elsevier.
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Figure 127. Cross-coupling of aryl triflate with alkylsilicon. Reprinted
with permission from ref 447. Copyright 1990 Elsevier.

Recently, Bach and Schweizer reported a hi§hly regioselective
monoalkylation of dibromo heteroarenes.*" Bidentate phos-
phine ligands gave mainly the undesired hydrodebromination
product, whereas monodentate phosphines gave the desired
product. P(2-furyl); was the optimal ligand, giving the best
selectivity for the desired product. Extended reaction times and
elevated temperatures were required due to slow transmetalation
of alkylsilicon. Under the optimized conditions, an array of
dibromo-substituted heterocycles was successfully employed.**°

In 2010, Hiyama and co-workers reported the use of 2-(2-
hydroxyprop-2-yl)phenyl-substituted alkylsilanes in cross-cou-
pling reactions (Figure 129).%! These reagents have advantages
over the widely used polyfluorinated alkylsilicons such as stability
under acidic as well as basic conditions. The authors observed
that the use of Cu(hfacac), as a cocatalyst gave improved results,
which suggests that an alkyl Cu species formed in situ from
alkylsilicon might be the active transmetalating agent. Under the
optimized conditions, various functionalized alkylsilicon re-
agents cross-coupled to give products in good yields. Further-
more, challenging sec-alkylsilicons also yielded the desired
products.

7. CROSS-COUPLING REACTIONS WITH ALKYLTIN RE-
AGENTS

Stille cross-couplings with organotin reagents are some of the
most frequently used methods to form C—C bonds.**' In
practice though, aryl- or alkenyltin reagents are commonly used
as coupling partners, while alkyl transfer is mostly limited to
methyl group transfer using SnMe,.** Although there are a few
examples of benzyl or methoxymethyl group transfer from tin
reagents, alkyl groups containing 3-hydrogens such as n-butyl are
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Figure 128. Cross-coupling of aryl halides with alkylsilicon. Reprinted
with permission from ref 446. Copyright 1997 Chemical Society of

Japan.

Scheme 61. Proposed Mechanism (Reprinted with Permis-
sion from Ref 446; Copyright 1997 Chemical Society of

Japan)
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extremely rare,*** and very often the7y gromde low yields or fail to
give any cross-coupling products.*'”**** This is in contrast to
the SnMe, reagent, which produces the corresponding coupling
products in high yields under the same reaction conditions.
Alkyltin reagents can be prepared conveniently via the oxidative
addition of alkyl halides or Grignard additions to ClSnMe;.*>

In 1983, the Tam group reported the Pd-catalyzed Stille
coupling of 2,3-dichloro-1,4-naphthoquinones to afford 2-alky-
lated products (Figure 130).**® During alkylation it was observed
that tetraalkyltin reagents containing alkyl groups such as methyl
or n-butyl were reactive enough to provide high yields; however,
the reaction was slow with larger alkyl groups. For example,
tetradodecyltin provided only 25% of the cross-coupling product
after refluxing in dioxane for 6 days. The same order of reactivity
was also observed in the case of alkylation of arenediazonium
o-benzenedisulfonamides.””" Using Pd-catalysis, tetramethyltin
afforded substituted toluenes in high yields, whereas tetra-
n-butyltin afforded only low or moderate yields under identical
reaction conditions.

Ohta and co-workers demonstrated alkylations of pyrazines by
a Pd-catalyzed Stille coupling. Pyrazine or pyrazine N-oxides were

Pd(OAC); (1 mol%)
HO v AX dppf (42mol%) o
Regi _ [Cu(hfacac),] (3 mol%) ~ si

i-Pry 1.0 equiv. K3POy (2.5 equiv) i-Pry
1.3 equiv. THF, 100 °C
OH
n-Bu N
X=Cl, 81%
X =Br, 84%
CN CN CN CN
93% 76% 86%
changes in above
conditions : t-BuOH, 50 °C
6}
71% CN

78%

Figure 129. 2-(2-Hydroxyprop-2-yl)phenyl-substituted alkylsilanes in
cross-coupling reaction.
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Figure 130. 2-Alkylation of 2,3-dichloro-1,4-naphthoquinone. Re-
printed with permission from ref 456. Copyright 1983 Royal Society
of Chemistry.

alkylated using tetra-n-butyltin, tetra-n-pentyltin, and tetra-n-oc-
tyltin reagents, providing good to high yields (Figure 131).**’

Fouquet and co-workers illustrated an attractive advancement
in Stille couplings.**® Considering the low reactivity, inherent
toxicity and difficulties in separation of tetraalkyltin reagents,
they prepared activated tin reagents in situ by simple oxidative
addition of alkyl halides to low-valent tin, which under-
went a subsequent Pd,(dba);-catalyzed cross-coupling reaction
(Figure 132). Gratifyingly, only TBAF was used as an additive, no
additional ligand was required on Pd, and relatively less toxic
inorganic tin byproducts were separated from the organic
materials by simple filtration. A number of n-alkyl iodides and
bromides underwent cross-couplings with aryl iodides and
bromides providing high yields. Unfortunately, secondary alkyl
bromides did not furnish any products. Perfluorinated alkyls
were also tested and afforded the corresponding cross-coupling
products under even milder reaction conditions. Chiappe and co-
workers also reported ligandless Stille couplings in ionic
liquids.** A single example of Stille cross-coupling between an
alkyltin chloride and an aryl chlorlde appeared in Fu’s general
protocol for Stille couplings.**

In conclusion, although alkylative Stille couplings with SnMe,
are well-demonstrated, higher alkyltin reagents are limited in use
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Figure 131. 2-Alkylation of pyrazines. Reprinted with permission from
ref 457. Copyright 1989 Japan Institute of Heterocyclic Chemistry.
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Figure 132. Stille coupling of activated alkyltin reagents. Reprinted with
permission from ref 458. Copyright 2005 American Chemical Society.

due to their low reactivity and alkyl-transfer capability. In addition,
due to the toxicity of tin, Stille couplings for alkylations have been
substantially substituted by Negishi and Suzuki protocols.

