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Abstract

The palladium-catalyzed cross-coupling reaction between organoboron compounds and organic halides or triflates provides a
powerful and general methodology for the formation of carbon—carbon bonds. Recently, this reaction has been called the Suzuki
coupling, Suzuki reaction, or Suzuki—Miyaura coupling, although we never referred to it as such previously. In this review, this
name will be used with hesitation, simply in order to express the coupling reaction. The availability of the reagents and the mild
reaction conditions all contribute to the versatility of this reaction. The coupling reaction offers several additional advantages,
such as being largely unaffected by the presence of water, tolerating a broad range of functional groups, and proceeding generally
regio- and stereoselectively. Moreover, the inorganic by-product of the reaction is non-toxic and easily removed from the reaction
mixture thereby making the Suzuki coupling suitable not only for laboratories but also for industrial processes. We published
previously a comprehensive review of the reaction (see N. Miyaura, A. Suzuki, Chem. Rev. 95 (1995) 2457 and A. Suzuki, in: F.
Diederich, P.J. Stang, (Eds.), Metal-Catalyzed Cross-coupling Reactions, VCH, Weinheim, 1998, pp. 49-97), which covered
mainly the references until the end of 1994. Thereafter, a large number of papers related to the coupling reaction have been
reported. Consequently, such new results presented from 1995 to May 1998 are summarized in this review. © 1999 Elsevier
Science S.A. All rights reserved.
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1. Cross-coupling of arylborane derivatives nar conformation which may control the biological
properties in tetrapyrrole systems like the photosyn-

1.1. With haloarenes thetic centers, vitamin B,,, coenzyme F,;, and P-450.
The synthesis of these B-substituted porphyrins often

Porphyrin synthesis arouses continuing interest in requires the relatively inaccessible 3-substituted or 3,4-
biological, material, and inorganic chemistry. Sub- disubstituted pyrroles for either protic or Lewis acid-
stituents at the B-position of porphyrins exert much catalyzed cotetramerization with aldehydes.
larger steric and electronic effects on the porphyrin ring Furthermore, regioisomeric mixtures which require
than substituents at the meso-aryl positions. The B-sub- difficult and tedious chromatographic purification often
stituents also induce the porphyrin ring into a non-pla- result in the preparation of unsymmetrical porphyrins.

Since B-brominated porphyrins are obtained easily from

the controlled bromination of porphyrins or metal-

* Dedicated with deep respect to both Professor J. Tsuji and loporphypns, the transfo.rmatlon of the bromme,sub-
Professor R.F. Heck. stituents into other functional groups would provide a
* Fax: 4 81-86-440-1062. facile entry into B-substituted porphyrins. Chan and his

0022-328X/99/$ - see front matter © 1999 Elsevier Science S.A. All rights reserved.
PII: S0022-328X(98)01055-9
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coworkers reported on the synthesis of B-aryl substi-
tuted tetraphenylporphyrins by the Suzuki cross-cou-
pling with the corresponding B-bromoporphyrins [3].

B-Monobromo-, B-tetrabromo- and B-octabromote-
traphenyl porphyrins all under smooth coupling reac-
tions with p-substituted arylboronic acids give high
yields of B-aryltetraphenyl porphyrins, one such exam-
ple is shown in Scheme 1. In comparison with the
synthesis of porphyrins via the co-tetramerization of
pyrroles with aryl aldehydes, this method is comple-
mentary. The same reaction was recently published by
Zhou et al. [4] for the synthesis of B-mono-, tetra-, and
octasubstituted tetramesitylporphyrins in good yields
by the coupling of B-bromotetramesitylporphyrins with
aryl- and alkylboronic acids. A facile synthesis of por-
phyrin dimers linked between the meso-position and the
B-position by phenel groups has been presented
through the key Suzuki cross-coupling [5].

In connection with such syntheses, Chang and Bag
[6] also reported a synthetic method of tetramethylte-
traphenylporphyrin from a pyrrole derivative. For the
synthesis of such pyrroles, they attempted to use a
bromopyrrole (1) and phenylboric acid using Pd(0)-cat-
alyzed cross coupling. The reaction proceeds well in
DMF to give essentially a quantitative yield of the
product (2) Eq. (1).

B PhB(OH) Fh
P e X
N” COOEt  Pd(PPhy)y/NayCO, N COOE 1)
H DMF H
1 2 95%

Zhang and Chan observed that base has a remark-
able effect on acceleration of the rate of Suzuki cou-
pling of sterically bulky boronic acid with halopyridines
in non-aqueous solvent [7]. For instance, in the reaction
of the extremely sterically bulky arylboronic acid (3)
with halo-pyridines (4a, b, and c), the strong base
potassium ¢-butoxide (KOz-Bu) gives the best result
among the bases examined (Scheme 2, Table 1).

Sakata et al. published the synthesis of a series of
oligo-para-phenylene substituted new porphyrins by the
combinations of aryl—aryl coupling reactions and Lind-
sey’s pyrrole condensation reactions [§]. A concise syn-
thesis of two new indoloquinoline alkaloids,
cryptosanguinolentine and cryptotackieine have been
reported by the Suzuki coupling [9].

MeO X
BOH, RA\_~ Pd(PPhg)
™ DME, reflux R!
‘B 'Bu R 2.0 eq. base =N
|
3 X
4a. R'=R%=H, X=Br
4b. R'=Me, R?=H, X=Ci 5a R'=R2=H
4c. R'-R?=(CH,),, X=Cl 5b R'=Me, R?=H
5¢ R'=R’=(CH,),
Scheme 2.

The restricted rotation around the biaryl axis caused
by bulky substituents leads to the existence of atropiso-
mers. Depending upon the degree of steric hindrance
from the ortho substituents, three or four substituents
are needed to produce a sufficient barrier to rotation at
room temperature. This particular form of axial chiral-
ity is not generally resistant to heat. To produce accept-
able yields of hindered biaryls under Suzuki conditions,
high temperatures (60—110°C) [10,11] are needed with
multihour reaction times. In atropisomer selective reac-
tions, these conditions would be deleterious to the
discrimination between diastereomeric transition states
and could racemize the biaryls formed. As a conse-
quence, ways of carrying out such Suzuki reactions at
ambient temperature have been looked at. There are
few examples of ambient temperature Suzuki-type
biaryl couplings. More recently, conditions involving
Pd(OAc), and 95% ethanol have been used to form
mono-ortho substituted biaryls at 20°C [12]. The cross-
coupling of mesitylboronic acid with iodobenzene was
achieved in excellent yield in the presence of Pd(PPh;),
with aqueous base and temperatures of 80—100°C [10].
Anderson and Namli have coupled mesitylboronic acid
and iodobenzene in the presence of Pd(PPh;), with 10%
aq. TIOH in various solvents at 20°C [13]. From the
solvents screened only DMA gave a good yield of the
coupled product, as shown in Eq. (2). Under similar
conditions, the coupling reactions of mesitylboronic
acids with o- and p-substituted halobenzenes give the
corresponding biaryls in good to excellent yields.

Pd(PPhs),
soH), + ‘@ 10% ag. TIOH Q Q
2 DMA, 20 °C (2)

18h
RN%

Table 1
Base effect on the cross-coupling of arylboronic acid with halopyridi-
nes, yield (%)/reaction time (h)

Base 5a 5b Sc

Na,CO;, 26/90 0/90 0/90
NaOH 40/140 22/24 44/26
NaOEt 74/4 0/12 45/26
KO¢-Bu 86/4 83/16 77/10
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Nonlinear optics (NLO) has become a focus of atten-
tion for material scientists in the expectation that revo-
lutionary progress will be associated with the transition
from electronics to photonics. In this connection, it
would be desirable to synthesize 1,8-di(hetero)aryl
naphthalene derivatives, in which one aryl substituent is
rendered electron-rich by an electron donor and/or
hetereoarene, while the other reduces electron density
as a result of an electron-withdrawing group such as 6.
Few 1,8-di(hetero)arylnaphthalenes are known because
of the lack of a general synthetic method. The prepara-
tion of known derivatives [14] cannot be generalized,
because the methods do not allow an unsymmetrical
functionalization and/or greatly restrict the range of
substituents.

Grahn et al. [15] attempted to produce such 1,8-di(-
hetero)arylnaphthalene derivatives using the Suzuki
coupling, and obtained nice results. One of such exam-
ples is depicted in Eq. (3).

