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1. INTRODUCTION

Though often perceived as the simple metaphorical hybrid of
synthetic inorganic and organic chemistry, synthetic organome-
tallic chemistry continues to vigorously differentiate itself from
its more firmly established progenitor subdisciplines of chem-
istry. Organometallic complexes are commonly synthesized by a
transmetalation reaction, a process by which one organometallic
compound transfers its organic group to the metal of interest. In
the cases of transition metals, a variety of transmetalating
reagents, including organolithium compounds,lf 7 organomag-
nesium compounds (Grignard reagents),”® >> and organo-
stannanes,”*” ’° have been utilized with great success in the
synthesis of organo-transition metal compounds. However, the
air and water sensitivity of organolithium and Grignard reagents
demands caution from the user, while the toxicity of tin makes
organostannanes less than ideal for the purposes of transmetala-
tion reactions.

Organoboron compounds’'™ "> have also been utilized as
stoichiometric transmetalation reagents in the syntheses of
organometallic compounds of the d-block metals (boron is
actually not a metal but a metalloid, but historically the term
transmetalation has been used for organoboron compounds),
although it has only been in recent years that the number of
stoichiometric transmetalation reactions which utilized organo-
boron compounds have not been overwhelmed by the number
which did not. Organoboronic acids are only marginally toxic and
can be routinely handled in air. Thus, it is not particularly
surprising that Michaelis and co-workers demonstrated the
utility of organoboronic acids in the synthesis of organomercur-
ials by 1882,”* an early account of a successful transmetalation
protocol using phenylboronic acid (Scheme 1). Later work by
Challenger and co-workers further corroborated the utility of
arylboronic acids in the synthesis of isolable organometallic
complexes of mercury(I) and thallium(III). Several reports of
transmetalations from organoboron compounds to mercury salts
continued to emerge in exclusion to any other d-block metals
until the 1960s, after which reports of organometallic com-
pounds of nickel, platinum, ruthenium, and palladium synthe-
sized by transmetalation from organoboron compounds began to
appear in the literature.

In 1979, Professor Akira Suzuki published the first of a series
of seminal papers on what is now called the Suzuki—Miyaura

. . 75,76 ;
cross-coupling reaction,””® a carbon—carbon bond forming

methodology in which an organoboron compound (the
nucleophile) and an organohalide or pseudohalide (the electro-
phile) couple in the presence of a transition-metal catalyst and
base (Scheme 2). The influence that this class of catalytic
coupling reactions”” °° had on (ironically) catalyzing the devel-
opment of transmetalation chemistry via organoboron com-
pounds cannot be overstated. From this point forward, the
number of investigations involving transmetalations from orga-
noboron compounds to mid to late d-block metals exploded, the
product of a synergistic coevolution between stoichiometric and
catalytic transmetalations that together came to include almost
every mid to late d-block metal. The well-established organobor-
on-mediated transmetalation steps of the 14-conjugate
addition,”* % oxidative homocoupling,97 and Chan—Lam—
Evans cross-coupling” (to name a few) putative catalytic cycles
were all arguably influenced by the precedent set by the Suzuki—
Miyaura cross-coupling reaction.

In this review, transmetalation reactions from organo-
boron compounds to catalytically relevant mid to late
d-block metals (that is, all d-block metals from group 6 to
group 12 with the exceptions of Tc and Os) are discussed.
For the purposes of this review, transmetalation will be defined
as a chemical transformation that is the result of one or more
elementary steps in which a B—C, bond is cleaved and, in
the same or a subsequent elementary step, a M—C, bond (or
M—C, bonds) is formed, where C, is the same carbon atom.
Note that M—C bond formation need not be coupled to M—X
bond cleavage.

Investigations which feature transmetalation reactions to form
either isolable organometallic products or proposed organome-
tallic intermediates as part of a catalytic cycle are included in this
review. However, investigations which feature transmetalation of
alkyl groups (i.e, sp>-hybridized carbon) from organoboron
compounds” S are excluded from this review, as the vast
majority of transmetalations (both in stoichiometric reactions
and in catalysis) from organoboron compounds transfer unsa-
turated carbon nucleophiles (i.e., aryl, heteroaryl, alkenyl, or
alkynyl groups) to the transition metal. Note that cyclopropyl-
boronic acids (and derivatives) are also excluded from considera-
tion, even though there has been much discussion about the sp’-
hybridized character of the carbon atoms of cyclopropane.'® In
addition, there have been several examples reported in the
literature of transmetalation reactions from organoboron com-
pounds to metals earlier than group 6 (Sc,'%7 y, 108 jtotto
Zr, M HE M2 v oS Nb''*). However, these metals are ex-
cluded from this review since the overwhelming majority of
coupling reactions which utilize organoboron compounds are
catalyzed by d-block metals to the right of group S. A relatively
broad period of time (from 1965 to 2010) will be covered, from
the first reports of transmetalation reactions between organo-
boron compounds and mid to late d-block metals other than
mercury. Note that organomercurials are somewhat exceptional
in the context of this review, as organomercurials synthesized by
transmetalation reactions from organoboron compounds were
reported as early as 1882.”*

2. PRELIMINARY CONSIDERATIONS

2.1. Scope of Transmetalating Agents
Competence in transmetalation reactions with the mid to late
d-block metals has been demonstrated by a great variety of
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Table 1. Organoboron Compounds Typically Used in Transmetalation Reactions and Catalysis

transmetalation reagent abbreviated notation

general comments

diorganoborinic acids R,BOH rarely used in cross-coupling
organoboronate esters RB(OR’), usually more stable to protodeboronation and more soluble in organic solvents than organoboronic acids
organoboronic acids RB(OH), most common commercial organoboron compounds
organoboroxines (RBO); equilibrate with organoboronic acids in the presence of water
organotrialkoxyborates RB(OR');~ commonly formed in situ when used in cross-coupling reactions
organotrifluoroborates RBF; ™ usually more stable to protodeboronation than organoboronic acids, but B—F bonds can be hydrolyzed
organotrihydroxyborates RB(OH); historically studied in solution but recently isolated as solids for cross-coupling
tetraorganylborates BR, commonly used as water-soluble, nucleophilic aryl sources
triorganoboranes R;B strong Lewis acid for alkyl abstraction when R = C¢Fs
o re)
2 B/Q/ g e
"~ oH
Dimesitylborinic Acid
NH, 07 H
4-(4,4,5,5-Tetramethyl-1,3,2- 4-(5,5-Dimethyl-1,3,2-dioxa-
0. .0 dioxaborolan-2-yl)aniline borinan-2-yl)benzaldehyde

(1,3,2-Dioxaborolan-2-yl)benzene

(I)H

2-Anthracene Boronic Acid
B B

Phenyltrifluoroborate

Triphenylborane

MeO~ B "OMe
MeO

Triphenylboroxine

Phenylethynyltrimethoxyborate

KARTE

Tetraphenylborate

Ho~ B oH
HO

Phenyltrihydroxyborate

Figure 1. Representative examples of the types of organoboron compounds listed in Table 1 and routinely employed in synthesis.

organoboron compounds. While initial transmetalation reactions
were performed exclusively with organoboronic acids (RB-
(OH),),”*"57"% it was later shown that organoborinic acids
(R,BOH), organoboroxines ((RBO);), organotrifluoroborates
(RBE;™),""?7"! tetraorganoborates (BR, ), organoboronate
esters (RB(OR'),), triorganoboranes (BRy), organotri-
alkoxyborates (RB(OR’);™), and aryltrihydroxyborates
(ArB(OH)3 ") are all capable of transmetalation, transferring
organic nucleophiles from boron to transition-metal substrates to
form isolable organometallic compounds or transient organo-
metallic intermediates (the latter are most frequently involved in
catalytic cycles). Figure 1 shows examples of each type of
organoboron compound listed in Table 1. Recently, N-methyli-
minodiacetic acid'**”'** and 1,8-diaminonaphthalene'**™'**
have been exploited as organoboron protecting groups, deacti-
vating or even rendering the compounds inactive to transmetala-
tion under typical Suzuki—Miyaura cross-coupling conditions

MeN HN.__NH
/ B
B;Ii (0]
(o
2 3

Figure 2. Example of N-methyliminodiacetic acid-protected (left) and
1,8-diaminonaphthalene-protected (right) PhB(OH),.

(Figure 2). Deprotection under basic or acidic conditions yields
an organoboronic acid, which is now competent for catalytic
coupling reactions. As part of the orthogonal functionalization
strategy in synthesis, the B(dan) group has recently garnered
much attention. However, as reagents inactive or deactivated to
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transmetalation, compounds of the type shown in Figure 2 are
outside the scope of this review.

2.2. Chemical Changes of the Transmetalating Agent in Situ

Under certain reaction conditions, the organoboron com-
pound used in a transmetalation reaction (including a transme-
talation step in a catalytic transformation) may undergo a
chemical change, such that the identity of the transmetalating
agent in situ is not the same as that from which one started. Three
of the most common chemical changes are briefly discussed
below.

2.2.1. Base-Mediated Formation of Borate Anions.
Three-coordinate boron in compounds such as RB(OH), and
BR; can become four-coordinate, forming tetrahedral borate
anions in the presence of a base. The coordination geometry of
four-coordinate boron was established initially by Raman
spectroslcg)ﬁ}glj’?‘nand later by thermodynamic analysis,"** pK,

. . . 99,136,1
analysis, B NMR spectroscopic analy51s,99’ 36137 mass

spectrometry,®® and X-ray crystallography.'**"**'** In  the

context of transmetalation reactions, RO~ ,>'*° F~'* and C-
nucleophiles'* ™' are most commonly responsible for the
formation of four-coordinate boron as a borate anion
(Scheme 3)."**'*$1% The binding of PhB(OH), to small
nucleophiles (HO™, F ) has been the subject of theoretical
calculations recently.'>® Glaser and Knotts described the B—C
bond in [PhB(OH),Nu] " as coordinate covalent and calculated
AG,gg for the reaction PhB(OH), + Nu~ to be negative in all
cases. Furthermore, they calculated the strength of the B—C
bond in [PhB(OH),Nu]~ (Nu = HO™ or F ) as less than 50
kcal/mol.

2.2.2. Boronic Acid—Boroxine Equilibrium. In solution
in the presence of water, boronic acids and boroxines can be in
equilibrium (Scheme 4). This equilibrium has been the subject of
several spectroscopic and crystallographic studies.'>' "> In the
systems discussed below, the most relevant instances of this
equilibrium are found in Cu-catalyzed (mediated) and Rh-
catalyzed systems. In some systems, molecular sieves have been
used to remove water from the system, driving equilibrium
(reaction 6 in Scheme 4) to the right.

2.2.3. Hydrolysis of the Transmetalating Agent in Situ
(without B—C Cleavage). Organoboronate esters and orga-
notrifluoroborates are known to undergo hydrolysis reactions to
generate organoboronic acids in situ (Scheme 5). Early in the
development of alternatives to organoboronic acids in Pd-
catalyzed cross-coupling reactions, the possible involvement of
species of the type [RBF;_,(OH),]” was hypothesized by
several investigeltors.wé_léO However, mechanistic investiga-
tions by Molander,'®" Perrin,'®> and Lloyd-Jones'®® determined
that solvolysis of the B—F bonds of the trifluoroborate is
complete, with formation of B—O bonds in their stead. In the
investigation of Perrin,'> a Hammett plot indicated the rate of
aryltrifluoroborate solvolysis correlates with the electron-rich-
ness of the aryl group. In the investigation of Lloyd-Jones,"® i

1

it
was also determined the B—F bonds of the aryltrifluoroborate
hydrolyzed in the presence of a base, yielding arylborate species
ArB(OH);~ (significantly, a small amount of an intermediate
hydrolysis species, ArBF;_,(OH),,~, was detected by '’F NMR
spectroscopy). The arylborate species was ascertained to be the
more potent transmetalation reagent, as supported by calcula-
tions (vide infra).

3. STOICHIOMETRIC TRANSMETALATION REACTIONS

In this section, only reactions in which a B—C bond has been
broken concomitantly (but not necessarily simultaneously) with
the formation of a M—C bond to form an isolable organometallic
product(s) are considered. Each metal will be considered in its
own subsection, highlighting the stark contrast between leaders
and laggards and ultimately suggesting where the largest frontiers
in this chemistry may be. For example, the contrast between
platinum (several investigations) and manganese (few in-
vestigations) becomes obvious. These transmetalation reactions
will be presented in chronological order per metal so that the
reader may trace the development of transmetalation methodol-
ogy for a particular metal. For example, the transmetalation
chemistry of gold (section 3.15), originally explored with tetra-
arylborates as the transmetalation reagent, has come to be
dominated by arylboronic acids. Except in a few cases, the focus
of this section will be on reactions in which a transmetalated
product has been isolated.
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Noteworthy in this context are the inorganic starting materials
for these reactions, which frequently feature metal—oxygen
bonds (that is, O-bonded ligands either are present in the starting
materials or become bound to the metal at some point during the
reaction before transmetalation occurs). Transmetalation reac-
tions of this type (i.e., organoboron compound plus M—OR
compound) are the most commonly observed. Relevant to this
point but outside the scope of this review is the review by
Brynzda and Tam,'®* in which the reactivities of hydroxides,
alkoxides, and amides of the late transition metals have been
thoroughly discussed. Other common transmetalation arche-
types are organoboron plus M—X, where X typically is CI or
Br, and Ar;B plus M—R/, where Ar = aryl group and is usually
CeFs. In the latter archetypical reaction, the organoborane
typically abstracts an alkyl group, quaternizes to a borate anion,
and is then activated to transfer an aryl group to the metal. This
latter class of transmetalation reactions is most frequently
observed for iron and zinc.

