CHEMICAL REVIEWS

Subscriber access provided by V. Vernadsky | National Library of Ukraine

Potassium Organotrifluoroborates: New Perspectives in Organic Synthesis
Sylvain Darses, and Jean-Pierre Genet
Chem. Rev., 2008, 108 (1), 288-325 » DOI: 10.1021/cr0509758
Downloaded from http://pubs.acs.org on December 24, 2008

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 27 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Chemical Reviews is published by the American Chemical Society. 1155 Sixteenth
Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/cr0509758

288 Chem. Rev. 2008, 108, 288-325

Potassium Organotrifluoroborates: New Perspectives in Organic Synthesis

Sylvain Darses* and Jean-Pierre Genet*

Laboratoire de Synthese Sélective Organique et Produits Naturels (UMR 7573, CNRS), Ecole Nationale Supérieure de Chimie de Paris,
11 rue P&M Curie, 75231 Paris Cedex 05, France

Contents

1. Introduction 288
2. Preparation of Potassium Organotrifluoroborates 289
2.1. Historical Background—KHF, as Fluorinating 289

Agent
2.2. Potassium Organotrifluoroborates from 290
Isolated Boronic Acids
2.3. Potassium Organotrifluoroborates via 290
Transmetalation Reactions
2.4. Potassium Organotrifluoroborates via 295
Hydroboration
2.5. Potassium Organotrifluoroborates via C—H 295
Bond Activation
2.6. Functionalization of Potassium 296
Organotrifluoroborates
2.7. Transition-Metal-Catalyzed Generation of 298
Allytrifluoroborates
2.8. Properties of Potassium 299
Organotrifluoroborates
2.8.1. Stability—Properties 299
2.8.2. Structures 299
2.8.3. Solubility 300
2.8.4. Characterization 300
2.9. Other Organotrifluoroborates Salts 300
3. In Situ Generation of RBF, and Applications 301
3.1. Dihalogenoorganoborane Generation 301

3.2. K[RBF;] as Stock Reagents for the Clean 301
Formation of Boronate Esters

3.3. K[RBF3] as Intermediate in the Mild 302
Deprotection of Boronate Esters

3.4. K[RBF;] as Lewis Acid Catalyst Precursors 302

3.5. K[ArBF3] in Crystallization-Induced 302
Asymmetric Transformations

3.6. Diastereoselective Allylation Reactions of 303
Aldehydes

3.7. Lewis-Acid-Catalyzed Mannich-type Reactions 303

3.8. Organotrifluoroborates in Secondary Amine 305
Synthesis

4. Reactions of Potassium Organotrifluoroborates 305
with Electrophiles

5. Potassium Organotrifluoroborates in 305
Transition-Metal-Catalyzed Reactions

5.1. Palladium-Catalyzed Cross-Coupling 306
Reactions

5.1.1. Cross-Coupling with Arenediazonium 306
Salts

* To whom correspondence should be addressed. F&83 (0) 1 44 07 10
62. E-mail: sylvain-darses@enscp.fr, jean-pierre-genet@enscp.fr.

10.1021/cr0509758 CCC: $71.00

Received May 11, 2007

5.1.2. Cross-Coupling with Hypervalent 306
lodonium Compounds

5.1.3. Cross-Coupling with Organic Halides and 307

Sulfonates
5.1.4. Cross-Coupling with Organotellurides 313
5.1.5. Applications 313
5.2. Palladium-Catalyzed Allylation of Imines 316
5.3. Copper-Catalyzed Ether and Amine Synthesis 317
5.4. Transition-Metal-Catalyzed Additions to 317
Unsaturated Substrates

54.1. 1,4-Additions to Michael Acceptors 317
5.4.2. Additions to Aldehydes 320
5.5. Miscellaneous 321
6. Conclusion 321
7. References 321

1. Introduction

Organometallic reagents {RM) are of increasing impor-
tance not only for organometallic chemists but also in organic
chemistry and pharmaceutical synthesis and to access organic
materialst The usefulness of organomagnesium and organo-
lithium compounds is taken for granted, but their high
nucleophilicity and basicity sometimes preclude their use in
many reactions with sensitive functional groups. Thus, for
decades, chemists have looked for more selective organo-
metallics, which tolerate a wider range of functionalities, such
as Zn, Si, B, and Sn for carbeitarbon bond formation.
The latter have been very useful in conjunction with
transition-metal catalystsAmong all the described organo-
metallic reagents, organoboranes and organostannanes have
emerged as reagents of choice in various transition-metal-
catalyzed reactions. However, there are still drawbacks in
the use of organostannanes because of their toxicity and their
byproducts too.