OMe N02
B(OH),
@ MeO B(OH
OO Pd{PPhg),/Na,CO, Pd( PPh3)4/Na2003
toluene/EtOH/H,0 toluene/EtOH/H,0
74% 6 49%

In recent years, a large number of palladium-medi-
ated syntheses for complex synthetic building blocks
and also for structurally simple, industrially important
intermediate products have been found and further
developed. However, the quality of the used catalysts is
generally not sufficient for industrial demands. As a
result of the increasing importance of unsymmetrically
substituted biaryl derivatives, for example, as drug in-
termediates, the transferability of the catalytic proper-
ties of the palladacycle complexes (7a,b) to the cross
coupling between aryl halides and arylboronic acids
[16] has been examined and it has been reported that
palladacycles (7) catalyze this type of reaction with an
unusual efficiency. When 4-bromoacetophenone is
treated with phenylboronic acid under conditions (bro-
mophenone (10 mmol), phenylboronic acid (15 mmol),
K,CO5 (20 mmol), catalyst 7a (0.001 mol%), o-xylene
(30 ml), and reaction temperature 130°C), the expected
coupling product (8) is obtained in 75% yield, and the
turnover number (TON) 75000 is achieved with only
0.001 mol% 7a as catalyst (Scheme 3).

The two basic problems of homogeneous catalysis,
separation and recycling of the catalyst, can be solved
by using two-phase catalysis. Here, the catalyst is in a
hydrophilic phase in which the organic products are
insoluble. In order to implement this principle, it is
necessary to develop new ligands that are soluble in
hydrophilic phases. Diphenylphosphinoacetic acid and
the TPPTS ligand (TPPTS, trisodium salt of

R

R R/
,O0Ac P ]
Pd Pd
SN AcO 7 .
& FOR R

7a R=o-tolyl, R'=TH
7b R =mesityl, R = CH,

B(OH), O
Br
O e )
CH5CO xylene CH4CO

8 75%

Scheme 3.

triphenylphosphane trisulfonate) are used on the tonne-
scale for the most important industrial two-phase pro-
cesses. To attain sufficient solubility of the ligands in
polar media (particularly water), inorganic groups (sul-
fonic acid and carboxylic acids, quaternary aminoalkyl/
aryl groups, and phosphonium salts) are usually used as
substituents in the phosphanes. Beller et al. have re-
cently reported a new class of polar, hydrophilic tri-
arylphosphanes for two-phase catalysis, which are
aryl-B-O-glycosides of glucose, galactose, and glu-
cosamine [17]. Thus, the ligand (9) shows a high cata-
lytic activity in the Suzuki reaction. An example is
shown in Scheme 4.

The imidazopyrazine ring system is found in the
luminescent chromophores of a number of marine or-
ganisms. Coelenterazine (10) was isolated from the
bioluminescent jellyfish Aequorea victoria, and its role
in the bioluminescent process has been the subject of
extensive studies as it is triggered by Ca®>* ions and
provides a very sensitive method for the detection and
quantification of Ca?™. As part of a project to explore
a wide range of analogs of coelenterazine, it is desired
to find a more flexible approach to the imidazopyrazine
ring system synthesis than that afforded by the only
literature synthesis, which involves the synthesis of a
substituted pyrazine early on by a condensation reac-
tion. For such a purpose, Jones et al. [18] investigated
the Suzuki coupling of a suitable 5-halopyrazine with
arylboronic acids and proved that the reaction is of

HO _OAc
NHAc
9

@'B(OH)z + BP@*COC%

Na,COj, 78 °C, 2h

Pd{OAc); (0.01 mol%)
ligand (Pd:L=1:3)

Ligand Yield ~ TON
9 87% 8700
TPPTS 67% 6700

Scheme 4.
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exceptional utility for the synthesis of aryl pyrazines.
According to their results, 1,4-bis(diphenylphos-
phino)butane palladium(II) chloride catalyst gives ex-
cellent yields, as shown in Scheme 5.

Recently, undecylprodigiosine (11) was reported to
inhibit T-cell proliferation at doses which are not cyto-
toxic, this is particularly attractive with regard to its
potential clinical indications. The total syntheses of
prodigiosins published so far involve several steps and
are not suitable to be scaled up in case of a possible
lead development. D’Alessio and Rossi [19] found a
new synthetic pathway in order to produce a consistent
amount of undecylprodigiosine, which is illustrated in

Eq. (4).

OMe
O\ PAOVKC0s A I\
N
BOH), 90°C \N Ho)
H A |
CyyHas C1iHag
11 73% (4)

Because of the different reactivity of iodine and
bromine groups toward the Suzuki reaction, the selec-
tive coupling is realized. For example, 8-bromo-2-(4-
methoxyphenyl)-1,10-phenanthroline (12) is prepared
by reacting 4-boronic acid of anisole with bromo-iodo-
phenanthlorine under Suzuki conditions (Scheme 6)
[20].

Nortopsentins A, B, C, and D, antifungal 1,4-bisin-
dolylimidazole marin alkaloids isolated from a sponge,
have been synthesized through palladium-catalyzed

7\ N—gr + (HO,B oM
§_NQN_% o~ owe

| ata

Pd(PPhy),
Ba(OH),
DME/H,0
MeO 12 51%
Scheme 6.

B OHC AR
O M OHC-@B(OH)z ‘ 0%~ NN

Br o) O o
" Cs,C03 5%

1. Pd(OAC),/PPhg
2. HCifH0

13 (HR 720)

Scheme 7.

cross-coupling of 3-indolylboronic and 6-bromo-3-in-
dolylboronic acids with haloimidazoles in good yields
as the key reaction [21]. Benzofuranylindole derivatives
were prepared by the coupling of benzofuranyl boronic
acids with bromoindoles [22].

Antagonists of the angiotensin IT (ANG II) receptors
are the newest entity in the therapeutic armory for the
treatment of hypertensive diseases. Recently, (imida-
zolylbiphenylyl)sulfonyl-ureas and -sulfonylcarbamates
have been described as new non-tetrazole ANG II
receptor antagonists. The most promising compound
derived from this series is the orally active AT, -selective
antagonist HR 720 (13). Originally, 13 was synthesized
like many other ANG II antagonists by a convergent
approach via N-alkylation of the appropriate imidazole
with the requisite 4’-bromomethyl-1,1’-biphenyl [23].
Most recently, Heitsch et al. have demonstrated an
alternative preparative access for 13 by the Suzuki
reaction as shown in Scheme 7 [24].

In the course of studies on the formation of poly-
cyclic quinoidal systems, it would be desirable to effect
the dimerization of aryl halides of type 14 (Eq. (5)).
Copper and nickel catalyzed methods [25] failed, and
the palladium-mediated coupling of magnesium or
lithium compounds [26] afforded biaryls in poor yields
(10-18%). Benbow and Martinez have discovered that
the coupling reaction of arylboronic acids with aryl
halides provides biaryl in synthetically useful quantities,
and the intermediate boronic acids were formed from
the corresponding aryl halides via a standard metal—
halogen exchange reaction followed by the addition of
a trialkylborate and hydrolysis (Scheme 8) [27].

OR
RO H3G, OR OR
abeasas
HyC X
OR

OR

RO s-Buli (2 eq.) Ro
THF,-78°C
“Pd(PPhg)s
R 3 z3
Ho xghoiz BOR); Hsc BIOH): g 0o HeC

93 67%

Scheme 8.
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Moreno-Manas et al. [28] reported a palladium-cata-
lyzed Suzuki type self-coupling of arylboronic acids for
the preparation of symmetrical biaryls, and proposed
the mechanistic cycle of the reaction.

Recently, a one-step modified in situ Suzuki coupling
method for the production of C,-symmetric biaryls
which eliminates the need for boronic acid isolation [29]
has been developed, as shown in Eq. (6). Moderate to
excellent yields are obtained and a wide variety of
functional groups are tolerated. Moreover, this in situ
method is synthetically useful for the synthesis of natu-
ral products and the preparation of C,-symmetric biaryl
ligands.

OMe OBn

90
98

OMe OBn

2% (6)

OMe OBn
1. BuLi (0.5 eq.), THF

OO -78 °C, then B(OMe),
2. tolene, aq. Na,CO5
Br

Pd(PPhg),

A highly sterically hindered pyridylphenol derivative
was synthesized through the Suzuki cross-coupling [30]

(Eq. (7))

‘Bu

‘Bu Br
\@, Pd(PPhy), B OMe
+ —_—
B OMe X KO'Bu = [\j
B(OH), DME N

83% (7)

The increasing importance of unnatural amino acids
as building blocks in designing peptide-based biologi-
cally active molecules has led to rapid progress in the
development of synthetic methodologies for the con-
struction of such compounds. As a novel synthetic
method, the following procedure has been reported
recently. The protected racemic phenylalanine deriva-
tive (15) was readily prepared by alkylation of ethyl
glycinate benzophenone imine with the pinacol ester of
4-bromomethylphenylboronic acid. Palladium-cata-

Jo A(Q

PN COOE NaHMDS i SN COOE
15
Ar
Ar-X Ph (@
Ej%jdppf) Ph/k\N COOEt

16

Scheme 9.
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ArB(OH),
XB(OH)3

Scheme 10.

lyzed coupling reactions with aromatic halides provide
biarylalanines (16) in moderate to good yields. Groups
such as aldehydes and esters are well tolerated [31]
(Scheme 9).