Also noteworthy is the particularity of the organoboron
compound for the reaction conditions (especially the metal-
based reaction partner and reaction medium). An “analogy-
based” approach to transmetalation frequently proves fruitless,
as seemingly minor changes of solvent or on the coordination
sphere of a metal can be important enough to overwhelmingly
favor a different reaction pathway (this point was recently made
by Molander with respect to the choice of organoboron reagent
in cross-coupling reactions).'®® Examples of the importance of
these factors will be emphasized when relevant.

Side reactions are a consideration for some stoichiometric
transmetalation protocols, the most common of which are
protodeboronation (section 6.4, vide infra) and “arrested” trans-
metalation (section 4, vide infra). Protodeboronation is a che-
mical change by which a B—C bond of an organoboron
compound is cleaved with subsequent formation of (for the
purposes of this review) a H—C (not M—C) bond. Arrested
transmetalation describes a process by which an organoboron
“ligand” forms a M—C bond, but the B—C bond is not cleaved.

Finally, some experimental and theoretical data have been
gathered to better understand the mechanism(s) by which
organoboron compounds transmetalate to metal complexes.
To supplement the discussion in this section, some experimental
and theoretical evidence for mechanisms by which transmetala-
tion reactions proceed will also be included.

3.1. Chromium

Legzdins and co-workers have exploited the electrophilicity of
the cationic organometallic complex [CpCr(NO),](BF,) to
yield a variety of addition products when treated with nucleo-
philes, as the Cr complex can accept additional hgatlon due to
coordinative unsaturation.' Treatlng [CpCr(NO),](BFE,) with
NaBPh, in an essentially noncoordinating solvent (CH,Cl,)
gave the phenylchromium product 7 in 74% yield (Scheme 6).

3.2. Molybdenum

Legzdins and co-workers used the same strategy for Mo as
they d1d for Cr (Scheme 6) to generate a phenylmolybdenum
species.' Treating the electrophilic, coordinatively unsaturated
complex [CpMo(NO),](BF,) with NaBPh, in CH,Cl, gave the
phenylmolybdenum product 8 in 75% yield (Scheme 7).

In an exploration of the reactivity of Ph,Cp-ligated Mo and W
complexes, Legzdins and co-workers subsequently reported an
interesting example of the use of a reactant to activate a metal
complex to electrophilic substitution by both oxidation and

Scheme 6
"
=
: BPhe L
ON/Cr\No (74%) ON''} “Ph
NO
7
Scheme 7
"
] BPh, ]
7Ry Mo, 9
ON’MO\NO (75%) ON''}| "Ph ®)
NO
8
Scheme 8
Ph @ Ph 4 (NO)PF) Ph@Ph
Mo _1 (NO)PFg)
ON''| ~CO ~2.Na(BPhy) ON""' o (10
co (70%) NO
9
Scheme 9
=
Mo B(CeFs)3 |
Mo F (11)
OC/\CO tolt(.le;o(/a)rt OC‘/ CO
OoC M
e J .
F F
10

ligand substitution.'®” The Ph,Cp-ligated Mo complex was
treated sequentially with the one-electron oxidant (NO)(PFy)
and NaBPh, to yield 9 (in 70% isolated yield), in which both of
the original CO ligands had been displaced (Scheme 8).

Green and co-workers reported another example of transme-
talation for Mo and speculated on the elementary steps
(including methyl migration) to form the final product.'®® The
chelated product 10 is formed in much lower yield (25%) than its
heavier W congener (Scheme 9).

3.3. Tungsten

There have been a few reports of arylation of electrophilic
tungsten species, similar to the examples of chromium and
molybdenum. In an initial report, Hundel and Berke witnessed
the collapse of a BPh, ion pair to yield a neutral phenyltungsten
product, 11, in the presence of LiH (Scheme 10).

The electrophilicity of the cationic tungsten species
[CpW(NO),](BE,) was made evident by Legzdins and Martin,
in which the phenyltungsten derivative 12 was synthesized in
48% vyield by treatment of [CpW(NO),](BF,) with NaBPh,
(Scheme 11).'¢

In a subsequent report, Green and co-workers also used a
CpW species for transmetalation.'® In this case, similar to the
reaction reported by the same group for a CpMo species
(Scheme 9, vide supra), the transmetalated product 13, produced
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Scheme 10
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13

in 75% yield, is probably the end result of several elementary
steps, including methyl migration (Scheme 12).

3.4. Manganese

In one report by Solari et al.,'” the phenylation of a trinuclear
organomanganese complex, MnzMess (featuring terminal
and bridging mesityl ligands), by BPh; in a solvent- and
stoichiometry-dependent set of reactions was demonstrated
and is shown in Scheme 13. In diethyl ether, using a 3:1
ratio of BPh; to Mn3;Mesg, 1 equiv of mesityl per manganese
atom has been abstracted (a large amount of MesBPh, was
identified by GC—MS in the mother liquor of the recrystallized
product) to yield a mononuclear product, 14, in good
yield. However, in a less coordinating solvent (toluene), a 6:1
ratio of BPh; to Mn3;Mesg yields a BPh, -ligated mononuclear
product, 15, in which one mesityl ligand has been abstracted per
manganese (GC—MS detected large amounts of BPh,Mes) while
a 12:1 ratio of BPh; to Mn;Mesg gives a BPh, -ligated dinuclear
complex, 16, featuring bridging phenyl ligands. Note that the
phenyl ligands in the latter are the result of formal transmetalation
of phenyl groups from boron to manganese. Furthermore, the
BPh, ligands bind to Mn via the sr-face of a phenyl rm%, a well-
known binding mode that has been reviewed by Strauss.

The reactivity of the borate anions BMe, , BMePh; ,
and BPh, with [Mn(CO)sL]" (L = MeCN, py, PPhs,
PPh,Me) was explored by Kochi and Zhu.'”> All three
borate anions are capable of transferring their R groups to
Mn to form products of the type [RMn(CO)s], and in general,
the authors found BPh, to be the least reactive of the borate
anions. Thus, in the mixed borate BMePh; , it was the methyl
group that was found to be the transferable R group. In the case of
BPh, (as the Na' salt) plus [Mn(CO)s(NCMe)]",

Scheme 13
Mn3(Mes)s =
Mn i "'Mng
N
(BPhy)
3 BPhg Ot
[Mng(Mes)g] Mes-Mn'OEt; (15)
Et,0 N
2 OEt,
(62%)

[Mng(Mes)g] =13~ toluene Mes- Mn BPh, (16)

QAT

(51%)
\ /
15
12 BPh
[Mn3(Mes)g] toluen; (17)

LR
WY

Scheme 14

[Mn(CO)s(NCMe)] B—Pm—>[Pth(CO)5 (18)
17

[PhMn(CO)s] (17) was cleanly formed, quantified by IR
spectroscopy (Scheme 14).

3.5. Rhenium

Bergman and co-workers reported one example of a transme-
talation reaction from an organoboron compound to rhenium.'”?
In an exploration of the reactivity of rhenium(I) alkoxide com-
plexes with various Lewis acids, it was demonstrated that the
reaction of a vinylborane with [Re(CO);(dppe)(OCHj;)] gave a
vinylrhenium product, 18, in 60% yield along with methoxyca-
techolborane (Scheme 15). Interestingly, the similar substrates
[Re(CO);(dppe)Cl] and [Re(CO);(dppe)(OCcH,CH3)] did
not react at all with the vinylborane, suggesting that the electron-
rich methoxide ligand was necessary for transmetalation. In
addition, the transmetalation reaction was sensitive to steric
parameters, as an O-substituted vinylborane formed very little
product under the same conditions. These data are consistent
with the proposed reaction mechanism, the first step of which
involves the nucleophilic attack of alkoxide on the borane to form
an “ate” complex, which rearranges to form the observed products
(Scheme 16).
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Green and co-workers were able to exploit the alkyl abstrac-
tion ability of B(C4Fs); with an organorhenium complex to effect
transmetalation of C4Fs to Re (Scheme 17)."* The product 19,
formed in approximately 50% yield, was hypothesized by the
authors to be the result of initial electrophilic attack at a Cp ring,
migration of a proton to the metal center, and reductive
elimination of CH, to generate a cationic Re species, which is
then arylated by a C4Fs group in close spatial proximity to the
metal center (Scheme 18).

3.6.Iron

Isolated reports from different laboratories have emerged
since the 1970s on the formation of organometallic iron com-
plexes via transmetalation from organoboron compounds. In two
of the earliest reports, transmetalation appeared to occur as an
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undesired reaction. In one early report, Lan% and co-workers
investigated the intermediate spin states of Fe" " complexes of the
type [Fe(tpp)Y] (tpp = meso-tetraphenylporphyrin).'”® To
prepare [Fe(tpp)Ph], the authors treated [Fe(tpp)Cl] with
Ag(BPh,); 20 was isolated in 37% yield (Scheme 19). The
product 20, which was structurally authenticated in a subsequent
investigation,176 was compositionally consistent with microana-
Iytical data and yielded the expected product (i.e., the FeCI(TPP)
starting material by UV—vis spectroscopy) when treated with
concentrated HCI.

In another early study, Lewis acid catalyzed Diels—Alder
transformations (in which the catalysts were complexes of low-
valent metals) were studied by Hersh and co-workers.'”” To
prepare a cationic Fe' catalyst, the authors attempted to execute
an anion exchange of BPh, ™~ or [B(3,5-(CFs),-C4H3),] ™ (that
is, BArg) for BF, . The anion exchange was successful in both
cases, but once prepared, 21 was slowly phenylated, although a
procedure and yield were not specified (Scheme 20). This is one
of many examples of the enhanced inertness to B—C cleavage for
BArrp, relative to other tetraarylborates.

Mehnert and co-workers investigated the reaction of
[CpFe(CO),Me] with B(C4Fs)s, the 7groduct of which, accord-
ing to the authors, was unexpected.'” In a subsequent report,
the procedure to produce 24 in 79% yield was refined
(Scheme 21).'®® Several elementary steps were posited to
account for the observed product, including (initially) formation
of an acetyl ligand by methyl migration, B—C bond cleavage
concomitant with oxidative addition of the C—F bond and
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benzyne formation, and migration of the resulting fluoride ligand
from Fe to B. As evidence for the proposed mechanism, the
authors cited the detection (by "B NMR spectroscopy) of
BF(CgFs), BF,(CgFs), and BF; formed during the reaction.
Four-coordinate ~ N”N-chelated  dialkyliron(II)  and
dialkylmanganese(II) complexes were the targets of an investiga-
tion by Chirik and co-workers, the reactivity of which would be
probed via treatment with ethylene, CO, and B(C¢Fs)s."”” The
reactions of the dialkyliron(II) complexes with ethylene and
B(Cg4Fs); were especially of interest, relevant to ethylene po-
lymerization. The reaction between a diimine-ligated dialkyliron-
(IT) complex, 25, and B(Cg4Fs)5 not only abstracted CH,SiMes
from the coordination sphere of Fe, but transferred CsFs from
the borane to form 26 in 55% yield (Scheme 22). The byproduct
B(CgFs),(CH,SiMe;) was detected by 'H and YF NMR
spectroscopies. Similar to the reactivity of 25, B(C4Fs); ab-
stracted an alkyl group from the (—)-sparteine-ligated analogue
of 25, but arylation did not follow alkyl group abstraction. The
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final product was a contact ion pair, [(—)-(sparteine)Fe-
(CH,SiMe;)][B(C4Fs)3(CH,SiMes)] (27), an excellent exam-
ple of the sensitivity of transmetalation to the coordination
sphere of the metal.

Aldridge and co-workers explored the reactivity of a haloboryl-
ligated iron(II) complex, Cp*Fe(CO),(BBrMes), to determine
its synthetic utility as an iron—borylene precursor."®® Once
again, NaBPh, was shown to be a useful phenylating reagent,
forming the same aryliron(II) product in two separate reactions
(Scheme 23). The authors did not report a yield for the two
transmetalation reactions, but in both cases identified a reso-
nance at & 66.0 ppm in the ''B NMR (confirming the presence of
BPh;) and isolated orange crystals that were confirmed to be 29.
The first two reactions underscore the sensitivity of the iron
complexes to the tetraarylborate that was used. That is, while
NaBArg dehalogenates the haloboryl ligand to form the terminal
iron—borylene complex, NaBPh, phenylates iron, displacing the
haloboryl ligand.

Aldridge and co-workers followed up their Fe—B study
with a study (both experimental and theoretical) of Ga and In
systems featuring single and multiple bonds to Fe, an exploratory
foray into the coordination chemistry of these heavier congeners
of B."®! In one set of reactions, GaCl- and InI-bridged Cp*Fe-
(CO), fragments reacted with NaBPh, to yield (in both cases)
the known complex [Cp*Fe(CO),Ph] (29), in contrast to the
behavior of NaBArg, which simply abstracted halide from the Ga
or In atom (Scheme 24).