8. ASYMMETRIC CROSS-COUPLING REACTIONS WITH
ALKYL ORGANOMETALLICS

8.1. Introduction

The synthesis of both natural and unnatural organic compounds
in optically active form is a central challenge in chemistry. Enantio-
selective cross-coupling reactions are powerful tools for the assem-
bly of diverse building blocks in a stereocontrolled manner via C—C
bond formation.*** Strategically, it can be (1) reagent-controlled,
where the organometallic reagent itself is stereo- or diastereoselec-
tive; or (2) catalyst-controlled. The latter is the most powerful
method for chiral induction, as it requires only a catalytic amount of
precious chiral ligands on the metal centers and is highly tunable.**>
Cross-coupling with reactants containing remote stereocenters on
their backbone will not be discussed in this section.

8.2. Organometallic Reagent-Controlled Enantioselective
Cross-Coupling Reactions

In reagent-controlled enantioselective cross-coupling, an
alkyl organometallic reagent with a well-defined stereocenter is

= | OTf+ Fs&J\@\ Pd(PPh3)y =~ |
S TBAF DA
YT A v
Mechanistic Possibilities F)
0 E:
| \(Ed(Ar) Ly <l3d(Ar)Ln
F4Si(_Ph Fsil_pPh]-* [Fsic <& s *
4 \\< 4 I\< 4 I\s N ID
Me H Me® H Me" 'H "TPd(ArL,
Sg2(cyclic) Sg2(open) Sg2(open)
retention retention inversion

Figure 133. Hiyama coupling of chiral alkyl silanes. Reprinted with
permission from ref 463. Copyright 1990 American Chemical Society.

prepared and undergoes a subsequent cross-coupling with a
prochiral substrate to provide an optically active product. The
downside to this strategy is that depending on the reaction
mechanism and reaction conditions, the stereochemical fidelity
can be poor or inversion may occur. In 1990, the Hiyama group
observed the influence of temperature and solvent on the
stereochemistry of the cross-coupling reaction of chiral alkylsi-
lanes with aryl triflates.**> The cross-coupling between (S)-
phenyl-1-(trifluorosilylJethane (34% ee) with 4-acetylphenyl
triflate took place smoothly in the presence of S mol % Pd-
(PPhs), and 2.0 equiv of TBAF in THF to afford the cross-
coupled product with retention of configuration at 50 °C (32%
ee), and an inversion of configuration at 75 °C (Figure 133).
Furthermore, the inversion of configuration was observed pre-
dominantly in a polar solvent system (HMPA—THF) even at
50 °C, whereas retention was still maintained in comparatively
less polar DMF and DMSO at 50 °C. Presumably, the Pd-
catalyzed cross-coupling of an organosilane with a triflate in-
volves a pentacoordinate silicate intermediate which is generated
by nucleophilic attack of a fluoride ion to an organosilicon
compound. The retention of configuration in THF at low
temperature is ascribed to a fluoride ion-assisted cyclic four-
centered transition state, whereas, at higher temperatures or
in HMPA—THEF, the fluoride bridge is cleaved and a back-
side attack of the Pd-complex occurs, leading to inversion
(Figure 133).

Crudden and co-workers reported the Pd-catalyzed cross-
coupling of chiral secondary alkylboronic esters with aryl
iodides.*** The chiral boronic esters were synthesized by Rh-
catalyzed hydroboration of alkenes with excellent enantiomeric
ratios. A subsequent cross-coupling with aryl iodides in the
presence of 0.08 equiv of Pd,(dba); and 1.0 equiv of Ag,O
afforded coupling products in high yields and with retention
of configuration (Figure 134). The Deng group465 and the
Gevorgyan group466 also reported a Pd-catalyzed cross-coupling
of chiral cyclopropylboronic acids with aryl iodides and aryl
bromides, producing the corresponding cross-coupling products
in high yields and with retention of configuration. Interestingly, the
primary alkylboron remains intact under the reaction conditions.

While the enantioenriched 1-arylethylboronic esters under-
went cross-coupling with retention of configuration, an inversion
of configuration was observed in the case of Pd-catalyzed cross-
coupling between OL—(acetéylamino)benzylboronic esters and aryl
bromides (Figure 135).%7 Presumably, due to the strong in-
tramolecular coordination of the carbonyl group to boron, the
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Figure 134. Suzuki coupling with retention of configuration. Reprinted
with permission from ref 464. Copyright 2009 American Chemical
Society.
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Figure 135. Suzuki coupling with inversion of configuration. Reprinted
with permission from ref 467. Copyright 2010 American Chemical
Society.

Pd-complex cannot attack from the same side of boron via
p-orbital overlap (TS2). Alternatively, a backside attack on the
carbon center of 0-(acetylamino)benzylboronic esters (TS1) leads
to the inversion of configuration in the final product (Scheme 62).
p-Hydride elimination is not an issue in these substrates.