On the other hand, since the discovery of the Suzuki
Miyaura reactiorf,organoboranes have emerged as reagents
of choice in transition-metal-catalyzed reactions, particularly
in palladium-catalyzed reactions, allowing straightforward
formation of carbor-carbon bonds. This reaction is now one
of the most frequently used transition-metal-catalyzed reac-
tions either in academic institutions or in industry. The
increased number of applications of trivalent organoboranes,
particularly boronic acids or esters, relies on the ready
availability of these reagents via transmetalation or hydrobo-
ration reactiond.However, the most interesting features of
organoboron reagents and their byproduct are their low
toxicity, making these compounds environmentally sound
compared to other organometallic reagents, particularly
organostannanes.
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Scheme 1. Preparation of Tetraalkylammonium
Triphenylfluoroborates

-+
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However, many organoboranes are not stable under atmos-
pheric conditions, particularly alkyl- and alkynylboranes. The
lack of stability of organoboranes is due to the vacant orbital
on boron, which can be attacked by oxygesr water,
resulting in decomposition of the reagent. One solution
emerged in the 1960s with the discovery of potassium
organotrifluoroborates, boron ate complex derivatives. In
contrast to trivalent organoboranes, these reagents showed
exceptional stabilities toward nucleophilic compounds as well
as air and moisture. The vast majority can be stored
indefinitely at room temperature without any precaution.
However, this stability does not hamper their high reactivity
in a large variety of reactions, particularly palladium-
catalyzed cross-coupling reactions.

In 2003, in a short review we reported the principal
application of potassium organotrifluoroborates in organic
synthesi$.Since that date, numerous publications and patents
on the topic have been reported in the literature. In recent
papers, G. A. Molandéreviewed palladium-catalyzed cross-
coupling reactions of potassium organotrifluoroborates, but
examples reported were limited to journal articles and not
patented applications. As this review was to be submitted, a
review by H. A. Stefani and co-workers on potassium
organotrifluoroborate chemistry was publist¥daljt applica-
tions of organotrifluoroborates were still limited to journal
articles and not patented applications. Moreover, the major
part of the review was again dedicated to palladium-catalyzed
cross-coupling reactions, particularly to tellurium substrates
described by the authors.

The purpose of this article is to present an exhaustive
review on these emerging reagents, potassium organotri-
fluoroborates, in organic synthesis. After reporting the
various ways to prepare these boron ate complexes, their
reactivity will be discussed, focusing on both academic and
industrial applications. Outside the scope of this review are
direct applications of organotrifluoroborate as counterions
(mainly perfluorinated organotrifluoroborates of formula
CnF2n+1BF37) for electrolytes in lithium-ion celfs'© or for
ionic liquids, which will not be describe.*?

2. Preparation of Potassium
Organotrifluoroborates

2.1. Historical Background —KHF; as Fluorinating
Agent

Organotrifluoroborate salts, or more generally compounds
of formula [RBFs;—]~ (n =< 3), were for a long time
laboratory curiosities. Until very recently, few compounds
of this type had been prepared. To our knowledge, the first
report of the preparation of an organotrifluoroborate complex
was described in 1940. The authors, Fowler and Krauss,
prepared tetramethylammonium and tetrabutylammonium
triphenylfluoroborates by the reaction of a triphenylborane
ammonia complex with 1 equiv of tetraalkylammonium
fluoride in unstated yield (Scheme 1).

Twenty years later, some publications appeared in the
literature concerning the preparation of potassium organo-
trifluoroborates. Their preparation was motivated by forma-
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Scheme 2. First Preparation of an Organotrifluoroborate
Salt
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Scheme 3. Preparation of K[RBF] from Organostannanes

BF3 gas KF
R-SnMe [R—BF ] — - R-BFK
3 cl, 2 H0 3
CD3—BFzK CHj-"°BF;K CH3—BF3K
ng%*? ng%*? ng%*?
b
CF3 ng
BF3K _
ZOBFK 3 CoFs—BF3K
< 55%" 43%° 62%

aFrom ref 19. ng: yield not giverf.From ref 20, ng: yield not given.
¢ From ref 21.9 From ref 22.