180
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Scheme 25
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The importance of solvent choice and metal coordination
sphere were highlighted in an investigation by Hessen and co-
workers, in which B(C4Fs); was examined as a possible activator
of three-coordinate alkyliron(II) complexes for use in olefin
polymerization."®> The supporting ligand in each case was a
bulky 3-diketiminate (L), but two different alkyl groups on Fe""
were examined ((trimethylsilyl)methyl, or CH,SiMes, and ben-
zyl, or CH,C¢Hj). In the case of LFeCH,SiMe;, reaction with
B(Cg4Fs); in C¢Dg gave the alkyl-abstracted, aryl transfer product
30. However, in the case of LFe(CH,C¢Hs), the same reaction
gave only the alkyl abstraction product as a solvent-separated ion
pair in THF (31) and as a contact ion pair (32) in pentane
(Scheme 25). The contact in 32 was an #°-interaction between
the arene (of the benzyl group) and Fe.

In a study of the reactivity of iron(II) hydride-bridged
dimers,"**> Holland and co-workers exploited the sterically en-
cumbered and strongly binding ligand 2,4-bis((2,6-diisopropyl-
phenyl)imino)pent-3-yl (NacNac) in the reaction of the dimers
with BPh;. The isolated material was a mixture of a BH,Ph, -
chelated iron(II) complex (33) and a phenyliron(II) complex
(34) (Scheme 26). The authors reported that the phenyliron (II)
complex was more cleanly synthesized using PhMgCI as a
phenylating reagent.

In an unprecedented set of transmetalation conditions, Oshi-
ma and co-workers catalytically synthesized a series of aryliron-
(I1) complexes using a carbene-ligated Pd" complex as the
catalyst and algrlboronic acids as the stoichiometric transmetala-
tion reagents'** (Scheme 27). A variety of substituted arylboro-
nic acids (with the notable exceptions of hydroxyl- and amino-
susbstituted arylboronic acids) formed products 35 in good to
excellent isolated yields. Yields were improved in some cases by
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the addition of substoichiometric amounts of copper(I) iodide;
the authors speculated that the formation of an arylcopper
species in situ may enhance the efficiency of transmetalation to
palladium, as in other systems.'>'%

3.7. Ruthenium

Reports of formation of organoruthenium compounds via
organoboron transmetalation reactions began to emerge in the
1970s. In the initial set of reports,'®”'®® Haines and du Preez
exploited the potent electrophilicity of the cation {[CpRu-
(CO),1,X}" (X = Cl, Br) to demonstrate phenylation by
BPh,  (Scheme 28). However, a second set of reactions in the
same report called attention to the importance of the coordina-
tion sphere of the metal in transmetalation reactions. Whereas
[CpRu(CO),Cl] reacted with BPh, ™ to form [CpRu(CO),Ph]
(36), B—C cleavage for the less electrophilic ruthenium(II)
complex [ CpRu(PPhs),Cl] was not observed. Instead, the authors
proposed the product to be a “half-sandwich” complex, { CpRu[ (°-
Ph)BPh;]}, in which transmetalation was arrested upon binding to
the st-electrons of one phenyl ring of the BPh,  ligand.

In a study of the intermediates of the ruthenium-catalyzed
oxidative Heck coupling of olefins and arylboronic acids, Brown
and co-workers established that the reaction of a ruthenium—
arene complex, (p-cymene)(PPh;)RuCl,, and PhB(OH),
yielded a stable transmetalation product, 37, in 69% yield, the
identity of which was authenticated by X-ray crystallography®
(Scheme 29).

1537 dx.doi.org/10.1021/cr1002276 |Chem. Rev. 2011, 111, 1529-1595



Chemical Reviews

Scheme 28
< OC\ col FFe)
\F\(L\I—X—Rfj m, (35)
oc'\, £~ <
X =Cl, Br \‘RI\J—X
0C to
+
_h\u—Ph
oc Yo
36
Scheme 29
—
[
Ru—~  PhB(OH)
X ci _PhB(OH);
PhsP (l:| THF, Et;N (36)
N | S
R
RU—
PheP |
Ph
37

Starting with a Ru—p-cymene complex, a very unusual ligand
was reported by Winter and co-workers.'*® The ligand, an 7°-1-
methylene-1,2-dihydronaphthalenide, spontaneously formed in
the presence of NaBPhy, an excess of a butynol, and the Ru
complex (Scheme 30). Note that this is a transmetalation
reaction. The B—C bond of BPh, has been cleaved to provide
a phenyl scaffold, which through a series of insertion reactions
with alkyne forms a naphthalenide ligand, to which the original
phenyl ring (the left ring of the naphthalenide ligand drawn in
Scheme 30) has a bonding interaction with Ru.

3.8. Rhodium

In a study aimed at the activation of CO,, Aresta and co-
workers focused their attention on a thermally stable (at room
temperature) complex, 41, that is capable of coordinating CO, at
pressures higher than 10 atm.'”"'*> However, at temperatures
approaching 70 °C in acetone (in a sealed tube), 41 thermally
decomposed to yield the transmetalated product 42 in 80% yield
(Scheme 31). The authors noted that halogenated solvents
needed to be avoided under the reaction conditions, since they
produced undesired byproducts. Although 42 was confirmed to
be monomeric, was found to insert CO, to form a benzoate
complex, and was compositionally consistent with microanaly-
tical data, the authors conceded that 42 needed to be authenti-
cated by X-ray crystallography as a three-coordinate Rh complex.
The utility of reaction 38 in Scheme 31 was underscored by the
inability of the authors to generate 42 in a yield greater than 15%
using more “traditional” transmetalation reagents (such as
PhMgBr or PhLi) with Rh—X (X = Cl, Br) starting materials.

A study of the redox properties of [(triphos)Rh(S,C-
0O)](BPh,), a dithiocarbonate complex of Rh L yielded an
unexpected result in the presence of [Cu(PPh;);](ClO,)
(Scheme 32).""*> Complex 43 is stable as a BPh,  salt, but in the
presence of [Cu(PPh;);](ClO,), 43 undergoes a transmetalation

Scheme 30
F\’| 2 NaBPh
R, aBPny
@yl ez 37)
i )<
—— '
+
R
4 H—=—=<R
OH
R, R = Me, Me (38)
R, R =(CH2)5 (39)
R, R = (CHy)g (40)
Scheme 31
Ph,P._ PPh R
2Fs - 2 \
RH —acetone [ Rh-Ph (38)
70 °C ‘
— 3 (80%) Phy
41 42
Scheme 32
PPh ppp,PPh2
- - © e
O (BPhy)
S C;%S Ph
, =] + LY
RA [CU(55F:;3)3] R (39)
-V (85%) RpJ
43

reaction, producing the phenylated product 44 in 55% yield. The
authors conceded that the role of the copper salt is unclear, as
the *'P NMR spectrum does not change during the course of the
reaction. However, [Cu(PPhs);]" is clearly necessary for the
transmetalation to occur, as the PF; salt of 43 does not form
44 when treated with [ Cu(PPh;)](ClO,) but does form 44 when
treated with [ Cu(PPh;);](BPh,).

Carbon—hydrogen bond activation of arenes was the topic of
study for Nishiyama and Ito, who used the Phebox-coordinated
complex [(dm-Phebox-dm)Rh(OAc),(OH,)] (dm-Phebox-dm
= 2,6-bis(4,4-dimethyloxazolinyl)phenyl) as the C—H activating
reagent.194 Several substituted benzene derivatives were success-
fully activated to form Rh—Ar complexes; however, to provide an
alternative route to the Rh—Ar complexes, two substrates were
synthesized by a transmetalation reaction with arylboronic acid
(Scheme 33). This alternative route was effective, giving pro-
ducts 45 and 46 in 65% and 82% yields, respectively.

The details of the mechanism by which organoboron com-
pounds transmetalate to late-transition-metal complexes is gen-
erally not well-known. This was the rationale by which Hartwig
and co-workers approached and reported the reaction of
{Rh(PEt;),[(N(SiMe;)]} with arylboronic acids.'” Initially,
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the reaction yields a series of boronate-ligated Rh' complexes or a
borinate-ligated complex, 52, in solution which, upon heating,
yields the transmetalated products and (presumably) boroxine
byproducts (Scheme 34). Using these solution data, a procedure
for synthesis of an arylrhodium(I) complex, 54, in 71% isolated
was developed from the reaction of {Rh(PEt;),[(N(SiMe;)]}
with 4-(trifluoromethyl)phenylboronic acid. Stirring for an ex-
tended period of time ensured full conversion of the intermediate
arylboronate-ligated Rh' complex.

In areport that gave only the second example of B—C cleavage
from a BArg anion (BArg = [B(3,5-(CF;),C¢H;)4] ), Milstein
and co-workers exgloited BArg for an efficient transmetalation
reaction with Rh'®® (Scheme 35). The transmetalation reaction
was very sensitive to the reaction conditions. For example, both
sets of products (R = 'Pr or ‘Bu) were formed in nearly
quantitative yields when the solvent was either noncoordinating
(fluorobenzene, CH,Cl,) or weakly coordinating (acetone,
Et,0). However, when MeCN (a strongly coordinating solvent)
was used, only the less bulky starting material 55 formed product,
whereas the bulkier starting material 56 only formed a solvent-
substituted Rh" analogue of 56. Furthermore, the oxidizing Ag™
salt of BArg was a necessity, as treating 56 with 1 equiv of AgBArg
followed by treatment with 1 equiv of NaBArg did not yield any
of the solvated products 58, 60, or 62, but rather the same
solvent-substituted Rh' analogue of 56. It seems that 2 equiv of
Ag" was necessary to oxidize Rh' to Rh™" and invoke B—C bond
cleavage; however, no evidence for [[B(3,5-(CF;),CsH3);] was
found by '’F NMR spectroscopy.

Arylated dinuclear paddlewheel complexes of rhodium were
recently prepared via transmetalation by Doyle and co-workers.
In their initial paper,'”” an aquo-substituted dirhodium capro-
lactamate (cap) complex was treated with Cu" (generated in
situ) as the oxidant and NaBPh, as the stoichiometric phenylat-
ing agent to yield a two-electron-oxidized complex, Rh,-
(cap)4Ph, (63), in 77% yield (Scheme 36). The authors
speculate that this reaction occurs stepwise, beginning with a
one-electron oxidation of the diaquo starting material (this
product was isolated) followed by the first phenylation, a second
one-electron reduction, and finally the second phenylation to
form 63.

The same laboratory subsequently reported an expansion of
the transmetalation substrate scope to various substituted aryl-
boronic acids as stoichiometric arylating agents (Scheme 37). o8
No reaction was observed in the absence of copper or using
NaBF;Ph as the stoichiometric arylating reagent, and the pre-
sence of a base aided product formation, presumably by activat-
ing the arylboronic acid to a tetracoordinate species. A low yield
of product was obtained when the 1,3-propylene glycol ester of
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phenylboronic acid was used or when the reaction medium was a
solvent other than methanol. Furthermore, ortho-substituted
arylboronic acids, ferrocenylboronic acid, nor 2-furanylboronic
acid yielded any organorhodium product. The authors believed
the role of the copper catalyst was to oxidize Rh" — Rh'"., A
mechanism was proposed in which the aryl group of an
intermediate borate ligand bonded to rhodium is activated to
aryl transfer (Scheme 38). The electronic structures of com-
plexes (using bridging pyrrolidinate ligands) similar
to 64, phenylated by treatment with NaBPh,, were explored
by an integrated XPS, electrochemical, and computational
approach.'’

In a follow-up investigation from the same laboratory,>
Doyle and co-workers treated the same dirhodium starting
material 64 with a mixture of Ar'B(OH), and Ar’B(OH),
(under conditions similar to those previously used ™° except
for the stoichiometric oxidant, which was Cu(SO,) in this case)
to synthesize mixed diaryldirhodium complexes Ar'Ar’Rh,-
(cap), (Scheme 39). Note that each reaction produced a mixture
of three diarylated products, including Ar'Ar'Rh,(cap)s,,
Ar'Ar’Rh,(cap),, and Ar*Ar’Rh,(cap),. The electronic and
electrochemical properties for this set of compounds were
recorded.

0

3.9. Iridium

There is one report of the synthesis (in 61% isolated yield) of
an aryliridium(I) complex, 67, via transmetalation,”*" and not
surprisingly, the starting material is an iridium(I) hydroxide
(Scheme 40), recalling the generally high reactivity of late-metal
alkoxides as reviewed by Tam.'®* The authors do not discuss the
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role or necessity of either the amine base or phosphine ligand for
this reaction. However, they posit the likelihood of 67 as an
intermediate in the tandem cyclization catalytic cycle, as treat-
ment with dienes gives the expected organic product of the
iridium-catalyzed reaction in high yield.