Electrospray ionization mass spectrometry (ESI-MS)
was used to analyze the reaction mixture of the Suzuki
coupling reaction [32]. Namely, Aliprantis and Canary
carried out such an experiment in the reaction between
3-bromopyridine and a phenylboronic acid (17) (Eq.
(8)), and observed the species of I [(pyrH)Pd-
(PPh;),Br]* and II [(pyrH)(R'R>C4H;)Pd(PPhs,),].
Consequently, they concluded that the reaction mixture
contains the two key intermediates (I and II), as shown
in the catalytic cycle (Scheme 10).

R!
Z Br
t + —
S I
N R* R? Sy R2
B(OH), (8)

17

On the other hand, we previously reported the reac-
tion mechanism of a 1-alkenylboron compound and a
l-alkenyl halide via the catalytic cycle indicated in
Scheme 11 [33], although we have never investigated the
mechanism of the coupling between haloarenes and aryl
halides. Consequently, we think that there is a possibil-
ity of the formation of an intermediate (III) even in the
catalytic cycle in the aryl-aryl coupling reaction.

Pd(0)

R-X R-R'
oxid. addition red. elimination
| |
R-PId—X R-Pd-R
- metathesis  transmetalation .
OR \ B(OH),(OR"),
|
R-Pd-OR"
X R'B(OH),(OR")

I

RB(OH), + OR"
Scheme 11.
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Aryl halides often used in the Suzuki reaction are
bromides and iodides. Aryl chlorides do not participate
in the coupling, except when used in conjunction with
electron-deficient groups. Aryl triflates are also often
employed [1,2]. As triflates are base sensitive and ther-
mally labile, mild reaction conditions were developed for
the cross-coupling reaction of arylboronic acids with
triflates. These include the selection of more efficient
catalysts such as PdCl,(dppf), the utilization of weak
nonaqueous basic conditions such as powdered K;PO,
suspended in polar solvents (THF, dioxane), and the
addition of an alkali metal halide to promote the
cross-coupling and/or to prevent the premature catalyst
decomposition [1]. One of the challenges in the Suzuki-
type cross-coupling is to extend this reaction from
electron-rich aryl triflates to less reactive aryl sulfonates
and aryl chlorides, which show poor reactivity toward
oxidative addition in the catalytic cycle. A recent ap-
proach to this problem involves the activation of aryl
triflates by complexation of electron-withdrawing
Cr(CO); to the arene moiety [34]. Alternative sulfonate
leaving groups besides triflates were reported to be active
in Suzuki-type reactions [35]. Aryl mesylates, benzenesul-
fonates, and tosylates are much less expensive than
triflates and are unreactive toward palladium catalysts.

Recently Percec et al. reported the Ni(0)-catalyzed
Suzuki-type cross-coupling reaction of various aryl sul-
fonates including mesylate with arylboronic acids in the
presence of K;PO, [36]. The Ni(0) catalyst is generated
in situ from NiCl,(dppf) and Zn. This reaction, which
yields unsymmetrical biaryls in reasonable yields under
mild conditions, is highly regiospecific and tolerates
various functional groups. The reactivity of various Ni(0)
catalysts was compared to that of the less reactive Pd(0)
catalysts.

Due to the moderate reactivity of aryl triflates and the
high cost of the triflate functionality, aryl fluoroalkane-
sulfonates [ArOSO,(CF,), CF;] have been proposed as
an alternative to triflates, because they are easily pre-
pared using commercially available fluoroalkanesulfonic
anhydrides or halides. Especially attractive are aryl
nonaflates (ArONf= ArOSO,-(CF,);CF;) which are
readily prepared and are stable to flash column chro-
matography. Most recently, Rottlinder and Knachel [37]
have demonstrated that the treatment of the nonaflate
with boronic acid (18) provides, under typical conditions

B~o
ACI
ST o
o
Ot
20 Ar
PACL,{PCya)s
CsF, NMP 0
100 °C, 1218 h >LOJ\N 0
A om
50-62%
Scheme 13.

for Suzuki coupling, the expected product (19) in 89%
yield (Scheme 12).

The Boc-derivative of (4-pinacolylborono)phenylala-
nine ethyl ester (20) or the corresponding boropnic acid,
undergo Suzuki—Miyaura coupling reactions with aro-
matic chlorides in the presence of catalytic amounts of
PdCL,(PCy,),, or NiCl,(dppf), respectively, to produce
4-substituted phenylalanine derivatives (Scheme 13) [38].

Constructing libraries of nonpolymeric, small organic
molecules by solid phase techniques have been the focus
recently of combinatorial synthesis. While many pharma-
cologically interesting molecules have been prepared on
solid support in the last few years, most of the linkers
(e.g. OH, COOH, NHR) employed in these syntheses
were inherited from those used in generating peptide,
oligonucleotide and oligosacharride libraries. The adap-
tation of the Suzuki reaction for C—C bond formation
to resin mounted procedures has been presented. Efforts
to prepare the boronic acid on solid-phase using classical
methodology met with little success. Most recently Piet-
tre and Baltzer have found that application of Miyaura’s
conditions [39] (pinacol ester of diboron (22) (two
equivalents), PdCl,(dppf) (0.03 equivalents), KOAc
(three equivalents) in DMF at 80°C for 20 h to a model
polymer-bound p-iodobenzamide (21)) leads to a solid-
phase boronate (23) (Scheme 14). Then the reaction of
23 with aryl halide such as 24 in the presence of Pd(PPh;),
(0.02 equivalents)/K;PO, (five equivalents)/DMF at
80°C to give 25 in 95% yield (Scheme 14) [40].

Q
®—NH2 + HOOCO] P —— )—@—1
DIG/HOBT/DMF, (P}—N
n H
21
j:o\ 0
B-B
Jd o
22

PdCly{dppf)/AcOK

<N,

{
Q o)
OeE T
@—‘N O
H Pd{PPh;),/K5PO,
23 DNF, 80 °C

OO OO
@—g TRA-CH,Cly  HoN Q Q

25 95%

Scheme 14.
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Table 2
Suzuki coupling on solid-phase assisted by microwave irradiation

H
RAM—N AB(CH), TFA
o>/_©‘ X T Pd(PPh,),/Na,CO;
H,O/EtOH/DME
3.8 min. 45 W
MeO.,
HN HoN H
SO0 OO0 -0
o e} o
X<, 98% X=1; 96% X<I, 88%
X=Br, 97% X=Br, 95%
NO,
WO OO OO
o o d
X=1, 98% Q X=1, 99% X=I, 89%
X=Br, 93% X=Br, 96%

H2N>_©__© HoN O
Ioi \_5 d O \_N

\,
X=I, 86% X=1, 89% S0zPh
X=Br, 84% X=Br, 88%

A method for attaching haloarylsilanes to polymer
support was also developed. Namely, the polymer bound
aryl halides were reacted with a variety of ArB(OH),
under the Suzuki cross-coupling conditions and the
coupled resins were cleaved by different electrophiles to
give ipso-substitution products in good yields [41]. A
similar type of reaction by the coupling of polymer bound
aryl iodides with various boron reagents in the presence
of Pd,(dba), or Pd(PPh;), and K,CO; was reported [42].

The advantages of solid-phase organic chemistry to
combinatorial organic synthesis are well recognized. In
combinatorial chemistry the reaction times and reaction
temperatures required are frequently crucial factors.
Microwave irradiation is used to enhance reaction rates
[43]. Larhed et al. have recently published that mi-
crowave-assisted palladium-catalyzed coupling of aryl
and heteroaryl boronic acids with iodo- and bromo-sub-
stituted benzoic acids, anchored to TentaGel S RAM,
provides after a reaction time of 3.8 min (45 W) [44]. The
preparative results are summarized in Table 2.

The polymer-bound palladium-catalyzed cross-cou-
pling reaction of electrophiles (halides and triflates) with
organoboron compounds to form carbon—carbon bonds
has been achieved at mild conditions with very high
activity. The polymeric catalyst can be easily separated
from a reaction mixture and reused more than ten times
with no decrease in activity. Representative results are
shown in Eq. (9) and Table 3 [45].

RBY, + RX — R-R' + Polymer-bound
palladium

| (€)

reuse

Table 3
Polymer-bound palladium-catalyzed cross-coupling reaction of
organoboron compounds with 1-alkenyl bromides or iodobenzenes®

R! H B R4 ! H 4
R — R

>= = =

R BY, H R H =%
yield/%

R! R2 y2 R3 R*

Ph H BDOB H Ph 96

Bu H BDOB Ph H 91

Bu H BDOB H Ph 94

Bu H Sia Ph H 82

Bu H BDOB Hex H 89

Bu H BDOB H Hex 84

H Bu BDOB H Ph 89

H Bu Sia Ph H a8

H Bu Sia H Hex 85

Ph H BDOB Me Me 81

Ph H Sia Me Me 78

H Bu Sia Phl 81

H Bu Cyclohexyl Phi 79

2 The reaction was carried out at 80°C for 2 h under nitrogen by
using polymer-bound palladium (1 mol% pd), NaOEt (two equiva-
lents), and organoborane (1.2 equivalents).

