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1. Introduction

In recent years, organoboron compounds have become one
of the most popular organometallic reagents for carbon-
carbon bond formation. The great applicability (in place of
other organometallic reagents) is due to some features of
the organoboron compounds, e.g., (1) compatibility with
many functional groups; (2) availability of reagents via
hydroboration and transmetalation; (3) low toxicity; (4) their
ultimate degradation into the environmentally friendly boric
acid and in addition (5) the handling and removal of boron-
containing byproducts are easier when compared to other
organometallic reagents.

The most used organoboron compounds are boronic acids
and boronate esters, but these classes of compounds have
some drawbacks; they are unstable and highly sensitive to
air and moisture, and are generally expensive. To solve these
problems, organoboron reagents have been replaced by
organotrifluoroborate salts. The latter compounds show
greater nucleophilicity than their boronic acid or boronate
ester analogues. They are crystalline solids, which are stable
in air and moisture, and are easily prepared from inexpensive
materials.

The availability of many publications in the literature clearly
indicates the impact of organotrifluoroborates in organic
synthesis in the last 10 years. In the beginning of 2005
Molander and Figueroa' reviewed the use of organotrifluo-
roborates with focus on their use in Suzuki-Miyaura
coupling reactions. A more complete review was done by
Darses and Genét?> in 2003. Since then, various groups
have reported significant contribution in this area and our

review aims to give an overview of the latest advances in
the chemistry of organotrifluoroborate salts, from their prep-
aration to their transformations and applications in organic
synthesis.

2. Preparation of organotrifluoroborates

Initially, the organotrifluoroborate salts 2 were obtained
from the reaction of organodihaloboranes 1 with excess of
aqueous KF (Scheme 1).> The dihaloorganoborane can be
isolated or generated in situ from organostananes.

RBX: KF RBF3K
2 H,0 3
1 2

Scheme 1.

In 1995,* the use of potassium hydrogen difluoride (KHF,)
improved the methods to prepare organotrifluoroborates.
With this reagent the use of organodihaloboranes (highly
reactive and unstable compounds) was no longer necessary.
Since then, the organotrifluoroborate salts 2 are obtained
by the simple treatment of boronic acids and derivates 3
with an aqueous solution of KHF,, Scheme 2:5 some
methods of preparation of these salts are shown.

KHF; (3.0 equiv)
RB(OH), RBF;K
solvent, HyO, r.t.
3 2

R = Arylic, heteroarylic, aliphatic

Scheme 2.
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The isolation and purification of potassium organotrifluo-
roborates are in many cases very easy and practical. Gener-
ally, it can be done by removal of reaction solvent followed
by washing with hot acetone and crystallization in diethyl
ether.

The treatment of potassium organotrifluoroborates 2 with
tetra-n-butylammonium hydroxide affords tetra-n-butyl-
ammonium organotrifluoroborate salts 4 (Scheme 3).¢ This
counterion exchange increases the solubility of the organo-
trifluoroborates in both polar and non-polar solvents and
this fact has been shown to improve the cross-coupling
yields.

n-BusNOH
RBFsK ——— o  RBF3(n-BuN)
CH,Cly/H,0,
2 rt., 1 min. 4

Scheme 3.

2.1. From organolithium or magnesium reagents

2.1.1. Lithium exchange or Grignard’s reaction. The use
of organometallic reagents is very common in the synthesis
of boronic acids and derivatives.” Therefore, the organotri-
fluoroborates could easily be prepared from organohalides
5 by a sequence of lithium/halide exchange or magnesium
insertion (Grignard’s reaction), boronation, hydrolysis, and
in situ treatment with KHF, (Table 1).

Table 1. Organotrifluoroborate salts 2 obtained from organometallic
reagents 6

Lithium/halide exchange 1. B(OR"),
R-X R-M RB(OH),

Grignard's Reaction 2. Hydrolysis 3
X=BrorCl M= Li or Mg
KHF, (aq.)
RBFSK
2
Entry R X M Yield (%)  Ref.
1 1-Naphthyl Br Li 82 4
2 4-CF3;CgHy Br Li 91 4
3 3,5-Bis(CF3)CgH3 Br Li 68 4
4 4-MeOC¢Hy Br Li 85 5b
5 Mesytil Br Li 38 5b
6 ) ClorBr Mg 84-93 5b,8
7 ;{r Br Li 25 8
8 CH,X Brorl Li 78-89 9
9 PhCH, Cl Mg 66 10
10 = Br Mg 76 1
11 2-Pyridyl Br Li 50 12
12 3-Pyridyl Br Li 90 12
13 2,6-Difluorophenyl ~ Br Li 82 13
14 CeFs Br Mg 70-81 13
15 CgFs Br Li 62 13
=
16 /Q Cl Mg 78 14
%

As can be seen in Table 1 several potassium organotrifluo-
roborate salts could be made in moderate to good yields
by this method. When aryl halides are used, it is clear that
the reaction tolerates both electron-withdrawing and elec-
tron-donating substituents without affecting the yield.
When the ortho-positions are occupied the aryltrifluorobo-
rates were obtained in low-to-good yields (entries 5 and
16, Table 1).

Recently, De and Welker'* synthesized the 1,3-dienyl-2-tri-
fluoroborate 8 (entry 16, Table 1) from 2-chloroprene 7. As
we will see, this compound was used in a Diels—Alder/cross-
coupling reaction. They also prepared the corresponding
tetra-n-butylammonium salt of the 1,3-dienyl-2-trifluoro-
borate 9 after treatment with n-Bu,NOH (Scheme 4).

/< 1) Mg, cat ZnCl, /< n-BusN*OH" >
—_— —_—
cl 2) B(OMe)s KF3B CH2ClL/H,0 BF3(n-Buy)
3) KHF, (aq.) 85%
7 8 9

Scheme 4.

2.1.2. ortho-Lithiation reaction. Several aryltrifluoroborate
salts 11 have been obtained from ortho-lithiation reactions
(Scheme 5).* The ortho-lithiation reaction works by provid-
ing the alkyllithium with a point of coordination, increasing
reactivity specifically in the location of the coordination site
of the substrate, and hence directing the regioselectivity.'
Thus, the functionalized aryltrifluoroborate 11 could be
obtained as a unique regioisomer.

1) RLi, solvent
ArH ———— ArBF:K
" T 5)B(OMe); r113

3) KHF; (aq.)
48-76%

Ar = 2-furanyl, 2-F-Ph, 2,6-Cl,-Ph

Scheme 5.

2.1.3. Deprotonation reaction. Potassium crotyltrifluoro-
borates 14 were synthesized from their corresponding
boronic acids 13.!' The crotylboronic acids were readily
prepared using the protocol already described (Scheme 6).1¢
After formation of the crotylboronic acid 13, the reaction
was quenched with an aqueous solution of KHF, to
afford the crotyltrifluoroborate salts 14 in good yield.

1) n-Buli,
s tBuOK rr:/—B(OH)2 KHF; (aq.) F/BFgK
Me 2) B(O-Pr)3 e Me
12 3)HO" 13 14
(E)=71%
(2)= 70%

Scheme 6.

From the deprotonation of terminal alkynes 15, normally
with n-BuLi, followed by boronation reaction and treatment
with aqueous KHF,, potassium alkynyltrifluoroborate salts
16 can be obtained (Scheme 7).°%!7 Surprisingly, alkynes
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1) n-BuLi,
THF, -78 °C
R———H ' R—=—BFK
2) B(OMe)s 3
15 3) KHF; (aq.) 16

R = n-Bu (78%), n-Oc (74%), Ph (78%), (Me)3Si (77%)
Ph(CHy), (70%), CI(CHy)s (80%), TBDMSO(CHy), (66%)

)& s (65%)

Scheme 7.

containing a trialkylsilyl group attached either at the carbon
atom or oxygen atom were not removed, despite the use of
a fluoride source.

Unfortunately, when functionalized alkynes bearing basic
heteroatoms, cyano, and esters groups were employed, it
was not possible to produce the corresponding trifluorobo-
rate salts.'”

Some potassium ((perfluoroorgano)ethynyl)trifluoroborates
18 have been obtained from deprotonation of (perfluoro-
organo)ethynes 17 with n-BuLi or EtMgBr and subsequent
reaction with trialkylboronates and KHF,/aqueous HF in low-
to-good yields (Scheme 8).'® In this same report the authors
described the preparation of other ((perfluoroorgano)ethy-
nyl)trifluoroborate salts 20 by the reaction of 1,1,1,3,3-penta-
fluoropentane 19 with 3 equiv of n-BuLi (Scheme 9) and by
treatment of the olefin n-C¢F3;BrC=CH, 21 with LDA
(Scheme 10). In this latter case when LDA was replaced by
3 equiv of n-BulLi a different product 23 was obtained.

1) n-BuLi or EtMgBr

R— Et,0, -35 °C
= 2) BOR) R—=—BFsK
17 3) KHF2/HF (aq.) 18
CF BF3K
3 // 3 .
S H-C3F7TBF3K
F
21% 45%
(F3C),FC—=—BF3K CeFs—=—=—BF3K
0,
72% 64%
Scheme 8.
1) n-BuLi (3 eq.)
CF3CH,CHF Et,0,-35°C c
3LH2 2 F3 ——BF3K
19 2) B(OMe)3 20

3) KHFo/HF (aq.
) KHF2/HF (aq.) 53%

Scheme 9.

Potassium polyfluoroalk-1-enyltrifluoroborates 27 were
prepared by the addition reaction of RCF=CFLi 26 to
trimethylborate followed by the hydrolysis of the crude
product with an aqueous solution of KHF, and HF 40%
(Scheme 11).!° The trans-RCF=CFLi 26a is easily ob-
tained from the corresponding alkenyl compounds 24, while
the cis-RCF=CFLi 26b is prepared from the treatment of
fluoroalkanes 25 with 2 equiv of n-BuLi.

1) LDA, Et,0
CoF13CBr=CH CeF13—=—=—"BF3K
6F13 2 2) B(O--Pr)s 6F13 3
21 3) KHFy/HF(aq.) 22
20%
1) n-BuLi (3eq.)
2) B(O-i-Pr)3
3) KHF/HF (aq.)
C4F9
F
V= prk 23
F 66%
Scheme 10.
n-BuLi (1 eq.)
trans-RCF=CFH ——————> trans-RCF=CFLi
24 THF 26a
1) B(OMe); F F
S ———— =
2) KHFo/HF R BF3K
n-BuLi (1eq.) . P 27
RCF,CFH; THE cis-RCF=CFLi cis or trans
25 26b 43-72%

R= F, Cl, CQFQ, n—CGF13, n-C4F9, n-C4Hg, CGHS-
Scheme 11.
Potassium 1,3-dithianotrifluoroborate salts 29 could be pre-

pared by deprotonation reaction of 1,3-dithianes 28 with
n-BuLi followed by the addition of trimethylborate and an

aqueous solution of KHF, (Scheme 12).2°
1) n-BuLi, THF
S.__S -78°C, N, S__S
R™H 2) B(OMe), R><BF3K
28 3) KHF, (aq.) 2

R = H (83%),%%2 CgHs (47%),2%° Me (73%),2% SiMes (75%).2°P

Scheme 12.

2.2. From hydroboration or borylation reaction

Addition of dialkylborane, dialcoxyborane or dihaloboranes
to alkenes 30 or alkynes 31 gives alkylboron 32 or alkenyl-
boron 33 compounds, respectively, in very high yields.’
Normally, hydroboronation reactions are highly regio-
and diastereoselective. Taking advantage of this classical
method for organoboron compounds, several potassium
alkyl and alkenyltrifluoroborate salts have been prepared
in situ. A list of organotrifluoroborates obtained by hydro-
boration is given in Table 2.

Recently, Clay and Vedejs** reported the use of pyridine
borane as a hydroboration agent to obtain some potassium
alkyltrifluoroborates 35 (Scheme 13). The reaction was car-
ried out in dichloromethane in presence of iodine, followed
by treatment with methanolic solution of KHF,.

From the hydroboration of (+)-a-pinene 38 with
DMAP-BHj; 36 and catalytic amounts of iodine followed
by treatment with a KHF, solution in methanol/water, it
was possible to obtain the potassium isopinocampheyltri-
fluoroborate 41 in 80% yield (Scheme 14).2
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Table 2. Alkyl 32 and Alkenyltrifluoroborates 33 prepared by hydroboration

R R
— 1) HBR, V\BFBK
N ke 2
o ) KHF; (aq.) or
_ R
R—— =
31 BF;K
33
Entry Substrate Borane Product Yield (%) Ref.
— BF,K
1 o — HB(Ipc), = 45 5b
cl cl
2 Ph—— Cathecolborane ph/\/BFG»K 81 21
3 n-CgHyy—= Br,BH-SMe, n-CaHyr N-BFaK 83 2
4 Cl(CHy)y—= Br,BH-SMe, Cl(CHp)y - BFsK 68 22
5 ST\ Br,BH-SMe, = 63 22
BF 3K
6 MeO,C(CHy)s—= Br,BH-SMe, Meozc(CH2)3/\/BF3K 47 22
7 PhSCHy Br,BH-SMe, PhS(CH,);BF;K 75 23
8 BzOCH; Pinacolborane BzO(CH,);BF;K 64 23
9 TsHNCH, o Pinacolborane TsHN(CH,);BF3;K 40 23
, R Hartwig and co-workers?® reported the synthesis of alkyl-
R _ R® 1)Py.BHs, I, CHCly R R2 trifluoroborates 45 from the rhodium-catalyzed terminal
R 2) MeOH, KHF> BFaK borylation of alkyl groups 42 using B,(pin), 43 [bis(pinaco-
34 35 lato)-diborane] followed by addition of methanolic KHF, in

_~_BFK Ph CH(CHy)BF oK the crude reaction solution (Scheme 15).
Ph \hBFaK 3(CH2)sBF3

84% 61% 76%
BF3K Ph BFsK Cp*Rh(n*-CgMeg)
FG i —_—
~~ + Bypiny — FG\/\Bpin
42 43
82% 59%
FG= ‘E'NQ 69% MeOH
Scheme 13. KHF,
.0
5 86%
FG\/\
NMe, BF3K
° ® 45
| X I DMAPH, @IIJMAPHZ
oy —>(3_5 mol%) (/DB\ + - /B\I Scheme 15.
N HT ! ipc” \
BH H A
e 37 38 39
36 36 R
Q 2.3. From Baylis—Hillman adducts
37 The allyltrifluoroborates were prepared by the cross-cou-
pling reaction between acetates of Baylis—Hillman adduct
© pMAPH 46 (methyl acrylate and methyl vinyl ketone) and B,(pin),
2
|

KHF2, MeOH/H,0 ° 43 in presence of a palladium catalyst in THF. The unstable
B S — . . .
A, 80% ioc”” B~H allylboronate pinacol esters 47 were readily converted into
H the corresponding potassium allyltrifluoroborate salts 48
40 .
by treatment with excess aqueous KHF, at room temperature
Scheme 14. (Scheme 16).%”
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(o}
O OAc Pd(OAc), or Pdy(dba)s
) (3-5 mol%) R™ R!
R R + Bopin, -
THF, 50 °C Bpin
46 43 47

R'= OMe, R= Ph (70%) R'= OMe, R= 2-CI-Ph (56%)
R'= OMe, R=4-CI-Ph (57%)  R'= OMe, R= 2-furanyl (67%) | kF, (aq.)
R'= OMe, R= 1-naphthyl (65%) R'= OMe, R= n-octyl (72%)

R'= OMe, R= 4-MeO-Ph (72%) R'=Me, R=Ph (62%) 20 min, r.t.
R'= OMe, R= 4-Me-Ph (68%)
0
R1
R BF 3K
48

Scheme 16.

The reaction was E-stereoselective and applicable to Baylis—
Hillman acetate adducts 46 derived from aryl, heteroaryl,
and aliphatic aldehydes. All allyltrifluoroborates 48 were
obtained in good yields.

2.4. From allylic alcohols

The transformation of allylic alcohols 49 into potassium
allyltrifluoroborate salts 53 can be achieved via the reaction
of allylic alcohols 49 with diboronic acid 50 in the presence

of a selenide-based palladium complex 51 (Table 3).2% The
allyl boronic acids 52 were formed and these unstable

Table 3. Potassium organotrifluoroborates 53 from allylic alcohols 49

R™X"""OH PhSe—Pd-SePh

49 51 ¢l (5 mol%) KHF
- e /\/\ 2 /\/\
+ DMSOMeOH |1 52 B(OH), R \53 BFK
[B(OH),l,
50
Entry Substrates Products Yields (%)
1 Ph" X"0oH P " BEK 92
Ph Ph
z I, 5
HO N KFaB)\/
n-CgHyy n-CgHyy
3 90
HO™ & KFgB~ 7
4 nCHy N-0H  nCH NBREK 94

> Ho></ KFSB></ 98

BHOVBF:iK 87
HOVBF3K 74

BF:K
Q_ 3 87
Do run
10 \ \ 82

MeO,C MeO,C

compounds were treated with aqueous KHF, to afford their
trifluoroborate derivatives.