Campos and co-workers reported a reagent-controlled enan-
tioselective Qi-arylation of N-Boc-pyrrolidines (Figure 136). The
enantioenriched zinc reagent was prepared in situ via deprotona-
tion of N-Boc-pyrrolidine by s-BuLi and (—)-sparteine followed
by treatment with zinc chloride at —78 °C. The reagent was then
cross-coupled at room temperature with aryl halides in the
presence of S mol % Pd(OAc), and 6 mol % t-Bu;P-HBF,
in methyl tert-butyl ether (MTBE), affordlné% high yield and
enantioselectivities of the at-arylated products.*®® The high degree
of stereoselectivity of the cross-coupled product suggests that
the secondary zinc reagents are configurationally stable under the
reaction conditions and undergo facile transmetalation with the
Pd-species. Since numerous biologically active molecules contain
N-protected pyrrolidines in their backbone, this methodology
can offer a concise and practical route for their synthesis. An
illustrative example is the synthesis of a glucokinase activator
(Scheme 63).**” Recently, Knochel and co-workers reported a
Pd-catalyzed diastereoselective Negishi coupling with substi-
tuted cycloalkylzinc reagents.*”

Scheme 62. Proposed Mechanism for Inversion of Config-
uration
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Figure 136. Negishi coupling with chiral alkylzinc reagent. Reprinted
with permission from ref 468. Copyright 2006 American Chemical
Society.

8.3. Catalyst-Controlled Enantioselective Cross-Coupling
Reactions

Catalyst-controlled enantioselective cross-coupling is the
most powerful technique to afford optically active cross-coupled
products, as it requires only substoichiometric chiral ligands.*”*
In 1982, Kumada and co-workers reported the asymmetric cross-
coupling of secondary alkyl Grignard reagents with organic
halides catalyzed by chiral ferrocenyl—phosphine complexes of
Ni and Pd.*’* It was observed that the ferrocene planar chirality
was a dominant factor over the chiral carbon center attached to
one of the cyclopentyl rings, and a dimethylamino group vicinal
to the chiral carbon center was required to achieve high degrees
of enantioselectivity (Scheme 64). Mechanistically, it is specu-
lated that the ferrocenyl metal complex undergoes oxidative
addition to the alkenyl halide to generate a tetracoordinated
complex 143 (Scheme 65). When the Grignard reagent ap-
proaches, the dimethylamino group dissociates from the metal
center and coordinates with the magnesium atom of the Grignard
reagent to form the diastereomeric intermediate 144. This
coordination occurs selectively with one of the enantiomers of
the racemic Grignard reagent, and facile transmetalation occurs
to form the diorganonickel- or palladium-intermediate 145. The
stereoselectivity of the reaction is determined at the transmetala-
tion step, and coordination with the pendant dimethylamino
group is influential.
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Scheme 63. Synthesis of Gluocokinase Activator (Reprinted
with Permission from Ref 469; Copyright 2008 American
Chemical Society)
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Scheme 64. Asymmetric Kumada Coupling with Chiral Fer-
rocenylphosphine Ligand (Reprinted with Permission from
Ref 472; Copyright 1982 American Chemical Society)
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In 1986, the Kellogg group designed, developed, and synthe-
sized a series of chiral, macrocyclic sulfide- and sulfide/alkyla-
mine-containing ligands for Ni-catalyzed cross-coupling reac-
tions with Grignard reagents (Scheme 66).*”* After ligand
evaluation, it was observed that an L-cysteine-derived tetraden-
tate ligand provided moderate yield (50%) with 46% enantio-
meric excess of the cross-coupled product between vinyl bromide

Scheme 66. Asymmetric Kumada Coupling with Chiral Sul-
fide Ligand (Reprinted with Permission from Ref 473;
Copyright 1986 American Chemical Society)
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and 1-phenyl-1-chloroethane (Scheme 66). The square-planar
geometry provided by this ligand at the Ni(0) and diorganonickel
intermediates was found to be crucial for effective asymmetric
induction, as the open chain analogue of the ligand afforded only
8% ee of the same product.

Shibasaki and co-workers developed an intramolecular asym-
metric Suzuki—Miyaura cross-coupling reaction to construct
cyclopentane derivatives (Scheme 67).** Prochiral 9-BBN deri-
vatives of vinyl triflates were prepared by hydroboration of the
corresponding alkenes and subsequently cross-coupled in the
presence of Pd,(dba);+ CHCL;, (S)-(R)-BPPFOAc and K,CO;
in THF at 40 °C. The product was isolated after the subsequent
oxidative workup and benzoylation in overall 58% yield with 28% ee.

In 2001, Lemaire reported an asymmetric Kumada—Corriu
coupling of 1-phenylethylmagnesium chloride with vinyl bromide
in the presence of NiCl, and quinphos ligand (Scheme 68).*”> A
satisfactory enantiomeric excess was obtained (85%) at 0 °C along
with a moderate yield (50%) of the cross-coupling product.

In 2004, Aoyama also reported the Pd-catalyzed asymmetric
cross-coupling of 1-phenylethylmagnesium and (E)-f3-bromos-
tyrene using an N-Ar axially chiral ligand (Figure 137). Interest-
ingly, this protocol offered the chemoselective cross-coupling of
vinyl bromides in the presence of aryl halides.*”®

From the above examples, it is quite evident that asymmetric
induction in cross-coupling is very difficult and, in most cases,
moderate to good enantiomeric excess of the cross-coupled
products was observed. Recently, Fu and co-workers developed
a series of Ni-catalyzed enantioselective cross-coupling reactions
between alkyl organometallics and different types of secondary
electrophiles using chiral nitrogen-based ligands. In a mechan-
istic study, Vicic and co-workers illustrated that Ni-catalyzed
cross-couplings proceed in a stereoconvergent manner instead of
through a kinetic resolution. Therefore, the oxidative addition of
alkyl halides most likely occurs through a radical }zaathway and a
planar radical intermediate has been proposed.””*' The stereo-
chemistry of the cross-coupling product can then be determined
by the configuration of the ligand used. In 2005, the Fu group
reported the enantioselective Negishi coupling of benzylic
halides in the presence 10 mol % NiBr, - diglyme and 13 mol %
(S)-(i-Pr)-Pybox in DMA at 0 °C (Figure 138).*”” The high
yields and excellent enantioselectivity of the cross-coupled
products are noteworthy. In the same year, they also reported
an enantioselective Negishi coupling of secondary o-bromo
amides in the presence of 10 mol % NiCl, - glyme and 13 mol
% (R)-(i-Pr)-Pybox in DMI/THF at 0 °C.*"®