The arylsulfonate ester functionality connecting an
alkyl chain to a polystyrene resin is compatible with
Suzuki coupling. Cleavage of the resin-bound sub-
strate with amines and other nucleophiles can provide
diverse compound libraries [46]. A solid-phase synthe-
sis of isoxazolinoisoquinoline heterocycles via solid-
phase Reissert and Suzuki reactions has been
developed [47]. The same type of phase synthesis of a
1,3,5-trisubstituted pyridinium salt combinatorial ar-
ray containing two variable groups was accomplished
in good yields. This entailed the incorporation of 5-
bromonicotinic acid onto the resin, followed by Pd(0)
catalyzed Suzuki coupling, then alkylation of the
pyridiner nitrogen and finally cleavage from the resin
[48]. Similarly, poly(ethylene glycol) supported liquid
phase synthesis of biaryls is reported [49].

Constitutionally homogeneous oligo-p-phenyls are
materials of considerable current interest for chemists,
physicists, and material scientists because such com-
pounds are excellent model compounds for developing
a profound understanding of the spectroscopic and
redox properties of polyaromatic systems, and of the
thermal phase behavior and solution properties of
rodlike liquid-crystalline molecules. Furthermore,
functionalized oligo-p-phenyls have gained some im-
portance as mainchain-stiffening building-blocks in
semi-flexible polymers like aromatic polyesters and
polyimides. Despite considerable advantages, however,
parent oligo-p-phenyls have a serious drawback with
regard to the above applications: their solubility de-
creases dramatically with an increasing number of
benzene rings. It is known, fortunately, that the at-
tachment of lateral methyl groups to the oligo-p-
phenyls increases their solubility. Nevertheless, the
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solubility effect of methyl groups is insufficient in the case
of longer oligo-p-phenyls, and the concept of solubilizing
flexible side chains is worked out to further increase
solubility of rigid-rod molecules such as aromatic
polyesters. By taking advantage of this latter concept,
Galda and Rehahn [50] have applied the Suzuki coupling
as the oligomer formation reaction (Scheme 15) and
provided expected oligo-p-phenyls in excellent yields.
Matile et al. have also realized the synthesis of polymers
using polycondensation [51].

Similarly, the synthesis of a novel rigid-rod phenylene-
cymantrenylene copolymer using the Suzuki coupling as
the polymer forming reaction was reported [52]. The
synthesis of a terphenyl derivative complexed by the
cationic moiety Cp*Ru™ by the Suzuki coupling of
[Cp*Ru* (BrC¢H,Br)]OTf with phenyl boronic acid un-
der catalysis of Pd(PPh;), in a DME—water mixture at
85°C in quantitative yield was presented [53].

Research on dendrimers first focused on synthetic
interests concerning this new class of macromolecules,
and a broad range of dendrimers is available, some even
commercially. The present study has shifted from merely
synthetic problems to questions such as, what are den-
drimers good for? and, what are these unique compounds
superior to known system? Consequently, much more

X
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useful synthetic procedures are requested. Schliiter et al.
have reported the synthesis of dendrimers with poly(p-
phenylene)-PPP derived cores using the Suzuki polycon-
densation [54]. One of examples is shown in Scheme 16.

A series of functionalized and optically active major-
groove polybinaphthyls and minor-groove polybinaph-
thyls have been most recently synthesized by using the
Suzuki coupling and have been spectroscopically charac-
terized [55]. The application of these chiral polymers in
the asymmetric addition of diethylzinc to aldehydes was
studied. A minor-groove polybinaphthyl was found to be
an excellent catalyst for the asymmetric reaction of
diethylzinc with a number of aldehydes. The chiral
polymer can be easily recovered and reused without loss
of catalytic activity as well as enantioselectivity. These
rigid and sterically regular chiral polybinaphthyls repre-
sent a new generation of enantioselective polymeric
catalysts.

A series of novel quinoxaline-based conjugated poly-
mers which contain a ruthenium(II) bipyridine complex
were synthesized by the Suzuki coupling reaction [56].

The synthesis of substituted poly(phenylene)s, in par-
ticular poly(1,4-phenylene)s by the Suzuki coupling of
the 1,3-propanediol diester of 2,5-dialkyl-1,4-
phenylenediboronic acid with various aryl dibromides
was reported. Optimized reaction conditions for the
polymerization of a nitro group containing monomers
were developed in this study. For example, poly(4,6-dini-
tro-2',5-dihexyl-3,4'-biphenylylene) was obtained at
37°C with PdCl,(dppf) in THF and aqueous NaHCO; in
quantitative yield with a number average degree of
polymerization of Pa =27 [57].

In 1992 stealthin A and B were isolated as potent
radical scavengers from Streptomyces viridochromogenes.
Gould and his group synthesized stealthin C and demon-
strated its existence in kinamycin biosynthesis [58,59].
Most recently, O*°-dimethylstealthin has been synthe-
sized using the Suzuki coupling as a key step as shown
in Scheme 17 [60].

Recently, studies on catalytic cyclophanes have been
pursued actively. For instance, Diederich and Mattel
[61] reported that the flavo-thiazolio-cyclophane (26)
was prepared on a gram scale by an 18-step synthesis,
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in which the cross-coupling reaction between 7-bro-
moflavin and flavo-cyclophane 1is the key step
(Scheme 18). The flavo-thiazoliocyclophane (26), with
both prosthetic groups attached in proximity to the
well-defined cyclophane binding site, is a functional
model for the enzyme pyruvate oxidase. In basic
methanolic solution, 26 catalyzes the oxidation of
aromatic aldehydes to their corresponding methyl es-
ters.

In an approach toward a photochemically bistable
molecular rotor the synthesis of cis-27a and trans-27b
isomers, being sterically overcrowded alkenes func-
tionalized with an o-xylyl group as a rotor, has been
described. The key step in the synthesis is a Suzuki
coupling to attach the xylyl moiety (Scheme 19) [62].

A versatile method for the synthesis of a complex,
fused polycyclic aromatic system in high chemical
yield has been discovered. Pd-catalyzed Suzuki type
cross-coupling allows for the preparation of nonfused
skeletal ring systems in high yield. The ring-forming
step, which generally proceeds in high yield, utilizes
4-alkoxyphenylethynyl groups and is induced by
strong electrophiles such as trifluoroacetic acid and
iodonium tetrafluoroborate. The reaction produces
phenanthrene moieties which are integrated into ex-
tended polycyclic aromatic structures (Scheme 20)
[63,64]. Fused polycyclic benzenoids as well as ben-
zenoid/thiophene systems may be prepared utilizing
this methodology.

Recently, the anti-HIV alkaloids, michellamines A
(30) and B (31) have been noted markedly. The te-
traaryl skeleton of the michellamines is constructed
by formation first of the inner (nonstereogenic) biaryl
axis and subsequently of the two other (stereogenic)
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axes by using a double Suzuki-type cross-coupling re-
action between binaphthalene ditriflate (28) and
isoquinolineboronic acid (29) (Scheme 21) [65]. Daw-
son et al. also reported stereospecific syntheses of
the same alkaloids by the palladium catalyzed
cross-coupling of boronic acids with organic halides
[66].

Vancomycin is a polycyclic glycopeptide antibiotic
effective against drug-resistant bacterial strains. The
daunting synthetic challenge posed by its structure is
largely due to the strained nature of the 12-membered
biaryl framework (AB ring system) and the two 16-
membered biaryl ethers (COD and COE ring sys-
tems). Nicolaou and his group have reported a
Suzuki coupling approach to the AB—COD bicyclic
system of vancomycin [67]. Suzuki coupling of iodide
(32) with 33 was facilitated by a Pd(Ph;), catalyst and
Na,CO; to afford a 1:1 mixture of the two atropiso-

OC1oHps

4 OCHg

Br O Br + (HO)@@
H

Pd(dba)s,PPhy/KOH
PhNO,, Hy0

Scheme 20.



156 A. Suzuki / Journal of Organometallic Chemistry 576 (1999) 147—168

B(OH),

Me Pd(PPh3)4, DME/H20
Ba(OH)2, 80 °C, 8h, 74%
- o
> N\Bn hydrogenolysis
z hydrolysis

atropisomer separation

30 31

Scheme 21.

mers 34a and 34b in 80% combined yield (Scheme
22). The coupling of the parent boronic acid corre-
sponding to 33 (without methyl groups) with iodide
(32) led to a single compound.