The use of a DMSO/MeOH mixture as well as a selenide-
based complex 51 is indispensable. When the reactions
were performed in pure DMSO, a very slow reaction with
low conversion of the allylic alcohol substrate occurred. It
was observed that the catalyst is poorly soluble in MeOH.
Commonly used palladium(0) sources were found to be in-
efficient as catalysts in this reaction.

The boronation reactions proceed with excellent regioselec-
tivity and in excellent yields (Table 3). When a diol was
used only the observed monoboronation occurred (entry 8,
Table 3). When a cyclic diol was used (entry 9, Table 3)
the reaction proceeded with allyl rearrangement and trans
stereoselectivity. In the case of allylic alcohol containing
an ester group (entry 10, Table 3) it was necessary to employ
catalytic amounts of strong acids, such as p-toluenesulfonic
acid to accelerate the boronation reaction.

The suggested mechanism probably involves the transfor-
mation of the hydroxyl group in a better leaving group, an
allyl boronic ester (Scheme 17). Perhaps this esterification
is facilitated by the inclusion of a methanol molecule in
the six-membered ring transition-state 54 (TS) of the pro-
cess. In the sequence, the cleavage of the B-B bond is also
facilitated by coordination of the water molecule produced
in the esterification.

2.5. Preparation of cyclopropyltrifluoroborate

Alkenylboronic esters 56 are cyclopropanated by reaction
with diazomethane, catalyzed by Pd(OAc), (Scheme 18),%
followed by in situ treatment with excess of aqueous KHF,
to afford the stereodefined potassium cyclopropyl trifluoro-
borate 57 in excellent yields. It was observed that trifluoro-
borates generated from (E)-alkenylboronic esters 56a have
trans configuration and cis configuration when (Z)-alkenyl-
boronic esters 56b were used.

An efficient synthesis of 1,2,3-trisubstituted potassium cy-
clopropyl trifluoroborate salts 60 was achieved from allylic
alcohols 58.3° The allylic alcohols 58 were treated with
a gem-dizinc carbenoid, trimethylborate, and a solution of
KHF,; in methanol/water (Scheme 19). The reaction is gen-
eral for (Z)-alkenes under the reaction conditions, however,
the yield of (E)-alkenes was lower.

The proposed mechanism postulates the formation of the
zwitterions A, which is in equilibrium with the borate ester
B (Scheme 20). Cyclopropanation gives cyclopropylzinc
C, followed by an intramolecular zinc—boron exchange, to
give cyclopropylborinate D that would be hydrolyzed during
the work-up.

Enantiomerically pure cyclopropyl trifluoroborates 62 were
synthesized via deprotection of their corresponding pure dia-
stereomeric boronic esters 61 (Scheme 21) with a very high
excess of KHF, (50 equiv) in MeOH/H,0 at 80 °C, afford-
ing the crystalline enantiomers in high yields (Scheme
21).3! The essential boronic intermediates 61 were obtained
by one-pot sequence hydroboration of benzyl-protected
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Me
RTX"0H 0.
49 + MeOH T)\J? MeOH
N RTN-"0p" 0-y
[B(OH)z]2 HO” “B(OH),
50 54

Scheme 17.

3629

R/\/\O\B/OHz

/\
HO B(OH);
55

(Bn) propargylic alcohol followed by a cyclopropanation

1) CH,N,, Pd(OAc), R reaction.
R, B-O 2) KHF,, CH30H, H,0 }>MBF3K
(E) 56a 57 BnO, Ph Ph BnO, Ph Ph
(2) 56b 7 52~ ome &0 ome
\ \
Ph PhH,GC PhH,COH,C o] "':,/,(OMG o) 'mKOMe
}}BFaK >=—BF3K S—BF3K PH Ph PH Ph
61a 61b
90% 85% 84%
n-CsH -CsH KHF KHF,
o N ey MeOH/H,0 MeOH/H,0
}>'""BF3K """ BFK > BF;K
92% 87% 88% BnO, B”OLQ
Scheme 18 BF3K BF3K
' 62a 62b

Bno/y\‘/R
B/O

R
1) EtZnl (1.2 eq.), CH,CI
HOUOBn ) EtZnl (1.2 eq.), CHyCl,
— 2) (Znl),CHI (2.0 eq.)

Scheme 21.

2.6. From trimethylboroxine

58 3) B(OMe)s 5 1o Potassium methyltrifluoroborate salt 64 was readily pre-
pared from commercially available trimethylboroxine 63
R = H, 63% (from Z-alkene) and 40% (from E-alkene) by treatment with KHF, at room temperature in MeCN/
R = Me, 58% I:/.HE;QHZO H,O solution (Scheme 22).%3
R = Et, 63% ©
R = i-Pr, 58%
R CHa
_B.
BnO OH o0 KHF, rt
_B_ _B. ———— = CH3BF:K
HsC™ 0" “CH; MeCN/H,0
BF3K 63 64
60 80%
Scheme 19. Scheme 22.
EtzZnl B(OMe); ® _2Znl
BnO OH———> BnO OZnl BnO O,
= =~ - = N=" B(OMe)s
A
BnO O\B(OM | directed
€)2 cyclopropanation BnO O,
Y \=""5(0Me),
Znl
c B

Zn-B exchange

BnO
h (+ MeOZznl)

B

OMe
D

Scheme 20.
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3. Functionalization of organotrifluoroborate salts

The growing employment of organotrifluoroborates in or-
ganic chemistry has prompted the search of different ways
to reach more functionalized organotrifluoroborates. In this
area, the Molander’s group has given the major contribution.

3.1. Nucleophilic substitution

The preparation of various potassium organotrifluoroborates
was achieved via direct nucleophilic substitution of potas-
sium iodomethyltrifluoroborates 65.° Preparation of starting
material had already been described and the substitution
reaction was carried out with a wide range of nucleophiles
(Table 4), such as alkyl- and aryllithiums, Grignard’s re-
agents, alkylamines, alkoxides, carbanions, dianions, and
lithium arylthiolates.

Azide-containing potassium organotrifluoroborates 68 are
obtained from the direct nucleophilic substitution of the
haloalkyltrifluoroborates 67 with NaN; (Scheme 23).32

Some 1,4-disubstituted organo-[1,2,3]-triazol-1-yl-trifluoro-
borates 70 were produced through the 1,3-dipolar cycloaddi-
tion reaction of potassium azido-organotrifluoroborate 68
with various alkynes 69, using Cul (10 mol %) as catalyst
(Table 5). The 1,4-disubstituted organo-[1,2,3]-triazol-1-yl-
trifluoroborates 70 were also obtained from their halogen
salts 67 by a one-pot multicomponent reaction. In both cases
the products were obtained in excellent yields.

The one-pot synthesis of potassium organo-[1,2,3]-triazol-
4-yl-trifluoroborates 73 was achieved directly from the

Table 4. Nucleophilic substitution reactions of potassium iodomethyltri-
fluoroborates

1) Nucleophile

ICH,BF;K - - > Nu-CH,BF;K
2) Quenching with 1.5 N KHF,
65 66
Entry Nucleophile Yield (%)
1 @\ 86
S Li
2 AN 83
3 :/—MgCI 85
4 " NH, 88

5 G 95
NH

© Na*
7 N///\\\N 91
S} ©
g O O |[Na* 38
EtOM Li+
9 KCN 98

10 BrOs-w 94

aN3
X-R-BF3K —————» N3—R-BF;K
DMSO /80 °C

67 68
X=Cl,Br, |

BF3K
N3CH.BF3K  N3(CH2)sBF3K (96%) 8

X = Br (95%) N3
X = | (94%)

BF3K

(96%) (96%)

(96%)

BF3K

Scheme 23.

Table 5. 1,3-Dipolar cycloaddition reaction of potassium azido-organo-
trifluoroborate 68 with alkynes 69

1) NaN/DMSO

R. Cul,80°C_ No-R- 80 °C

N5 "BFsK ~pvso N>:/N BFgK ‘2)R1 — X/R\BF3K
68 R—= R' 70 69 67

Entry R R' Yield (%)

1 CH, CeHs 90

2 CH, CH,OH 85

3 CH, CeH5SCH, 93

4 CH, Naphthy] 93

5 CH, CO,Et 98

6 (CHy)s CeHs 95

7 (CHy)s CO,Et 93

reaction of an alkyl bromide 71 with NaN; in DMSO fol-
lowed by reaction with potassium prop-2-ynyloxymethyltri-
fluoroborate 72 in presence of Cul (Scheme 24).

1) NaN3/DMSO KF3B—\
80 °C o
B R 2)Cul, =0 > _§:\
u =
; \_ N. N__R
71 72 BF3K 73 N

R = 4-Me-CgHs (91%)
R = 4-NO,-CgHa (87%)
R = CO,Et (94%)

Scheme 24.

The reaction works well with benzyl bromide and electron-
poor 4-nitrobenzyl bromide. However, ethyl bromoacetate
and electron-rich 4-methylbenzyl bromide require longer
reaction times or 30 mol % of Cul for the completion of
the reaction.

3.2. Oxidation

3.2.1. Thioether oxidation. Potassium phenylsulfonyl-
propyltrifluoroborate 74 was prepared by a simple oxidation
of its corresponding thioether-trifluoroborate 75 utilizing
m-chloroperbenzoic acid (m-CPBA) in methylene chloride
at room temperature (Scheme 25).3* The trifluoroborate
moiety remained intact even under oxidative conditions.

o
m-CPBA )
PhS BF:K  Cr,Chrt 11 PhS BF3K
74 70% o 75

Scheme 25.



H. A. Stefani et al. / Tetrahedron 63 (2007) 3623-3658 3631

TPAP (1%)
OH  NMO (1.1 eq.)

_—
BuNFsB—R™ "R! 4AMS, CH,Cl, R
76a

IBX (3 eq.) oH
e S
R—BF3Z Acetone, A R'" “R—-BF3K
76b

Z=TBA (96%)

o}
WBFSZ Z=K (low yield)

Z=TBA (92%)
ZF4B Z=TBA (91%) zF,8 K (74%) , 2K (88%)

H
(0] )kﬁ/\
BF3Z
z TBA (94%) ®
ZF3B 92(% ) Z=TBA (97%) Z=TBA (93%)

BF;Z

F3

Z=K (low yield)

HJ\MAABFJ Z=TBA (84%)

Scheme 26.

3.2.2. Alcohol oxidation. A general oxidation reaction of
potassium and tetra-n-butylammonium (TBA) organotri-
fluoroborates 77 containing primary and secondary alcohols
was described by Molander and Petrillo.>* When the coun-
terion was TBA the reaction was carried out in a TPAP/
NMO system and when the counterion was potassium,
IBX was used as an oxidizing agent (Scheme 26).

Other oxidation conditions, such as Swern, Dess—Martin pe-
riodinane, and TEMPO/bleach, were successfully employed
and furnished the corresponding carbonyl trifluoroborate
compounds. The conditions described above were chosen
due to the simplicity in execution.

3.3. Epoxidation

Potassium vinyltrifluoroborate salts 78 were successfully
transformed into their epoxide derivatives 79 by the reaction
with dimethyldioxirane at room temperature (Scheme 27)
with the concomitant retention of the trifluoroborate
moiety.>> The potassium epoxytrifluoroborates 79 were
obtained in good yields as a white solid, completely stable
in air.

00
A

acetone, r.t.

R/\rBF3K

o]
R/ﬂ/BFsK
R1 R1
78
R= n-CgHy7 R'=H (85%) R=CH,Cl R'=H (71%)
R=Ph R'=H (70%) R=H R'= CHs(80%)

Scheme 27.

The epoxidation with m-CPBA also affords the epoxides in
excellent yields but the product crystallizes together with
m-chlorobenzoic acid.

3.4. Olefination

3.4.1. Wittig reaction. A Wittig reaction was performed
with organotrifluoroborates containing a carbonyl group 80
and ylide reagents 81, leading to the vinyltrifluoroborate
salts 82 (Scheme 28).3> The reaction proved to be very dia-
stereoselective. When nonstabilized ylides were employed

the (Z) isomers were obtained in higher ratio. However,
when stabilized ylides were used the (E) isomers were ob-
tained almost exclusively.

3.4.2. Horner-Wadsworth—-Emmons reaction. The
Horner—Wadsworth—-Emmons olefination was also studied
employing functionalized potassium alkyl- and aryltri-
fluoroborates containing an aldehyde group 83 to prepare
vinyltrifluoroborates 85 (Scheme 29).*> By this approach
the vinyltrifluoroborates were isolated as the tetra-n-butyl-
ammonium organotrifluoroborates to overcome the difficulty
to separate the solid mixture from the excess phosphonate.
Again, the olefination reaction demonstrated to be highly
diastereoselective and the (E) isomers were obtained in
major ratio.

3.5. cis-Dihydroxylation of olefins

The cis-dihydroxylation of olefin-containing potassium
organotrifluoroborates 86 proceeds smoothly using
1.3 mol % of OsO4, N-methylmorpholine N-oxide (NMO)
and acetone/r-BuOH/water solvent mixture at room temper-
ature to give the diol 87 in moderate-to-excellent yields as
a white solid and with retention of the valuable trifluoro-
borate moiety (Scheme 30).3

The dihydroxylation was successfully performed with 1,1-,
1,2-disubstituted, and trisubstituted olefins. Hydroxylation
of potassium allyltrifluoroborate occurs under the same reac-
tion condition.

3.6. Metalation of aryltrifluoroborates

Lithium-halogen exchange reaction of potassium 4-bromo-
phenyl trifluoroborates 88 followed by addition to aliphatic
or aromatic aldehydes gave secondary alcohols (Scheme
31).%7

Ketones were also studied leading to tertiary alcohols in
good yields. a,B-Unsaturated aldehydes lead only to the
1,2-addition product. Electrophiles such as iodine, trime-
thylsilyl chloride, and phenylisocyanate can be used as
well. Control of the reaction time was crucial to achieve
good yields.
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j)]\ _~_, Wittig Reaction sz%Re,
_—
ROoRe T OPRPTOR iorii R
80 81 82
i= THF/DMF/hexanes, NaHMDS, -78 °C; ii= DMF/benzene, 90 °C
O
X N X
KF4B N KF3B
CN CN CN
82% 69% 78%
28:1 (Z:E) 15:1 (Z:E) 11:1 (Z:E)
0 i
KF3B KF3B KF3;B
92% 77% 78%
1:24 (Z:E) 1:65 (Z:E) 1:39 (Z:E)
i
T Sty -OMe
KF3B CN |
KF3B
67% 82%
20:1 (Z:E) 1:76 (Z:E)
Scheme 28.
(E10) é) R’ Horner-Wadsworth-Emmons R
2 Olefination 1
KFB-R™ H * > M-BUNF3B-R™NY
R2 R2
83 84 85
_019
R = alkyl, aryl, heteroaryl 1,9_‘&232) ?Z'E)
R'=CN, CO,Me, Ph o '
R?=H, CHy i = THF/hexanes/DMF, n-BuLi, 0 °C
Scheme 29.
R 0s04 (1.3 mol%) g OH or Suzuki-Miyaura coupling due to the strong efforts of
RH)\({BFaK NMO (1.0-1.5eq) RH}'\”BFSK Prof. Akira Suzuki and Prof. Norio Miyaura in the last three
2/ n acetone/t-BuOH/H,0 RZ\OH " decades.”s39
R g6 87
30-88% Recently, a number of synthesis and industrial applications
employing the cross-coupling reaction of organoboron com-
Scheme 30. 2 . . .
pounds with different types of organic electrophiles have
become powerful tools for the construction of new organic
1) n-BuLi, THF compounds, and in these reactions, the use of organotrifluoro-
BF3K 78°C BF3K . X
— > borates has increased in the last 10 years.
B 2)E*, -78°Ctor.t. e
r 3) KHF; (aq), r.t. . .
88 89 4.1.1. Synthesis of biphenyls and related systems. The
62-94% aryl-aryl bond formation has become a most important
Scheme 31. tool of organic synthesis because these bonds are found in

The reaction was general only to para-substituted potassium
bromoaryl trifluoroborates.
4. Applications of organotrifluoroborate salts
4.1. Suzuki coupling reaction
The first palladium-catalyzed cross-coupling reaction of

organoboron compounds with an organohalide was observed
by Neghishi in 1978.38 This reaction is now known as Suzuki

natural products as well as in numerous biologically active
parts of pharmaceuticals and agrochemicals.

The first Suzuki—Miyaura cross-coupling reaction involving
organotrifluoroborates was reported in 1997.%° Arenedi-
azonium tetrafluoroborates 90 were effective substrates in
palladium-catalyzed cross-coupling reactions with aryltri-
fluoroborates 11 (Table 6).5° The aryltrifluoroborates proved
to be more reactive than their corresponding organoboronic
acids.