3.10. Nickel

Transmetalation reactions to nickel from organoboron com-
pounds were first observed as a side reaction in the reaction of
CpNi(PPh;)Cl with NaBPh, in benzene/EtOH, the primary / pro-
duct of which was the ionic compound [ CpNi(PPh;) ] (BPh,). >In
a subsequent report by Treichel and Shubkin,*” changing the
solvent from benzene/EtOH to THF favored the exclusive forma-
tion of the phenylated nickel complex CpNi(PPhs)Ph (68)
(Scheme 41). The identity of this compound was later authenticated
by X-ray crystallography.”**

Sacconi and co-workers utilized a tripodal (but potentially
tetradentate) ligand, tris(2-(diphenylarsino)ethyl)amine, as a
supporting ligand for the observation of stable, trigonal bipyr-
amidal nickel(I) complexes formed via transmetalation from
BPh,  (Scheme 42)% Two other ligands, bidentate o-
phenylenebis(dimethylarsine) (DAS) and potentially tetraden-
tate tris(o-(diphenylarsino)phenyl)arsine, were also used as
supporting ligands in transmetalation reactions, although the
products 73 and 74 were not structurally authenticated by X-ray
crystallography (Scheme 43).

Rhodes and co-workers demonstrated the utility of B-
(C6Fs)3+3H,0 in a transmetalation reaction that was accom-
panied by protonation and protodeboronation®*® (Scheme 44).
Protonation of the 3-carbon atom of the phosphine-substituted
enolate ligand of the starting Ni complex, proposed as the first
step, is made possible by the high Brensted acidity of B-
(C6Fs)3+3H,0. This is followed by intramolecular proton
transfer from the borate ligand [B(C¢~Fs)3;(OH)] ™ to the phenyl
ligand (to form benzene, observed by 'H NMR spectroscopy)
and successive transfers of the pentafluoroaryl group from boron
to the nickel to give 75. Protodeboronation of the third penta-
fluoroaryl group bonded to each boron forms C4FsH (which was
detected by 'F NMR spectroscopy) and boric acid as bypro-
ducts. The authors note that this transmetalation reaction is the
first example of the transfer of two pentafluorophenyl groups
from B(C¢Fs); to a transition metal.

Benzyne complexes have been studied for decades, but in an
unusual route to metal—benzyne complexes (M = Ni, Pd),
Wenger and co-workers utilized an ortho-borylated arylmetal(II)
species as a precursor.”” In the case of nickel, the reactions
proceeded rapidly at room temperature (Scheme 45), much
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more rapidly than their Pd analogues. The authors referred to
this reaction series (and its Pd analogue) as an “intramolecular
version of the Suzuki cross-coupling reaction”. Similar to the
Suzuki—Miyaura cross-coupling reaction, addition of base was
necessary for the reaction to proceed; the authors speculated the
base attacks the boron of the boropinacolate ester, forming a
more reactive “ate” complex which formally eliminates [Bpin-
(O'Bu)Br] " to form the metal—benzyne product.

3.11. Palladium

Unlike its heavier congener Pt, which has been the subject of
more transmetalation reactions with organoboron compounds
than any other d-block metal with the exception of Hg, transme-
talation reactions with Pd and organoboron compounds have not
been as frequently reported, perhaps due to the generally lower
stability of organopalladium complexes relative to organoplati-
num complexes. However, developments in organoboron-
mediated transmetalation reactions with Pd have nearly as long
of a history.

As one example, Hartley and Chin used a strategy similar to
that previously developed for Pt (vide infra) to synthesize a
phenylpalladium(II) species in nearly quantitative yield**®

1540 dx.doi.org/10.1021/cr1002276 |Chem. Rev. 2011, 111, 1529-1595



Chemical Reviews

Scheme 38

——— Products
RhJd ~- =~
C Y
Meo\(g io g l o/ﬁ

Scheme 40
[Ir(OH)(cod)]2
PPh;
¥ THF, EtsN o (48
CHO
67
Scheme 41
m NaBPh "
N Nig
Phsp” “cI | THFIeflux~ phsp” “Ph (“49)
68

Scheme 39

<io Ar'B(OH),

N
%;O o | .WNCMe +
N lh'\ Ar2B(OH),
"R ~ _AreHe |
-~ "0 NaOMe
NCMe™ | Cu(SO4), O

Oj ) (47)

N

1, |

1= | 30O~
| N

Oi)
66

(Scheme 46). The product was confirmed by IR and NMR
spectroscopies and compositionally consistent with microanaly-
tical data, but was not structurally authenticated by X-ray crystal-
lography. The presence of BPh; in the product mixture, the strict
2:1 stoichiometry of BPhy to 80, and the nearly quantitative
yield of 81 confirmed BPh, as the stoichiometric transmetala-
tion agent.

An uncommon variation of a cyclometalation reaction was
demonstrated by Westcott and co-workers using amino-substi-
tuted arylboronic acids/arylboronates.**” In the more common
variation of cyclometalation forming a C"N chelate (typically the
chelate ring which includes M is five-membered), a C—H bond is
broken in tandem with M—X bond cleavage to form a M—C
bond; a neighboring N atom forms the M—N bond of the
chelate. In this example, it was not a C—H bond that was broken
but a C—B bond, forming the cyclometalated product 82 in
75% isolated yield (Scheme 47). [PdCl,(coe)], (coe = cis-
cyclooctene) was also a suitable source of Pd for this reaction.

In a series of reactions similar to those previously discussed
with Ni (Scheme 45, vide supra), a series of ortho-borylated
arylpalladium (II) complexes behaved similarly to their Ni analo-
gues in the presence of KO'Bu, forming Pd—benzyne complexes
provided that the supporting ligand on Pd was a monodentate

—

(Ar)Ar

phosphine (Scheme 48).””” However, when the supporting
ligand on Pd was a chelating phosphine, the reaction was more
complex than the analogous reaction with Ni (Scheme 49). Only
when R = cyclohexyl was a Pd—benzyne transmetalation inter-
mediate observable by >'P NMR spectroscopy. However, in both
cases, transmetalated decomposition product(s) 85—87 were
ultimately produced.

It is commonly believed that, in the catalytic cycle of the
Suzuki—Miyaura cross-coupling reaction, reductive elimination
of the diorganopalladium(II) intermediate occurs from the cis-
isomer, and therefore, a trans-diorganopalladium(II) complex
that was hindered from achieving the cis-configuration would
reductively eliminate slowly. In fact, this point was made clearly
by Osakada and co-workers, who prepared such a complex,
trans-[Pd(PEt;),(CeFs)(2,4,6-CsF5H,)] (88).'° The Pd com-
plex was prepared by treating trans-[Pd(PEt3),(CsFs)I] with
2,4,6-trifluorophenylboronic acid in the presence of Ag,O
(Scheme 50).

The authors believed the role of the Ag,O plus H,O was to
dehalogenate the Pd—I starting material to form an intermediate
Pd—OH species which is activated to transmetalation. Isolated
88 was found to be stable in air for months and did not
reductively eliminate after being heated at 100 °C for 24 h in
toluene-d,. The authors noted that the rate of reaction of 2,4,6-
trifluorophenylboronic acid with a series of complexes, trans-[Pd-
(CgFs)I(PR3),] (PR3 = PEts, PMe,Ph, PMePh,), was inversely
proportional to ?Ka, with PEt; (8.65) < PMe,Ph (6.50) <
PMePh, (4.65).>'" Noting that the phosphine cone angles are
also inversely proportional to the reaction rate, these data suggest
the rate-limiting step is more sensitive to electron deficiency on
the metal center than it is to steric congestion at the metal center.

A rare report of cis-diarylpalladium(II) complexes relatively
stable to reductive elimination was made by Osakada and co-
workers.*'> To synthesize the diarylpalladium(II) complexes 89
and 90, an iodide-ligated complex, [Pd(tmen)(p-anisyl)I] (tmen
= N,N,N',N'-tetramethylethylenediamine ), was treated with a di-
or trifluorinated arylboronic acid in the presence of Ag,O
(Scheme S51). Ag,O had two suggested roles, including the
activation of the Pd—I bond and the activation of the boron to
B—C cleavage. The reaction time in the synthesis of 89 had to be
monitored carefully, as reductive elimination of biaryl began after
approximately 3 h at room temperature. In the case of 90, biaryl
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formation via reductive elimination was complete after 3 days at
50 °C. For 89, the reductive elimination was found to follow first-
order kinetics.

In a synthetic investigation of dinuclear Pd complexes ligated
by a binucleating tetraazathiophenolate ligand, Kersting and
Siedle prepared a series of complexes which could be considered
synthons for further reaction.”"* One of these synthons was an
acetonitrile solvate, 91, which was shown to react with NaBPh, to
produce the dinuclear arylpalladium(II) product 92, albeit in
only 7% isolated yield (Scheme 52).

Scheme 45§
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Ritter and co-workers studied the Pd-mediated fluorination of
arylboronic acids using an electrophilic fluorinating agent
(Selectfluor).*** A C—F bond forming protocol was developed
using an aminobenzoquinoline-ligated Pd complex, 93, the
choice of ligand justified by the need to withstand the oxidizing
conditions of the fluorination. Seeking to provide evidence for
the utility of an arylpalladium(II) species in the fluorination
process, the reaction of 93 with a series of arylboronic acids
yielded the corresponding arylpalladium(II) products 94—99 in
65—90% yields (Scheme 53). Though air- and moisture-stable,
the series of arylpalladium(II) products were competent partners
in the electrophilic fluorination reaction with Selectfluor.

In a recent investigation by Crociani and co-workers, Suzuki—
Miyaura and Stille cross-coupling reactions were used to inter-
rogate the catalytic potency of a Pd" complex coordinated by a
mixed soft—hard tridentate ligand.us The ligand, a PNO chelate
(phosphine, imine, and phenolate donors), provided a textbook
example of the importance of the metal coordination sphere to
transmetalation chemistry (Scheme $4). Of particular note was
the set of reaction conditions, in which the authors noted the
reaction temperature was 90 °C and a base was required for
arylation to form 100. The astute reader would note that these
conditions are sufficient to cause decomposition of organopalla-
dium complexes in other systems (e.g, to form Pd
nanoparticles); however, the PNO ligand stabilizes 100 suffi-
ciently for it to be isolated in 83% yield (for X = CI).

3.12. Platinum

As mentioned previously, with the exception of mercury, the
d-block metal most commonly used in transmetalation reactions
with organoboron compounds is platinum. Beginning in the late
1960s and predated by only mercury, nickel, and ruthenium,
several reports have been published in the literature on transme-
talation reactions of organoboron compounds with various
platinum complexes (most commonly complexes of platinum-
(I1)). In 1969, Clark and Dixon reported what they called “an
interesting and unusual reaction” between cis-[PtCl,(PEt;), ]
and NaBPh, to form trans-[PtPh,(PEt;),] in nearly quantitative
yield216 (Scheme S5). As evidence for BPh,  as the transmeta-
lating agent, the authors reported that they had detected (by IR
spectroscopy) BPh; as a byproduct. Lending support to the
statement that transmetalation reactions between organoboron
compounds and mercury compounds served as the paradigm for
later investigations with other d-block metals, the authors cited as
precedent the previously reported reaction between NaBPh, and
HgCl, to yield PhHgCL*" Intriguingly, the reactions of
trans-[PtH(CI)(PR;),] with NaBPh, in the presence of added
PR3 did not give any phenylated product in contrast to those of
cis-[PtCl,(PEt3),], but rather the chloride abstraction product
[PtH(PR;);](BPh,), in which the role of BPh,  is simply as a
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counterion. This is an example of the delicate role the coordina-
tion sphere of the metal plays in negotiating whether transme-
talation or some other reaction will occur in the presence of an
organoboron compound.

In an investigation of the NMR spectra of cationic Pt"
complexes, Clark and Ruddick attempted to use BPh, as a
counterion for [Pt(Me)(PMe,Ph)(L)]™ (L is a neutral ligand)
generated in situ, but instead formed a diphenylplatinum com-
plex in 80% yield (Scheme 56).>'® This reaction is an uncommon
example of a transmetalation reaction in which an alkyl ligand is
substituted from the Pt coordination sphere (for the mid to late
d-block metals, this occurs most commonly with Fe and Zn). A
similar result by Clark and Manzer was reported the following
year,219 in which a series of cationic, acetonitrile-ligated com-
plexes of the type trans-[PtMe(NCMe)(L),](X) (X = BE, or
PF¢ ; L = phosphine or arsine) yielded a similar set of products,
103, when treated with NaBPh, in MeOH (Scheme 57).

In a separate investigation of cationic pt" complexes,
Rogers and co-workers investigated the aquo complex
[Pt(dien)(H,0)](ClO,),. All attempts to exchange BPh,  for
ClO, using NaBPh, in EtOH failed, but instead instantaneously
formed the transmetalated product [Pt(dien)Ph](BPh,) (104),
a product the authors were not expecting (Scheme 58). As NMR
and IR spectroscopic evidence did not suggest a s-bonded
BPh, ligand, the authors speculated on the existence of a 7-
bonded, BPh, -ligated Pt intermediate 105 in an electrophilic
aromatic substitution mechanism (Scheme 59). As a side note,
Rogers and co-workers tried to use BPh, ~ as a phenylating agent
with  trans-[Rh(en),I(H,0)](ClO,4),, which like the
[Pt(dien)(H,0)](ClO,), system had a labile aquo ligand.221
Relevantly, the authors made a point of justifying their rationale

220
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for the attempted transmetalation, explaining how the conditions
worked for the [Pt(dien)(H,0)](ClO,), system. However, the
only product isolated was the anion-exchanged product
trans-[Rh(en),I(H,O)](BPh,),, which is an excellent example
of how an analogy-based approach is not valid for transmetala-
tion reactions with organoboron compounds.