The Fu group also reported a Ni-catalyzed enantioselec-
tive cross-coupling of secondary allylic chlorides and primary
alkylzinc bromides. Consiglio and co-workers have previously
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Scheme 67. Asymmetric Synthesis of Cyclopentane Derivatives (Reprinted with Permission from Ref 474; Copyright 1998

Elsevier)

1) Pd,(dba); (10 mol%)
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o #  9-BBN-H o bo-8BN  KeCOjs, THF, 20°C &V#}?OPNB
™ THF, rt 9-BBN 2) 3N NaOH, 35% H,0,
3) PNBCI, EtzN 58% yield
H, Me 28% ee
AcO :
PhyP éeD
thP/Q
(S)-(R)-BPPFOAC
Scheme 68. Asymmetric Kumada Coupling with Quinphos X NiBr,. diglyme (10 mol%) R1
Ligand (Reprinted with Permission from Ref 475; Copyright X 1 (8)-(i-Pr)-Pybox (13 mol%) N
2001 Elsevier) R I/ +Bran-R DMA. 0°C R
NiCl,, (0.5 mol% racemic
iClz, (0.5 mol%) X = Br, I 39-89% yield
X 75-99% ee

. MgCl quinphos, (0.5 mol%) z
=4 + /k Ph *|

Et,0, 12h,0°C Ph
50% yield
/Z] 85% ee
H%N
PPh,
quinphos
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Pd,(dba);eCHClI3 (2.5 mol%)
Ligand, (5 mol%)

CF3-CgHj, -20 °C

(LO
Ligand = N PPh
2 % i
65% yield 831/ Ekyf;d
70% ee t mp = -10 °C

Figure 137. Asymmetric Kumada coupling. Reprinted with permission
from ref 476. Copyright 2004 Elsevier.

reported Ni-catalyzed, asymmetric Kumada—Corriu couplings
with cyclic allyl phenyl ethers, but the yields and enatioselec-
tivities were poor.*’”” Furthermore, the substrate scope was
limited to cyclic allyl phenyl ethers to avoid regioselectivity
issues. Using Fu’s conditions high yields and excellent regio-
and enantioselectivities were obtained using (S)-BnCH,—Pybox
as a chiral ligand (Figure 139).*" As a showcase, this methodol-
ogy has been applied to the formal synthesis of fluvirucinine A;,
where excellent regio-, diastereo-, and enantioselectivity have
been achieved (Scheme 69).

In 2008, the Fu group demonstrated the stereoconvergent,
enantioselective alkyl—alkyl Suzuki cross-coupling of unacti-
vated homobenzylic halides catalyzed by Ni-complexes. It was
hypothesized that the chiral Ni-complex should differentiate
between the alkyl groups of benzylCH, and alkyl groups attached
to secondary bromides. Therefore, proper placement of the aryl

O o

41% yield 63% yield
99% ee 75% ee

69% yield
94% ee

Figure 138. Asymmetric Negishi coupling with benzylic halides. Re-
printed with permission from ref 477. Copyright 2005 American
Chemical Society.

NiClyeglyme (5 mol%)

cl R
(S)-BNCH,-Pybox (5.5 mol%)
X + BrZn—R XN
R1/\)\R2 NaCl (4 equiv) R1/\/LR2

54-97% yield

= DMA/DMF (1:1), -10 °C
X =Br, Cl 69-98% ee
A
| 2
o) 0O 0
ONTYY Me™ X “Me OMe A/(\O(J
N N—/ Me 54%yield  i-pr” " Me
J 98% ee 95% yield
Bn Bn 84% ee

(S)-BnCH,-Pybox

Figure 139. Asymmetric Negishi coupling with allylic chlorides. Re-
printed with permission from ref 480. Copyright 2008 American
Chemical Society.

groups was found to be important for chiral induction, as
deviation from the homobenzylic position produced low enantio-
selectivity. During this study it was noted that when an ether is
present in the electrophile, low enantioselectivity was observed
(Figure 140).**" 1t was therefore hypothesized that the Ni-
complex might coordinate with the oxygen of the ether moiety.
Using this concept, the protocol was extended into the asymmetric
alkyl—alkyl cross-coupling of acylated halohydrins under slightly
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Scheme 69. Formal Total Synthesis of Fluvirucinine A; (Reprinted with Permission from Ref 480; Copyright 2008 American

Chemical Society)
NiCloeql o o Me
Me  Brzn iClyeglyme (5 mol%) Me 1) Hy, Pd/C: LiAIH,
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Ni(cod); (10 mol%) The diastereoselective hydroboration of fragment 146 with Still’s

Ar alkyl | 9. BBN—alky!" (R-(R)-Ligand (12 mol%) alky! hydroboration protocol gave compound 147.*** Late stage cross-

Br KOt-Bu (1.2 equiv) alkyl" coupling was achieved between compound 147 and 148 using

racemic i-BUOH (2.0 equiv) 62-86% yield catalytic Pd(dppf)Cl, in 70% isolated yield as a single diaster-

oF iPry0, 5 °Cor rt 40-94% ee eomer. In 2002, Marshall and co-workers utilized a B-alkyl

e Me Suzuki—Miyaura cross-coupling as a key step in their total syn-

OBn . . . 485 .
m m}( thesis of (—)-callystatin A (Figure 141b).*> The union of
MeHN  NHMe 6% vield Ph 9% vield subunits 150 and 151 was achieved in 73% yield using S mol
(R-(R)-Ligand 0% o 10% co 9% Pd(dppf)Cl,, AsPhs, Cs,CO;, and DMF/H,O0.