Scheme 4. Preparation of Trifluoromethyltrifluoroborate
Salts from Organosilanes

1. BF3 gas
CF3SiMeg 39

CF3BFsM  + (CF3),BF M

M=K, Cs

tion of stable perfluoroalkylated boron derivatives. Ef-
fectively, trivalent boron compounds bearing a fluorine atom
in the a. or 3 position are very unstable (migration of the
fluorine from carbon to boron with formation of carbenes
or alkenes), which is not the case of boron ate complexes.
The first one, potassium trifluoromethyltrifluoroborateyas
prepared by Chambers et al. from trifluoromethyltrimethyl-
stannane (Scheme 3.

Treatment of trifluoromethyltrimethylstannane (prepared
from hexamethylditin and trifluoroiodomethad®)ith gas-
eous boron trifluoride afforded trimethyltin trifluorometh-
yltrifluoroborate in equilibrium with CEBF,."18The former
reacted with potassium fluoride in water to give potassium
trifluoromethyltrifluoroborate in unstated yield. This com-
pound was described as nonhygroscopic and highly thermally
stable, not being decomposed below 300 Other salts were
prepared with different counterions but showed inferior
stability 15

Under the same conditions, i.e., condensation of gaseou
BF; followed by addition of potassium fluoride, other
organostannanes were converted into potassium organotr
fluoroborates (Scheme 3). The behavior of the other orga-
nostannanes was quite different from §SEMe;, and only
organodifluoroboranes were intermediately isolated:
trimethyltin salts were formed.

Using this procedure K[CEBF;],*® K[CH3BF3],*° and
potassium methyi?-20vinyl-,2° 2-trifluoromethylphenyl 2!
and pentafluorophenyltrifluorobordtavere obtained. Start-
ing with CRSiMe;, CRBF;~ and (CFE).BF,~ were isolated
as their potassium or cesium salts (Schem¥&-#)18

Treatment of dihalogenoorganoboranes with excess KF
also allowed formation of trifluoroborate salts. Using this
procedure, potassium $Eisopinocampheyltrifluoroborate
was obtained in 89% vyield from the corresponding dibro-
moborane derivative (Scheme %).

All those salts were described as highly stable and

no
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Scheme 5. Preparation of K[RBF] from Dihalogenoboranes

‘,g BBr, ‘,! BFsK

Scheme 6. First Use of KHFE as Fluorinating Agent of
Boron Derivatives

KF (3 equiv)
H.O
89%

KHF,
PhoBFoK
0 2
e
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formation of the highly reactive and unstable organodihalo-
genoboranes. Moreover, transmetalation procedures from
organostannanes were not desirable because of the high
toxicity of organotin reagents.

The development of potassium organotrifluoroborate chem-
istry in organic synthesis started with the improvement in
their preparation procedures. It was only in 1995 that E.
Vedejs described a highly efficient method using potassium
hydrogen difluoridé* (KHF,) as fluorinating agent for
trivalent boron reagenfS.However, use of KHEfor the
fluorination of boron compounds had been described earlier.
In 1967, Thierig and Umlarif reported the preparation of
potassium diphenyldifluoroborate on treatment of the etha-
nolamine complex of PBOH with aqueous KHf in
unstated yield (Scheme 6). The same reaction conducted in
refluxing acetic acid allowed formation of potassium phen-
yltrifluoroborate.

2.2. Potassium Organotrifluoroborates from
Isolated Boronic Acids

In 1995, Vedejs et &k reported that arylboronic acids were
efficiently converted to potassium aryltrifluoroborates on
treatment with KHE in aqueous methanol (Scheme 7).
Interestingly, KF was not able to displace the hydroxyl
ligands of trivalent boronic acids. Using KkFboroxines
(RBOY); or boronic acid dimers (RB@)which are usually
present in isolated organoboronic acids, reacted equally well.
Indeed, treatment of commercially available or readily
accessible organoboronic acids or esters with aqueous KHF
furnishes quantitative yields of potassium organotrifluoro-
borate?>27-31 and will not be commented on further in this

Seview. For example, potassium tyrosine-3-trifluoroborate

was prepared in quantitative yield from the corresponding
pinacolboronate derivative by treatment by KHBScheme
7)225 1t is also important to note that many organotrifluo-
roborates are now commercially available.