Lewis and co-workers, attempting to probe the reactivity of a
platinum—hydrido complex with ethylene, dienes, and electron-
deficient olefins, reported an unexpected transmetalation
reaction.””” In one reaction, an ethylene-ligated product,
[PtH(C,H,)(PEt;),](BPh,), was formed by bubbling ethylene
into a methanolic solution of [PtH(NO5)(PEts),] (cis- or trans-
stereochemistry not specified). [PtH(C,H,)(PEt;),](BPh,)
was determined to be unstable in solution, slowly decomposing
to the transmetalated product trans-[PtPh,(PEt;),] (101). This
result was followed up by a more deliberate route, the transme-
talation reaction of [PtH(NO;)(PEt;),] with NaBPh, to give
101 (Scheme 60).

Shul’pin and Nizova used PhB(OH), and NaBPh, as phenyla-
tion reagents in a reaction with H,PtCls+-6H,O under acidic
conditions (Scheme 61).>** Both reactions were low yielding,
15% and 7% for PhB(OH), and NaBPh,, respectively. The
NH," cation presumably comes from the chromatographic
conditions, which included NH;-containing silica gel.

In an investigation into the mechanism of phenylation of Pt"
complexes, Venanzi and co-workers studied the reactions of
cationic Pt complexes 107—109 of the type cis-[Pt(solvent),-
(PRs),]*" with tetraarylborates (Scheme 62).>** An exception
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was the reaction with sodium tetrakis(3-fluorophenylborate),
which only reached approximately S0% conversion in 20 h (the
reactions with the tetraarylborates in Scheme 62 were complete
in approximately 30 min). In addition, phenylborane derivatives
Ph;B, PhB(OH),, PhB(OMe),, and Ph,BOMe were all found to
be effective phenylating agents of the cationic Pt complexes. The
phenylation reactions were complete within about 10 min at
room temperature, but took 30 min at 0 °C and did not proceed

—70 °C. Noteworthy was the trans-stereochemistry of the
products, in contrast to the starting materials. As the presumed
cis-transmetalated intermediate was not observed at room tem-
perature by *'P NMR spectroscopy, the authors concluded that
the cis—trans isomerization in this system was faster than the
phenylation reaction itself. Notably, when using CD3CN as a
cosolvent (1:1 with MeOH), the complex cis-[Pt(CH;CN),-
(PEt;),](BPh,), slowly decomposed to the transmetalation
products cis-[Pt(Ph)(S)(PEt;),](BPh,) (113) and trans-[Pt-
(Ph)(S)(PEts),](BPh,) (114) (S could be CD;CN or MeOH)
(Scheme 63). Due to the reduced lability of the acetonitrile
ligand, the cis-complex 113 was observable by NMR spectros-
copy; the cis to trans ratio was 44:56 after 27 h, and only after 100
h was the trans-isomer 114 exclusively present.

In what was promulgated to be the first example of transition-
metal-mediated decomposition of a BArg anion, [B(3,5-(C-
F3),C¢H3) 4], Kubas and co-workers reported the arylation of a
methylplatinum(IT) complex (Scheme 64).>*> When stored in
ether solution at —30 °C, complex 115 was reported to be stable
for weeks and indefinitely in the solid state, but when kept in
benzene solution at room temperature for S days or refluxed in
toluene for 20 min, 116 is synthesized and isolated in 63% yield.
Interestingly, when the ether ligand in 115 was exchanged with
either MeOH or MeCN to form the solvento complexes
trans-[Pt(S)(Me)(PPh;)](BArg), reflux in toluene or benzene

Scheme 53
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formed product for S = MeOH but not for S = MeCN. The
authors suggested that a labile ligand was necessary for formation
of product, which corroborated their speculation that electro-
philic attack of the Pt cation upon an aryl group of BArg
initated formation of product. The authors also retried this
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transmetalation reaction with a larger and smaller cone angle
phosphine (PR = P'Pr; or PEt;, respectively) in place of PPhs. In
the case of P'Pr3, no reaction occurred in refluxing toluene, but
for PEt;, a mixture of products formed, including [B(3,5-(C-
F3),CsH3)3], the B—C cleavage of which suggested transmetala-
tion was possible only with phosphines that were not too bulky.

In an investigation of the coordination chemistry of cyana-
mides and cyanoguanidines with Pt" complexes, including
cis-[PtCl,(PPh;),], Pombeiro and co-workers isolated some
phenylplatinum(II) cyanamide and cyanoguanidine complexes
using BPh, ™~ as the phenylating reagent (Scheme 65).22° The
authors also reported that, in the synthesis of 117, a diphenylated
byproduct, trans-[PtPh,(PPh;),], was isolated, which is not
surprising considering the investigation of Clark and Dixon*'
(Scheme SS, vide supra). Intriguingly, a reaction similar to
reaction 75 in Scheme 65, that is, the reaction of cis-{PtCl-
[NCNC(NH,),](PPhs),} (BE,) (119) with NCNC(NH,), in
the presence of NaBPh,, abstracted CI* from and exchanged
anions with 119 over S days, but gave no evidence for phenyla-
tion of 119, showing once again how sensitive the transmetala-
tion reaction is to the coordination sphere of the metal and the
reaction conditions.

Aldridge and co-workers, as part of an exploration of the highly
electrophilic boranes CIB(C4Fs), and [HB(C¢Fs),],, investi-
gated the reactivity of these boranes with several transition-metal
complexes, including the reaction of zerovalent complex
[Pt((PPh;),(CH,=CH,)] with CIB(C4Fs),.**” A mixture of
products resulted, but unexpectedly, one of the products was an
arylplatinum(II) complex (120), a transmetalated species that
was confirmed by X-ray crystallography by separation from the
product mixture (Scheme 66). No boron-containing products
were detected by ''B NMR spectroscopy, so the authors subse-
quently repeated the reaction with [HB(C4Fs), ], and were able
to detect EtB(C¢~Fs) by ''B NMR spectroscopy. To account for
the formation of the arylplatinum(II) complex in Scheme 66, the
authors speculated that an intermediate Pt—boryl complex is
formed (presumably by dissociation of a labile ethylene ligand to
yield a coordinatively unsaturated Pt® complex which then
undergoes oxidative addition with CIB(CgFs), to yield the
Pt—boryl species), followed by insertion of ethylene into the
Pt—B bond. The intermediate Pt—boryl complex then transfers
one of its C4Fs groups to Pt to form 120 (Scheme 67).

Osakada and co-workers prepared mixed diarylplatinum(1I)
complexes 121 and 122 by treating trans-[Pt(PMe,P-
h),(Ph)I] with arylboronic acid in the presence of Ag,O
(Scheme 68).>**** The authors speculate that Ag,0 may have
two roles, including the deiodination of the Pt starting material
and activation of the arylboronic acid to B—C bond cleavage.
Interestingly, the arylated products 121 and 122 were exclusively
observed after relatively long periods of stirring (24—72 h), but
at much shorter time intervals (4—6 h), an intermediate

Scheme 56

(BF4)

N/

s

Ph L
xs NaBPhy Pt/ ©65)
v

Ph
102

S = MeOH
L = PMeyPh

Scheme 57

X)

L. Ph
NaBPhy pi 66)
MeOH 7 “pn

(80%)

Me_ L
Pt
I

"NCMe
103
X= BF4_ or PFG_
L = phosphine
or arsine

Scheme 58
(CIOg), — |@Ph)
N, NH; N NH
[ Pi NaBPhy | [P 67)
Hz (90%) H,
104

Scheme 59
+
N/_\NH “ N/_\NH
N 2 N2 2
[ Pl _NaBPh, Pr -
N OH, N
Hy Hy
PhyB
105

+

+ BPhy

M\

N, NH,
C P

N Ph

H

arylboroxide complex (123) was isolated, an example of arrested
transmetalation (see section 4). The authors used this Pt—
arylboroxide complex to illustrate the greater effectiveness of
Ag,0 versus (BuyN)OH as a base in this reaction (Scheme 69).
When the 123:ArB(OH),:(Bu,N)OH ratio was 1.0:1.5:1.6, the
123:124:122 ratio after 48 h was 40:60:0 (that is, no product was
formed). When the 123:ArB(OH),:(Buy,N)OH ratio was
1.0:1.5:10, the 123:124:122 ratio after 36 h was 0:25:75. Ag,O
is clearly a more effective base for this system.

Clarke and Heydt compared the rates of transmetalation in
three different transmetalation systems to determine which one
was fastest for use in subsequent transmetalation reactions.>*
The platinum substrate was [Pt(dppe)(Ph)Br], while the three
transmetalation systems used were (i) PhSi(OMe);/TBAF, (ii)
PhB(OH),/TBAF, and (iii) PhZnBr. The general reaction is
shown in Scheme 70. The reaction with PhZnBr was fastest, with
100% conversion after 15 min at room temperature. In contrast,
the transmetalation with PhB(OH), did not proceed at all after
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15 min at room temperature, while after 15 min at 75 °C only
33% conversion was observed along with 22% unknown product.

In a unique example of a transmetalation reaction with a Pt""
complex, Matsumoto and co-workers utilized a dinuclear Pt—Pt
bonded complex as a precursor to arylated complexes.**' The
reaction of PhB(OH),, o-hydroxyphenylboronic acid, m-hydro-
xyphenylboronic acid, or p-hydroxyphenylboronic acid with this
dinuclear Pt—Pt complex formed in each case stable, isolable
organoplatinum species (Scheme 71). Notably, phenol also
reacted with the dinuclear Pt complex to give the same product
as o-hydroxyphenylboronic acid, but much less cleanly as several
byproducts were also observed. Not surprisingly, it is again a M—
O bond that is cleaved at the expense of M—C bond formation.
The phenylplatinum(I1I) species did not react with nucleophiles
such as Cl* even at elevated temzperature, in contrast to a PtV
species cited by the authors.>*>*?

Osakada and Suzaki studied the reactivity of a dinuclear,
hydroxide-bridged system and found that, in the presence of
water, the dinuclear complex split into two mononuclear Pt
complexes (one ligated by hydroxide and the other by water).***
The hydroxide ligand is highly nucleophilic, as treatment of
{[Pt(cod)Ph],(u-OH)} (BE,) with aqueous NH,Cl protonated
the hydroxide to form [Pt(cod)PhCI] (2 equiv). It was the Pt—
OH complex that the authors believed to be the transmetalation-
active species in the presence of arylboronic acids (Scheme 72).
The formation of B(OH); as a byproduct in the syntheses of 132
and 133 was detected by ''B NMR and suggested that attack of
hydroxide on boron was a part of the reaction sequence (for a
mechanistic discussion, vide infra). As a further indication of the
nucleophilicity and reactivity of platinum-bound hydroxide
ligands, the authors treated [Pt(cod),l,] with PhB(OH), in
the presence of hydroxide, followed by aqueous workup, to
generate the diphenylated complex 134 in S51% yield
(Scheme 73). In contrast, the authors did not observe any
reaction of the solvato complex [Pt(cod)(THF),](BE,), with
PhB(OH),.

Under a set of conditions similar to those used in a 2005 report
by the same research group,”*® Osakada and Pantcheva extended
their arylation methodology to a chelate-enforced cis-Pt" system,
[Pt(dppe)I,].>*° In contrast to the trans-bisphosphine investi-
gated in their prior report, the treatment of [Pt(dppe)L,] with
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arylboronic acid in the presence of Ag,O for relatively short
periods of time (3—6 h) gave dehydro(arylboronic anhydride)-
chelated Pt complexes in good to excellent yield (an example of
arrested transmetalation; see section 4). To complete the
transmetalation, the dehydro(arylboronic anhydride)-chelated
Pt complexes were treated with arylboronic acid in THF for an
additional several hours (Scheme 74). In the case of 4-methox-
yphenylboronic acid, 137 was formed in 85% yield. The proto-
deboronation byproduct (anisole) was detected by "H and *C
NMR spectroscopies, while ''B NMR and IR spectroscopies
confirmed the production of the boric acid byproduct. The same
reaction occurs for the analogous reactions with PhB(OH), and
4-acetylphenylboronic acid (confirmed on the NMR scale).
Interestingly, in “mixed” systems where the arylboronic acid
does not correspond to the aryl group of the dehydro-
(arylboronic anhydride) ligand, scrambling of aryl groups was
observed.

In an unusual instance of intramolecular transmetalation,
Vedernikov and co-workers explored the reversibility of methyl
group transfer from a dimethylborate ligand, [BMe,(2-
pyridyl),]”, to Pt".>* As part of their investigation, the transfer
of a phenyl group (to form 138) was demonstrated to occur from
an analogous borate ligand, [BPh,(2-pyridyl),] , in the presence
of alcoholic solvent and oxygen (Scheme 75). The phenyl
transfer was coupled to the oxidation of Pt" to Pt'". The sixth
coordination site on Pt' was filled by the oxygen atom of the
borate ligand.