The palladium-catalyzed cross-coupling reaction of
the pinacol ester of diboronic acid [(Me,C,0,)-
BB(0O,C,Me,), 35] with haloarenes gives a direct pro-
cedure for arylboronic esters from aryl halides in a
range of 60-98% (Scheme 23) [39]. The reaction is
catalyzed by PdCl,(dppf) (3 mol%) at 80°C in the
presence of KOAc (three equivalents) in DMSO and
available with various functional groups. The trans-
ArPd(II)(OAc)(PPh;), intermediate was isolated and
characterized to propose the catalytic cycle involving
the transmetalation between the phenylpalladium(II)
acetate and (35) (Scheme 23).

The cross-coupling reaction of (RO),BB(OR),
(RO =methoxo or pinacolato) with aryl triflates to
give arylboronates has been carried out at 80°C in

0
Q
° Q B . B(OH) Pd(PPhy),
H NH | EI Na,CO,, 90° C, 2h
OMe o MeO OMe e '

Scheme 22.
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the presence of PdCl,(dppf) (3 mol%), dppf (3 mol%)
and KOAc (three equivalents) in dioxane. The reac-
tion is available with various functional groups such
as nitro, cyano, ester, keto, aldehyde, and alkoxy
groups. The subsequent cross-coupling with the sec-
ond aryl triflates provides biaryls readily in good
yields [68] (Scheme 24).

Although we observed previously that the prepara-
tion of biphenyl from phenylboronic acid in anhy-
drous conditions using Pd(OAc), with PPh; as
catalyst and Cu(OAc), under nitrogen [69], we have
never checked in detail. Recently, Jackson et al. have
reported that symmetric biaryls can be obtained un-
der very mild conditions in good yields by palladium
catalyzed coupling of arylboronic acids in aqueous
ethanol (95%) containing sodium carbonate at ambi-
ent temperature and in the presence of oxygen (Eq.
(10)) [70]. A paper dealing predominantly with mech-
anistic aspects of these palladium-catalyzed homocou-
pling reactions has appeared [28].

Pd(OAc)
RA\—. base/O, RA\— —/"R (10)

Tamao and his coworkers also reported the Pd(II)-
catalyzed oxidative homo-coupling of areneboronic
acids using acrylate dibromide derivatives as effective
oxidants (Scheme 25) [71].
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Scheme 24.
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It is observed that 3,7-dihydroxytropolone deriva-
tives are the foremost representatives of a new class of
potent, competitive inhibitors of inositol monophos-
phatase. The first successful preparation of mono- and
disubstituted 3,7-dihydroxytropolones has been re-
ported by single or double Suzuki coupling reactions
between these permethylated monobromo- and bibro-
modihydroxytropolone derivatives and a variety of
boronic acids [72]. An example is demonstrated in Eq.
(11). These compounds were found to be potent in-
hibitors of inositol monophosphatase with 1Cs, values
in the low-micromolar range.

CFj o o)
Me OMe MeO OMe
B OMe O O OMe
B(OH),
CFg 88% (11)

1.2. With other organic halides

The naturally occurring derivatives of B-methoxy-
acrylic acid such as strobilurin A have become of
interest to chemists and biologists because of their
unusual structures and a wide range of biological activ-
ities. For example, they are able to control the growth
of fungi and bacteria, or have insecticidal, antiviral or
antitumor activity. However, it was clear that the natu-
ral products themselves can not be used directly be-
cause of insufficient levels of activity, photochemical
instability and volatility. Therefore, research on the
synthetic analogs of strobilurin A as fungicides has
become of major importance in the agrochemical indus-
try. To obtain highly promising fungicides, the synthe-
sis of double bonds-locked analogs (36) of strobilurin
was reported (Scheme 26) [73].
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Palladium-catalyzed coupling of the 4-chloro- or 4-
bromo-coumarins (37) with arylboronic acids consti-
tutes an efficient access to 4-aryl coumarins in good
yields (Eq. (12)) [74].

PPN PA(PPhy)/N2,C0y O
rRE + AB(OH), —~————m R~ |
. = Y =
Ar
n X (12)

95-65%

Retinoids, natural and synthetic analogs of vitamin
A, play important roles in numerous biological func-
tions including cell proliferation and cell differentiation.
Recent evidence has shown that retinoids exert their
functions through at least two classes of nuclear recep-
tors: RAR(a,3,y) and RXR(a,B,y). Among them, intro-
duction of a 3-methyl substituent to a weakly active
RXRs compound (38a) resulted in targretin (LGD
1069, 38b) which selectively binds with high affinity to
the RXRs and is currently recognized to have high
activity in clinical trials for the treatment of cancer.
From this perspective, Qing and Fan attempted the
synthesis of 3-trifluoromethyl substituted derivative
(38¢) by using the Suzuki coupling as shown in Scheme
27 [75].

1,3-Diarylpropenes possessing different substituents
at the aryl rings are obtained in high yields by a
modified Suzuki coupling between cinnamyl bromides
and arylboronic acids using the phosphine-free
Pd(dba), (n=1.5-2) as catalyst in benzene and in the
presence of suspended potassium carbonate [76]
(Scheme 28).

Rigid-rod polymers with a linear conjugated back-
bone built up by para-linked arylene units are interest-
ing compounds due to their unique properties
concerning photoconductivity or use as electrooptically

HO),B.
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Scheme 28.
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active materials. A typical example is a poly(l,4-
phenylenevinylene) derivative (PPV). Different ap-
proaches were developed to synthesize PPV such as
the Wittig and Horner reaction or the McMurry con-
densation. By these methods the molecular weight is
limited by the insolubility of the higher oligomers.
Substituted PPV can be prepared from p-dibromoben-
zenes and ethylene (Heck reaction). However, a draw-
back of the Heck reaction is that it is not strictly
regioselective. Most recently, Koch and Heitz have
reported that PPV derivatives are prepared from
trans-1,2-dibromoethylene and aryldiboronic acids by
a Suzuki cross-coupling reaction. The polymers are
synthesized in a two-phase system at room tempera-
ture using silver oxide and a Pd catalyst (Scheme 29)
[77]. Soluble polymers are obtained when the aryldi-
boronic acid is substituted with long-chain alkoxy
groups.

2. Cross-coupling of alkynylborane derivatives

Alkynylboranes have long been known to be useful
synthetic intermediates [78]. Compared to other
organoboranes, they are stronger Lewis acids and are
easily hydrolyzed. Because of these features, they
have not been employed in the Suzuki—Miyaura cou-
pling, in which the presence of bases is essential [79].

Soderquist et al. found that the addition of B-
methoxy-9-borabicyclo[3.3.1]-nonane (39) to alkynyl-
lithium reagents gives stable complexes (40) which
undergo efficient Suzuki coupling to produce a vari-
ety of alkynyl derivatives (41) (Scheme 30, Table 4)
[80].

Almost at the same time, Firstner and Seidel have
reported the same reaction [81]. Namely, the neces-
sary alkynyl borates in the palladium catalyzed C-C
bond formation are prepared from 9-methoxy-9-BBN

OMe \ OMe

B _ B
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39 40
R'Br
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Pd(PPhg),/no base

41

Scheme 30.

Table 4
Arylacetylenes and enynes from 39

R R’ Product yield (%)*
n-B C¢Hs 60 (92)

SiMe, C¢Hs; 64

Ph C¢Hs, 94

n-Bu p-MeOC¢H, 62 (68)

SiMe, CH,=CC¢H; 88

t-Bu cis-CH=CH-¢-Bu 56

SiMe, trans-CH=CH-n-Bu 55

2 Isolated yields of analytically pure compounds (GC yields).

and a polar organometallic reagent RM, and not as
usually from boranes and bases. This approach allows
cross-couplings of aryl halides with e.g. alkynyl-,
methyl-, or TMSCH,-groups, which are beyond the
scope of the conventional Suzuki reaction. The
method is highly chemoselective and turned out to be
compatible with aldehyde, amide, ketone, ester and
cyano functions as well as with basic nitrogen atoms
in the substrates. Some of the results are shown in
Table 5. This reaction is used to prepare compound
42 which is highly valuable for its chemoluminescence
property.