Figure 140. Asymmetric Suzuki coupling with homobenzylic bromides.
Reprinted with permission from ref 481. Copyright 2008 American
Chemical Society.

modified reaction conditions, where a simple phenyl-substitut-
ed diamine ligand was used in place of the electron-deficient
(m-CF3—CgH,) substitution on the diamine ligand.482

8.4. Conclusion

In conclusion, enantioselective cross-coupling reactions with
different electrophiles and alkyl organometallics have been
demonstrated and more attention is being devoted to this field.
Recent advancements using Fu’s conditions are noteworthy.
However, sparse mechanistic information has been reported on
these reactions which may be limiting the extension to broader
reaction classes.

9. APPLICATIONS OF ALKYL ORGANOMETALLIC RE-
AGENTS IN TOTAL SYNTHESIS

In recent years, alkyl organometallics have been used exten-
sively in the total synthesis of complex natural products. High
functional group tolerance, mild coupling conditions, and the
ability to utilized novel disconnections have made cross-coupling
a mainstream fragment coupling technology. The application of
cross-coupling reactions in total synthesis has been extensively
reviewed by Danishefsky”*' and Nicolaou™* in 2001 and 2005,
respectively. In this final section of the review, representative
examples of alkyl boron, alkyl zinc, and alkyl magnesium
compounds used in total synthesis will be covered in chronolog-
ical order starting from 2001 to 2010.

9.1. Total Synthesis with Alkylboron Reagents
In 2002, Mandal reported the total synthesis of (—)-ebelac-
tone A using a Suzuki—Miyaura cross-coupling (Figure 141a).%%

In 2005, Sasaki and co-workers reported the total synthesis of
marine polyether gymnocin-A** using Suzuki—Miyaura cross-
coupling methodology developed in their laboratory.”® They
have reported the synthesis of various natural products contain-
ing cyclic ether moieties using their methodology.**”*** Since all
of them follow the same general concept, we will cover only their
synthesis of brevenal (Figure 141c).*” Hydroboration of com-
pound 153 followed by reaction with compound 152 in the
presence of Cs,COj3 and Pd(dppf)Cl, gave the desired product
in good yield. Successful use of the Suzuki—Miyaura reaction in
the late stage of a total synthesis of a molecule of this complexity
clearly showcases the high chemoselectivity and mildness of
these procedures.

Another elegant example of the late stage use of a Suzuki—
Miyaura cross-coupling was demonstrated by Lee and co-work-
ers (Figure 141d). During the total synthesis of kendomycin,
cross-coupling between compound 155 and compound 156,
using [Pd(dppf)Cl,] as the catalyst in a ether/THF/DMF
solvent mixture, gave product 157 in excellent yield.** Sequen-
tial functional group manipulations transformed intermediate
157 into the natural product. In 2004, Cossy and co-workers
reported the total synthesis of (4)-(3'S,2'R)-zaopatanol using
the Suzuki—Miyaura reaction (Figure 141e).*° In this case, use
of Pd(PPh;),Cl, with K3PO, in dioxane at 85 °C gave the
desired product in 74% yield.

In 2006, Smith and co-workers reported the total synthesis of
the indole diterpenoid (+)-nodulisporic acid F (Figure 142a).*!
The alkyl side chain was introduced by Suzuki—Miyaura cross-
coupling between compound 162 and tether 163. The reaction
of 161 with 9-BBN dimer in toluene gave the corresponding alkyl
borane 162, which reacts smoothly with vinyl bromide 163 to
furnish 164 in 69% yield. Dai and co-workers synthesized amphi-
dinolide Y, a 17-membered cytotoxic macrolide (Figure 142b).**
The treatment of compound 165 with 9-BBN gives intermediate
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o
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o e

(+)-(3'S, 2'R)-Zaopatanol

Figure 141. Total synthesis using alkylboron reagents (2002—2004): (a) (—)-ebelactone A (reprinted with permission from ref 483; copyright 2002
American Chemical Society); (b) (—)-callystatin A (reprinted with permission from ref 485; copyright 2002 American Chemical Society); (c) brevanal
(reprinted with permission from ref 486; copyright 2005 American Chemical Society); (d) kendomycin (reprinted with permission from ref 489; copyright
2004 American Chemical Society); (e) (+)-(3'S,2'R)-zaopatanol (reprinted with permission from ref 490; copyright 2004 American Chemical Society).

166, which was then subjected to Suzuki—Miyaura cross-coupling
to give the desired product in 70% yield. Use of the Aphos
ligand***** gave better results compared to dppf and allowed
for the use of lower catalyst loading. In 2008, Roulland reported
the synthesis of (+)-oocydine A, a cytotoxic and phytopathogenic
compound, by means of the B-alkyl Suzuki—Miyaura reaction

(Figure 142c).*® Utilizing a methodology developed in their
laboratory,®® they were able to accomplish the coupling of two
highly functionalized fragments, 167 and 9-BBN derivative of
168. It should be noted that, using 1,1-dichloroalkene 167, the
chloride trans to the alkyl chain reacts preferentially, giving the
E-isomer of 169 in excellent yield and selectivity. Kigoshi and
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Figure 142. Total synthesis using alkylboron reagents (2006—2009): (a) (+)-nodulisporic acid F (reprinted with permission from ref 491; copyright
American Chemical Society); (b) amphidinolide Y (reprinted with permission from ref 492; copyright 2007 American Chemical Society); (c) (+)-
oocydine A (reprinted with permission from ref 495; copyright 2008 Wiley-VCH); (d) haterumalide HA ((+)-oocydine A) (reprinted with permission
from ref 496; copyright 2008 American Chemical Society); (e) 4-hydroxydictyolactone (reprinted with permission from ref 497; copyright American

Chemical Society).

co-workers also achived the synthesis of haterumalide

((4)-oocydine A), a potent cytotoxic marine macrolide, using
Suzuki—Miyaura cross-coupling (Figure 142d).* The use of
9-BBN dimer gave better results than 9-BBN under optimized

reaction conditions.