3.13. Copper

The copper-catalyzed carboxylation of neopentyl glycol esters
of arylboronic acids using CO, in the presence of a base (KO'Bu
was used) was recently explored by Hou and co-workers.”*” As
part of a thorough exploration of the catalytic cycle, the authors
suggested the potential intermediacy of a transmetalated, two-
coordinate arylcopper(I) species. A transmetalation reaction of
[(IPr)Cu(OBu)] and an arylboronate ester was used to synthe-
size the desired compound 139 (which was structurally authen-
ticated by X-ray crystallography) in 91% yield (Scheme 76).
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Interestingly, the chlorinated complex [(IPr)CuCl] did not
undergo transmetalation with the arylboronate ester, suggesting
that one of the roles of KO'Bu in the catalytic cycle is to form the
transmetalation-active complex [(IPr)Cu(OBu)] in situ. In a
subsequent report, Lalic and co-workers utilized an almost
identical route (except IMes was used instead of IPr) to
synthesize 140 (a p-tolyl analogue of 139) in 61% yield.”® Note
that the enhanced reactivity and high-basicity of late-transition-
metal alkoxides have been well-documented.'**>3° 724!

3.14. Silver

In an early report of the reaction of phenylboroxine and
AgNO3 in the presence of aqueous NaOH, Coutts et al. isolated
what they believed was a “phenylsilver” complex, 141, repre-
sented as [AgPh], - [Ag,B,0], which was compositionally con-
sistent with microanalytical data.*** As further evidence for a
phenylsilver complex containing a Ag—C bond, the complex
decomposed in boiling water to give benzene in nearly quanti-
tative yield based on the formula [AgPh],-[Ag,B,0;].

Decades later, the silver(I)-mediated fluorination of aryl-,
heteroaryl- and alkenylboronic acids using an electrophilic
fluorinating reagent (F-TEDA-BF,) was recently explored by
Ritter and Furuya.**> As part of their investigation, an arylsilver-
(I) complex, 142, was isolated in 50% yield by the transmetala-
tion of 4-fluorophenylboronic acid with AgOTf and char-
acterized by 'H and ' F NMR, but was too unstable for further
characterization. MesB(OH),, a more sterically hindered trans-
metalation reagent, was subsequently utilized under the same
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conditions to isolate a more stable, tetrameric arylsilver(I)
product, 143, in 67% yield (Scheme 77).

Another example of the arylation of a silver(I) precursor was
recently reported in the literature.”** In an investigation into the
synthesis of lithium and silver tetrakis(pentafluorophenyl)borate
salts, an unusual solvent dependence was noted for the silver-
containing observed products. In toluene and diethyl ether,
treatment of AgNO3 with the lithium salt Li[B(CsFs),] yielded
the respective solvent-coordinated silver salts
[Ag(solvent);][B(CgFs),] (solvent = toluene or diethyl ether)
in which no B—C bond cleavage is observed. However, in the less
coordinating solvent dichloromethane, the reaction of Li[B-
(C6Fs)4] and AgF yields Ag(CgFs) (in 90% yield); recrystalliza-
tion in acetonitrile gives a crystallographically characterized
arylsilver(I) polymer, 144 (Scheme 78). The authors state that,
in the poorly coordinating solvent dichloromethane, the initial
product Ag[B(C¢Fs),] is not stable, as the unsolvated AgJr is a
stronger Lewis acid than B(C4Fs)s, leading to B—C bond
cleavage and Ag—C bond formation.

3.15. Gold

Initial reports of the transmetalation of organoboron com-
pounds to gold(I) were made by the laboratories of Fackler and
Schmidbaur. In the investigation by Fackler and co-workers,”*
the exploration of the solubility of gold(I) complexes ligated by
the water-soluble TPA (1,3,5-triaza-7-phosphaadamantane) li-
gand and its cationic, N-methylated analogue ((MeTPA)I) gave
an unexpected result. Whereas [(MeTPA);Aul]l; reacted with
NaPF in a simple anion exchange reaction (to yield [(MeT-
PA);Aul](PFs);), the same reaction with NaBPh, yielded the
transmetalated product 145; a similar transmetalation occurred
with [(TPA);Au]Cl and NaBPh, to form 146 (Scheme 79).
Both phenylgold(I) products were crystallographically charac-
terized and, not surprisingly, were linear and two-coordinate
(which is the most commonly observed coordination geometry
for organogold(I) complexes). Interestingly, the reaction of
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[(MeTPA);Aul]l; and PhLi did not yield [(MeTPA)AuPh]L;,
and only metallic gold was observed.

In a report published by Schmidbaur and co-workers in the
same year,246 tris[ (tri-tert-butylphosphine) gold(I) Joxonium tet-
rafluoroborate reacted quantitatively but very slowly with excess
NaBPh, in ethanol to yield the linear, two-coordinate product
(‘BusP)AuPh (147), while a separate reaction between a di-
nuclear gold(I) chloride and an equimolar amount of NaBPh,
gave a dinuclear bis(arylgold(I)) product, 148, in nearly quanti-
tative yield (Scheme 80). In both cases, the coordination sphere
of gold was approximately linear and two-coordinate.

Several years later, in a series of papers, Gray and co-workers
demonstrated the utility of arylboronic acids and boropinacolate
esters for the arylation of various gold(I) bromides. In the initial
exploratory study,”*’ phosphine-ligated gold(I) bromides (L =
PPh;, PCy;, XPhos) were shown to react with a slight excess of
arylboronic acids to yield various arylgold(I) products (149—
153) in moderate to excellent conversion (Scheme 81). A base
was necessary for the reaction to proceed, as in its absence only
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starting materials were recovered; Cs,CO3 was found to be best
suited for this purpose in an alcoholic solvent (2-propanol). The
presence of electron-donating or electron-withdrawing groups
on the arene ring had little influence on the observed yields.
Subsequent investigations from this series of papers were
more purpose-driven. For example, in one investigation248
probing the photophysics of aurated pyrenes, two transmetala-
tion reactions were found to be particularly useful in the
syntheses of the desired products 154 and 155 in excellent
isolated yields (Scheme 82). The same set of reaction conditions
(gold(I) bromide/Cs,COs/excess arylboronic acid/alcoholic
solvent plus mild heat) was used here and became a common
set of reaction conditions in the Gray group for transmetalation
reactions with gold. The products were subsequently shown to
emit from a triplet photoexcited state. In another report™*” from
this group designed to ascertain the steric sensitivity of transme-
talation reactions to gold(I) bromides, it was demonstrated
through the use of a series of progressively bulkier dicyclohex-
ylbiarylphosphine ligands on gold and increasingly large aryl
groups on arylboronic acids that steric hindrance is, at most, a
minor consideration in the preparation of arylgold(I) complexes
via transmetalation from boronic acids (Scheme 83). For the
bulkiest member of the series (163), X-ray crystallographic data
showed only a slight deflection of the least-squares plane of the
mesityl ligand away from the least-squares plane of the nearest
arene from the biphenyl substituent of the phosphine ligand.
In this same series of papers, it was later demonstrated that
bisboropinacolate esters were useful transmetalating agents for
the diauration (addition of two gold-bearing fragments) of
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naphthalene and pyrene to synthesize 164—168 in excellent
isolated yields (79—90%) (Scheme 84).**° Auration protocols
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were repeated for SIPr-ligated gold(I) bromide and acetate
precursors with similar effects, producing the diaurated naphtha-
lenes 169 and 170 in 63% and 91% yields, respectively
(Scheme 85). Once isolated, the products were interrogated
for photophysical characteristics, and it was ascertained emission
originated from triplet photoexcited states just as in their mono-
nuclear analogues.

In two separate studies, a gold(I) chloride was used as an
electrophile in the reaction with arylboronic acids. Hashmi and
co-workers synthesized a series of aryl-, heteroaryl-, and
alkenylgold(I) complexes, 171—177, to study their reactivity
with electrophiles, including Michael acceptors, electrolphilic
halogen sources (e.g., N-bromosuccinimide), and acids.”>" The
reaction conditions were similar to those developed by the Gray
group except (PPh;)AuCl was used as a starting material
(Scheme 86). Isolated yields were no lower than 82% for each
case. While the products failed to react with Michael acceptors,
they did react with electrophilic halogen sources and trifluor-
oacetic acid. In a second study, Fackler and co-workers also used
[(PPh3)AuCl] in an arylation reaction with a boronic acid
(Scheme 87); the product 178 (isolated in 90% yield) was the
subject of a crystallographic study.”>>

In all of the transmetalation syntheses discussed above, either
a tetraarylborate or a neutral organoboron compound plus added
base was necessary to effect B—C bond cleavage. However,
Nolan and co-workers used a previously unknown gold com-
pound (179) containing an internal base (hydroxide) in a
reaction with PhB(OH), (Scheme 88).>> Isolated in 91% yield,
180 could also be synthesized using K[PhBF3;].

3.16. Zinc

Zinc is unusual among d-block metals in that transmetalation
via organoboron compounds is more commonly observed by
abstraction of alkyl ligands from the coordination sphere of Zn
than by abstraction of O-bonded ligands; however, examples of
transmetalation reactions of O-bonded complexes of Zn are
known. For example, a dinuclear complex in which Zn was
ligated by terminal methyl ligands and bridging boroxide ligands
reacted with dimesitylborinic acid (Mes,BOH) at an elevated
temperature to yield dimesitylzinc 181 and mesitylboroxine***
(Scheme 89). The authors proposed the methyl ligands are

1549 dx.doi.org/10.1021/cr1002276 |Chem. Rev. 2011, 111, 1529-1595



Chemical Reviews

Scheme 75
Na
Q 2 'PrOH
B 12 o2
o S >
Un univie
| “N=Pt=Me NaO Pr
Nll |\Me
/ NrthMe
138
(34%)
Scheme 76

o X o

Pr/ , Prf )
Pr Pr

N
[ »>—Cu—0Bu (910/) [’\i>—0u—Ar (88)

NPT W Pr
Pr Pr

+ ArB(OR), 139

Pr , Pri ,
Pr Pr'

[ >—Cu— CI+’[ P>—Cu—Ar

Pri Pri
Pr P

+ ArB(OR),

extruded as methane, probably via borinic acid-induced proto-
nolysis. However, the transmetalation does follow the pattern set
by other d-block metals in that a metal—oxygen bond (that is, the
zinc—boroxide bond) is broken to form the organometallic
product. Significantly, this was the first investigation in which a
linear, two-coordinate diarylzinc complex without stabilizing
inter- or intramolecular interactions was crystallographically
characterized.

Bochmann and co-workers were able to utilize the alkyl
abstraction ability of B(C4Fs); to form alkylzinc cations or
diarylzinc complexes 182 from ZnR, (R = Me, Et) in a
solvent-dependent reaction (Scheme 90).>>® The use of toluene
for the formation of 182 (in 77% yield) was found to be crucial, as
the same reaction done in Et,O or in a toluene/Et,O mixture
gave the ionic compounds [RZn(OEt,);][RB(CsFs)3] (R =Me,
Et). In these ionic compounds, B(C4Fs)3 abstracts an R group
from Zn to form the borate anion. Other boranes, including BR;
and BR,(C4Fs), were detected in solution.

Scheme 77
B(OH),
Ag
1. NaOH, MeOH,
0°C
F 2. MeCN wash (89)
+ (50%)
AgOTf
142
B(OH),
Ag
1. NaOH, MeOH,
0°C
—_—
+ 2.MeCNwash (90)
AgOTf (67%) 4
143

Roesky and co-workers investigated the synthesis of mono-
meric, three-coordinate organozinc by utilizing a sterically
hindered [-diketoiminate ligand, 2-((2,6-diisopropylphenyl)-
amino)-4- ( (2 6-diisopropylphenyl)imino)pent-2-ene  ((dipp)-
NacNac).>° Starting with a three-coordinate complex, ((dipp)-
NacNac)ZnCl, NaBPh, was used as a phenylating reagent to
synthesize the desired product 183 in 63% yield (Scheme 91).

As potential catalysts for the ring-opening polymerization of
epoxides and lactones, Bochmann and co-workers were inter-
ested in Cp-ligated alkylzinc(II) complexes in which the Cp
ligand was modified with a pendant group that could act as a
hemilabile ligand to Zn. 7 As one of their strategies to activate
the alkylzinc complex, B(C4Fs); was added as an alkyl-abstract-
ing agent. As another example of the sensitivity of transmetala-
tion reactions to the coordination sphere of the metal complex,
B(CgFs); abstracted an ethyl group from [(Cp™*)ZnEt] to
produce [(Cp™*)ZnCsFs] (184) in 41% yield (Scheme 92);
EtB(CsFs) was detected by NMR spectroscopy as the main
byproduct. In contrast, the TMEDA (TMEDA = N,N,N',N'-
tetramethylethylenediamine) adduct [(Cp™*)ZnEt(TMEDA)]
reacted with B(C4Fs); to form the alkyl abstraction product
[(Cp™*)Zn(TMEDA)][EtB(CsFs)3] (185) in an NMR-scale
reaction.

Electrospray mass spectrometry was the method of choice for
Driess and co-workers in the detection of cationic, polynuclear
“Zn,0,,” aggregates generated in solution as models of ZnO
catalysts.”®®  Alkoxide- and silyloxide-bridged [(ZnMe),(u-
ORy,] tetranuclear aggregates were used as small-molecule
precursors to cationic complexes via B(C4Fs)s-induced abstrac-
tion of a methyl ligand. In the case of R = SiMe;, methyl
abstraction formed a dinuclear aggregate (186) in 22% vyield,
the product of a Cg4Fs transfer from an intermediate borate,
[MeB(CgFs)3]~ (Scheme 93). The product was structurally
authenticated by X-ray crystallography.