Tubulin as the major protein component of micro-
tubules is a formidable target in search of anticancer
chemotherapeutics. Another very promising class of
antineoplastic agents which affects this subcellular
target is the combretastatin family, consisting of sev-
eral closely related stilbene, phenanthrene and
biphenyl derivatives. The most active among them is
combretastatin A-4 (46), which is an exceptionally
strong inhibitor of tubulin polymerization and belong
to the most cytotoxic agents tested so far against
murine lymphocytic leukemia, human ovarian and hu-

Table 5

Pd-catalyzed arylation of alkynyl metal reagents mediated by 9-MeO-
9-BBN

89

Substrate RM Product Yield/%
Ph
%©—< 89
¢}
H
PhC=CK Ph—== 77
(¢}

MeC=CNa

4-bromobenzophenone MeC=CNa

4-bromobenzaldehyde

ethyl 4-bromobezoate

4-bromobenzonitrile PhC=CK Ph—— : :}—CN 93
9,10-dibromoanthracene ~ PhC=CLI Ph——=— E/ \E ——Ph 84
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man colon cancer cell lines. The simplicity of combre-
tastatin A-4 offers promise for the rational design of
new chemotherapeutic agents. Therefore, many efforts
have been devoted to the detailed study of the struc-
ture-activity relationship of substituted stilbene deriva-
tives of this type. From these investigations it must be
concluded that the (Z)-configuration of the ethene
bridge is essential. The known synthetic approaches to
combretastatin A-4 and analogs, however, do not well
enable for this feature. As they are based on Wittig
reactions, mixtures of the (Z) and (F) isomers are
inevitably formed which are difficult to separate on a
preparative scale [82]. Fiirstner and Nikolakis have
reported on an alternative entry into this highly valu-
able class of compounds which avoids the problem and
allows systematic variations of the arenes for further
pharmacological studies [83]. Their approach is based
on the (Z)-selective Lindlar-type semihydrogenation of
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5 —
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an appropriate alkyne precursor, which can be readily
assembled by two consecutive Suzuki cross-coupling
reactions. An example is shown in Scheme 31.

Hydrozirconation of 1-alkynyl pinacolboronates (47),
with HZrCp,Cl provides gem-bora-zirconocenes (48).
The latter when treated with CuBr gives the homocou-
pled (1E.,3E)-2,3-dibora-1,3-butadienes (49) in 65%
yield. Suzuki—Miyaura coupling of 49 with Phl in the
presence of Pd(PPh;), and CsF leads to the replacement
of both boron groups by phenyl and hydrogen to give
50 in 76% yield [84] (Scheme 32).

3. Cross-coupling of alkenylborane derivatives

A novel and highly efficient conversion of vinylsi-
lanes into vinyl boronates has been presented. For
example, the series of (E)-vinylsilanes were prepared by
the coupling reaction of Grignard reagents with (E)-1-
bromo-2-trimethylsilylethene in the presence of an
Ni(IT) catalyst. The vinylsilanes (51) were treated with
boron trichloride in CH,Cl, at 0°C to give an easy
ipso-borodesilylation. Moreover, when the solution of
the resulting haloborane was added to catechol in ben-
zene at room temperature, the 2-[(E)-alk-1-enyl]-1,3,2-
benzodioxaboroles (52) were obtained in good yields
(Scheme 33) [85].

de Lera et al. [86] published the application of the
Suzuki cross-coupling for the preparation of retinoids,
arotinoids and their heteroderivatives. The procedure
was shown to be of general application. Remarkably,
the reaction is applicable to the synthesis of the ther-
mally unstable common retinoids under very mild con-
ditions. This is exemplified in Scheme 34.

The synthesis of (3E,5E)- and (3E,57)-3,5-hexadieoic
acids was prepared selectively by the palladium-base
assisted cross-coupling reaction [87]. Unsaturated
amino acids are an important class of natural products

N BOH),
ij:\/v + 10— D—come
—

Pd(PPh3),/K3P0,
THF, rt, 12 h

CO,Me

92%

Scheme 34.
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that display an array of interesting biological proper-
ties. Specifically, y,6-unsaturated amino acids have not
only been synthetically challenging targets but also
have been isolated from a variety of natural sources
and have served as intermediates in the synthesis of
complex amino acids and peptides. An extremely effi-
cient method has been found for the catalytic asymmet-
ric hydrogenation of conjugated o,y-dienamide esters
using the Et—DuPHOS—Rh catalyst system. a,y-Dien-
amide ester substrates were prepared readily via the
Suzuki cross-coupling reaction. Full conversion to the
corresponding v,0-unsaturated amino acids with very
high regio- and enantioselectivity was achieved after
short reaction times (Scheme 35) [88].

Milbemycin B3 (54) is one of the simplest members of
the potent milbemycin/avermectin family of antipara-
sitic agents. As part of a research programme aimed at
the modification of the structure of these anthelmintic
agents, Marko and his group [89] reported the efficient
synthesis of the left-hand subunit of 54 using a Suzuki
coupling. The unique role played by thallium carbonate
in this palladium-catalyzed reaction was discovered
(Scheme 36). While Kishi showed the usefulness of
TIOH as a base in the cross-coupling reactions of
vinylboron compounds with vinyl halides [90], Suzuki
utilized the corresponding T1l,CO; to promote some
alkyl—aryl/alkyl-vinyl coupling reactions [91]. The
presence of an ester function in the aromatic fragment
(56) precluded the use of TIOH and they decided to
initially study the effect of TIOEt. Disappointingly, a
mediocre yield of the product (57) (12% yield) was
observed. However, in the presence of TL,CO,, a
smooth reaction took place giving, after simple filtra-
tion of the insoluble greenish—yellow TII, the desired
styrene derivative in high yield. Jones oxidation in the
presence of KF chemoselectively produced the methyl
ketone (57) in 68% overall yield from 55 (Scheme 36).

Organic compounds with polyene structure are fre-
quently found in living systems. Not unexpectedly, their
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ability to elicit a wide range of physiological effects
often stems from changes in olefin configuration. In the
retinoid field, the first industrial synthesis of vitamin A
(58) at Hoffmann La Roche was followed by other
approaches using olefin-forming reactions. An alterna-
tive route to vitamin A is alkenyl-alkenyl coupling
catalyzed by a transition metal. Negishi showed that
organozinc compounds [92] afford the best yields of
vitamin A. de Lera et al. [93] have recently reported a
new synthesis of vitamin A (58) with essentially com-
plete control of regio- and stereochemistry, which is
based on the thallium-accelerated, palladium-catalyzed
cross-coupling reaction of an (£)-1-alkenylboronic acid
and an (E)-1-alkenyl iodide under the Suzuki reaction
conditions (Scheme 37). They emphasized that the ex-
cellent chemo-, regio- and stereoselectivities and homo/
cross discrimination of alkenyl iodide-alkenylboronic
acid coupling (comparable to those of alkenylzinc cou-
pling [92] allow significant advances in the stereocon-
trolled construction of polyenes of biological interest.

In the previous publication, Genet et al. reported
that the palladium-water soluble catalyst prepared in
situ from palladium(IT) acetate and TPPT is a useful
and practical catalytic system for various cross-cou-
pling reactions using mw-allyl palladium methodology
[94]. Thereafter, they investigated that the palladium(0)
catalyzed cross-coupling of boronic acids or esters con-

Nl /\/]\/CHOH

Pd(PPhg)/aq. TIOH
THF

D N
OH

58 83%

Scheme 37.
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ducted with a water soluble catalyst in the presence
of organic base allows, under mild conditions, the
production of functionalized dienes (60—90% yield)
[95].

Although there is no literature precedent for the
oxidative insertion of palladium(0) into a cyclopropyl
iodide bond, it is considered that this process is feasi-
ble since cyclopropanes are known to have some sp?
character [96]. Recently, the palladium-catalyzed
Suzuki-type cross-couplings of iodocyclopropanes with
boronic acids have been actually reported to give
trans-1,2-dicyclopropyl alkenes in good yields [97]. An
example is shown in Scheme 38. In order to increase
the solubility of the base in the organic phase, a
phase-transfer catalyst was used as an additive. The
addition of tetrabutylammonium chloride with K,CO;
in DMF-H,0O at 90°C gave quantitative conversion
of iodocyclopropasne to the desired coupling product.

The cyclopropane ring is present in many natural
products, and is increasingly being incorporated into
pharmaceutically interesting mimetics of natural mate-
rials. However, the development of a truly general
method for the stereoselective asymmetric synthesis of
polysubstituted cyclopropanes is still elusive [98]. In
the most commonly used strategies, the cyclopropane
is inevitably substituted by hydroxy or ethereal direct-
ing groups (asymmetric Simmons—Smith protocols
[99]) or rhodium catalyzed cyclopropanations by dia-
zoalkanes [100]. The latter method also frequently re-
sults in mixtures of geometric isomers. Clearly, a
method which allows for the control of both relative
and absolute stereochemistry, but requires no activat-
ing or directing functionality, would be of great util-
ity. Recently, Hildebrand and Marsden have
published a novel stereospecific synthesis of trans-1,2-
disubstituted cyclopropanes using the palladium(0)

BN Ng-ON  CHoN,, Pd(OAC), NN g-°
i T 1
OJ Et0 OJ
59 75%

PA(PPhg),/KOBU

1,2-dimethoxyethane
reflux, 48 h

|
59+ ©/ B

74%

Scheme 39.

Br___ CHs
H CQO,CH,4

Ph\q‘B(OH)Z +

Pd(PPhs), / K3PO, Hj
toluene, 100 °C, 10 h H CO,CH4

81%

Scheme 40.

mediated cross-coupling of cyclopropylboronic esters
with aryl halides (Scheme 39) [101]. This forms the
basis of a proposed new asymmetric synthesis of cy-
clopropanes.