2.3. Potassium Organotrifluoroborates via
Transmetalation Reactions

Preparation of potassium organotrifluoroborates does not
require the use of purified organoboronic acids. Thus,
generation of potassium organotrifluoroborates is straight-
forward using classical methods of organoboron syntHesis.
For example, lithium-halogen exchange or magnesium
insertion followed by boronation and hydrolysis furnished
crude boronic acid, which, on treatment with Kkllgave
aryltrifluoroborates in high yields (Scheme 8¥82°Using
this procedure, electron-deficient potassium (fluoroaryl)-

nonhygroscopic. However, these approaches to their preparatrifluoroborates were readily obtained from the corresponding

tion were not satisfactory since they implied the intermediate

aryl bromides®
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Scheme 7. Preparation of Potassium Aryltrifluoroborates
from Boronic Acids

HF,

MeOH/H,0
rt

ArB(OH), ArBFgK

MeO

O o o
Oyroen Chon Don
BFsK
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sy

82 %°, 96 %” 95 %’ 89 %I
N\_/0028n
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S NC
i\ /Z
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95 %be 80 %9 94 %9
o/ f
81%"  HOLC OH
Do Coes
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aFrom ref 27.p From ref 28.¢ From ref 30.9 From ref 29.¢ Prepared
from the corresponding pinacol ester: ref 226rom ref 31.9 From ref
170." From ref 101.

Scheme 8. In Situ Formation of Potassium
Aryltrifluoroborates

1. RLi or Mg aq. KHF,

ArBr ArB(CH), ArBFzK
2. B(OR)3
3. hyd
F3C F
oy s G
FsC BF3;K FsC .
91 %° 68 % 82 %
CHO
BnO@*B%K BF3K
OHC
78 %° 76 %°

aFrom ref 25.° From ref 32.¢ From ref 29; the aldehyde moiety was
protected with ethanediol and removed upon hydrolysis.

In the same way, highly efficient ortholithiatierborona-
tion procedure® may be used for formation of potassium
aryltrifluoroborate€® Using this approach, functionalized

aryltrifluoroborates were obtained in fair yields (Scheme 9).

More particularly, potassium 2,3,5,6-tetrafluoropyrid-4-yl-
trifluoroborate was prepared in 70% yield after recrystalli-
zation from watep?

Synthesis of the bifunctional perfluoroarylboradeused
as cocatalyst in olefin polymerization, involved the inter-
mediate formation of the bis-trifluoroborate s&altéScheme
10)3536 The latter was obtained by dilithiation of 1,2-di-
bromotetrafluorobenzene usingBuLi followed by borona-
tion with B(OMe);. After hydrolytic workup, treatment of
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Scheme 9. Orthometallation Procedures for the Preparation
of Potassium Aryltrifluoroborates

1. RLi aq. KHF,
AH ———— AB(OH), ArBFK
2.B(OR);
3. HyO*
F Cl
O _BF,
BFaK Cr BF3K
76 %? 48 %* O 539
F F FF
2
BF3K Q—BFgK Ni:\§78': ”
— o FF
71 %° 76 %° 70%

aFrom ref 25.° From ref 34.

Scheme 10. Preparation of Bis-Triquoroborate Salt 1

F
F Br 4. n-BuLi,-78 °C B(OH),
2. B(OMe)z, -78 °C to 1t
F B 3. 10% HCl aq. B(OH),
F "
aq. KHF, F BFaK B,
_— FK + KF
B’
F BF3K Fg
F
1
F
F

the bis-boronic acid with excess Khllgave a solid com-
prised of a mixture of [K]j[CesFs-1,2-(BR),]%~ (1) and
monoanionic [K]{CsFs-1,2-[(BR)(u-F)]}~ (2) in 65%
overall yield. Pure samples df were obtained by crystal-
lization from concentrated solutions of @EN, while crystals
of the u-fluoride 2 were obtained from CCN/H,O solu-
tions.