The reaction was not affected by electron-donating or
electron-withdrawing groups in both partners (Table 6).
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Table 6. Cross-coupling reaction of potassium aryltrifluoroborates 11 with
arenediazonium tetrafluoroborates 90
ArNBF, + Ar-BFK — ' »  ArAf
90 11 91

i = 1,4-dioxane, Pd(OAc), (5 mol%);
ii = MeOH, Pd,(u-OAc),[P(o-tolyl);], 5 mol%

Entry  Ar- Ar'- Yield (%)
1 4-Me-C¢Hy CgHs 88

2 4-NO,-C¢Hy 4-F-CgHy 92

3 4-Et02C-C6H4 4—MeO—C6H4 93

4 4-F-C¢Hy 4-OHC-C¢Hy 67

5 2,6-(Me),-4-Br-C¢H, 1-Naphthyl 21

6 2,4-(MeO),-C¢H3 2,4-Dichloro-C¢Hz Traces
7 3-PhC(0)-CcHy 3-Furanyl 86

8 4—Br—C5H4 3-N02-C(,H4 60

9 4-TfO-CgHy CgHs 66

10 4-1-C¢H, CgHs 41

However, this protocol was inefficient when both substrates
are sterically hindered (entries 5 and 6, Table 6). The cross-
coupling reaction was chemoselective as it was possible to
selectively couple the diazonium moiety in presence of tri-
flate, bromo, and iodo substituents (entries 8—10, Table 6).

Substituted aryldiazonium salts 92 were also reacted with po-
tassium phenyltrifluoroborate 93 in presence of catalytic aza-
palladacycle, using ionic liquid as reaction media, to afford
the corresponding biaryls 94 in high yields (Scheme 32).*!

N,BF, BF3;K N:N.Pd(o)
Ph
+ ———— X
[bmim]BF,/MeOH
r.t.
X 92 93 94

X = OMe (78%), CO2Et (82%), Br (79%), Cl (95%)

Scheme 32.

Frohn et al. reported the palladium-catalyzed cross-coupling
reaction between (polyfluoroorgano)trifluoroborate salts 95
and aryl halides or benzenediazonium tetrafluoroborates
96 (Scheme 33).*> The reaction involving diazonium salts
afforded the (polyfluoro)biaryls 97 in lower yields than
when the aryl halides were used. In the latter reactions the
use of Ag,O and a phosphine ligand, such as triphenylphos-
phine, was necessary.
[CoHs.oFBFgK + 4-Z-Ph-X ———> (CoHsnFn)—Ph-Z

95 96 97
10-98%
CeHs.nFn = CoFs, 2,3,4,5-CoHF,, 3,4,5-CgHoF ...
X'=Br, I, N,BF,
Z=F,NO,, MeO, H, Me, CO,Et

i = Pd(OAc),/ 2 PPh3, Ag,0, K,COj, toluene, 100 °C;
ii = Pd(PPhs),, DME, 20 °C

Scheme 33.

A comparative study between the use of potassium aryltri-
fluoroborate salts and TBA aryltrifluoroborates was evalu-
ated® and the TBA salts gave yields often 25-50% greater

than their K* counterparts under the same conditions. The
cross-coupling reaction of TBA aryltrifluoroborates 98 and
aryl halides 99 afforded the biaryl systems 91 in excellent
yields (Scheme 34). Electron-rich, electron-poor, and steri-
cally hindered substituents in both substrates do not affect
the reaction.

ArBFy(n-BuN) + AlX ——' = ArAl

98 99 91
55-99%
Ar = Ph, 3-NO2-Ph, 4-CI-Ph, 3-CI-Ph, 3-furanyl, 3-pyridyl
Ar' = Ph, 4-NO,-Ph, 4-MeO-Ph, 4-CI-Ph, 3-NO,-Ph, mesityl, 3-pyridyl
X=Brorl

i = Pd(OACc); (5 mol %), dppb (5 mol %), Cs,CO3, DME/H,0, 50 °C, 24 h

Scheme 34.

An extensive study concerning the cross-coupling reaction
of potassium aryl- and heteroaryltrifluoroborates with aryl
and heteroaryl halides or triflates in the Suzuki—-Miyaura
coupling explored in detail the formation of biaryl sys-
tems. 1243

A set of reactions employing potassium phenyltrifluoro-
borate 93 and electron-poor and electron-rich aryl halides
100 in presence of Pd(OAc), (Table 7). Some electron-rich
halides required the use of triphenylphosphine as a ligand.
When aryl or heteroaryl triflates were employed, the use of
PCy; as a ligand was essential . *3"

The effect of electron-donating and electron-withdrawing
groups in the trifluoroborate salts was also evaluated by re-
action with 4-bromobenzonitrile 102 (Scheme 35). When
electron-rich or even slightly electron-poor aryltrifluoro-
borates 11 were used excellent yields were obtained under
ligandless conditions. However, when more electron-
deficient trifluoroborates were employed under ligandless
conditions, a high percentage of the trifluoroborate homo-
coupling product was observed. Thus, the use of a phosphine
ligand proved to be necessary.

Table 7. Synthesis of biaryl compounds 101 by Suzuki—Miyaura cross-

coupling reaction
i, ii oriii
@BQK + ARX @Ar

93 100 101
i = Pd(OACc), (0.5 mol%), K,CO,, MeOH or H,0.
ii = Pd(OAC), (0.5 mol%), PPhs (0.5 mol%), K,CO4, MeOH.
iii= Pd(OAC), (5 mol%), PCy; (10 mol%), Cs,CO,, THF/H,0

Entry Ar X Yield (%)
1 4-NO,-C¢Hy Br, OTf >99, 65
2 4-CF;-CgHy Br 79
3 4-CN-CgHy Br 87
4 2-OHC-C¢H, Br 89
5 3-MeO,C-Cg¢Hy Br 87
6 4-HO,C-C¢Hy Br 96
7 4-MeO-Cg¢Hy Br, OTf 95, 92
8 4-HO-CeHy Br 82
9 4-NHAc-CgH, Br 62
10 2-M62N-C6H4 Br 65
11 2,4-(Me0),-C¢H3 Br 75
12 4-C1-CgHy OTf 82
13 1-Naphthyl OTf 86
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i, ii or iii
NC@Br + Ar-BF3gK — > NC Ar

102 1 103

10-99%
Ar = electron-rich and electron-poor aryl.
i = Pd(OAc), (0.5 mol%), K,CO3, MeOH.

ii = Pd(OAC); (0.5 mol%), PPhs (0.5 mol%), K,CO3, MeOH.
iii = PdCIly(dppf).CHCl, (0.5 mol%), EtN, EtOH.

Scheme 35.

Next, ortho-substituted coupling partners were employed to
assess steric effects in the process. The presence of one
methyl group in the ortho-position of the trifluoroborate per-
mitted the use of ligandless conditions for the couplings.
However, when two methyls were situated ortho to the tri-
fluoroborate group, the reaction required more time and
did not reach completion under ligandless conditions.

Reaction of potassium heteroaryltrifluoroborates 104 and
heteroaryl halides 105 generally occurs with moderate to
high yields under ligandless conditions; some representative
examples can be seen in Table 8. However, in all these

Table 8. Cross-coupling reaction of aryltrifluoroborates with heteroaryl
halides

) "pg" ;
Ar-BF;K + Ar-X  ——>  Ar-Ar
104 105 91
Entry  Ar-BF;K Ar'-X Reaction condition® Yield (%)
Br

X

1 QBF3K - A 90
N
/|

2 @BF3K Bf’<01 A 67

CO,H

X
5 {/ \S | A 68
S N
BF;K
]\
s ey s "
S
BF;K N
7 {/ \S N B 77
S Br
BF3K N Cl
8 I\ [ /j/ B 83
S N
BF3;K Br

(o} N
Br
A
10 @BFsK '\ij/ B 64
N N

# Condition A: Pd(OAc), (0.5-1 mol %), K,COs3 (3 equiv), MeOH or H,O.
Condition B: PdCl,(dppf) - CH,Cl, (0.5-2 mol %), Et;N (3 equiv), EtOH.

reactions, the formation of the homocoupled product from
the trifluoroborate, and even from the heteroaryl bromide,
was observed, complicating the purification and reducing
the yield. As in the case of coupling between aryltrifluoro-
borates with aryl halides, when electron-deficient heteroaryl
coupling partners were used, the phosphine ligand was nec-
essary to improve the yields.

Interestingly, when the trifluoroborate group is o to the
heteroatom in the furans and pyridines, the Suzuki reac-
tion was not efficient, even when ligand conditions were
used.

Usually, the cross-coupling Suzuki-Miyaura reaction to
form aryl-aryl or aryl-heteroaryl bond is performed using
aryl- or heteroaryl bromides or iodides. Recently, Barder
and Buchwald** developed a methodology that employs
aryl- or heteroaryl chlorides with aryl- and heteroaryl-
trifluoroborate salts using Pd(OAc), and S-Phos (A) 110 as
the supporting ligand (Scheme 36). The coupling reactions
work well with electron-rich or hindered aryl chlorides.

Using the same methodology developed for the above reac-
tion, a number of nitrogen- and sulfur-containing heteroaryl
chlorides 113 were converted into the respective, aryl-
heteroaryl compounds 114 in good yields (Scheme 37).

Another example*® of cross-coupling reaction of a 3-pyri-
dyltrifluoroborate 112 and an aryl chloride 115 was per-
formed using PCy; as a ligand (Scheme 38), giving the
product 116 in 85% yield.

Recently,*® a palladium-NHC (NHC=N-heterocyclic car-
bene) 119 catalyst has been employed in the Suzuki-Miyaura
reaction between aryl chlorides 117 and aryltrifluoroborates
118 (Scheme 39).

Biarylic systems 91 were synthesized in aqueous media by
a Suzuki reaction involving potassium aryltrifluoroborates
11 and aryl halides 99 in presence of poly(vinylpyrrol-
idone)-supported palladium metal 121 (Table 9).*” This pal-
ladium source was recycled at least eight times without loss
of activity via a simple decantation procedure.

Electron-rich, electron-poor, and sterically hindered sub-
stituents in the aryl halide do not affect the reaction. Aryl
iodides react with higher yields than aryl bromides.

The use of microwaves in organic chemistry has gained
a great importance in the last years.*® Taking advantage of
this alternative energy source, Kabalka et al. have coupled
aryltrifluoroborate 122 with aryl iodides** 123a or aryl
triflates®® 123b (Scheme 40). Aryl iodides are coupled in
the presence of PdCl,(dppf)-CH,Cl, and Hiinig’s base (i-
Pr,NEt) with excellent yields. However, the use of a phos-
phine ligand and a base was not necessary when aryl triflates
were employed.

In both cases, the reaction tolerated the nature of the substit-
uents on the aromatic ring. Reagents containing electron-
poor, electron-rich, and sterically bulky substituents
afforded the coupling products in moderate-to-excellent
yields.
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t-Bu@BﬁK

106 — . —
" m@ y — e O D
Me 7R R R
108 109
s
107
Me,
COgMe Me
-0 0D &0
96% 91% M€ Me Mo
OMe 9

Me
> O
O3

i = Pd(OAG)2, KoCO3, MeOH,

Scheme 36.
s
HetArCI
Pd(OAC),, 110
O + (ArCl) (OAc) HetAr-Ar'
K,COj3, EtOH
11 113 Zvs 114
or 73-98%
N
112

Cle_N_Me
HetArCI (ArCl) = :[ j/ C"(j\ f\/©
Me” N7 ST CHO gy
OMe
N cl COsMe
ol Oy
OMe

Scheme 37.

m/BFsK /©/Bu-n i Bu-n
+ —_—

N cl 85% |

112 115 N/ 116

i = [Pd,(dba);] 1 mol%, PCy; 2.3 mol%, K3PO, (1.7 equiv),
dioxane/H,0, 100 °C.

Scheme 38.

MeO

OMe

PCy2

110
S-Phos A
o Pd a oMe
N A
’ 2 mol% | ’}l
| ~
N
119
MeO Cl + KF3B MeO OMe
K2003 MeOH
1 120
92%
Scheme 39.

Table 9. Suzuki reaction between aryltrifluoroborates 11 and aryl halides 99
in aqueous media

ArBF;K + Ar'X M Ar-Ar!

11 99 K,CO3, H,0 o1
Entry Ar Ar'’X Yield (%)
1 4-MeCgH, CeHsI 96
2 4-MeC¢H,4 CgHsBr 78
3 4-MCC6H4 2-FC6H4I 93
4 4-MeCg¢H, 3-FCgH,4I 90
5 CeHs CeHsl 91
6 4-MeC¢H, 4-MeCOCgH,I 95
7 4-MeCeH,y 4-MeCOC¢H,Br 82
8 C6H5 2-MCC5H4I 92
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BF3K
@ oY Lor A
—_—
R// + R1|// MW conditions R — \ /\'R1
122 123 109

50-100%
R =H, CHs, CF3, OCHj3, F, Cl, COCH3, NOy

R' = H, NO,,CN, COCHs, CHs, OCHj, F, CI.

i = PdCIy(dppf).CH,Cl (2 mol%), i-PraNEt (3 equiv),
-PrOH/H,0 (2:1), 10 min.

ii = Pd(OAc), (0.6 mol%), EtOH/H,0 (1:1), 15 min.

Scheme 40.

The same source of energy was used to prepare biaryls from
aryl-122 and furyltrifluoroborates 124 and aryl- and hetero-
aryl halides 100 (Scheme 41) using ultra-low palladium con-
centration (2.5 ppm).>! The reaction worked very well with
a wide range of aryl bromides and iodides. However, when
an aryl chloride was used the cross-coupling product was ob-

tained in very low yield.

| ~BFK
S

R Pd°
122 + ARX —————  » 125
BFaK Na,COs, TBAB, H,0
MW conditions =

7\ s/ Ar
S

124 126
X=Cl,Br, | 8-97%

R = H,OMe, Me, CF3
Ar = 4-MeO-Ph, 4-Me-Ph, Ph, 3-CN-Ph, 4-HO-Ph, 4-NH,-Ph
2-Me-Ph, 2-pyridyl, 2-furanyl, 4-MeOC-Ph

Scheme 41.

When electron-rich aryl bromides were reacted with potas-
sium 3-thiophenetrifluoroborate 124 a decrease in the yield
was observed, but the same reaction involving electron-
poor substrates afforded good yields. The palladium source
was an aqueous solution of elemental Pd stabilized by HCI.
All reactions were completed within 5 min, using H,O as the
solvent and tetra-n-butylammonium bromide as a phase-
transfer agent.

Recently, Harker and Crouch®? described the synthesis of
biaryls 91 by the Suzuki-Miyaura coupling of bromoarenes
127 with potassium aryltrifluoroborates 11 under microwave
irradiation in a MeOH/H,O solvent system (Scheme 42).
The methodology works in the absence of phosphine ligands
or phase-transfer catalyst.

PdCly, KoCO3
ArBRK + ArBr ot T ATAT
e ,0 1
1 127 MW, 125 °C, 20 min 9
71-99%

AI')I = 4-MeO-C6H4, 2-Me-CsH4, 4-CN-CGH4, 4-N02-CGH4,
4-MeC(0)-CgHa, 1-naphthyl
Ars = CgHs, 3-thienyl

Scheme 42.
Organotellurium compounds have been used as the electro-

philic reagent in several metal-catalyzed cross-coupling
reactions such as Sonogashira, Negishi, and Heck.”3

By taking advantage of the attractive features of potassium
organotrifluoroborate salts 11 and the organotellurium

Table 10. Cross-coupling of aryl(n-butyl)tellurides 128 with potassium
aryltrifluoroborates 11

i
ArBF,K + Ar'Te(n-Buy ————  Ar—Af
1 128 91

i = Pd(PPhy), (10 mol%), Et;N (3 equiv), Ag,0 (2 equiv)

MeOH, reflux
Entry Ar Ar! Yield (%)
1 CgHs 4-MeO-CeH, 82
2 Ce¢Hs 4-NO,-CgHy 89
3 C6H5 2-MC-C6H4 74
4 CeHs 1-Naphthyl 79
5 CeHs 4-HO-CeHy 92
6 C@HS 4-M602C—C6H4 83
7 Ce¢Hs 2-Furanyl 63
8 CgHs 3-Pyridyl 65
9 4-MeO-CgHy 1-Naphthyl 87
10 4-MeO-CgHy 4-Cl-C¢Hy 75
11 2-Furanyl 4-Cl-C¢H4 52
12 3-MeO-C¢H, 4-Cl-C¢Hy 80

compounds 128 as an alternative to the traditional aryl
halides was recently reported the cross-coupling reaction
between potassium aryltrifluoroborates and aryl tellurides
catalyzed by palladium(0), affording biaryls 91 in good to
excellent yields (Table 10).>*

The reaction tolerates both electron-withdrawing, electron-
donating substituents and even ortho-substitution in both
substrates, affording the corresponding biphenyl compound
in good yield. However, this method was less effective for
the reaction involving heteroarylic substrates.

In the same report was shown a study on the relative reactiv-
ity of the tellurium moiety compared to usual halides in the
cross-coupling reaction (Scheme 43). The general order of
relative reactivity observed was Te>I>Br>>>Cl. The same
order was observed in other Suzuki cross-coupling reactions
involving different unsaturated tellurium species as will be
shown in this review.

x@—Te(n-Bu) + @—BF3K . x
129 93

94

X=Cl,Br, | 42-84%

i = Pd(PPh3)4 (10 mol%), Et3N (3 equiv), Ag20 (2 equiv), MeOH, reflux

Scheme 43.