HA In 2009, Williams and co-workers reported a unique use of
the B-alkyl Suzuki—Miyaura cross-coupling in the total synthe-
sis of 4-hydroxydictyolactone (Figure 142¢).*”” They utilized
a cross-coupling protocol to construct a macrocycle from

highly functionalized late stage intermediate 173. During their
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Figure 143. Total synthesis using alkylboron reagents (2009): (a) mycestericin A (reprinted with permission from ref 498; copyright 2009 Elsevier);
(b) jatrophane (reprinted with permission from ref 499; copyright 2009 American Chemical Society); (c) (+)-myrrhanol-A (reprinted with permission
from ref 500; copyright 2009 American Chemical Society); (d) spirastrellolide F methyl ester (reprinted with permission from ref 501; copyright 2009
Wiley-VCH).

optimization, they observed a significant influence of the protect- Mycestericin A, a potent immunosuppresant, was synthesized
ing group on the reaction outcome. Interestingly, the use of by Chida and co-workers (Figure 143a).*® The Negishi cross-
Pd(PPh;), instead of the widely used Pd(dppf)Cl, gave better coupling between lactone 176 and the alkylzinc derivative of 175
results for the Suzuki macrocyclization event. gave the product 177 in low yield. This was proposed to be due to
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Scheme 70. Total Synthesis of Anguinomycin (Reprinted with Permission from Ref 503; Copyright 2010 American Chemical Society)
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Figure 144. Application of B-alkyl Suzuki—Miyaura cross-coupling: (a) (reprinted with permission from ref 504, copyright 2002 Wiley-VCH); (b) (reprinted
with permission from ref S0S; copyright 2003 American Chemical Society); (c) (reprinted with permission from ref S06; copyright 2005 American Chemical
Society); (d) (reprinted with permission from ref 507; copyright 2007 Japan Society for Bioscience, Biotechnology, and Agrochemistry); (e) (reprinted with
permission from ref S08; copyright 2008 Taylor & Francis); (f) (reprinted with permission from ref 509; copyright 2010 American Chemical Society).

Scheme 71. Total Synthesis of Oleandolide (Reprinted with Permissin from Ref 510; Copyright 2002 American Chemical Society)
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Figure 14S. Total synthesis using alkylzinc reagents (2002—2003): (a) (+)-pumiliotoxins A and B (reprinted with permission from ref 511; copyright
2002 American Chemical Society); (b) borrelidin (reprinted with permission from ref 512; copyright 2003 American Chemical Society); (c)

hemibrevetoxin B (reprinted with permission from ref 514; copyright 2003 American Chemical Society); (d) amphidinolide T1, T2, T3, and T4
(reprinted with permission from ref 516; copyright 2003 American Chemical Society).

the presence of base-sensitive functionalities (lactone and acetyl
groups) in compound 176. In contrast, the Suzuki—Miyaura
cross-coupling led to a 77% yield of the desired product 179.

1480

Jatrophane was efficiently synthesized using a Suzuki—Miyaura
cross-coupling (Figure 143b).*° Hiersemann and co-workers
used 7 mol % Pd(dppf)Cl,, 20 mol % Ph;As, and Cs,COj in
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Figure 146. Total synthesis using alkylzinc reagents (2004—2009): (a) various aromatic bisabolenes (reprinted with permission from ref $17; copyright
2004 American Chemical Society); (b) scyphostatin (reprinted with permission from ref $18; copyright 2004 Wiley-VCH); (c) brevetoxin B (reprinted
with permission from ref 523; copyright 2005 American Chemical Society); (d) fragments of amphidinolides G and H (reprinted with permission from
ref 524; copyright 2007 American Chemical Society); (e) (—)-kendomycin (reprinted with permission from ref 526; copyright 2008 American

Chemical Society); (f) (S)-jamaicamide C (reprinted with permission from ref 527; copyright 2009 American Chemical Society).

THF:DMF:H,O0 at 80 °C to effect the highly efficient coupling of
vinyl iodide 181 with the alkyl borane derived from 180.
Barrero and co-workers reported the first total synthesis of
potent anti-inflammatory (4 )-myrrhanol-A in 2009 (Figure 143c).*
They used a late stage B-alkyl Suzuki—Miyaura cross-coupling
to assemble the advanced fragments 183 and 184 to give
product 185 in 90% yield as a single regioisomer. Subsequent
deprotection of ethers afforded the natural product. Another
elegant use of a late stage B-alkyl Suzuki—Miyaura cross-
coupling was demonstrated by Furstner and co-workers in

1481

their total synthesis of spirastrellolide F methyl ester.>®"°>

Two highly functionalized fragments 186 and 187 were
coupled under mild conditions to give key intermediate 188
in a respectable 75% yield.