One-pot procedures have been developed, avoiding isola-
tion of trivalent organoboron intermediates, which can be
unstable. A combination of traditional procedures for the
preparation of trivalent organoboron species followed by final
treatment with KHE; allowed the preparation of a huge range
of highly functionalized potassium organotrifluoroborates.
Indeed, Darses and Genet have shown that Kislable to
displace the alkoxo ligands of in situ generated mixtures of
aryltrimethoxyborate and aryldimethoxyborane right after the
boronation step (Scheme 128f°

Isolation and purification of potassium aryltrifluoroborates
are straightforward as they often precipitate upon formation
and can be simply filteretb. In our hands we found that
higher yields were obtained by evaporation of the solvent
after addition of KHF; and extraction (or continuous extrac-
tion) of the resulting solid with the appropriate solvent,
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Scheme 11. One-Pot Formation of K[ArBF]

B(OMe)g aq. KHF»
AM ———= [ AB(OMe), + ArB(OMe)sM | ———= ArBFgK

M = Li or MgBr

BF4K

81 %° 71 %°

MeO Cl
Dyees Oyoe

73 %°

F30@BF3K

84 %°

ar

78 %°
CN

85 %

7\ S _BFK
BF3K 3
Q i s BF5K
50 %® (ns) 51 %° 69 %

afFrom refs 28 and 29 From ref 31. ns: not stablé.From ref 170.

d From ref 109.

generally aceton®.This procedure proved to be quite general
and was efficiently used with success by many other
groups3:-37:1701t is important to note that in all cases yields

are comparable or generally higher than those reported for
the synthesis of the corresponding boronic acid derivatives.

Moreover, purification by reprecipitation or recrystalliza-
tion from acetonitrile or acetone/ether allowed the isolation
of analytically pure compounds: in acetonitrile or acetone,
inorganic salts such as KF, KHFor KBF, are insoluble,
allowing their separation from the product. Nevertheless,
traces of KHE; have been observed as a contaminant using
acetonitrile as the recrystallization solvéht.

Lithium—halogen exchange or magnesium insertion pro-

Darses and Genet

Scheme 12. K[ArBF;] Prepared with “in Situ Quench” with
Tri(alkoxy)boranes

1. RLi

2. aq. KHF

Ar—X or Ar—H + B(OiPr); ArBF3K

2

CI/\©/BF3K

79%°

X=Br, |

BF3K
L

53%?

NC/@\BF3K QBFsK
|

~ 25%b 90%°
aFrom ref 92.° From ref 41.¢ From ref 31.

Scheme 13
@(\N(/Pr)g ag. KHF, @(\EH(MZ
B(OH), H:0 BFs
not isolated 4

Scheme 14. Potassium Alkenyltrifluoroborates from
Organometallic Reagents

2 2
1 R 1. B(OMe)g 1 R
LB0OVels g
R\%\M 2. ag. KHF, \/\BF;;K
RS R3

M = MgX or Li; X = Cl, Br

)\BFSK

25%"
85%4
aFrom refs 28 and 44 From refs 45 and 15Z.From ref 47.9 From

P
BF3K

78%°

ZOBFK

84%*

cedures to access organoboranes have some limitations ing 46

the case of substrates bearing incompatible functional groups
or when the organolithium or organomagnesium intermedi- or magnesium organometallic derivatives. A highly efficient
ates are intrinsically unstable, as are many aromatic hetero-preparation of potassium vinyltrifluoroborate was described
cycles. In such cases, organoboronic esters can be preparegy Darses and Genet et%&4 This reagent was prepared on
from aryl halides or triflates via a palladium-catalyzed cross- a large scale from vinylmagnesium chloride by treatment
coupling reaction with tetraalkoxydiboron or dialkoxyhy-  with trimethoxyborane followed by in situ addition of KkF
droborané? Alternatively, organoboranes can be obtained (Scheme 14). Molander et al. have shown that potassium
via a protocol of lithium-halogen exchange and “in situ  isopropenyltrifluoroborate could be obtained from 2-bro-
quench” with a tri(alkoxy)borane, particularly tri(isopro- mopropene in a one-pot procedure involving lithitm
poxy)borané? Using this “in situ quench”, potassium 2-and  bromine exchange, boronation with trimethylborate, followed
3-chloromethylphenyltrifluoroborat®&sor 3-pyridyltrifluo- by treatment by KHE*>152 These reagents have emerged
roboraté' were obtained in moderate to good yields from as highly useful vinylating agents, particularly in palladium-
the corresponding aryl bromides or iodides (Scheme 12). catalyzed cross-coupling reactions (see section 5.1). Potas-
Potassium (5-cyano-1-methyHipyrrol-2-yl)trifluoroborate sium 1,3-dienyl-2-trifluoroborate was prepared in good yield
has been prepared from deprotonation of 1-methylpyrrole- from the corresponding chloride via formation of the
2-carbonitrile with lithium diisopropylamide (LDA) in the  corresponding Grignard (Scheme ##)This boron-substi-
presence of triisopropylboraté.This reagent underwent tuted dienyl is a white, air-stable solid and showed no
clean palladium-catalyzed cross-coupling reaction with some propensity to dimerize. The corresponding tetrhutyl
aryl bromides. ammonium (TBA) salt was also prepared. These reagents