By observations made using electrospray ionization mass
spectrometry technique (ESI-MS) a catalytic cycle was pro-
posed for this reaction (Scheme 44). In this proposed cycle,
the aryl telluride oxidatively adds to the PdL, species lead-
ing to the tellurated palladium intermediate A that can
exchange one ligand by a solvent molecule yielding the de-
tected species B. In the transmetalation step of the catalytic
cycle, both species A or B can react with the aryltrifiouro-
borate where the tellurium moiety would be combined
with the borate as its aryl group is transferred to palladium,
forming the detected bis-arylated palladium intermediate C.
The labile trans intermediate C should isomerize to the cis
intermediate D, which suffers reductive elimination readily
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since its abundance in the solution is very low. In this way
the biarylic product is formed regenerating the starting
zerovalent palladium catalyst.

PdL4
Ar'—Ar ArTeBu
reductive PdL, oxidative
elimination addition
TeBu TeBu
+ solv. [
Ar _PId_L L-Pd-L L-Pd-solv. + [AQ(PPha)l*
Ar Ar LT A F
A B
.
\ - pd L %\ Ar'—BF3K
trans-cis transmetallation
isomerization C BuTe—BF3K
Scheme 44.

Xia and Chen>® reported the use of hypervalent iodine
species 129 (iodonium salts) as another alternative to the

traditional Suzuki reaction (Table 11). Diaryliodonium tetra-
fluoroborate and hydroxyl(tosyloxy)iodobenzene (Koser’s
reagent) coupled with potassium aryltrifluoroborates 11 in
presence of 5 mol % Pd(OAc), to afford the biaryl systems
91 in excellent yields.

4.1.2. Alkylation of aryl and heteroaryl halides. Alkyl-
ation of aryl and heteroaryl halides or triflates was performed
through the cross-coupling reaction of different aryl triflates
and halides 100 and potassium alkyltrifluoroborate salts 11
using PdCl,(dppf)-CH,Cl, and Cs,CO; under reflux in
THF/H,0 (Scheme 45).23 Aryl triflates proved to be as
reactive as aryl bromides. The reaction works better with
para-aryl substrates than with ortho-aryl derivatives, proba-
bly due to steric effects. The reaction was tolerant with
various functionalities such as cyano, ketone, ester, amide,
and nitro groups despite the aqueous basic conditions.

It is well established that the reaction of 3-halopropylbor-
anes with base leads to the synthesis of cyclopropanes.’®
However, it was observed that the cross-coupling reaction
of potassium 3-chloropropyltrifluoroborate 131 with 4-ace-
tylphenyltriflate 132 works well despite the basic conditions
used (Scheme 46).23

Table 11. Cross-coupling of hypervalent iodine 129 with potassium aryltrifluoroborates 11

AL I*BF,
Pd(0AC), arar?
or B ———— r-Ar
* ABRK ToME 60 °C
Ar1I(OH)OTs 11 91
129
Entry Todonium salt ArBF;K Ar-Ar' Yield (%)

MeO

1 Ph,I'BF; 2-MeOCgH,BF;K 87
MeQ
2 (4-MeCgH,),I'BF; 2-MeOC4H,BF;K " 84
e
MeQO

3 (4-CICgH4)-I"BF; 2-MeOCgH,BF;K N 81

MeOQO
4 E}*I*PhOTS' 2-MeOCgH,BF;K M 83

S

5 Ph,I'BF, PhBF;K O O 99
6 (4-CIC¢H4),I"BF; PhBF;K c| 92
7 (4-MeCgH,),I'BF; 4-MeCgH,BF;K MeMe 95
8 (4-CIC¢H4),I"BF; 4-MeCgH,BF;K CIMe 89

MeO
9 PhI(OH)OTs 2-MeOC4H,BF;K 87
10 PhI(OH)OTs 4-MeCeH,BF:K Me 94
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RBFsK + ArX — > RAr
X=OTf, Cl, Br
1 100 130
Me @ MeONOZ TMSCHZ@AC
X=0Tf (85%) X=Br (61%) X=0Tf (805%) X=0Tf (70%)
Br (80%) Br (77%) Br (65%)
0N~ Me CH,TMS
Me N
X=0Tf (70%)
X=Cl (32%) X=Br (85%) X=Br (77%) (70%)
PhS(CHy) @ TsNH CH2)3@AC PhCH2—®
X=0Tf (66%) X=OTf (75%) X-OTf( 1%)
NC
NC(CHo)—(_)—No, HsC(CH2)7© HaC( CH2>7~©
X=OTf (73%) X=OTf (65%) X=0Tf (59%)

i=PdCl,(dppf).CH,Cl, (9 mol%), Cs,CO; (3 equiv), THF/H,0 (20:1), reflux

Scheme 45.
(CHy)sCl Table 12. Coupling of potassium aryltrifluoroborates 122 with benzyl
halides 137
AN TfOOA PdCly(dppf) R 1 R
+ cC —————— 1
“ BrK C52CO3, THF/H;0 RN //|R Pal(dpp) N //|R
131 132 Ae 7 N~ CsC0, | NS N
79% 122 137 THF or CPME 138
Scheme 46. EIl[I'y ArCH,X ArBF;K Yield (%)
1 C¢HsCH,Br C¢HsBEF;K 84
2 C6H5CH2C1 4-MCOC5H4BF3K 91
The reaction demonstrated a very highly selective coupling 3 CeHsCH,Br 4-MeOCeH4BF;K 86
C-X bond in 4-bromo-, 4-chloro-, and 4-iodophenyltriflate ‘5‘ gég—‘ggzgr i’%‘éh’lce)ﬁcg%il:ﬂ( 23
11 : . 65 HyBr -Lh3LeHyblis
135 (Scheme 47)."" In the case of 4-10('10phenylt.r1ﬂate the 6 C.H.CH,Br 4-OHCCH,BF;K o
.ylel.d was lower due to the homocoupling reaction of the 7 C¢HsCH,Br 3-0,NC4H,BF5K 69
iodide. KF4B
8 C¢HsCH,Br ]\ 72
CH,Ph S~ “CHO
PdCly(dppf)
PhCH,BF;K + TfO X
25T <:> Cs2C03, THF/H,0 KF;B
134 135 X=1(16%) 9 C¢HsCH,Br = 70
Br (70%) X 136
Cl (57%) 0
10 4—MeOC6H4CH2Cl C6H5BF3K 78
Scheme 47.

Recently, Molander and Elia®” described the synthesis of
diarylmethanes 138 by the palladium-catalyzed Suzuki—
Miyaura cross-coupling of benzyl halides 137 with potas-
sium aryltrifluoroborates 122 (Table 12).

Among the tested systems, the use of PdCl,(dppf)-CH,Cl,
with Cs,COs (3 equiv) in THF/H,O or CPME/H,O0 afforded
the best conversion of the desired product 138, requiring the
lowest catalyst loading. The use of ethereal solvents affords
the highest isolated yields with minimal homocoupling
byproduct. The reaction was tolerant to a broad variety of
functionality and it works well with both electron-rich and
electron-poor substrates.

A Suzuki—Miyaura reaction was performed using the oxira-
nylethyltrifluoroborate 139 and 4-cyanophenyl bromide 102
in a THF/H,O solvent system (Scheme 48).33 The product
formed in this reaction was totally dependent on the amount
of water. The Suzuki product 140 was obtained in 80% yield,
when a very small amount of water was used. However,
when using a higher percentage of water the product ob-
served was a diol 141 resulting from a cross-coupling/ring-
opening type reaction.

Potassium cyclopropyl trifluoroborates 1,2-disubstituted>’
and 1,2,3-trisubstituted®® 142 were successfully employed
in cross-coupling reaction with aryl bromides 127 in the
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. OH
i

THF/H,O (10:1) o

O 8h
L\L 141 74%
139 o]

i
THF/H,0 (40:1)
3 days 140

80%

i = 4-cyanophenyl bromide 102, PdCl,(dppf).CH,Cl, (9 mol%),
Cs,COg, reflux.

Scheme 48.

presence of a palladium catalyst, affording the substituted
aryl cyclopropanes in good yields (Scheme 49). In both
cases, the configuration of stereodefined potassium cyclo-
propyltrifluoroborate salts was preserved after the cross-
coupling reaction 143.

R . . R
BFK + ArfBr — 20— Ar
Ri 142 127 1 143

47-91%
R = Ph, PhCH,, n-CsH14, BROCH, ’

R" = H, CH,0H, CH3(OH)CH
Ar" = 4-MeCO-Ph, 4-Ph-Ph, 4-CN-Ph, 4-NO,-Ph, 2-MeO-Ph

i = Pd(PPh3)4 (2 mol%), toluene/H,0, K3PO4 .H20, reflux.
ii = Pd(OAc), (3 mol%), 2-biphenyldicyclophexylphosphine,
toluene/H,0, K3PQOy4, 100 °C

Scheme 49.

Using a similar methodology as described above, two exam-
ples of enantiomerically pure cyclopropyl trifluoroborates
62 were coupled with aryl bromides (Scheme 50).>! When
amine derivatives of this cyclopropyl trifluoroborates were
used no reaction was observed.

§ ZBF3K + PhBr § o,

62a 144 146
Pd(PPhs)s R = BnOCH, (66%)
K3PQy, toluene/H,0, CbzNH (nr)
100 °C

R—s
CN\TBEK + Br O
62b

Y,

R =BnOCHj; (85%)
CbzNH (nr)

Scheme 50.

4.1.3. Allylation and crotylation reactions. A microwave-
enhanced Suzuki cross-coupling reaction between vinyltri-
fluoroborates 148 and allyl chlorides 149 (Scheme 51) was
shown by Kabalka and co-workers.>® In the study to deter-
mine the best conditions, interestingly, it was found that allyl
chloride produces better results than other allyl halides.

1,4-Pentadienes 152 were synthesized by a Suzuki cross-
coupling reaction of allyl- and cinnamyl acetates 151 with

BF;K  R!

=S — i X Z “R!
. \_\_ i /@/\/\/\
Cl MW R
148 149 150
R 46-81%
R =Cl, H, CH3, CF3
R'=H, Ph, Me

i = PdCl,(dppf).CH4Cly (2 mol%), i-PrOH/H,0, Hiinig's base

Scheme 51.

various potassium vinyl- and arylvinyltrifluoroborates 33
under microwave irradiation (Scheme 52).°° The coupling
reactions are stereoselective since the E isomers are the
only observed products, and also regioselective.

A~ BFK
R . PACly(dppf).CHsCla
Hiinig's base
¥ -PrOH/H,0 RN
anl 2 152
R OAc
NN MW 71-97%
151
R = Ph, 4-CF3-Ph, 4-CH3-Ph, 4-CI-Ph, n-C7H1s5
R'=H, Ph
Scheme 52.

Geranyl acetate 153 was also employed as allylating agent to
produce a variety of 1,4,7-trienes 154 in moderate-to-excel-
lent yields under the same conditions (Scheme 53).

RANBFE pacppnorel,
33 Hiinig's base R™™
+ 154

R = 4-CF3-Ph (93%)

-
W i-PrOH/H,0
N N oae MW 4-CHa-Ph (56%)

153 n-CyH1s (74%)

Scheme 53.

Recently, Yamamoto et al.®* described a high y-selective
cross-coupling reaction of potassium allyltrifluoroborate
salts 155 with aryl and 1-alkenyl bromides 156 (Table 13).
In this reaction, the yields and regioselectivities of the cou-
pling position were highly sensitive to phosphine ligands
employed, and the product formation was very slow in the
absence of a base. The reaction proceeded in reflux of
THEF in the presence of K,COj as a base and catalyst gener-
ated in situ from Pd(OAc), and 1,1’-bis-(di-z-butylphosphi-
no)ferrocene, affording the products in very good
regioselectivities (>99/1 in favor of the alkene 157a) and
good yields.

4.1.4. Alkynylation of aryl and heteroaryl halides. Aryl-
and heteroaryl acetylenes 158 were synthesized by the reac-
tion of potassium alkynyltrifluoroborates 16 with aryl- and
heteroaryl bromides and triflates 100 containing various
functionalities such as cyano, aldehyde, amine, ketone,
hydroxyl groups, and carboxylic acids.!” Some representative
examples are shown in Table 14. After a study of reactivity
of various electrophiles with the potassium alkynyltrifluoro-
borate 16 was established a new reactivity order:
OTf>Br>I=Cl.

The reaction works well with activated heteroaryl chlorides
113 to provide the functionalized heteroaryl alkyne 160 in
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Table 13. y-Selective cross-coupling reaction of aryl and 1-alkenyl bro-
mides 156 with potassium allyltrifluoroborate salts 155

RBr 156 R?
Pd(OAc), (3 mol%)
N SR TR
RYNUBFK DBPE (3.6 mol%) R1)\/ + RVNR2
155 K;CO5 (1 eq.) 157a 157b
THF, reflux
Entry R' R? Yield (%)
1 H 3-Me0,C-CgH, 38
2 CH;, 4-H,N-CeH, 80
3 CH,4 4-BzHN-C¢H, 96
4 CH;, 4-CH;0-CgH,4 90
5 CH;, 2,6-(CHs),-CeH; 87
6 CH,4 2-MeO,C-CgHy 92
7 CH;, 4-CN-CgH,4 77
8 CH; ¥ 75
9 CHj; Ph \/O\)J\ f 66
10 CH, C( g 65
11 c-CgHy 3-MeO,C-CgH, 98

Table 14. Cross-coupling reaction of aryl halides and triflates 100 with
potassium alkynyltrifluoroborates 16

Condition A or B
_—

AX + R—=—BFK R—=— A

100 16 158
Entry ArX R Reaction Yield (%)

conditions®
1 4-CN-Ph-Br n-Bu A 98
2 4-HO-Ph-Br n-Bu A, B 48, Traces
3 4-Me,N-Ph-Br n-Bu A, B 61, 33
4 4-HO,C-Ph-Br n-Bu A 73
Br
H
5 N n-Bu A, B 46, 97
/

o/
6 )/-—-(1 n-Bu A B 47, 88

o S” "Br
7 @OTf n-Bu B 31

=N

8 4-MeOC-Ph-OTf n-Bu B 87
9 4-NO,-Ph-OTf n-Bu B 98
10 4-CN-Ph-Br Ph A 69
11 4-CN-Ph-Br CI(CH,); A 85
12 4-CN-Ph-Br TBDMSO(CH,), A 88
13 4-CN-Ph-Br T™MS A 60

# Condition A: PdCl,(dppf)-CH,Cl, (9 mol %), Cs,CO3 (3 equiv), THF/
H,O (20:1), reflux, 12 h. Condition B: PdCl,(dppf)-CH,Cl, (9 mol %),
Cs,CO; (3 equiv), THF(anhydrous), reflux, 12 h.

good yields (Scheme 54).!” When the 2,4,6-trichloropyrimi-
dine was used the trisubstituted product was obtained by the
use of 9equiv of base, while the 2,4-disubstituted was
obtained when 6 equiv of base were employed.

Genét and co-workers>® reported that the cross-coupling re-
action of alkynyltrifluoroborates 159 and toluenediazonium
tetrafluoroborates 161 works in a very small scale (Scheme
55). The major product 163 observed resulted from decom-
position of benzenediazonium.

PdCly(dppf).CH,Cl; (9 mol%)

HetArCl + n-Bu———BF3;K n-Bu—=—=—ArHet
SIATCI + B Cs2C 03, THF/HZ0 (20:1)
113 159 160
n-Bu
N7 N N)\l
- = T
& X Z X
n-Bu n-Bu n-Bu n-Bu

70% (using 9 equiv of base) 62% (using 6 equiv of base)

NO,

C\g%n-Bu
=N

85% (using 3 equiv of base)

Scheme 54.

Me@NgBF4 Me@%n.au
[Pd]

161 — 162 <1-15%
.

n-Bu—=—BF4K Me@
159

163 major product

Scheme 55.

Potassium alkynyltrifluoroborate salts 164 have cross-cou-
pled with aryl iodides 165 under microwave irradiation in
presence of a palladium catalyst to afford aryl alkynes 166
in good yields (Scheme 56).°"

i
R—< :}—: BF;K + Arl ————>» 4< >;:
3 MW R Ar

164 165 166

52-72%
R=H, CH3, CH30, CN

Ar = 4-F-Ph, 4-CI-Ph, 4-Br-Ph, 4-MeOC-Ph
i = PdCIy(dppf).CH,Cly (2 mol%), i-PrOH/H,0, i-PraNEt, 100 °C.

Scheme 56.

4.1.5. Alkenylation reaction. A efficient coupling reaction
of different aryl halides and triflates 100 with potassium
alkenyltrifluoroborates 167 was carried out in presence of
PdCl,(dppf) - CH,Cl,, i-PrOH/H,0 as solvent and #-BuNH,
as a base (Table 15).22 The reaction of potassium alkenyl
trifluoroborates with heteroaryl halides was also studied;
applying the same conditions used in the aryl halide and
aryl triflate cross-coupling, good yields were obtained in
most cases.