Most recently, Deng et al. have reported a stereo-
controlled synthesis of cyclopropyl-substituted o,B-un-
saturated esters based on the palladium catalyzed
cross-coupling reaction of bromoacrylates with trans-
2-alkyl(or aryl)cyclopropylboronic acids (Scheme 40)
[102].

Suzuki cross-coupling reactions between a variety
of iodocyclopropanes and cyclopropyl-boronate esters
to produce symmetrical or unsymmetrical contiguous
cyclopropanes were achieved in good yields (Scheme
41) [103]. As reported by Chan and Zhang for the
cross-coupling reaction involving bulky boronic acids
[7], the nature of the base has a spectacular effect on
the efficiency of the coupling. A dramatic rate en-
hancement in the Suzuki coupling of cyclopropyl-
boronate esters and iodocyclopropane was observed
in the presence of KOz-Bu (Table 6).

Previously, we reported a convenient route to cis-
bis(boryl)alkenes via the platinum(0)-catalyzed dibora-
tion of internal and terminal alkynes with
bis(pinacolato)diboron (Scheme 42) and the palla-
dium-catalyzed cross-coupling reaction of 62 with two
equivalents of iodoarenes gives corresponding
bis(aryl)alkenes (64) in high yields [104]. Most re-
cently, Miyaura et al. have reported that 62 regiose-
lectively cross-couples with aryl, 1-alkenyl, benzyl,
and allyl halides in the presence of a palladium cata-
lyst and a base to give the corresponding pinacol
esters (63) in good yields [105]. Bis(boryl)alkenes
derived from internal alkynes also exhibit the same
regioselectivity on the palladium-catalyzed cross-cou-
pling, as was recently demonstrated by Brown and
Armstrong [106] for the synthesis of tetrasubstituted
alkenes.

Bu. 0 Bu. _0 Bu pe
e \<!\E.’\> ~8 Bue
o) 0 I6) (OH),
602 60b 60c 60d

Bu Pd(OAc)z (0.1 equiv)
~BY, + "o —— BU\<I\<I\/OBH
PPhs (0.5 equiv)

61
Scheme 41.
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Table 6
Various attempts to cross-couple boronate esters and acid 39-1-4 and
iodocyclopropane 39-5

Y  Conditions Time (h)  Yield (%)
60a DMF, H,0, K,CO;, Bu,NCl 48
60b DMF, H,0, K,CO,, Bu,NCI 48 a
60c DMF, H,0, K,COs, Bu,NCI 20 b
60b DME, K,Cos, 80°C 90 b
60b DME, NaOH, 80°C 90 10
60b DME, NaOEt, 80°C 90 30
60b DME, KO¢-Bu, 80°C 36 65
60c Toluene, P;PO, - 3H,0, 80°C 48 b
60c DME, K;PO, - 3H,0, 80°C 48 b
60a DME, KO¢-Bu, 80°C 90 50
60c DME, KO¢-Bu, 80°C 36 69
60d DME, KO¢-Bu, 80°C 48 54

2 Decomposition of the iodocyclopropane was observed.
b Unreacted starting materials were obtained in these cases.

Soderquist and Leon have reported that air-stable
Z-(a-silylvinyl)boronates easily prepared in a hydrobo-
ration—oxidation sequence from I-trimethylsilyl-1-
alkyne provide a particularly effective route to
Z-vinylsilanes (65) through Suzuki—Miyaura coupling
(Scheme 43) [107].

Uenishi et al. have disclosed a new procedure for
preparing geometrically pure (Z)-1-bromo dienes and
(Z)-1-bromo enynes based on Pd-catalyzed hydrogenol-
ysis of 1,1-dibromo dienes or 1,1-dibromo enynes with
Bu;SnH. The subsequent reaction with vinylboron
derivatives gives conjugated trienes stereo- and regiose-
lectively in high yields, one of which examples is shown
in Scheme 44 [108]. They also reported the stereocon-
trolled synthesis of (11Z)-retinal and its analogs by the
same type of coupling [109].

The cross-coupling of the complex 1,1-dibromo
alkene (66) with 67 under the Suzuki coupling condi-
tions using TIOH has been carried out by Roush and
his group for the synthesis of an intermediate (68) of
nargenicin A, [110] (Scheme 45).

Curacin A (69), was first isolated from L. majuscula
in 1994 and found to have various interesting biological
activities. White et al. reported the total synthesis of
curacin A (69) by using a Suzuki coupling reaction, as
indicated in Scheme 46 [111]. Another total synthesis of
(+ )-curacin A has been realized by Muir and his group

R H
o 0 PH{PPhg), >—(
i B8 ﬁ + Rl — 7T e
o O o] &)
62
R H
RX . R H
o=, B
Pd catalyst d R R
base
63 64
Scheme 42.

<
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65 59-97%
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[112], in which the Suzuki coupling reaction is also
employed as a key step.

4. Cross-coupling of alkylborane derivatives

Although some of alkyl-magnesium, -zinc, -tin, and
-aluminum reagents were successfully used for cross-
coupling reactions with organic halides, the reaction of
alkylborane derivatives is particularly useful when one
wishes to start from alkenes via hydroboration.

Both carbo- and heterocyclic six-membered ring sys-
tems (73) containing an exocyclic carbon—carbon dou-
ble bond have been prepared (25-76%) from a,w-dienes
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(70) through the Suzuki—Miyaura coupling reaction of
their dihydroboration products (71) with either aro-
matic or aliphatic vinylidene dibromides (72) in a one-
pot palladium-catalyzed sequence (Scheme 47) [113].
Attempts to extend this methodology to five-membered
ring systems were unsuccessful.

1-Tetralone derivatives have been synthesized from
aryl bromides using a Suzuki coupling as a key step
followed by intramolecular Friedel-Craft acylation
[114]. One of such syntheses is shown in Scheme 48.

The Suzuki—Miyaura cross-coupling of 4-bromo-i-
butyl-9-BBN produces the 4-hydroxybutyl product evi-
dently arising from a boron-assisted hydroxide
substitution. This process was utilized in the synthesis
of 2-methoxy-5Z-hexadecenoic acid methyl ester, a
derivative of the phospholipids isolated from the
Caribbean sponge, Spheciospongia cuspidifera [115].

9-BBN

9-BBN
74

] 1, {dppf)/Gs,CO
s %COZB me

CO,Et

Scheme 49.

Chemistry 576 (1999) 147—168 163

MomMg 0 LOTBS
Oﬂ 1) 9BBN-H,THF  MOMQ \
e —— z ., —
> o “NHzZ
f
O 2 52 PdCl(dop) ><o

KsPO, DMF
OCH,3

Scheme 50.

For the stereoselective synthesis of (13E)-2-oxo-5a-
cis-17a,20a-cleroda-3,13-dien-15-oic acid, a cis-clero-
dane diterpenic acid, the palladium-catalyzed
cross-coupling reaction of an alkylborane with a 1-
alkenyl halide has been employed, as shown in Scheme
49 [116].

Polyhydroxylated piperidines (‘azasugars’) have re-
ceived a great deal of attention from the scientific
community recently. Aza-C-disaccharides with interest-
ing biological activity were synthesized by a Suzuki
coupling. For example, the coupling of 75 with an
alkylboron reagent derived from olefinated carbohy-
drate precursor via hydroboration was used to form the
C-glycosidic bond. Ozonolysis and selective reduction
of the resultant carbonyl function served to produce the
azasugar ring. The synthesis of fully deprotected D-aza-
Man-B-(1 — b)-D-Man (76) is shown in Scheme 50 [117].

Johns and Johnson have recently published that the
double Suzuki coupling is achieved with vinyl bromide
(77) and o,®-diborane coupling partners derived from
the hydroboration of the corresponding diene. Ozonol-
ysis and selective reduction protocols served to provide
selectively the polyhydroxylated piperidine ring systems
(bis-azasugars). By such a procedure the Cg linked
analog (79) was obtained, which showed inhibitory
activity against glycosidase enzymes (Scheme 51) [118].

O 1. 9-BBN-H, THF
(X VAA ————
o N
ZHNS Y0 2. PdClz{dppf)
C=)TBS aq K3sPOy4, DMF
77
NHZ \(
% HO f HO, OH
H
o Vel = -0 gl on
“, H N
o><) NHZ HO' OH OH
78 80% 7

Scheme S1.
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Danishefsky et al. have reported a total synthesis
of the promising anticancer agent (— )-epothilone B
using the Suzuki coupling method as shown in
Scheme 52 [119], and a sister compound, epothilone
A was also synthesized by a similar procedure [120].
The full paper of the total synthesis of epothilones A
and B has appeared recently [121].

For the total synthesis of the polyene macrolide
roflamycoin, a Suzuki homologation using hydrobora-
tion of a 1-alkene, followed by the reaction with vinyl
bromide has been applied [122]. The similar type of
homologation is also employed for the synthesis of
agelasimine-A [123]. 2-Iodo-dihydropyran 3-O-carba-
mates obtained via combined metalation undergo
Suzuki—Miyaura cross-coupling reaction to afford 2-
aryl and heteroaryl dihydropyran O-carbamates in ex-
cellent yields [124].