An alternative version of the B-alkyl Suzuki coupling was used
by Bonazzi and co-workers in a synthesis of the polyke-
tide anguinomycin (Scheme 70).%*® Lithiation of primary iodide
189, followed by an addition of 9-methoxy-BBN, gave the
intermediate borate 190, which was coupled with iodoalkene

191 in high yield (Scheme 70).
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Figure 147. Total synthesis using alkylzinc reagents (2009—2010): (a) OF4949-III and K-13 (reprinted with permission from ref 528; copyright 2009
American Chemical Society); (b) kapakahine E and F (reprinted with permission from ref 529; copyright 2010 American Chemical Society).
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Figure 148. Application of Negishi cross-coupling:'***3%%3!  (a)

(reprinted with permission from ref 530; copyright 2001 Wiley-VCH);
(b) (reprinted with permission from ref 143; copyright 2002 American
Chemical Society).

Other molecules which have been synthesized using
the B-alkyl Suzuki—Miyaura cross-coupling are depicted in
Figure 144,274504~509

9.2. Total Synthesis with Alkylzinc Reagents

In 2002, Panek and co-workers reported the total synthesis of
oleandolide, the aglycon of the macrolide antibiotic oleandomy-
cin (Scheme 71).>'° The failure of the Suzuki—Miyaura cross-
coupling to efficiently provide key intermediate 196 prompted
the authors to explore a Negishi cross-coupling. The rationale
behind this change was that transmetalation from Zn to Pd is
faster than the transmetalation from B to Pd, and a cleaner and

faster reaction might be achieved."** Indeed, reaction of alkylzinc
197 with vinyl triflate 195 gave the cross-coupled product 196 in
82% isolated yield.

In 2002, Kibayashi reported an elegant use of the Negishi
coupling reaction for the synthesis of (+)-pumiliotoxins A and
B! from common precursor 198 (Figure 14Sa). This was the
first example of cross-coupling between a highly functionalized
homoallylic organozinc such as 199 and a vinyl iodide such as
200. The common intermediate 198 was treated with ZnCl, in
the presence of t-Buli to give the corresponding alkylzinc
intermediate 199. The reaction of intermediate 199 with 200
in the presence of Pd(PPh;), gave compound 201 in 60% yield.
When the same methodology was applied to the synthesis of 204,
it resulted in the formation of the desired coupling product in low
yield (28%) together with a complex mixture. The low yield was
presumably due to the Lewis acid sensitive acetal group, which
could react in the presence of IZnCl generated from the cross-
coupling. To overcome this problem, dialkylzinc 202 was cross-
coupled with 203 to give 51% yield of the desired product 204.
Sequential functional group manipulations transformed inter-
mediates 201 and 204 into the corresponding natural products.""

In 2003, Morken and co-workers reported the total synthesis
of borrelidin, a potent angiogenesis inhibitor with an ICs of 0.8
nM (Figure 145b).312 Alkyl iodide 205 was converted to the
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Figure 149. Syntheses using alkylMg reagents (2002—2010): (a) synthesis of epothilone B homologues (reprinted with permission from ref 532;
copyright 2002 American Chemical Society); (b) synthesis of latrunculin B (reprinted with permission from ref 533; copyright 2003 Wiley-VCH); (c)
total synthesis of (R)-(+)-muscopyridine (reprinted with permission from 534; copyright 2003 Wiley-VCH); (d) synthesis of FTY720 (reprinted with
permission from ref $36; copyright 2004 American Chemical Society); (e) synthesis of pheromone of Diparopsis castanea (reprinted with permission

from ref 538; copyright 2008 American Chemical Society).

corresponding alkylzinc in situ and subjected to the coupling
conditions to give 207 in 58% yield. A similar coupling strategy
(coupling between alkyl iodide and vinyl iodide) was used by
Altmann and co-workers for the total synthesis of trans-epothi-
lone A" For the total synthesis of hemibrevetoxin B, the
coupling of two fragments was accomplished utilizing a Negishi
cross-coupling by Holton and co-workers (Figure145¢).>'* The
authors observed a significant effect of the method of zinc
activation on the reaction outcome. When iodine —zinc exchange
was performed through Pd catalysis or Mn/Cu >'* mixed metal
catalysis, the yield of 211 was low and variable, whereas when the
zinc reagent 210 was prepared following a Rieke zinc protocol,”®
a high yield of 211 was obtained.

In 2003, Furstner utilized an acyl Negishi cross-coupling
between the highly functionalized alkylzinc derivative of 212 and
enantiopure acyl chloride 213, in the total s oyntheses of amphidi-
nolides T1, T2, T3, and T4 (Figure 145d). 316 The alkyl iodide 212

was treated with Zn/Cu couple, which was activated with (TMS)Cl
immediately prior to use, to give the alkylzinc. The alkylzinc
generated in situ was treated with acyl chloride 213 in the presence
of Pd,(dba); as catalyst and P(2-furyl); as ligand to give the desired
product 214 in modest yield. The reaction was sensitive to the
conditions used; e.g,, only toluene as solvent with DMA as the
additive was successful; also, the use of coupling partners other than
alkylzincs did not result in the formation of the desired product.
In 2004, Vyvyan and co-workers reported the total synthesis of
various aromatic bisabolene natural products via Pd-catalyzed
Negishi cross-coupling (Figure 146a).>'” The reaction of sec-
alkylzinc 216 with aryl bromides 217 and 218, respectively, gave
the corresponding products in good yields. Scyphostatin, a
powerful and specific inhibitor of neutral sphingomyelinase,
has been synthesized by various groups using the Negishi
coupling (Figure 146b).>'*>** One representative example is
shown in Figure 146b, where the coupling of vinyl iodide 222
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with the alkylzinc generated in situ from 221 provided the
desired product 223 in 81% yield.