In an extension of this study, the cross-coupling reactions
were carried out between potassium aryl- and heteroaryltri-
fluoroborates 11 and alkenyl bromides 169 (Table 16).°> The
reaction was catalyzed by Pd(PPh;3), or in some cases by
PdCl,(dppf) - CH,Cl,, in presence of K,CO; as a base, and
toluene/H,O (2.6:1) as solvent mixture, affording the aryl
olefins 168 in good to excellent yields.

In both reports the obtained results indicated the stereospec-
ificity and the compatibility with the presence of various
functional groups, such as aldehydes, ketones, nitro, ciano,



Table 15. Suzuki reaction involving potassium alkenyltrifluoroborates 167

and aryl halides 100
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R R? PACL(dppf.CH,Cl, R R?
— + Ar—X - >:<
R3 BF;K i-PrOH/H,0, t-BuNH, R3 Ar
167 100 168
X =Br, I, OTf
Entry Electrophile Nucleophile Yield (%)
Br
n-CgHqz
1 = 78
BF.K
n-CgHy.
2 NCOBr = 87
BF.K
n-CeHin 71 (X=Br)
s o) BFK 76 (X=0T
n-CgHy7 69 (X=Br),
4 Me(O)C@—x = 60 (X=OTY),
BFK 65 (X=I)
n-CgHy5
5 Br = 38
BF.K
6 NCOBr = 70
BF.K
Ph
7 NCOBr = 80
BF,K
8 NCOBr PH  BFK 86
9 NCO& MeO,C(HCln g ¢ 33
Ph
Br.
10 \GS = 80
= BF.K
— Ph
— 70 (X=Br),
1 )X =
\ | BF K 41 (X=0Tf)
CL Ph
12 N = 70
P BF ;K

enones, and silyl ether protecting groups. The reaction was
demonstrated to be tolerant of substitution patterns in both
coupling partners.

4.1.6. Styrenes and related systems. Styrene units are syn-
thetically useful intermediates in the formation of new poly-
meric materials, and these structures are widely encountered
in various natural products.

Genét et al.>®® proved that potassium vinyltrifluoroborate
170 is an efficient vinylating agent of arenediazonium com-
pounds 171 (Table 17). The reaction was tolerant of a wide
range of substituents in the arenediazonium and highly
chemoselective since bromide, iodide, and triflate substitu-
ents do not participate in the coupling reaction.

The cross-coupling reaction involving arenediazonium salts
171 and potassium vinyltrifluoroborate 170 was catalyzed

3641

Table 16. Suzuki reaction involving potassium aryltrifluoroborates 11 and
alkenyl bromides 169

R2 R1 Pd(PPh3)4 (2 mol%) R2 R!

ABFK + >=< K2COs =
Br R® toluene/H,0 Ar R®
1" 169 90 °C, N, 168
Entry Alkenyl bromide ArBF;K Yield (%)
1 B (CHp),0TBDMs PhBF:K 97
BF3K
2 B (CH,),OTBDMS >99
3 (CH2)4OTBDMS 2—Me—PhBF3K 91
4 B _(C\ H,),0TBDMS  2.6-(Me),-PhBF:K 82
5 B’ (CHp.OTBDMS  4-OHC-PhBF;K 89
6 (CH2)4OTBDMS 3-Thiophenyl-BF;K >99
CHO
7 P,/*( PhBF:K 94
Br
\ 0
N
8 O:$_/N— PhBF;K 88
Br
9 >=( 4-OHC-PhBF;K 94
Br
10 <:>=\ 3-OHC-PhBF;K 85
Br

Table 17. Cross-coupling reaction of potassium vinyltrifluoroborate 170

with arenediazonium compounds 171
N Re= iorii R

170 171 172

i = Pd(OAc);, in dioxane
ii = Pda(u-OAc)o[P(o-tolyl)s]z, in CH3OH

Entry R Yield (%)
1 4-PhC(O) 86
2 3-PhC(O) 81
3 4-MeO 81
4 2-Me 78
5 4-NO, 84
6 4-EtO,C 38
7 4-HO,C 72
8 4-Br 70
9 4-TfO 75
10 3-1 76

by an azapalladacycle complex (0.1 mol %) at room temper-
ature using an ionic liquid as reaction media to afford the
coupled product in high yield (Scheme 57).*!

The vinylation of hindered aryl bromides 173 was achieved
using an excess of potassium vinyltrifluoroborates 170 in the
presence of PdCl,(dppf)-CH,Cl,, cesium carbonate as
a base and THF/H,O as solvent mixture (Scheme 58).%* De-
spite good yield obtained when benzyl 3,5-bis(benzyloxy)-
4-bromobenzoate in the optimization of the reaction
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R\_ N:N
BFsK + QNZBF4 Ph R=
170 171 [bmim]BF4/MeOH @_\\
r.t. 172
Scheme 57.

conditions, the vinylation of other examples studied afforded
the coupled product in low to medium yields and the reac-
tions required long reaction times (2-7 days).

1 1
R RY 2 BRk 170 R R
—_—T
5 PACIy(dppf).CHCla X
R THF/HQO, CSQCO3

R
173 174

R = OBn; R'= CO,Bn (87%)

R=R"=Me (32%)

R = OMe; R' = CO,Et (53%)

Scheme 58.

An inconvenience in this reaction is the formation of the re-
duced product (bromide replaced by hydrogen), however, it
could be eliminated by use of 5 equiv of the vinyltrifluoro-
borate salt 170.

In a very extensive study, Molander et al.®% showed that
palladium-catalyzed cross-coupling reactions of potassium
vinyltrifluoroborates 175 with aryl or heteroaryl halides
and triflates 100 afford functionalized styrenes 176 in good
to excellent yields (Scheme 59). The reaction was tolerant
to many functional groups, such as ketone, nitro, ether, alde-
hydes, and nitrile.

R R
i, i or i
/J\BF3K +AX > )\Ar

175 100 176
i = PdCly(dppf).CH,Cl (2 mol%), EtsN, i-PrOH or MeOH
ii = PACl, (2 mol%), PPhs (6 mol%), Cs,COs3, THF/H,0
iii = PdCl, (2 mol%), RuPhos (6 mol%), Cs,CO3, THF/H,0

Ac NO oM CN
X= OTf (95%) X=OTf(82%)  X=OTf(64%) X=Br (83%)
Br (90%) Br (84%) Br (72%)
1 (73%)
A
X=Br (65%)  X=Br (81%) X=Cl (64%) X= Br (66%)
N\ NM62
X=Br (81%) X=Br(93%) X=Br(79%) X=Br (88%)
Scheme 59.

It was observed that electronic and steric effects of the sub-
stituents in the ring do not affect the yield reactions,

however, the time reaction was affected: electron-deficient
rings react faster than electron-rich rings.

The first example of a cross-coupling reaction using a per-
fluoroalkenylboron reagent was reported in 2002 by Frohn
and co-workers.*?* The perfluorinated analog of potassium
vinyltrifluoroborate 177 reacted with the arenediazonium
tetrafluoroborates 178 in low yield, 40% (Scheme 60). In
a posterior report,*?® the use of aryl iodide increased the

yield to 76%.

Poon - by,

F 178
X = NoBF4 (40%)

1(76%)
i = Pd(PPhg3),, dioxane.

ii = Pd(OAc),, PPhs, Ag,0, K»COs3, toluene.

Scheme 60.

4.1.7. Stilbenes and related systems. Stilbenes are a very
important class of compounds that exhibit many biological
activities, e.g., antineoplastic, antimicrobial, multi-drug-
resistant, antiangiogenesis, cytotoxic, and inhibit cell pro-
liferation. Due to these facts the synthesis of stilbene
structures has attracted considerable attention of the organic
chemists.®®

Recently, (E)- and (Z)-stilbenes were prepared by the
Suzuki—Miyaura cross-coupling reaction involving potas-
sium organotrifluoroborates under microwave’!! or ultra-
sound®” irradiation.

Using microwave irradiation it was possible to prepare
various (E)-stilbenes 180 using substituted bromo®! or iodo-
benzenes®! 123 and (E)-styryltrifluoroborate salts 148 cata-
lyzed by elemental palladium or PdCl,(dppf)-CH,Cl,
(Scheme 61).

R
1 <X
__BFK =R o - R’
+ X N\ // _—
MW
R 148 123 R 180
X=Brorl 61-99%
R = CF3, Cl, CHz
= COMe, Me, F, CI

i = Pd°, Na,COj3, TBAB, H,0.
ii = PACl(ddpf).CH,Cly (2 mol%), i-PrOH-H,0, i-ProNEt.

Scheme 61.
Interestingly, Kabalka et al.°! reported that under their reac-
tion conditions the reactions are stereoselective, while in the

report of Leadbeater and co-workers®! the stilbenes were
obtained in an E, Z alkene mixture.

The ultrasound-assisted cross-coupling reaction between the
(Z)-styryl n-butyltellurides 181 and potassium aryltrifluoro-
borate salts 11 catalyzed by Pd(PPh3), in the presence of
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Ag,0 afforded the (Z)-stilbenes 182 in good yields (Table
18).%7 The (E)-stilbenes 184 were synthesized in good to ex-
cellent yields from the cross-coupling reaction between the
potassium (E)-styryltrifluoroborate 183 and n-butyl(aryl)-
tellurides 128 (Table 19). In the latter case it was necessary
to use K,COj as a base to improve the yield.

Table 18. Synthesis of (Z)-stilbenes 182 from the cross-coupling reaction of
(Z)-styryl n-butyltellurides 181 with potassium aryltrifluoroborates 11
Pd(PPh3)4, Ago0
/; /—\
Ar' TeBu-n *+ ArBF3K Ar! Ar

MeOH, r.t., )))
181 1 182

Entry Ar' Ar Yield (%)

1 CeHs CeHs 82

2 CeHs 4-CI-C¢Hy 70

3 C6H5 4-MGO-C6H4 60

4 CeHs 4-Me-CcHy 78

5 C6H5 2—Me—C6H4 62

6 CgHs 1-Naphthyl 70

7 4-Me-CeH, CeHs 76

8 4-BI'—C(,H4 C6H5 78

Table 19. Synthesis of (E)-stilbenes 184 from the cross-coupling reaction of
potassium (E)-styryltrifluoroborate 183 with n-butyl(aryl)tellurides 128

Pd(PPh3)4, Agzo

+ Al e U Ar!
B ATeBun KGO, L S~
Ph" 4183 128 ) Ph" 184
Entry Ar' Yield (%)
1 CHs 90
2 1-Naphthyl 87
3 4-MeO-CgH, 75
4 2-Me-CH, 91
5 4-M602C-C6H4 72
6 4-Br-CgH, 91
7 4-1-CgH, 71
8 3-Pyridyl 69

The reaction is stereoselective and relatively insensitive to
the nature of the substituents in both substrates. The cross-
coupling reaction was very chemoselective and once again
the tellurium moiety proved to be more reactive than halide
atoms.

4.1.8. Dienes. The synthesis of dienes has represented one of
the long-standing challenges in organic synthesis owing to
their presence in biologically active compounds. To offer
more approaches, some methodologies to synthesize dienes
using potassium organotrifluoroborates were developed.

(E.E)-, (E,Z2)-, (Z,E)-, or (Z,Z)-conjugated dienes 185 were
stereospecifically produced by Suzuki-Miyaura cross-cou-
pling reaction of alkenyltrifluoroborates 167 with a variety
of alkenyl bromides 168 (stereodefined reagents) bearing var-

ious functionalities and substitution patterns (Scheme 62).8
R RS
R2 R R4 X . R2 >
— + — — = R*
R1 BF3K R5 R3 R1 R3
167 168 185
(E,E)-, (E,2)-, (ZE)-, or (Z, 2)
60-95%

i = Pd(OAC), / PPhs (2 eq.), Cs,CO3 (3 eq.), THF/H,0 (10:1), 70 °C.

Scheme 62.

Despite the presence of a fluoride source, alkenyl bromides
bearing silyl ethers, such as TES, TBDMA, and TIPS did not
loose the silyl groups during the cross-coupling reaction.

The same authors reported the sequential and stereoselec-
tively coupling reaction of 1,1’-dibromoalkenes 186 with
alkenyl 32 and alkyltrifluoroborates 187 leading to trisubsti-
tuted conjugated dienes 188 in excellent yields (Scheme
63).%° In all cases, just one stereoisomer of the desired
product was obtained.

1) R2/\/BF3K 33
Cs2C03, 60 °C

R1/\/Br - R1/\(\/R2
Br

2) R3BF3K 187 R3

Cs,CO3 188
186 toluene/H,0 (3:1), 80 °C 82-91%
"Pd catalyst" ’

? |
R'= n-CghHi1, n-CrHis, Ph(CHo), 3%

R2 = NC(CHy)s, CI(CH2)3, Ph(CHz),, n-CgHy7.
RS = PiVO(CH2)4, BZO(CH2)4, NC(CH2)4, Me, Et, PhS(CH2)3,
HQC:CH(CHz)g

Scheme 63.

Functionalized potassium alkyltrifluoroborate salts 187 were
effective substrates for the reaction conditions developed.
However, methyl-, ethyl-, and 4-pentenyltrifluoroborates
required higher temperature (90 °C) and the change of
Pd(PPhj3), catalyst to the PdCl,(dppf) - CH,Cl, complex.

The use of unsaturated tellurium species was previously>*
demonstrated to be a very advantageous option to the tradi-
tional halides in the Suzuki—Miyaura reactions using orga-
notrifluoroborates as nucleophilic partners.

The ultrasound-assisted synthesis of stereodefined dienes
was reported using the coupling reaction of vinylic tellurides
189 and B-styryltrifluoroborate salt 183 affording 1,3-dienes
190 in moderate to good yields (Scheme 64).”° The presence
of functionalities was well tolerated and the silyl group
attached to a hydroxyl remains intact.

4.1.9. Enynes. The synthesis of 1,3-enynes via Suzuki—
Miyaura reaction of vinylic tellurides 189 and potassium al-
kynyltrifluoroborate salts 16 in the presence of Pd(acac),,
Cul, Et3N as a base and MeOH as solvent afforded the prod-
uct 191 in moderate to good yields (Scheme 65).”" The
stereochemical outcome of the reaction shows that it pro-
ceeds in a stereoconservative way, resulting in only the

(Z)-enyne.

The presence of functional groups such as —-OH, —OCH3;,
EtO,C—, and conjugated double and triple C—C bond was
tolerated. However, when vinylic tellurides bearing nitro-
genated groups, such as (Et),NCH,— or morpholine were
used, no reaction was observed. A probable explanation
would be the suggested coordination of the nitrogen and tel-
lurium atoms with the palladium forming a stable six-mem-
bered ring complex.”?
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.
RS Pd(PPha)s
Te(n-Bu) A
189 gOAc
R1/\;~I‘"\/Ph
+ Et;N, MeOH
; 190
20 min, )))
b\ BFeK (ZE) or (E,E)
183
= Ph T \—
“ Ph = 4-BrPh /_\_\
Pq\/\ \/\¢\Ph (Z.E)Ph
(Z E) (E, E)

85%

o
PH T 57%

84%

(Z. E) Ph
48%

TBSO— \=
Ph
(ZE)

82%

79%

ﬂ Ph
X
(Z E) OO (Z E)Ph
0% MeO 82%
(Z E) Ph
67%
Scheme 64.
1 - Pd(acac),, Cul V7
R{__ Te(n-Bu), R—=—BFK (acac), R1\:/
EtzN, MeOH
189 16 reflux, 8 h 191
28-77%
R =Ph, n-CgH17, MeOCH,, t—C4H9
R' = Ph, HOCHj, c-CgHg, c-CgH19OH, EtO,C
Scheme 65.
R
Pd(dppf).CH,Cl,
Br Cs,CO3 4
~ +R BFK _
R'  Br THF/H,0 (20:1) R
186 16 50°C, 2h 192 \\
R= n-C4Hg, Ph, CI(CH,)3, 4-Me-Ph 64-85% R
R'= Ph, 4-CI-Ph, 4-Me-Ph, 2-Me-Ph, 4-NO,-Ph,
1-naphthyl, n-CgH47
Scheme 66.
.O Br-Ar-Br
R 193
1°H21 C10H21

Scheme 67.

7%

ZTBF3K 170
Pd(PPh3)s,
dioxane, 1 day

C8H17
72%
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4.1.10. Enediynes. Enediynes have extensive application in
non-linear optics (NLO), macrocyclic ligands, optical
switches, and the synthesis of polycyclic aromatic hydrocar-
bons (PAHs). Other application of enediyne structures is in
the pharmaceutical chemistry; they are highly potent anti-
biotic and antineoplastic agents. However, the methods to
prepare enediynes are limited.

One more alternative to synthesize these compounds was de-
veloped through the reaction of 1,1-dibromo-1-alkenes 186
with potassium alkynyltrifluoroborates 16 (Scheme 66).”3
No special differences in the reactivity with respect to the
electronic and steric effects on the substituents were

observed.

4.1.11. Cascade Suzuki-Heck reaction. Nobile and co-
workers’* reported the synthesis of some poly(phenylene-
vinylenes) (PVPs) 195 by a cascade Suzuki-Heck reaction
involving reaction of potassium vinyltrifluoroborate 170
with aryl dibromide compounds 194 (Scheme 67).