It has become extremely apparent that the biologi-
cal role which carbohydrates play in living systems is
greatly underestimated by traditional understanding.
Arguably one of the most diverse and structurally
complex classes of organic compounds (containing six
carbons and five contiguous stercocenters for the
hexoses), carbohydrates appear to be the perfect can-
didate to participate in the regulation of many cellu-
lar phenomena. Johnson and Johns reported a novel
approach to B-arylmethyl-C-glycosides using a tandem
hydroboration/Suzuki cross-coupling strategy involv-
ing readily available 1-exo-methylene sugar precursors
and aryl halides (Scheme 53) [125].

B-Allyl-9-BBN derivatives can be prepared readily
from allyl bromide and B-methoxy-9-BBN in the
presence of aluminum chips. Addition of one equiva-

OBn

OBn OBn

1. ¢BBNH,THF A o Q

— "B

2. PdCly(dppf), aqksPO, OBn By
BrO‘Bu 82%

Scheme 53.

B—om e 5 KOMe
—OMe ——— »
Al-chips TNe= THF

THF, reflux

86%

Scheme 54.

lent of KOMe to a solution of this compound in
THF leads to a mixture of borate complexes. Among
the mixture, K[(MeO)-(allyl)BBN] is the major com-
ponent which can be deduced from the ''B-NMR
spectrum (Scheme 54). The reaction of aryl halides or
triflates with the mixture of borate complexes (80) in
the presence of 3 mol% of Pd catalyst in reflux THF
afforded the desired cross-coupling products in good
to excellent yields [126]. One of such reactions is
shown in Scheme 54.

A catalytic asymmetric synthesis of halenaquinone
and halenaquinol has been achieved using an asym-
metric Heck reaction or a cascade Suzuki cross-cou-
pling reaction as a key step by Shibasaki et al. [127].
The use of Ph;As as a chiral ligand has been found
to enhance both the cascade Suzuki coupling and also
the Heck reaction.

In contrast to stereochemical investigations of the
related cross-couplings involving silanes and stan-
nanes, the stereochemistry of the transmetalation of
alkylboranes to palladium (either retention or inver-
sion of configuration) has received little attention, al-
though it was suggested to proceed with retention of
configuration [1,2]. Recently, it has been confirmed
that primary alkylboranes undergo transmetalation to
palladium with retention of configuration [128].
Namely, Ridgway and Woerpel have observed that
the enones syn-83 and anti-84 are obtained by hy-
droboration of the respective alkenes cis-81 and
trans-82 with 9-BBN followed by addition of 2-iodo-
cyclohexenone, palladium catalyst, and aqueous
sodium hydroxide (Scheme 55, the reaction conditions
were not optimized). The stereochemistries of the
enones syn-83 and anti-84 were assigned by analysis
of their 'TH-NMR spectra.

Most recently, Soderquist and Matos have reported
a precise investigation on the mechanism of the cross-
coupling reaction between alkylboranes and bro-
mobenzene [129]. Both erythro and threo isomers of
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B-(3,3-dimethyl-1,2-dideuterio-1-butyl)-9-BBN (88) are
prepared from 3,3-dimethyl-1-butyne (85) through a
hydroboration-deuteronolysis-hydroboration sequence
employing first 9-BBN-H and then 9-BBN-D, or in
reverse order, respectively (Scheme 56). Employing the
Whitesides protocol, the stereochemistry of B to Pd
alkyl group transfer in the Suzuki—Miyaura coupling of
88 to PhBr has been found to occur with complete
retention of configuration with respect to carbon
(Scheme 56). The retention process suggested a four-
centered hydroxo-p,-bridged transition state model (91)
(Scheme 57). This transition state could arise from the
collapse of an intermediate 90, which could originate
from either (a) the reaction of hydroxyborate (i.e.
(HOBR;) ') with Pd(IT) (e.g. R'L,PdBr) or (b) from
the reaction of BR; with R'L,PdOH. The collapse of 91
would be expected to facilitate this alkyl group transfer
through the S_2(coord) process [1]. This model also
suggested that either 90 or 91 should be more accessible
for organoboranes that have a higher Lewis acidity.
Actually, this hypothesis was tested, and it was confi-
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rmed that B-alkyl -9-BBN derivatives (92) are more
reactive than the corresponding 9-oxa-10-borabicy-
clo[3.3.2]de-canes (93).

The role of base in the coupling process was observed
by employing ''B-NMR. Namely, B-hexyl-9-BBN (92h)
in THF exhibits its characteristic absorbance at ¢ 87.7
and at 0 3.3 upon the addition of NaOH (aq) (Scheme
58). These data clearly indicate a 92h/94h equilibrium
wherein the borane is mainly present as its hydroxybo-
rate complex (94h). By contrast, the '"B-NMR of 93h
(R=hexyl in 93) (6 54.1), remains unchanged with
added NaOH, indicating that no significant hydroxy-
borinate complex (95h) is formed under basic
conditions.

Through 3'P-NMR analysis, it was confirmed that
the ligand-labile Pd(PPh,), (broad singlet, o 18.0 (1:1
THF, C¢Dy), reacts cleanly with PhBr (1:1) at 67°C to
produce a 1:2 ratio of trans-BrPdPh(PPH;), (96, J 26.1,
sharp singlet, THF) and PPh; (6 — 3.2, broad) (Eq.
(13)).

-L L
PdL, === Pdly =———= Pdl, —"o"
L = PPh,
OH"
L,PhPdBr ——— L,PhPdOH
96 5 26.1 97 § 23.6
(13)

By the addition of two equivalents of NaOH (aq) to
the 96/PPh; mixture in THF, it was observed that 96 is
partially  hydrolyzed, giving the monomeric
HOPdPh(PPh;), (97, J 23.6 (ca. 33% of 96, 2 h)).
Heating this mixture at reflux temperature hastens the

Tx
8 HX\B/OH
92h $87.7 94h §3.3
HX\B—O Hx ,SH

93h §54.1 95h {not observed)

Scheme 58.
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96 to 97 conversion, which reaches about 90% after 2 h.
These results demonstrate that the added base can
hydrolyze Pd(II) halides producing monomeric hy-
droxypalladium(II) species (e.g. 97) under these condi-
tions.

Kinetic studies reveal that the couplings are zero-or-
der in the borane but for 92 exhibit a first-order depen-
dence on [PhBr] (i.e. oxidative addition), while for 93
exhibit a first-order dependence on [OH ~] (i.e. PA(II)X
hydrolysis).

These data are interpreted in terms of attack of 96 by
94 to form a hydroxo p,-bridged intermediate 90a. This
provides the precursor to transmetalation through a
four-centered transition state 91, as shown in Scheme
59 for the catalytic cycle of the coupling between the
organoborane 92 and PhBr. On the other hand, for the
coupling of 9-oxa-10-bora-bicyclo[3.3.2]decanes (93),
because the analogous hydroxyborate complex (95) is
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Y PhBr OH"
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absent, 96 is hydrolyzed by OH~ forming 97 in a
slower process, with this ultimately reacting with 93 to
form a related intermediate 90b which also collapses to
products through 91 (Scheme 60).

An application of a Shapiro reaction-Suzuki coupling
sequence to the stereoselective synthesis of E-trisubsti-
tuted olefins has been recently reported. Namely, dou-
ble deprotonation of acetone trisylhydrazone (98)
followed by alkylation with R'X produces unsymmetri-
cal hydrazone 99. Subsequent deprotonation followed
by warming of the resulting dianion to 0°C provides
Z-vinyllithium reagent 100. Treatment of 100 with
iodine affords E-trisubstituted vinyl iodide 101. Suzuki
cross-coupling of 101 and the alkyl borane derived
from 9-BBN hydroboration of terminalolefin 102 pro-
duces trisubstituted olefin 103 [130] (Scheme 61).

5. Conclusions

The cross-coupling reactions of organoboron com-
pounds with organic halides or related electrophiles
provide one of the most straightforward methodologies
for various carbon-carbon bond formations. Among
such organoboron compounds, alkynylborane deriva-
tives were not used in the Suzuki coupling, because they
are stronger Lewis acids and easily hydrolyzed in the
presence of bases. Fortunately, the difficulty has been
overcome by using B-methoxy-9-borabicyclo[3.3.1]-
nonane, This is a marked contribution in the study on
the coupling reaction, which has been accomplished in
the last few years. It has now confirmed that all kinds
of carbon—boron bonds including (sp*)C-B, (sp>)C-B,
and (sp)C—B bonds are employed as cross-coupling
partners in the coupling reactions. In view of retrosyn-
thetic analysis, the reaction is conceptually basic and
important for construction of carbon framework of
target molecules.

Further developments of this chemistry are expected
in the near future.
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