Durin% the total synthesis of brevetoxin B, Yamamoto and co-
workers>** used a Negishi cross-coupling to install the side chain
225 on fragment 224 (Figure 146¢). In 2007, Crews and co-
workers utilized a Negishi cross-coupling to the synthesize the
C3—Cl18 fragment of amphidinolides G and H, where the
treatment of compound 227 with alkylzinc 228 in the presence
of Pd(PPh;), gave the coupled product 229 in 92% yield
(Figure 146d).>** The same alkylzinc (228) was used by Pilli
and co-workers in the total synthesis of (—)-delactomycin.***

The total synthesis of (—)-kendomycin, a potential antios-
teoporotic agent, was achieved by Panek and co-workers utilizing
a Negishi cross-coupling (Figure 146e).>*° The reaction of 230
with the alkylzinc derived from 231 in the presence of Pd(PPh;),
gave product 232 in 92% yield. In Paige and co-workers' approach
toward the synthesis of (S)-jamaicamide C, a Ne;g;'shi reaction was
used to introduce the alkyl chain (Figure 146f).>*’ The reaction of
vinyl iodide 233 with alkylzinc gave the product 234 in good yield.

In 2009, Jackson and co-workers used a Negishi cross-cou-
pling as a key step in the synthesis of OF4949-1II and K-13
(Figure 147a).%*® OF4949-II1 was synthesized by reaction of
compound 235 with alkylzinc 236 to give 237 in 75% yield. This
provided the full carbon skeleton of OF4949-111, and only a few
functional group manipulations were needed to furnish the final
product. Impressively, K-13 was synthesized via an intramole-
cular Negishi cross-coupling of highly functionalized compound
238, though in this case a lower yield was observed.

Recently, Rainier and co-workers synthesized kapakahines E
and F, potent cytotoxic compounds, utilizing a key Negishi cross-
coupling (Figure 147b).3*° The reaction between 3-iodoindole 240
and well-known alkylzinc 241 gave the desired product 242 in 74%
yield, effectively completing the synthesis of the kapakahine dimeric
tryptophan core. Other molecules which have been synthesized
using the Negishi cross-coupling are depicted in Figure 148.

9.3. Total Synthesis with Alkylmagnesium Reagents

In 2002, Danishefsky and co-workers demonstrated the use of
a Kumada cross-coupling for synthesis of 17- and 18-membered ring
homologues of epothilone B (Figure 149a).>** They successfully
coupled 243 and 244, using Pd(dppf) Cl, as catalyst, to give 245 in
good yield. In 2003, Furstner and co-workers demonstrated the first
example of Fe-catalyzed cross-coupling between a vinyl triflate 246
and alkyl-MgBr (247) during their synthesis of latrunculin B
(Figure 149b).>*> The reaction affords the desired product in
excellent yield. Furthermore, the reaction is highly stereoselective
and proceeds very rapidly under notably mild conditions.

To further demonstrate the utility of Fe-catalyzed cross-
coupling, Furstner and co-workers reported the total synthesis
of muscopyridine (Figure 149¢).>** Here, compound 251 was
functionalized to give 254 in one pot with two different alkyl
Grignards. First, 251 was treated with 250 to give intermediate
253 after reaction with the more reactive C—OTf bond. Upon
completion, 6-heptenylmagnesium bromide was added to the
same reaction mixture to give 254 in 80% overall yield. Furstner
also utilized an iron-catalyzed cross-coupling for the total synth-
esis of the macrocyclic spermidine alkaloid isooncinotine.>*®

In 2004, Furstner and co-workers demonstrated another
example of Fe-catalyzed cross-coupling for the synthesis of
FTY720 (Figure 149d).>*® Here, the coupling of aryl triflate
255 and octyl-MgBr was catalyzed by commercially available
Fe(acac); to give the desired product 256 in 84% yield. This

reaction showcases the chemoselectivity of Fe-catalyzed reac-
tions toward C—OTf bond in the presence of an ester function-
ality. In 2005, Mulzer and co-workers demonstrated the use of
Pd-catalyzed Kumada cross-coupling in the total synthesis of 15-
deoxy-16-(m-tolyl)-17,18,19,20-tetranorisocarbacyclin.>*’

Cahiez and co-workers reported an efficient route for the
synthesis of terminal conjugated dienes by coupling of dienol
phosphates with Grignard reagents. The methodology was used
for the synthesis of Diparopsis castanea pheromone. The iron-
catalyzed cross-coupling between 257 and alkylMgX (258) gave
the desired product in 79% yield with excellent stereo-
selectivity.”>® The sex pheromone of female moss, Bombyx mori,
was synthesized stereospecifically by Ni-catalyzed cross-coupling
of vinyl bromide with PrMgBr.>*’

10. SUMMARY AND OUTLOOK

As demonstrated in this review, the use of alkylorganometallic
reagents in metal-catalyzed cross-coupling has seen a rapid accel-
eration in the development of catalytic procedures using a wide
range of coupling partners, metal catalysts, and diverse organome-
tallics. This is highlighted by the general use of these processes to
access key building blocks for synthesis and applications to complex
fragment couplings in target synthesis. An especially exciting devel-
opment is in the area of asymmetric catalysis where methods have
been developed to set isolated alkyl chiral centers. Furthermore,
recent progress in the use of iron catalysts is noteworthy.

While progress has been considerable over the past decade, in
our opinion, there are numerous issues that need to be resolved,
including further development of C(sp®)—C(sp?) cross-couplings
to cover a broader scope (especially secondary electrophiles),
enhanced scope for enantioselective variants, and understanding
of the underlying processes. There clearly is a dearth of mechanistic
understanding particularly in Ni- and Fe-catalyzed processes. We
believe the most important synthetic developments will most likely
arise from future mechanistic studies and detailed understanding.
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