4.1.12. Diels—-Alder/cross-coupling reactions. The potas-
sium 1,3-dienyl-2-trifluoroborates 8 and the corresponding
TBA salts were submitted to a series of tandem Diels—
Alder/cross-coupling reactions without isolation and charac-
terization of the boron intermediates (Scheme 68).'* The
trifluoroborate diene 8 was heated in presence of the dieno-
phile 196, Pd(OAc),, K,CO3, and refluxed in EtOH or
MeOH.

The sequence seems to be useful for unsubstituted, electron-
donating, or electron-withdrawing substituted phenyl ha-
lides and heteroaromatic halides. The regioselectivity of
the reaction was affected by the substituents in the aryl
halides. Comparison between the yields of the reaction of
the tetra-n-butylammonium salt and the trifluoroborate
does not indicate relevant difference.

4.1.13. a,B-Unsaturated carbonylic compounds. 4-Bro-
mo-2(H)-furanones 198 and 4-bromocoumarins 199 were
transformed to their corresponding alkynyl compounds
200 and 201 with excellent yields by palladium-catalyzed
Suzuki—Miyaura reaction (Scheme 69).7

K>CO3

OCgH47

OCgH17
73%
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K2CO3 (3 eq.), ROH

EWG
1)
/< W 196 /O/EWG )O\
: +
KF4B 2) RiX, Pd(OAc); (0.5 mol%) g Ri EWG
8

EWG = CO,Et, CO;Me

R = Ph, 2-thienyl, 4-NC-Ph, 4-F3C-Ph, 2-MeO-Ph

Scheme 68.
R
Br. \E/¥
- -
\E;:o S O 71.95%
198 200

+ R—=—BFK — 2!
16

or
o]
Q | o | 85-97%
Br %
199 201 R

R = Ph, t-Bu, n-Bu, isopropenyl, 3-chloropropyl,
1-cyclohexyl, 4-tolyl, TMS

i = PdCly(dppf).CH,Cl (5 mol%), THF, rt.
ii = PACIy(dppf).CH2Cly (5 mol%), Cs,CO3, THF/H,0, 50 °C.

Scheme 69.

Enol tosylates are emerging as important alternatives to enol
triflates and vinyl halides in Pd-catalyzed cross-coupling re-
actions. Taking advantage of this fact, Steinhuebel and co-
workers’® have reported the Suzuki-Miyaura cross-coupling
reaction of (E)- and (Z)-enol tosylates 202 with potassium
organotrifluoroborates 2 catalyzed by palladium, affording
the product 203 in moderate to good yields (Scheme 70).

o] o]
OEt Pd catalyst EtO
BocHN\/f:rS + RBFK m’ )Rj\/NHBoc
202 2 203
R=Ph, PhCH,, Ph 31-81%
hant:
Scheme 70.

Wu and co-workers”” reported the palladium-catalyzed
cross-coupling reaction involving alkenyl tosylates 204
(coumarins or quinoline derivatives) and potassium aryltri-
fluoroborates 11 (Scheme 71). The coupled products 205
were produced in good yields. Recently,”® the same authors
reported the first example of a rhodium-catalyzed Suzuki—
Miyaura reaction between the same substrates described
above (Scheme 71).

4.1.14. Ene-Allenes. Allenes are becoming increasingly im-
portant as synthetic targets, both in natural products and in
other biologically active compounds. In this way, various
chiral ene-allenes 207 were synthesized by an analogous Su-
zuki—-Miyaura reaction with alkenyl trifluoroborates 33 and
propargylic carbonates and phosphates 206 (Table 20).7°

197a 197b

major minor
2.3t05.7:1
41-64%

OTs Ar
iorii
C\i + ABFK —— 0 C\i
o)

xS0 X
204 " 205
X =0, NCH; 42-99%

Ar = Ph, 4-F-Ph, 4-Me-Ph
i = Pd(PPhs) (5 mol%), THF, KF, 50 °C, 12 h
ii = RhCI(PPhg)s (2 mol%), dppf (2 mol%), KoHPO,
toluene, 80 °C, 12 h
Scheme 71.

Table 20. Suzuki—-Miyaura reaction of alkenyl trifluoroborates 33 and prop-
argylic carbonates and phosphates 206

PQ Pd(PPhs), cat. _f
Y — D3 NaHCO

pry’ LR THF/HZ0, r.t. rRt R
R'" 206 33 Ph R 207

Entry R R' P R? Yield (%)

1 Ph Me CO,Me n-CsH7 84

2 Ph H CO,Me H 70

3 H H  P(O)OEt), (CH,);CN 56

4 Ph Me CO,Me (CH,);CN 76

5 H Me CO,Me (CH,);CN 71

6 H Me CO,Me (CH,),OH 63

7 H Me CO,Me (CH,,N(Bn), 53

8 H Me CO,Me (CH,);CHO 19

9 H H  CO,Me (CH,),OTBS 74

10 (CH,);C1  Me CO,Me H 69
H Me CO,Me (CH,),SPh 73
12 n-CgH, H  CO.Me (CH,);SO,Ph 60

Many functional groups were tolerated by the reaction such
as nitrile, protected and unprotected alcohols, amines, chlo-
rides, and sulfur-containing substrates. Other classes of tri-
fluoroborates were investigated, such as aryl, alkynyl, and
alkyl, but only the aryltrifluoroborate coupled to generate
the allene in the optimized conditions of the reaction, lead-
ing to the product in 26% yield and 80% ee.

The authors suggested that the observed racemization was
probably due to an initial rapid formation of allene possess-
ing high ee followed by a prolonged period in which little or
no additional product was formed and racemization of the
product occurred.

4.2. Other metal-catalyzed reactions

4.2.1. Ketones. The conversion of aldehydes into ketones is
a very important process in organic synthesis. A recent
report®® presented a catalytic cross-coupling reaction of
aryltrifluoroborates 11 with arylaldehydes 208 to afford
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a great variety of diaryl ketones 209 (Scheme 72). The
Heck-type reaction was catalyzed by a rhodium catalyst
([Rh(CH,CH,),Cl],) in presence of a phosphine.

o O
i orii
Arl )J\ H * ArBF3K R Ar' )J\Ar
208 1 209
73-97%

Ar = Ph, 3-Br-Ph, 3-F3C-Ph, 2-Me-Ph, mesityl.
Ar' = 4-MeO-Ph, 2-MeO-Ph, 4-F-Ph, 3-HO-Ph,
2-furanyl, 2-thienyl, 4-HO-3-MeO-Ph.

i = [Rh(CH2CH3),Cl], (1.5 mol%), P(t-Bu)s, toluene/acetone/water, 80 °C.
i = [Rh(CH2CH3),2Cl], (1.5 mol%), P(t-Bu)s, 1,4-dioxane/acetone, 80 °C.

Scheme 72.

Good to excellent yields were obtained with several substi-
tution patterns on the reaction partners. The coupling of het-
erocyclic aldehydes works well, but aliphatic aldehydes
failed to react under these conditions.

The authors proposed a mechanism, which seems to involve
atransmetalation of the organometallic reagent to rhodium(I)
complex, followed by insertion of the aldehyde into the aryl-
rhodium(I). B-Hydride elimination from the generated alk-
oxorhodium(I) complex, which would release diaryl ketones
and a rodhium(I) hydride species is depicted in Scheme 73.

)o]\ [Rh—0O Ar—BF3K
f H(D) ROBF3K
[Rh]-H(D) [Rh]-Ar
o]
Ar1)J\Ar /_k Ar, H(D) )OJ\
>LAr1 Ar'” TH(D)

[Rh]—O

Scheme 73.

4.2.2. Cross-coupling reaction with Baylis—Hillman
adducts. The cross-coupling reaction of potassium organo-
trifluoroborates 2 with acetates of Baylis—Hillman adducts
210 was developed using palladium catalyst and methanol
as the solvent at room temperature (Scheme 74).8! The reac-
tion proceeds readily in moderated to excellent yields in the
presence of Pd(OAc), and no additional base or ligand is
required.

(0]

R OMe
Z =CO,CH3
—

OAc Z‘ﬁl
z Pd(OAc),
R + RBFgK —————

E-isomer
yield: 48-87%

RITSNYTOR

R = aryl, alkenyl R’ = alkyl, aryl CN
212

Z-isomer

yield: 81-87%

MeOH, r.t.

210 2 Z=CN

Scheme 74.

3-Acetoxy-2-methylenealkanoates react with a variety of po-
tassium organotrifluoroborates to provide (E)-2-substituted
2-alkenoates 211. The reaction of 3-acetoxy-2-methylene-
alkanenitriles provides (Z)-2-substituted alk-2-enenitriles
212. In all cases studied, the stereoselectivity was found to
be >98:2. The reaction seems to be general to potassium tri-
fluoroborates including aryl, heteroaryl, and even sterically
hindered trifluoroborate salts.

In the presence of a rthodium complex, inactivated Baylis—
Hillman adducts 213 react regioselectively with potassium
organotrifluoroborates 2, affording stereodefined trisubsti-
tuted alkenes 214 in good yields (Scheme 75).% This highly
efficient reaction, in aerobic conditions, low temperature,
and in absence of phosphine ligands, is believed to proceed
via a 1,4-addition/B-hydroxy elimination mechanism.

OH

R1 CO2CH3 i R1/TCOZCH3
+ RBF,K
R

213 2 aerobic condition 214

E/Z ratio: 96/4 - 99/1
yield: 44-98 %

R = aryl, alkenyl
R" = CHg, i-C4Hg, n-CgH1g, CeHs, 1-C1oH7

i = [Rh(cod)Cl]> (0.05 - 1.5 mol%), PhCHg/CH3OH, 70 °C

Scheme 75.

The presence of a protic solvent was essential to achieve
high conversion of the starting Baylis—Hillman adduct.
Among the binary mixtures evaluated, a toluene/methanol
mixture proved to be suitable, achieving high yields and iso-
meric ratios (99/1) in favor of the (E) isomer.

4.3. 1,2- and 1,4-Addition reactions

4.3.1. Addition to ketones, aldehydes, and esters. The 1,2-
and 1,4-additions of organometallic reagents to unsaturated
carbonyl compounds are some of the most important and
versatile reactions in organic synthesis.?* Trivalent organo-
boronic acids can efficiently add to unsaturated substrates
in the presence of catalytic amounts of rhodium catalysts.3*

In the presence of phosphine ligands, asymmetric versions
have been developed. Batey et al.®> demonstrated that potas-
sium organotrifluoroborates 2 participated in rhodium-cata-
lyzed 1,2- and 1,4-additions to aldehydes 208 and enones
216 (Scheme 76).

(0] Rh(acac)(CO), OH
R1J\H * RBFK ~opb, dppf or PhgP RITNR
208 2 DME/H,0, 80 °C 215

R = alkenyl, aryl R'=alkyl, aryl Yield: 71-88%

o o)
R Rh(acac)(CO), R
) | .7 RBFK " ‘dppbor PhgP
R® R CH3OH/H,0, 50 °C RER
216 2 217
R',R2=(CH,)3 R®=H, CgHs Yield: 59->99%
R'=H, CHs R = alkenyl, aryl
Scheme 76.
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In this work, good yields of 1,2- and 1,4-addition adducts 215
and 217 were obtained in the presence of catalytic amounts of
Rh(acac)(CO), and a bidentate ligand. Moreover, it is impor-
tant to note that the reaction proceeded faster and with higher
yields when organotrifluoroborates were used in the place of
the corresponding boronic acids under identical conditions.
The greater reactivity of organotrifluoroborates in this rho-
dium-catalyzed reaction presumably reflects the more facile
transmetalation to form the active Rh-R species.

Recently, Miyaura and co-workers®® reported a palladium-
catalyzed 1,4-addition of aryltrifluoroborates 11 to enones
216 (Scheme 77). The reaction was carried out in presence
of dicationic palladium(II) complexes 218a or 218b and
the addition products 219 were obtained in good yields
and high enantioselectivities exceeding 95% ee.

0 o)
R 218a or 218b R
- | - * ArBFsK CH30H/H,0
R27V'R3
216 1 Al
219
Yield= 22-99%
ee=78-97%

Ar= Ph, 4—MeOCeH4, 3—MeOCeH4, 3—MeC6H4, 4-CF3C§H4, 3-FC6H4
216= 2-cyclopentenone, 2-cyclohexenone, 2-cycloheptenone,

[0} o
n-CsH11M’ n_CSHﬂ/MPh‘ Ph/\/lz

Ph Ph__Ph
MeO _p~ R _NCPh
[ L NOPh | (sbFg), I Pd’ (SbFe),
P., NCPh P NCPh
pr ph Ph
MeO
218a B 218b

Scheme 77.

A recent study reported the synthesis of carbinol derivatives
220 via rhodium-catalyzed addition of potassium organotri-
fluoroborates 11 to aldehydes 208 (Table 21).8” The addition
products were obtained in high yields under mild aqueous
conditions.

The reaction was demonstrated to accommodate both elec-
tron-rich and electron-poor aldehydes. In this methodology
the reaction is compatible with the presence of various func-
tionalities.

Genét et al.®® demonstrated that potassium aryltrifluorobo-
rates 11 can be used to generate B-aryl carbonyl compounds
222 through the enantioselective, rhodium-catalyzed conju-
gate addition to enones (Scheme 78). It was observed that in
some cases the reduction of potassium aryltrifluoroborate
into the corresponding arene is a competitive process.

The use of (R)-BINAP affords preferentially the (R)-enantio-
mer, while (S)-BINAP affords the (S)-enantiomer. The enan-
tioselectivity of the reaction proved to be dependent on the
temperature and the solvent.

Table 21. Synthesis of carbinol via rhodium—catalyzed addition of potas-
sium organotrifluoroborates 11 to aldehydes 208

(0} x OH
)J\ . AFBF3K [Rh(CHzCHz)zC”z/ t BU3P
Ar'” "H PhMe/H,0, 40-60 °C A A
208 1 220
Entry Ar Ar' Yield (%)
1 Cg¢Hs 4-MeOC¢Hy 97
2 CgHs 4-NO,CgH, 96
3 4-MeOCeH, 4-CF3;CHy 96
4 CgHs 4-BrCeHy 94
5 4-CIC¢H4 4-FCgHy 95
6 CgHs 2-MeOCg¢Hy 99
7 CeHs 3-HOCeH, 99
8 CeHs 2-Furanyl 96
9 3-Thienyl 4-FC¢H,y 97
10 1-Naphthyl 2-Thienyl 71
o Rh(cod),PFg A o
(R)- or (S)-BINAP
ArBF3K  + R1/\)J\R2 toluene/H,0 (4:1) R1)\/U\R2
1 221 reflux 222
(e} (e} o
Ph O
Ph ‘Ph ‘Ph
99% yield  99% yield 99% vyield 99% yield
99% ee 98% ee 95% ee 92% ee
O (6] (0]
£j© . 0 ’
MeO OMe
75% yield 97% yield 95% yield
94% ee 90% ee 97% ee
(o}
90% yield
98% ee
Scheme 78.

Under the same reaction conditions described above, Genét
and co-workers® reported the first use of potassium organo-
trifluoroborates 2 in a rhodium-catalyzed asymmetric 1,4-
addition to o,B-unsaturated esters 223, extending the scope
of this reaction (Scheme 79).

[Rh(cod),]PFg (3 mol%) R’

;
RN ScoR? + RBFK (RYyBinap (3.3 mo%) CO.R?
-Binap (3.3 mol% R
223 PhMe/H,0, 110 °C 224
Yield: 50-98%
e.e.: 84-96%

R= CeH5, 3—MeOCsH4, 3-BI’CGH4, 3-C|C(3H4, 4-CF3CSH4
R1 = CH3, CzH5, n-CgH7, n-C5H11
R? = CHj, C,Hs, i-C3Hyz, CH,CgHs

Scheme 79.

Using standard conditions, that is, cationic rhodium complex
in the presence of (R)-BINAP as chiral ligand in a biphasic
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solvent (toluene/water), the authors showed that the 1,4-ad-
dition reaction of potassium organotrifluoroborates with
a,B-unsaturated esters 223 proceeds smoothly, affording
the expected adduct in high yields and good to excellent
enantiomeric excesses.

Recently,” the use of phosphoramidite ligands in the rho-
dium-catalyzed asymmetric conjugate addition of potassium
organotrifluoroborates to enones was reported (Scheme 80).

0 O
Rh(acac)(eth), (4 mol%)
+ RBF3K L (10 mol%) R
n EtOH "
226 2 reflux, 2-6 h 227
=0
R
O. /
P-N,

(0] 0 0 (0]
= = Ph Ph
99% yield 71% yield 74% yield 99% yield
88% ee 72% ee 71% ee 99% ee
(o} o (e}
%/OMe %\ cl
100% yield 99% vyield 98% vyield
98% ee 98% ee 99% ee
Scheme 80.

By screening of a homologous series of phosphoramidite
ligands 225, using the monodentate ligand combination ap-
proach, the authors discovered a highly efficient catalyst for
the asymmetric conjugated addition of alkenyltrifluoro-
borates (up to 88% ee) and aryltrifluoroborates (up to 99%
ee) to enones 226.