Using silanediol-based ligands, Krempner and co-workers
synthesized disilyloxide- scaﬁolded aggregates, each with a well-
defined trinuclear Zn;O, core.”*® To ascertain the reactivity of
some of the aggregates, B(C4Fs)3 was used and found to not only
abstract methyl groups from the terminal ZnMe groups, but
replace them with C4Fs groups to form 187 and 188 in 67% and
61% vyields, respectively (Scheme 94).
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In another methyl abstraction reaction with B(C4Fs )3, Vigalok
and co-workers studied the reactivity of some calixarene-ligated
dinuclear alkylzinc complexes.** In the case of the contact ion
pair 189, formed by treating a bis(methylzinc) precursor with
B(C6F5) 3, the ion pair was unstable at room temperature and
slowly (over the course of 6 h) collapsed to the aryl transfer product
190 (Scheme 95). Not surprisingly, the calixarene-shielded methyl
ligand (the lower one) was not abstracted with B(C4Fs)s.

Similar to the investigation of Roesky,>*® Parkin and co-
workers utilized a bulky f3-diketiminate ligand and (addition-
ally) an anilidoimine ligand to enforce three-coordinate binding
modes for Zn.**" At slightly elevated temperatures (60—80 °C),
the three-coordinate complexes LZnR (R = Me or Et) reacted
with the strong Lewis acid B(C¢Fs); in an alkyl abstraction
reaction, the isolated products 191 and 192 of which were
structurally ascertained to be the three-coordinate transmeta-
lated complexes LZn(C¢Fs) (Scheme 96).

Pericas and co-workers investigated by DFT the reaction of
MeZnEt with phenyldimethylboroxine (Scheme 97).2%* Calcula-
tions suggested that the highest activation barrier to formation of
193 was relatively low, only 16.2 kcal/mol. Furthermore, calcula-
tions suggested the reaction is not initiated by electrophilic attack
of Zn upon the phenyl group of the boroxine, but rather coordina-
tion of an O atom of the boroxine by Zn, ethyl group transfer to and
quaternization of the Lewis acidic B atom, and finally phenyl group
transfer to the Zn atom (Scheme 98). In relatively good agreement
with calculations for the phenyldimethylboroxine (which predict
the transmetalation to form 194 is exothermic by 1.9 kcal/mol),
calorimetric measurements for the reaction of triarylboroxine with
ZnEt, are exothermic (per aryl group transmetalation) by the
following values at a 60 °C reaction temperature: Ar = Ph, —5.1
kcal/mol; Ar = 3,5-Me,C¢H;, —4.2 kcal/mol; Ar = 4-CF5-CgHy, —
3.9 kcal/mol; Ar = 4-Cl-C¢H,, —2.9 kcal/mol.

3.17. Cadmium
One example of the arylation of a cadmium-containing precursor
has been reported in the literature by Parkin and co-workers.**"
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With the intent to demonstrate the utility of bulky -diketiminate
and anilidoimine ligands for the enforcement of uncommon metal
coordination geometries, a f3-diketiminate-ligated alkylcadmium
complex served as a transmetalation precursor with B(C4Fs)3. The
arylated product 195, isolated in 16% yield, was structurally
characterized as per the goals of the investigation (Scheme 99).

3.18. Mercury

Mono- and diarylmercurial syntheses via organoboron trans-
metalation Erotocols prior to 1984 have been thoroughly
discussed; "> therefore, synthetic developments from 1984 will
be covered in this section. However, mechanistic data reported
before 1984 will be included. The phenylation of organomercury
species via NaBPh, for analytical detection of mercury is noted to
underscore the utility of organoboron compounds in organo-
mercury chemistry, but will not be discussed further.>*>~>"!
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An early report by Kuivila and Miller studied the kinetics of
reaction 120 (Scheme 100), the product of which was
diphenylmercury.””* The reaction was found to be first-order
in both reactants. Furthermore, it was pH-independent in the
range 4—38, but above pH 10, the rate of reaction was propor-
tional to the pH. PhHg " and PhB(OH); were suggested as
species likely to be formed in solution and to react rapidly once
formed.

Another early mechanistic investigation””> (an exception is
made here as a transmetalation with an alkylboronic acid is
discussed) measured the '°B/"'B kinetic isotope effect (KIE) for
reaction 121 (Scheme 101). Theoretically, a '°B/"''B KIE would
have a maximum value of kg o/kg;; = 1.05—1.06. In this case,
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KIE values of 1.033 = 0.005 for the exo-substituted boronic acid
and 1.027 £ 0.005 for the endo-substituted boronic acid were
measured. Separately, the authors also measured a kg;o/kp;; of
1.021 +£ 0.009 for the reaction of PhHg(NO3) and PhB(OH),
(to form Ph,Hg). As the authors concluded kgio/kp;; was
of the “expected value” for a KIE, they suggested that B—C
bond cleavage was involved in the rate-determining step,
perhaps in a concerted process. In fact, for the PhHg(NO;)
reaction, an activated complex, 197, in which B—C bond
cleavage and Hg—C bond formation were occurring, was envi-
sioned (Figure 3).

In a series of halogenation reactions that generated alkenyl
chlorides, bromides, or iodides, the utility of alkenylmercurials
was demonstrated by Brown and co-workers.”’* The alkenyl-
mercuric chlorides 198 (which were formed in quantitative
yields) were first synthesized and isolated by the reaction of
2-alkenyl-1,3,2-benzodioxoboroles with mercuric acetate in
THE, followed by treatment with a saturated aqueous NaCl
solution (Scheme 102). In addition, the same procedure was
successfully applied to (E)-1-octenylborane and (E)-1-octenyl-
boronic acid in THF or pyridine; however, the methyl or
propylene glycol esters of (E)-1-octenylboronic acid yielded
product that was difficult to purify. The purity of the
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alkenylmercuric chlorides was ascertained via 'H NMR spec-
troscopy and melting point determination.

Exploting the ease of synthesis of diorganomercurials from
organoboranes, Knochel and co-workers used these diorgano-
mercurials as precursors to organozinc reagents of utility to the
1,2-alkyation and 1,2-alkenylation of aldehydes.””> In one pre-
viously unreported synthesis, the treatment of Hg(OAc), with an
alkenylboropinacolate ester, followed by reducing conditions,
gave the dialkenylmercurial 199 in 61% isolated yield
(Scheme 103).

Gabbai and Melaimi were able to exploit the fidelity of
transmetalation reactions between organoboron compounds
and mercuric halides in the synthesis of a highly eflicient F
sensor.””® The organoborate chosen was a dimesityl(naphthal-
enediyl)borate, in which the naphthalenediyl forms two B—C
bonds. Treatment of the borate with C4FsHgCI yields the
diarylmercurial 200, in which the Hg—B separation is only
3.300(9) A (Scheme 104). In a subsequent report from the same
laboratory, an aryl group functionalized with a dimethylamino
group was utilized to synthesize 201 (Scheme 105).””” This
dimethylamino group was alkylated, giving a cationic analogue of
201.

Henderson and co-workers, interested in building heterome-
tallic sulfide-bridged complexes, chose the dinuclear, sulfido-
bridged complex [(PPh;)Pt,(¢-S),] as a metalloligand for this
purpose.””® For this dinuclear Pt complex, the Pt,(1-S), core is a
puckered four-membered ring which acts as a chelating ligand
through both sulfur atoms. In one reaction, [(PPh;),Pt,(u-S)-]
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was treated with 1 equiv of Hg(OAc), and an excess of NaBPh,.
The solid that was isolated was shown by ESI-MS to be a mixture
of the transmetalation products {[(PPh;),Pt,(u-S),]HgPh}™"
(202) and {[(PPh3)4Pt2(/,t—S)2:|ZHg}Pr (203) (presumably iso-
lated as their BPh,,  salts, Scheme 106).

In a recent report by Partyka and Gray,””” homoleptic
diarylmercurials 204 were easily prepared by treating Hg(OAc),
with various arylboronic acids in the presence of a base
(Cs,CO3) in 2-propanol (Scheme 107). Heteroaryl- and ferro-
cenylboronic acids also successfully transmetalated under identical
conditions. While the transmetalation does proceed in the absence
of a base, multiple products were produced in its absence.
Intriguingly, in an attempt to synthesize heteroleptic diarylmer-
curials, PhHg(OAc) was treated with 1 equiv of ArB(OH), (Ar #
Ph) at room temperature in 2-propanol in the presence of a base,
but the majority products were the corresponding homoleptic
dlarylmercurlals In the case of MesB(OH), plus PhHg(OAc), the
ratio (by "H NMR spectroscopy) of Mes,Hg to MesHgPh was
approximately 8:1 after 12 h.
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4. ARRESTED TRANSMETALATION

As defined in the Introduction, a transmetalation reaction has
not occurred unless a B—C bond is cleaved. However, as
mentioned in the previous section, some ligands that are capable
of transmetalation first bind to the metal to form a stable
coordination complex (A), but at a temperature high enough
to overcome the activation barrier to transmetalation, the activated
complex B is reached (presumably forming a @ Rh—C bond in the
example shown as a B—C bond is breaking), the B—C bond is
cleaved, and M—C bond formation occurs to form C (see Figure 4
for a graphical representation). Under conditions in which the
activated complex cannot be reached (e.g, the temperature is too
low), the stable transmetalation precursor complex persists, and
thus, transmetalation has been arrested. In general, the three ligands
for which this scenario can occur are boroxides (O-bonded,
deprotonated organoborinic or organoboronic acid derivatives),
O-bonded hydroxyborates (ligands of general type HOBAr; ™), and
tetraorganylborates (C-bonded, where most frequently all four
organic groups are aryl groups). In the case of tetraorganylborates,
the s1-face of the arene ring serves as the ligand with hapticity 7%,
where x = 1, 2, 3, 4, S, or 625072 Typically, neither tetraorga-
nylborates nor hydroxyborates are strongly binding ligands, being
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readily displaced by ligands that in and of themselves are not
strongly binding. For example, in one mechanistic study of the
Suzuki—Miyaura cross-coupling reaction, Crociani and co-workers
detected an arylborate-ligated Pd complex (205) as an intermediate
that was stable enough to isolate.”*® The O-arylborate ligand was
completely displaced from the Pd coordination sphere by a Cl
ligand (delivered as an aqueous NaCl solution) in a biphasic
(CH,Cl,/H,0) reaction to form 206 (Scheme 108).

A [HOB(C4Fs)3] -ligated Pt complex provides another
example.”’ After preparing 207, Muir and co-workers demonstrated
ligand displacement by CO, PPhy, and even ethylene (Scheme 109).
Arguing by analogy, the authors suggested that, since [(‘Bu-
bpy)PtMe(X)] (X = ~O,CCF; or ~OTY), the trifluoroacetate-
and triflate-ligated analogues of 207, do not react with ethylene gas,
[HOB(C4Fs)3] ™ is an even poorer ligand to Pt than the ligands X.

Borate ligands, #7"-bonded to a metal (especially when x < 6),
can be readily displaced. An example is provided by comparing
reactions 31 and 32 from Scheme 25; the 7’-benzyl-ligated
complex 31, stable in pentane, undergoes ligand substitution
with THF. It should be noted that #"borate-ligated metal
complexes have been previously addressed by Strauss.”*®

The following sections will focus on arrested transmetalation
reactions in which a stable coordination complex, A, can be
isolated, but transmetalation can ensue at elevated temperatures
to form an organometallic complex, C.

4.1. Oxygen-Bonded Organoboron Ligands
APt system studied by Osakada and co-workers, discussed
above, yielded one of the earliest examples of a metal complex in
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which a boroxide-ligated transmetalation intermediate could be
isolated.”*®**® At short reaction times (4—6 h) at room tem-
perature, the boroxide-ligated complexes 211 and 212 could be
isolated as shown in Scheme 110. Only after extended periods of
stirring (>24 h) were the transmetalated products isolated in
high conversion.

Although transmetalation was demonstrated in a dppe-che-
lated Pt system by Osakada and Pantcheva,”** the precursors for
the transmetalation reactions (boroxide-chelated Pt complexes
213—215) were stable compounds. These Pt complexes could
be isolated in 69—86% yields and were not transmetalated
provided additional arylboronic acid was not added and extended
stirring times in the presence of arylboronic acid were not used
(Scheme 111). Only when additional arylboronic acid was added
to 213—21S5 and the reaction stirred for several more hours were
the transmetalated products observed in high conversion
(Scheme 74, vide supra).

In a seminal study discussed previously, Hartwig and co-
workers were able to observe transmetalations from organobor-
on compounds to Rh' at elevated temperatures (Scheme 34, vide

Scheme 96
Pri
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" ZnEt 6F5)3
==N . (59%)
Pr!

Pr

s.upra).195 However, at room temperature, the reactions were
arrested at the boroxide complexes 216—219, the products of an
acid—base reaction (Scheme 112). Products 216—219 were
isolated in 45—76% yields and were fully characterized; all were
stable at room temperature (the o-anisyl derivative however was
not isolable due to low stability). Product 52, the borinic acid
derivative of 216—219, was isolable in 82% yield and stable at
room temperature. As mentioned above, 3-aryl elimination was
observed for 216—219 at 70—80 °C to form the arylated
derivatives 47—S50.