By this methodology a library of chiral monodentate phos-
phoramidite ligands was rapidly obtained and screened in
asymmetric C—C bond forming reactions using an automated
parallel protocol.

The rhodium-catalyzed tandem conjugate addition—proton-
ation of potassium organotrifluoroborates 2 to dimethyl itac-
onate 228 in the enantioselective synthesis of 2-substituted
succinic esters 229 was reported by Moos et al. (Scheme
81).°'The products 229 were obtained in excellent yield
and reproducible enantioselectivity. High temperature is es-
sential for enantioselectivity; attempts to lower the reaction
temperature resulted in racemic mixtures.

Recently Marinelli et al.®? reported the synthesis of quino-
lines 232 by the sequential rhodium-catalyzed regioselective
addition of potassium aryl- and vinyl trifluoroborates to

Lco Me+ RBFK 1 o Y
MeO,C ? : }vco Me
MeO,C 2

228 2
i = [Rh(cod),]PFe (3 mol%), (R)- or (S)-BINAP( 6.6 mol%),
benzene/H,0 (20:1), 110 °C

Ph\g Ph P
/:\/C02Me j\/COZMe /j\/
MeO,C MeO,C MeO,C CO,Me
yield: 51% (R) yield: 51% (R) yield: 80% (S)

ee: 46%

:68% 82% (S)
e ce: 64% (R), (S)

Me0\©\ Ac

/Q/ Br/©\
CO,M
MeO,C 2Y€ Me0,C

COzMe
M
MeO,C COMe
ield: 89% (R ield: 75% (R .
ve 930/{? ((S)) YO oo 53)) vield: 80% (R)
ee: 62% (R) ee: 48% (R) o ggo/f ((,:j))
0, 0, .
93% (S) 46% (S) oo o)
Scheme 81.

B-(2-aminophenyl)-a,B-ynones 230 followed by nucleo-
philic attack of the amino group onto the carbonyl (Scheme
82).

o]
R1
R2 Z R2 R
Rh(acac)(C,H,) - 0]

+ RBFK ———— 1

NH, phosphine NH

R3 solvent, 80-100 °C 2
230 2 R 231

R= 4-FCGH4, 4-CH3C6H4, (E)HC=CHCBH5, 3—thienyl

2-furanyl, 3-CHa(O)-CgHa, H0
R1= 2,4-(CH3)206H3, 4-CH3OC6H4, 4-CH3(O)—CsH4,

1-Naphthyl, 3-CF3CgH4, 2-CH30CgHa
Rz, Rs =H,F R2 N
phosphine= dppf, dppb
solvent= dioxane/H,0 (10:1), EtOH/H,0 (95%) N7 OR!

R® 232

Scheme 82.

The quinolines 232 were isolated in moderate to high yields,
and the methodology tolerates both electron-withdrawing
and electron-donating substituents on the a,B-ynone and
organotrifluoroborate moieties.

a-Amino acids are important building blocks, particularly
for combinatorial chemistry and drug discovery. The synthe-
sis of a-amino acids involving carbon—carbon bond forma-
tion by Michael addition to dehydroamino acid derivatives
is a methodological alternative that has only been explored
to limited extent.

Recently, Genét et al.” reported the development of a highly
effective rhodium-catalyzed 1,4-addition of aryltrifluoro-
borates 11 to dehydroamino esters 233 (Scheme 83). The
authors selected cationic [Rh(cod),]PFg¢ as a rhodium source
because it has proven to be highly effective in carbometala-
tion processes of organotrifluoroborates with enones®® and
esters®® (Scheme 83).
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NR2R3 ABEK [Rh(cod),]PFg/dppp (3 mol%) A, NR?R®
+
CoRT T PhMe/H,0 (20:1), 110 °C CO.R!
233 1 234
R = Me, Et 70-98%
R2 = H, Pht

R3 = Ac, COCF3, Boc, Pht, CBZ
Ar = 2-MeCgHy, 3-MeOCgHg4, 3-CICgH4, 1-naphthyl, 2-naphthyl

Scheme 83.

Under these conditions, the 1,4-addition reaction allowed the
formation of various alanine derivatives in good to high
yields (up to 98%); however, no enantioselectivity was
observed.

In another study,94 the same authors described the enantio-
selective tandem conjugate addition of organotrifluoro-
borates 2 to N-acylamidoacrylate 235 mediated by a chiral
rhodium catalyst in presence of a chiral ligand together
with in situ protonation by using an achiral phenol derivative.
This methodology furnished a variety of amino acids deriva-
tives 236 in good to excellent yields (Scheme 84).

NHA “
© . RerK _ [Rh(CodRlPFedpo v, NHae
235 2 &0 201, 236
ph” NHAC  MeO. -~ NHAc NHAc
COzMe \©/ CO,Me COzMe
yield: 89% yield: 89% yield: 88%
ee: 89.5% ee: 89.5% ee: 86.5%
,,,,,, NHAc w, _NHAC - NHAC
O e Y o T e
e M 2
E 2 Br COzMe
yield: 82% yield: 75% yield: 68%
ee: 83% ee: 81% ee: 81%
Scheme 84.

The highest ee values were obtained using (R)-BINAP as the
chiral ligand, guaiacol as a proton source, and toluene as the
solvent. A great variety of aryl alanine derivatives were ob-
tained in good yield by this tandem carbometalation—enan-
tioselective protonation process. Enantioselectivity ranging
from 81% to nearly 90% ee was generally obtained.

The addition of crotyl and allylorganometallics to carbonyl
compounds is of great importance in organic and combina-
torial syntheses. Carbonylic compounds react with a variety
of allylmetal compounds to give homoallylic alcohols.”
Batey and co-workers!'!” reported the addition of potas-
sium allyl- and crotyltrifluoroborates 237 to aldehydes 208
in presence of Lewis acids to afford the homoallylic alcohols
238 (Scheme 85).

Generally, high yields were obtained with a wide variety of
aliphatic and aromatic aldehydes in very fast reactions. The
crotylation reaction was demonstrated to be very diastereo-
selective, where the syn diastereoisomer was preferentially
obtained with potassium (Z)-crotyltrifluoroborates and the

ﬂ\ . JR:/\ BF, Et,0 H
RUTH RNk CHiCl, -78°C RSN
RZ 'R
208 237 238

yield: 74-96%

R'= n-C7H15, CgHs, 4-MeOCgHy4, 4-NO,CgH4
d.r. 96:4- 98:2

R2,R3 =H, CH3

Scheme 85.

anti product was obtained when (E)-crotyltrifluoroborates
were employed.

High diastereoselectivity was also observed in the allylation
of aldehydes bearing an o- or B-stereogenic center.”> When
the (Z)-crotyl reagent was added to a-TBSO-substituted
aldehydes 239, the anti product 240 was obtained in anti/
syn 90:10 to 95:5 ratio (Scheme 86). However, the diastereo-
selectivity was lower when (E)-crotyltrifluoroborate was
used.

O R! OH
% NN BF,Et,0 R’
U —

H SUBFK CHoCl, it : S

239 155 240
R'=Me, Ph yield: 73-85%

syn/anti 10:90-5:95
Scheme 86.

The allylation and crotylation of aldehydes 208 can also be
conducted in aqueous biphasic medium (CH,Cl,/H,0) in the
presence of a phase-transfer catalyst (PTC), without neces-
sity of a Lewis acid (Scheme 87).°7-%8 The yields and the dia-
stereoselectivity of the reaction under these conditions were
comparable with the results of Lewis acid-catalyzed proto-

cols,'%3 with slight improvement.
j)\ R2 OH

+ n-BugNI )\(\

1 )\A —_— 1 < X
RETH R BFSK CHClH0,rt R g2 gs

208 237 238

] yield: 94-99%

R' = n-C7H1s, CgHs, 4-MeOCgHa, 4-NO2CgHs  d.r. 30:70-98:2
R2,R3 =H, CHs (syn:anti)

Scheme 87.

The (E)-2-alkoxy-3-substituted allyltrifluoroborate salts 48
can be converted into homoallylic alcohols in high yields
and excellent diastereoselectivity by reaction with 4-nitro-
benzaldehyde 241 in the presence of tetra-n-butylammonium
iodide (Scheme 88).2” A multicomponent reaction was also
tested involving allylboration of reaction of the 4-nitro-
benzaldehyde in the presence of BF;3-Et;,O (30 mol %) at
room temperature without isolation of the boron intermedi-
ate, furnishing the corresponding homoallylic alcohol 242
in good yield.

4.3.2. Amides. Potassium aryltrifluoroborates 11 can be
used to generate chiral B-arylamides 244 via rhodium-cata-
lyzed asymmetric 1,4-addition to o,B-unsaturated amides
243 (Scheme 89).°° Using cationic rhodium complex as
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R R'

1% OH
R1
BF3K
48 3 02N
R = Ph (89%) condition A
Ph (81%) condition B

Condition A
R O
242
Condition B
CgH17 (59%) condition B

OAc O 0 o
R%W . Bt
(e} o}

condition A = n-BugNI (10 mol%), 4-NO2-PhCHO 241, CH,Clo/H,0 (1:1)
condition B = i) Pdy(dba)s, toluene, 50 °C.
ii) 4-NO,-PhCHO 241, BF3.Et,0, 2 days, r.t.

Scheme 88.

catalyst precursor, [Rh(cod),]PFg, in the presence of (R)-BI-
NAP as chiral ligand in a biphasic solvent mixture (toluene/
water), high yields and enantiomeric excesses were
achieved.

o [Rh(cod),]PFg Ar O
+ ABFK ————— :
H3C/\)J\NHR1 ? (R)-BINAP H3C/\)J\NHR1
243 11 PhMe/H,0, 110 °C 244
yield: 81->99%
R' = i-C3H7, CH,CgHs ee: 86-95%

Ar= CE;H5, 4'CF3CBH4, 3—MeOCeH4, 3-C|C6H4, 4-C|CeH4,
4-MeOCeH4, 2-C10H7

Scheme 89.

In the present reaction, addition of base did not show any
influence on conversion, whereas it generally resulted in
a dramatic decrease in enantioselectivity.

4.3.3. Imines and iminium species. Homoallylic amines
246 were prepared in high yields and excellent diastereo-
selectivity via allylation and crotylation of aliphatic, aro-
matic, and heterocyclic N-tosylimines 245, employing
potassium (Z)- and (E)-crotyltrifluoroborate 237 in presence
of BF3-Et,0 (Scheme 90).!% The use of (Z)- or (E)-crotyl-
trifluoroborates led, respectively, to the anti or syn products.

Ts Ts~
JNl\ R? BF 3 Et,0 (10 mol%) NH
—_—
R"SH © st\ﬂBFSK CH,Cl, R1J§(\
245 237 R® k3
246

Yield:64-99%
(syn:anti) <2:98 to >98:2

R1 = n—C4H9, t—C4Hg, C-CE;H11, C6H5, 4-CH3C6H4, 2—furany|
R2,R3 = H, CH3

Scheme 90.

Recently, Szabé et al.!°! reported the synthesis of homo-
allylic amines 249 by the palladium pincer-complex 247
catalyzed allylation of tosylimines 245 by potassium tri-
fluoro(allyl)borates 248 (Scheme 91). By this methodology
a wide range of functionalized tosylimines can be allylated

in good to excellent yields and under mild reaction condi-
tions. The reaction was compatible with functional groups,
such as ketone, nitro, acetals, and nitrile.

N/Ts Ts
N+ Rk PAIGmn) N
R "H DMF R N
245 248 249
66-95%

R1= C6H5, 4-MeCeH4, 4-NCCsH4, 4-02NCGH4,
(E)-CeHsCH=CH, 2-Naphthyl,
3,4-CH20205H3, 4-MeOCCGH4, furanyl

[Pd] =
0 0 247
PhoP— Pd—PPh;
OCOCF;

Scheme 91.

Mannich reaction is one of the most versatile methods to ob-
tain secondary and/or tertiary amines by a three-component
reaction. When one of these three components is an organo-
boron compound, the reaction is called Petasis reaction. 02
The first example of Petasis reaction involving organo-
trifluoroborates was described in 2000.'% The reaction
between heterocyclic aldehydes 250, morpholine, and (E)-
styryltrifluoroborate 183 in presence of trimethylsilyl chlo-
ride afforded the corresponding vinylamines 251 in low
yields (Scheme 92).

- ®
i 0 NH N
Ph/\/BF3K l A Hi_»ph X | X
R! _-N Me3SiCl N_ .
183 250 R? 251 R2
R'= H, CO,Me 28-54%
=N, 2!
R2= H, Br, OMe
Scheme 92.

Propargylamines 254 were efficiently prepared by the reac-
tion of potassium alkynyltrifluoroborate 16, aldehyde 252,
and a secondary amine 253 in the presence of benzoic acid,
using an ionic liquid such as butylmethylimidazolium tetra-
fluoroborate (BmimBF,) (Table 22).!%* Interestingly, when
a silyl group was attached to the alkyne, this group was re-
moved under the reaction conditions (entry 10, Table 22).

The proposed mechanism suggests that initial formation of
an iminium ion B is followed by coordination of the borate
species with the phenolate oxygen, forming an intermediate
C, which produces the propargylamine D (Scheme 93).

Tertiary amines 255 were prepared in good yields by the
three-component Petasis reaction using potassium organo-
trifluoroborate salts 2, aldehydes 208, and secondary amines
253 in the presence of BF;-Et,0 (Scheme 94).!03

It was observed, in general, that electron-rich aryls, hetero-
aryls, and vinyltrifluoroborates were successful nucleo-
philes, giving the desired products 255 in good yield,
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Table 22. Petasis reaction involving potassium alkynyltrifluoroborates 16

NR;
R BF3K CHO BmimBF, 2
16 | PhCO,H (1eq.) | X T
+ o R
X// OH 80°C, 20 h X/ Z~oH
RoNH
253 252 254
Entry R Amine X Yield (%)
1 I’l-C4H9 (PhCHz)zNH H 81
2 n-C4Hy e} NH H 76
\__/
3 l’l-C4H9 (e} NH 3-Me 63
\__/
4 I’l-C4H9 (@] NH S—Cl 53
\_/
5 Cg¢Hs o} NH 5-NO, 79
\__/
6 Cg¢Hs (PhCH,),NH H 81
7 4-MeCgHy o NH 5-NO, 78
8 t-C4Hy (e} NH H 72
\__/
9 1-Cyclohexenyl NNH H 58
10 Me;Si (e} NH H 55
\__/
+
NR',
CHO  NRY,
— H
PhCO,H
OH  H0 OH
A B
lR BF 3K
N
NR', NR',
H R
A R<7 = =z
OH 0PN p
D [of F
Scheme 93.

while electron-poor aryltrifluoroborates resulted in low
yield, making addition of catalytic or stoichiometric acetic
acid necessary to increase the yield. The authors also verified
that only aldehydes containing a or ortho activating groups
underwent this reaction.

Hemiaminal derivates of fluoroaldehydes 256 were em-
ployed as an iminium source to react with (E)-styryltrifluo-
roborate salt 183 in the presence of BF3-Et,0 as Lewis acid
to afford a-substituted a-(fluoroalkyl)amines 257 in good
yield (Scheme 95).10¢

4.4. Halogenation of organotrifluoroborates

Aromatic, vinyl, and alkynyl halides are very important and
useful tools in organic synthesis, as well as in medicinal and
pharmaceutical research. The main method to obtain organic
halides is the use of organometallic reagents, but their use is

2
RZ. Q' 4)toluene, 90 °C-ri. E <
—_—T .
rReNH R TH T2)RBFAK, BF4Et,0 R3 e
r.t.- 90 °C R
253 208
Ph

N

&

{f

81 % 75% 58%
Ph Ph
)
L,
S
}! |
CO,Me
86% 91% 95%
Scheme 94.
Ph

OSiMes BF; Et,0 =
X BF3K + — 2T
PR~ RH\N/\ CHCly, T.t.
RN

L_NBn 257 ()\an

183 256
R'= CF3, CCIF,, CF3CF, 75-85%
Scheme 95.

somewhat restricted due to the high reactivity and toxic
properties of many of the reagents. In this context, potassium
organotrifluoroborate salts have proven to be versatile inter-
mediates in organic synthesis.

Aryl- and heteroaryltrifluoroborates can be rapidly con-
verted into aryl and heteroaryl iodides regioselectively under
mild conditions using sodium iodide in the presence of
Chloramine-T to afford the products in good to excellent
yields (entries 1-4, Table 23).'%7 The method tolerates a
wide variety of functional groups, and sterically hindered
aryltrifluoroborates readily react at room temperature.

Under similar conditions vinyl- and alkyltrifluoroborates can
also be iodinated in excellent yields, extending the scope of
this reaction (entries 5—12, Table 23).'% The method toler-
ates a wide variety of functional groups and affords the prod-
ucts in excellent yields.

The stereochemistry of the alkene is retained, which pro-
vides ready access to a variety of (E)- and (Z)-vinyl iodides.
The reaction is also suitable for the preparation of 1-iodoal-
kynes. This was the first report of alkynylboron derivatives
being used as precursors to iodoalkynes.