In the investigation of Vigalok and co-workers, 220, the
[(HOB(Cg4Fs)3)]-ligated analogue of 189, was considerably
more robust (thermally) than 189.% In fact, the same aryl
transfer product 190 could be synthesized from 220, but only
after 220 was heated in benzene (Scheme 113).

An induction period was observed which preceded aryl
transfer, but once aryl transfer began to proceed, it did so rapidly.
The authors invoked autocatalysis as an explanation, hypothesiz-
ing that, as arylation slowly occurred and released HOB(C4Fs),,
this strong Lewis acid coordinated to the O atoms of still-
unreacted 220, accelerating the transmetalation by disrupting
Zn—O bonding. As corroborating evidence, the authors noted
the ~12-fold acceleration of the arylation at 63 °C by addition of
B(CgFs); to a solution of 220; this normally ~240 min reaction
was complete in less than 20 min.

Other investigators have proposed O-bonded or%anoboron
ligands as intermediates in catalytic transformations.”*”

4.2, Tetraarylborates as Ligands

Some examples of 17"-borate-ligated complexes have already
been discussed above in the context of B—C bond cleavage. For
example, 41 (Scheme 31) is a thermally stable complex at room
temperature that must be heated to 70 °C for transmetalation to
occur to form 42,712

In an effort to activate dialkyliron(II) complexes to olefin
polymerization, Bouwkamp and co-workers used the alkyl-ab-
stracting agent B (CgFs)3asan activator.”*° In one reaction series,
the contact ion pair 222 (formed by alkyl abstraction via B-
(C6Fs)3) was stable in toluene-dg solution at room temperature
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and below, but at slightly elevated temperature (50 °C), the ion
pair decomposed to form the aryl transfer product 223
(Scheme 114).

Other examples of formation of #"-tetraarylborate-ligated
metal complexes have speculatively invoked them as putative
intermediates in metal-catalyzed coupling reactions or in decom-
position reactions.””'

( Cd-CeFs  (119)

N .
pr
o\

195

5. CATALYTIC REACTIONS INVOLVING
TRANSMETALATIONS

5.1. Reactions That Propose Organometallic Catalytic
Intermediates

Organoboronic acids have been utilized in over 40 different
types of reactions, and within a reaction class, one or several
different metals may be effective catalysts or mediators. Table 2
summarizes the different reaction types and the metals that
catalyze or mediate each reaction.

5.2. Mechanistic Investigations of Proposed Intermediates
A transmetalation reaction from an organoboron compound
to a metal complex has been proposed for each of the metal-
catalyzed reactions mentioned in Table 2. However, only for
about one-fourth of these reactions has spectroscopic or kinetic
evidence been presented which corroborates the involvement of
a transmetalation somewhere in the catalytic cycle. In addition,

Scheme 100

(PhHg)(CIO4) + PhB(OH), PhoHg  (120)

©
~—\ B(OH)3
&
==/ HgPh
197

Figure 3. Activated complex suggested for electrophilic mercuration of
arylboronic acids. Adapted with permission from ref 272. Copyright
1962 American Chemical Society.
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some groups have supplemented their experimental data with
theoretical investigations. These data are presented here (in the
general catalytic cycles below, an asterisk indicates the starting
point in the cycle and transmetalation intermediates are boxed).

5.2.1. Arylation of Aldehydes. Impressive in breadth of
catalytic diversity, the arylation of aldehydes by organoboron
compounds has been reported to be catalyzed or mediated by
nine different d-block metals. For several of these metals, a
speculative catalytic cycle (or mechanism) has been
posited,®!77320:323331,3347336347,354 5 general catalytic cycle is
shown in Figure 5. Mechanistic data in support of the transme-
talation step of this cycle have been gathered by Dahmen and
Lormann.*® In an investigation of the utility of triarylborane—
ammonia as a stoichiometric zinc arylation reagent for the
arylation of aldehydes, kinetic data for the phenylation of ZnEt,
were obtained for triphenylboron—ammonia and compared to
those for triphenylborane and a diphenylborinate (2-ami-
noethoxy ester). Over short time intervals (<40 min), the rate
of phenylation of ZnEt, was much faster for both BPh; and the
diphenylborinate (BPh; transmetalated the fastest). However, by
60 min all three reagents had exchanged ~50% of their phenyl
groups. Perhaps counterintuitively, the slower transmetalation
with the triphenylborane —ammonia complex was desirable, with
resultant phenylzinc concentrations much lower than with other
boranes, leading to the highest ee for the phenylation of p-
chlorobenzaldehyde (Scheme 115). Calculations by Pericds and
co-workers®®® (Scheme 97, vide supra) are consistent with
transmetalation of dialkylzinc by a phenylboron species
(dimethyphenylboroxine).

A combined experimental and theoretical investigation of the
arylation of aldehydes catalyzed by mono- and biscarbene
complexes of Rh,(OAc), was presented by Gois and co-
workers.>>> Although Rh-catalyzed arylation of aldehydes via
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arylboronic acids was successfully demonstrated, attempts to
obtain an isolable phenylrhodium complex as evidence of a
transmetalation intermediate were fruitless. However, a boronic
acid was necessary for arylation of aldehydes, since the same
reactions with arylboronate esters yielded almost no product.
The group turned to DFT calculations to reconcile these data,
the results of which provided an excellent validation of the
synergy of experimental data and calculations. With respect to
transmetalation, the calculations evinced a series of putative
steps, none of which included formation of a phenylrhodium
intermediate via Rh—C bond formation! The Rh,(OAc), unit
merely serves as a scaffold by which arylboronic acid and
aldehyde are brought into and held in close proximity and
perhaps activated by hydrogen bonding to effect aldehyde
arylation.

5.2.2. Carbon—Nitrogen Coupling (Chan—Evans—Lam
Coupling). Catalytic C—N coupling has been studied by
myriads of investigators, but comfaratlvely few have speculated
on a mechanistic cycle #>#H3HSASLASBA6LAT6 84492493495 5
general catalytic cycle that roughly agrees with the majority of
investigators is shown in Figure 6. Indirect evidence in support of
this cycle has been provided by Lam and co-workers.*** First, it
was determined that a radical trap had no effect on reaction
yields. In addition, it was suggested the transmetalation is the
second step after Cu—N bond formation, as C—N coupling
yields with p-tolylboronic acid were the same regardless of
whether this arylboronic acid was added before the hetero-
cycle—NH source or added directly to the preformed Cu—
heterocycle complex.

The most detailed study on Cu- catalyzed C—N coupling was
provided by Tromp and co-workers,** who used a combination
of time-resolved spectroscopies to investigate the reaction in
Scheme 116. The group elucidated some key points regarding
transmetalation in this catalytic cycle. For example, without
imidazole present, addition of PhB(OH), to the Cu catalyst
forms biphenyl (the homocoupling product). Moreover, for C—
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N coupling to occur, imidazole must be added first (to form the
Cu—imidazolate complex), followed by addition of PhB-
(OH),. The group suggested that the Cu" —1m1dazolate complex
disproportionates to a Cu™ complex and Cu' complex
(Scheme 117). The Cu™ complex is transmetalated, followed
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Figure 4. Reaction profile for an arrested transmetalation. Complex A is
isolable and stable to B—C bond cleavage until sufficient thermal energy
is added, at which point B—C bond cleavage and formal transmetalation
occur to form C.
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by reductive elimination of phenylimidazole to generate the same
Cu' complex. In addition, it was determined that, for coupling to
occur, O, is not necessary, but H,O is. Since the cycle requires
Cu" for the disproportionation step, the authors suggested
(using "B NMR spectroscopic evidence to support their
assertion) that, in addition to its usual role as a transmetalation
reagent, PhB(OH), together with H,O oxidizes the generated
Cu' back to Cu" (as [(TMEDA)Cu(OH)],Cl,) to close the
cycle.

5.2.3. Carbon—Oxygen Coupling. A catalytic cgrcle for
C—O coupling has been posited by a few investigators,* 2,496,506
all of whom agree on a fundamental sequence of steps, including
transmetalation to copper, reductive elimination of Ar—OR, and
reoxidation of Cu'. However, the most detailed study (which
incorporates these steps) was performed by Stahl and co-
workers**® and is shown in abridged form in Figure 7. Transme-
talation to Cu", the first step in the cycle, was kinetically
ascertained to be the rate-limiting step. Note that one of the
key differences in the cycle put forth by Stahl is that the
arylcopper(Il) is proposed to be oxidized (by CuX,) to an
arylcopper(Ill) intermediate which reductively eliminates Ar—
OR. The role of oxygen is proposed to oxidize Cu' back to the
Cu" resting state (the necessity of a stoichiometric oxidant was
noted by previous investigators).

5.2.4. Carboxylation of Arylboronate Esters. The car-
boxylation of arylboronate esters has been studied less intensely
than other catalytic coupling reactions,™”****** but a full
catalytic cycle has been proposed by Hou (for Cu)**’ and by
Iwasawa (for Rh).>** Both are similar in that a transmetalation
step forms an arylmetal species, followed by insertion of CO,
into the M—C bond. A general catalytic cycle is shown in
Figure 8. The cycles only differ in the method by which
regeneration of the metal precursor to transmetalation occurs
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to close the catalytic cycle. In one catalytic cycle for Cu proposed
by Hou,”*” ~O'Bu displaces carboxylate from the coordination
sphere of Cu, while for Rh, reaction of the Rh—carboxylate with
organoboronate regenerates the arylrhodium intermediate. Evi-
dence for the formation of an arylcopper intermediate via
transmetalation has been provided by Hou.”®” The reaction of
[(IPr)Cu(O'Bu)] and p-anisylboronic acid  produces
[(IPr)Cu(p-anisyl)] (139) (Scheme 76, vide supra) in nearly
quantitative yield. It was further established that isolated 139,
when treated with CO,, generates the ﬁl—carboxylate—ligated Cu
complex 225 in nearly quantitative yield. Treatement of 225 with
KO'Bu regenerates [(IPr)Cu(O‘Bu)] and forms a precipitate
that quantitatively hydrolyzes to 4-methoxybenzoic acid
(Scheme 118); all of these data suggest 139 is an intermediate
in the catalytic cycle.

These experimental findings were supported by DFT calcula-
tions at the B3LYP/6-311G* level.>*' Marder and co-workers
executed calculations for the reactions in Scheme 119. The
calculations suggested a number of interesting nuances to this
reaction. First, electrophilic attack of the phenylboronate on the
MeO ligand gives an energetically stabilized Cu—phenylborate
complex, 226 (AG = —3.7 kcal/mol for the formation of 226).
The phenylborate ligand, now activated to phenyl transfer,
phenylates the Cu through a four-centered transition state
(AG™ = 6.6 kcal/mol relative to LCu—OMe + phenylboronate)
reminiscent of the electrophilic mercuration transition state
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proposed by Kuivila®”* and Matteson®” (Figure 3, vide supra).

The products 227 and the boronate ester of this transmetalation
are considerably stabilized (AG = —16.4 kcal/mol) relative to
the isolated reactants (Scheme 120).

5.2.5. 1,4-Conjugate Addition to Electron-Deficient
Alkenes. The metal-catalyzed 1,4-conjugate addition of orga-
noboron compounds to electron-deficient alkenes and alkynes
has arguably been the second most well studied catalytic coupling
reaction of organoboron compounds to date (behind the Suzu-
ki—Miyaura cross-coupling), and as such, several groups have

osited a catalytic cycle for this transformation.>>”>3%3*1
$45—548,554,555,559,564,566,567,569,573,574,579,581,585,597—600,605,606,6 10
A general catalytic cycle is provided in Figure 9. A relatively
abundant set of data have been gathered in direct and indirect
support of the transmetalation step of this catalytic cycle. In a
seminal investigation by Hayashi and co-workers, the Rh-cata-
lyzed reaction of 2-cyclohexenone and PhB(OH), was studied to
ascertain the identity of the intermediates.””> In comparing the
use of [Rh(acac)(S-binap)] versus that of the dinuclear complex
[Rh(OH)(S-binap)], as the catalyst, the [Rh(OH)(S-binap)],-

Scheme 113

[HOB(CgF5)3]

benzene
220 ~=60°C

Scheme 114
Ph
Ph
N, (CH,SiMe;
[ Fe = 221
N CstiMe3
Ph
Ph
Ph
Ph
B(CoFs)s M. [Me3SiCHB(CeFs)sl
21~ vene-q, Fe,
oluene-ds SN “CHySiMe; (135
Ph
Ph
222
Ph
Ph
0 N CeF
202 0°C [ Fe o ° (136)
toluene-dg N ‘CstiMes
Ph
PH
223

catalyzed reaction was considerably faster. The remarkable
difference in catalytic potency was traced to the transmetalation
step, which proceeded at 25 °C for [Rh(OH)(S-binap)],,
whereas 80 °C was required for the reaction with [Rh(acac)(S-
binap)] to proceed at a “reasonable rate” (Scheme 121). How-
ever, it should be noted the Rh catalyst need not always be a Rh—
OH-based catalyst for superior rates of reaction. Lalic and Corey,
in an investigation of the [Rh(C,H,)Cl],-catalyzed enantiose-
lective conjugate addition of isoprenyl trifluoroborates to various
enones, determined that the active catalyst, generated by addi-
tion of Et3N <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>