The same authors have reported ! that by simple change of
Nal for NaBr in the protocol described above, it is possible to
obtain aryl, alkenyl, and alkynyl bromides 258 (Table 23).
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Table 23. Halogenation of organotrifluoroborates 2

NaX
Chloramine-T
RBFK —— = RX
) THF/HO (1) jeg
Entry RBFz;K 2 X Yield (%) Ref.
1 C¢HsBF;K LBr 90,76 107, 109
2 4-MeOCeH,BF;K LBr 94,87 107, 109
3 2,6-(Me),Cg¢H;BF;K 1, Br 84, 83 107, 109
5 3-ThienylBF;K I, Br 83, 65 107, 109
BF3K
6 o~ 8 LBr 85,92 108, 109
7 P BFK LBr 95 89 108, 109
BF3K
8 = I, Br 90, 90 108, 109
4-CI-Ph/\/ I
10 = s I, Br 91, 72 108, 109
n-C7H45
11 Ph—=——BF3K I, Br 96, 87 108, 109
13 O%BF;;K I, Br 94, 78 108, 109
14 CI(CHp)3—=—=—BF3K I, Br 94,79 108, 109
15 n-CgHiz—=—=—"BF3K I, Br 95, 79 108, 109

All the features observed in the iodination apply to the bro-
mination, such as good yields, retention of stereochemistry,
and mild reaction conditions.

The halogens have great potential in radiopharmaceutical
design because of their ready availability and chemical reac-
tivity. The preparation of high specific activity, no-carrier-
added radiohalogenated agents has become increasingly
important in nuclear medicine imaging.

Recently, the use of organotrifluoroborates as precursors
to radioiodinated agents was reported by Kabalka and
Mereddy.!'® The authors describe a rapid, facile, and high
yield synthesis of high specific activity iodine-123 labeled
aryl and vinyl iodides (entries 1-8, Table 24) and alkynyl
iodides (entries 912, Table 24)!!! from the corresponding
organotrifluoroborates.

The iodination of aryltrifluoroborates containing electron-
donating substituents is rapid and efficient, whereas those
containing electron-withdrawing groups require longer reac-
tion times. The presence of a nitro group effectively inhibits
the reaction. Iodination of vinyltrifluoroborates proceeds
with retention of stereochemistry, providing ready access
to a variety of (E)- and (Z)-vinyl iodides. The radiochemical
purity of the products was typically >98% and the overall
radiochemical yields generally exceeded 75%.

A straightforward radiobromination procedure for the con-
struction of radiobrominated alkenyl and alkynyl bromides
using organotrifluoroborates was recently reported by
Kabalka et al. (entries 5—12, Table 24).'12

Bromination of alkenyl trifluoroborates proceeds with reten-
tion of configuration, providing ready access to a variety of
(E) and (Z) alkenyl bromides. The radiochemical purity of
the products typically exceeds 98% and the overall radio-
chemical yields are good.

Table 24. Radiohalogenation of potassium organotrifluoroborates 2

NaX
R-BF3K —_— R_Xlabelled
Peracetic acid 9

THF/H,O (1:1)

Entry RBF;K 2 X Yield (%)  Ref.
1 C¢HsBF;K 1231 75 110
2 4-MeOCgH,BF;K 1231 88 110
3 2,6-(Me),C¢H3BF;K 21 79 110
4 3-ThienylBF;K 1231 62 110
BF3K
5 o~ 8 1231 76 83,70 110, 112
6 P BFK P, %Br 78, 69 110, 112
BF3K
7 = 1231 75Br 86, 65 110, 112
4-CI-Ph/\/
BF3K
8 =73 123 76p; 58,48 110, 112
n-C7Hq4
9 Ph—=——BF;K 1231 76Br 92, 80 111, 112
13 Q%B&K 21, Br 90, 64 111, 112
14 CI(CHp)s—=—BF3;K '?L, *Br 91, 76 111, 112
15 n-CgHig—=—BFsK '], "°Br 88, 81 111, 112

4.5. Total synthesis

4.5.1. Oximidine II. Oximidine II exhibits an important se-
lective cytotoxicity at ng/mL levels for ras and src oncogene
transformed cells. The biological inhibition was found to
affect the cell cycle at the G1 phase. In the synthesis of the
intermediary 262 necessary to obtain the oximidine II was
proposed a macrolactonization route, involving an initial
intermolecular cross-coupling reaction between the vinyl
bromide and the potassium vinyltrifluoroborate 261 (Scheme
96).!1% The corresponding potassium vinyltrifluoroborate
was generated by the selective hydroboration of the terminal
alkyne using Snieckus’ reagent, i-PP,BH. The resulting orga-
noborane was converted directly into the corresponding
potassium trifluoroborate 261, isolated in virtually quantita-
tive yields.

OBn OBn
TBDMS\O (e} 5\(/\ OH O iﬁ/\
C& OMOM  (a) _ Jv\ io OMOM
N H ) \Br | b \Br
260 BRK 1
(a) = i) 2,5-dimethylhexa-2,4-diene, BH;.DMS, THF, 0 °C, (b)

then H,0, then ag. CH,0.
ii) KHF,, acetone, MeCN, H,0, rt.

(b) = Pd(PPhgz)4, CsoCO3, THF/H,0 (10:1)
1mM, reflux, 42 %

Scheme 96.

4.5.2. Trityrosine and pulcherosine. Cross-linked tyrosine
oligomers are present in many natural peptides and proteins.
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They are associated with some diseases and disorders, such
as Alzheimer’s and Parkinson’s diseases, atherosclerosis and
cataract formation. Due to these facts the synthesis of these
compounds becomes a target of attention of several organic
and medicinal chemists.
Recently, Hutton et al.!' reported the synthesis of two
trimers of tyrosines 263 and 264 (Fig. 1) and it was based
in the Suzuki cross-coupling reaction involving organotri-
fluoroborates.

The crucial step to obtain the trityrosine 263 was the
palladium-catalyzed cross-coupling reaction of 3,5-diiodo-
L-tyrosine derivative 266 with 2 equiv of the tyrosine
trifluoroborate 265 in THF/H,O to afford the protected tri-
tyrosine 267 in 67% yield (Scheme 97).

Potassium tyrosine-3-trifluoroborate salt was synthesized in
quantitative yield from the corresponding pinacol boronate
derivative by treatment with potassium hydrogen difluoride.

Using the same approach the pulcherosine 264 was pre-
pared. The treatment of bromo-isodityrosine derivative 268
with tyrosine trifluoroborate 265, triethylamine, and
PdClLy(dppf)-CH,Cl, in i-PrOH/H,O mixture as solvent
afforded the protected pulcherosine 269 in a moderate yield,
32% (Scheme 98).

Re \J_j@/\“\\NHQ /@/\N\NHz
HO COH , ;efo CO,H

263 264
trityrosine pulcherosine

Figure 1. Tyrosine oligomers.

CbzHN_CO2Bn

| :
CBzHN._CO,Bn HOD/ZGG
i
KF3B]©/‘
BnO

PdC|2(dppf).CH2C|2, KQCO3 =

THF/H,0
reflux, 26 h
265
CbzHN.__CO,Bn
BnO I
BnO,C OH
J“ rNHCbz
CbzHN™ ™
O COan
267 BnO
Scheme 97.

4.5.3. (—)-Tetrahydrolipstatin. Tetrahydrolipstatin 273,
the saturated form of lipstatin, works as a trigliceryde mimic
and is a potent and irreversible inhibitor of pancrease lipase,
a consequence of an irreversible reaction with the B-lactone.

Several total syntheses of this target were done and recently
a new approach employing an organotrifluoroborate was
reported using the addition of potassium (2E)-nonenyltri-
fluoroborate 271 to a B-substituted aldehyde 270 in the
presence of n-BuyNI in a biphasic medium (CH,CIl,/H,0).
This reaction provided a 3:1 mixture of 1,2-anti-2,4-anti
and 1,2-anti-2,4-syn diastereomers 272 (Scheme 99).%8

4.5.4. Cryptophycins. Cryptophycin 274 (Fig. 2) is a family
of natural, synthetic, and semi-synthetic macro- and acyclic
depsipeptides that have attracted considerable attention re-
cently due to their clinical potential and pharmacological
properties. These features, and the low natural abundance
of cryptophycins have made them a target for total synthesis.

Lautens and Maddess''> reported the application of bis-
homoallylic alcohols 276, obtained by the enantioselective
allylation of in situ formed f,y-unsaturated aldehydes using
the potassium allyltrifluoroborate (Scheme 100),!!¢ for the
synthesis of the fragment A 277 of cryptophycins. In this

CbzHN___CO2Bn
265 BnO,C
B0 Y BnO
BF3K CbzHN
+ a®,
PdCly(dppf).CHzCla, EtsN_ NHCbz
¢O2Bn i-PrOH/H,0 (2:1) Q OH O.Bn
CbzHN i, reflux, 48 h 2
329 269
(6] Br BnO,C
OH NHCbz
268
BnOZC
NHCbz

Scheme 98.
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n-CeHis™ -""BFsK TBSO  on
271 H
n-BugNI (10 mol%) n-CqqHzg A

CH2C|2/H20, 30 min n-CesH
270 (crude d.r.= 75:25) 272 6713

1,2-anti-2,4-anti (68 %)

TBSO

n-Cq1Hz3 H

ITI O
o]
H N
ek
0 i-Bu 5
n-CqqHzs n-CeHis
273
(-)-Tetrahydrolipstatin
Scheme 99.
fragment A
O
O - Cl
fragment D VNLO\@OC%
“2 H
R' R? fragment B
fragment C
274

Figure 2. Cryptophycins.

work, the bishomoallylic alcohols were subjected to modi-
fied Grubs cross-metathesis conditions, affording the respec-
tive products in moderate to good yields.

R3o A~ -BF3K R3 OH
R or R
~ B(I ~ A
R2 R4 /\/ (Ipc)2 R2 R
275 LA THF 276
Y

RG
cat (5 mol%)

4.6. Ring-opening reactions

4.6.1. Epoxide ring-opening reactions. Allyl and crotyl-
trifluoroborates 237 were added to 2-vinyloxiranes 278 to af-
ford secondary alcohols 281 in good yields (Scheme 101).!16
The reaction was mediated by BF;3-Et,O to generate the
intermediate 280, by a typical epoxide rearrangement.

o) ®
@ , 0.9
0.9 .
BF, Et,0 BF, L2 Hshift _ Y BFs
| —= | H
R R

R™ 78 279 280
R1
R=H, Ph, CO,Et RhBF K
R', R?= H, Me 237 ’
OH
R~ PN
R" R
281
65-92%
Scheme 101.

The crotylation reaction proved to be very diastereoselec-
tive. As in the case reported by Batey and co-workers,!!8
the syn diastereoisomer was obtained with potassium (Z)-
crotyltrifluoroborates and the anti product was obtained
when (E)-crotyltrifluoroborates were employed.

Zhang and Che'!” described the regioselective addition of
lithium alkynyltrifluoroborate 284, generated in situ by the
reaction of BF;-Et,O with the alkynyl lithium, to epoxy
tosylates 282, affording the ring-opened intermediate 285,
which is used directly in the next ring-closure reaction to
give the respective internal chiral epoxide bearing a 1,4-
diyne or 1,4-enyne unit 286 (Scheme 102).

4.6.2. Lactone ring-opening reactions. Koutek et al.!!8 de-
scribed the synthesis of functionalized a-alkynones 288 by
the regioselective ring-opening reaction of five-, six-, and

R® OH R s .
R § seven-membered lactones 287 with lithium alkynyltrifluoro-
_ N ; o .
o borates, which are generated in situ by the addition of
2 4 . . .
R® R 277R5 BF;- OEt; to alkynyllithiums (Scheme 103). By this method,
Fragment A several hydroxy substituted a-alkynones 288 were obtained
in high yields, and the reaction was practically insensitive to
Scheme 100. structural variations in the evaluated substrates.
o) & F X THF, -78 °C T . X
TsO, + = S ,-78° =
. LiF-B R’ » |TsO,, Kk/\w
R2 282 284 R2 285
n-BuLi, THF éf—icg?-i
-78 °C, BF3.Et,0 . 30 mim
2N,
O,
283 Z N 1
R'=H, Et, n-Bu, (CH2)20H, (CH2),0THP, TMS, vinyl R

Ry= C1oHa21, C11Hzs,

Scheme 102.

R? 286
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1) n-BuLi, THF o
-78 °C o
R—H - >
2) BF4.Et,0 = T
R R
3) )n 288
R 85-99%
0”0
287

R= CgHs, (CH3),0Bn, CH(Me)OBn, n-Bu, CH,CH(Me)OBn,
CH,CH(Me)OTBDPS

R'=H, Me

n=1,2,3

Scheme 103.

Using this methodology, a two step synthesis of spiroketal
290 was carried out.!'® The hydroxyl o-alkynones 289
were submitted to a palladium-catalyzed hydrogenation/
spirocyclization reaction sequence (Scheme 104).

o) R2
Rl_o 0
OBn OH H,, Pd/C (10%)
Z n 1 atm, rt

Ry o R? aim, )m n

289 290
79-98%

Scheme 104.

4.7. Miscellaneous
4.7.1. Amines. Secondary amines 253 were prepared by

treating the organotrifluoroborate 2 with azido compounds
291 in presence of a Lewis acid (Table 25).!2°

Table 25. Synthesis of secondary amines 253

1) SiCly, Toluene R?
R'-BFgK + R*>N3 ——— N

2)H0 R2”°H

2 291 253

Entry R! R? Yield (%)

1 Ce¢Hs PhCH, 82
2 C¢Hs n-CsHj, 70
3 Ce¢Hs H 73
4 C-C6H1 1 PhCH2 70
5 n-CeH 3 PhCH, 85
6 (8)-n-CeH,3CH(Me) PhCH, 75

The chiral pyrrolidine 293 was synthesized by an intramo-
lecular reaction of an alkyltrifluoroborate bearing an azide
group 292 (Scheme 105).!%° The reaction was realized in
presence of SiCl, and the product was obtained in 77% yield
and 98% ee.

BF:K
Ng Y P N
H

Ph

292 293
Yield: 77%
ee: 98%
i = toluene/acetonitrile, SiCly, 22 °C, 10 h

Scheme 105.

Quach and Batey'?! described the synthesis of arylamines
295 by the cross-coupling reaction of potassium aryltri-
fluoroborate salt 93 with primary and secondary aliphatic

amines and anilines 294 in presence of Cu(OAc),-H,0O
(Scheme 106). In this method, the use of a base or a ligand
was not necessary, and a wide range of functional groups
was tolerated on both the cross-coupling partners.

R’I
1) Cu(OAG),-H,0 (10 mol%) N.
4A'MS R2
BF3K
2) R!
93 Z,N_H 295
R® 204 26-91%
R' = alkyl, aryl
R2 =H, alkyl

Scheme 106.

4.7.2. Ethers. Ethers 297 were prepared by a copper-cata-
lyzed coupling reaction of potassium organotrifluoroborate
2 salts with primary and secondary alcohols 296 under neu-

tral conditions at room temperature (Scheme 107).'%2
1) Cu(OAc)2-H20 (10 mol%)
DMAP (20 mol%), CHaCly
RBF3K > R-O~g!
2 14A ms, r.t., 5 min 297
2)R'-OH, rt, 24 h, O, .
206 30->99%
R = Ph, 4-MeOCgHy, 3-CICgHy4, 4-AcCgHy, 3-thienyl, E-styryl
R = alkyl, aryl.
Scheme 107.

Various alcohols 296 such as phenols, aliphatic, allylic, and
internal propargylic alcohols undergo cross-coupling, and a
variety of functionalities are permitted. The reaction appears
to be quite sensitive to steric effects around the hydroxyl
group. Thus, secondary aliphatic alcohols suffer a decrease
in yield, whereas tertiary alcohols did not react under these
conditions.

Regarding the nature of the organotrifluoroborate salts, it was
observed that electron-rich aryltrifluoroborates give the best
results, whereas electron-deficient salts did not couple.

4.7.3. Chalcogen compounds. Unsymmetrical diarylsele-
nides and tellurides 299 were produced in good yield from
the reaction of potassium aryltrifluoroborates 11 with di-
phenyl diselenide and ditelluride 298, respectively, in pres-
ence of a catalytic amount of cuprous iodide (10 mol %)
using DMSO as solvent (Scheme 108).'%?

Cul (10 mol%)
Ar—BF3;K + PhZZPh ——————> Ar—ZPh

DMSO, 100 °C
11 298 299
Ar= 4-Me Z=Se (88%)
Ar= 4-MeO Z=Se (92%)
Ar= 4-Me Z=Te (67%)

Scheme 108.

5. Conclusion

This review has presented the recent progress in the organo-
trifluoroborate chemistry. These compounds offer enormous
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scope to synthetic organic chemists for the synthesis of tar-
get molecules. Many new methodologies are continuously
developing in this field. In general, they are more reactive
and stable than their boronic acid or ester correspondents.

Their preparation, isolation, and purification protocols are
very easy and employ inexpensive reagents. New interesting
achievements in organotrifluoroborates chemistry can be
expected in the nearest future.
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