On treatment with potassium hydrogen difluoride, trivalent proved to be reactive in DietsAlder reactions®
arylboranes bearing a proximal Brgnsted base substituent did Of course, potassium alkenyltrifluoroborates can be pre-
not afford the expected potassium salts but the HF salts. Forpared from commercial boronic acids or est&ré Purifica-
example, reaction of 2N,N-diisopropylaminomethyl)phen-  tion and isolation of alkenyltrifluoroborate salts are conducted
ylboronic acid with KHFE resulted in the exclusive formation in the same fashion as their aromatic congeners. Once again,
of the HF sal4 (Scheme 13}2 In other instances, the pres- alkenyltrifluoroborate salts proved to be highly stable for
ence of the amino substituent prevented formation of the several years at room temperature, which is not the case for
trifluoroborate complex, the difluoroborane being obtaiffed. the corresponding trivalent alkenylboron compouh&ar

As in the case of arylboron compounds, it is also possible example, vinylboronic acid is highly unstable and cannot be
to form potassium alken-1-yltrifluoroborates from lithium isolated® its ester, 4,4,6-trimethyl-2-vinyl-1,3,2-dioxabori-
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Scheme 15. Preparation of Potassium
Polyfluoroalken-1-yltrifluoroborates
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Scheme 17. Preparation of Potassium
(trifluoroprop-1-ynyl)trifluoroborate

F 1. BOMe) F n-BuLi [Fio—= L.‘1.B(OMe)3 N
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ﬁ)\u 2 KHF,, aq. FIF BF K (3 equiv) . 5, ad. 539
F F
32-76% . .
Scheme 18. Potassium Alkyltrifluoroborates from
R =F, Cl, cis-H, trans-C4F, cis-CyFs5,cis-CeFy3, trans- Transmetalation Reactions
C4Hy, trans-CgHs, trans-Et3Si, cis- and trans-CF5, OC3F5
1. B(OR)s
) ) R-M ————=  R-BFK
Scheme 16. Preparation of Potassium 2. aq. KHF,
Alkyn-1-yltrifluoroborates M = Li, MgX; X = |, Br, Cl
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=—BFK  (CFg),CF —=—BFK  CF;—=—BF:K 66%° " 59%
88 %° 72%¢ 45%7 aFrom ref 792 From ref 59 From ref 60.9 From ref 34. ng: yield not
R F F given.®From ref 37a. ng: yield not giveriFrom ref 172.
FsC
F =—BF;K N = BF4K
E perfluoroalkenylborates, KHFalone was not able to com-
F F 4% 21%¢ pletely fluorinate the boron atom, and use of a solution of

this reagent in aqueous HF was necessary. Other [(perfluo-
roorgano)ethynyljtrifluoroborates were prepared using other
methods without direct metalation of the corresponding
nane, is only slightly stable at20 °C under nitrogen, alkynes as more convenient paths to the organometallic
whereas potassium vinyltrifluoroborate did not show any reagent RC=CLi (R; perfluoroalkyl) were available without
decomposition after several years. the primary preparation of (perfluoroorgano)ethyffeBor
Several polyfluoroalken-1-yltrifluoroborates were synthe- example, trifluoromethylethynyllithium was generated from
sized for the first time from the corresponding organolithium the reaction of 1,1,1,3,3-pentafluoropropane with 3 equiv of
reagents (Scheme 1%).5265 As in the case of perfluoro-  n-BuLi (Scheme 17) and then treated in a one-pot sequence
alkyltrifluoroborates (vide infra), final treatment with aqueous by B(OMe} followed by KHF, in aqueous HF, allowing
HF was generally required for the complete conversion to formation of potassium (trifluoroprop-1-ynyljtrifluoroborate
trifluoroborate salts. All of these salts are crystalline in 53% yield.
compounds that show exceptional stability toward air and These compounds represent the first stable (toward oxygen
water, the only exception being K§EOCF=CFBF;], which and moisture) organoboron derivatives containings@-8
slowly decomposed when stored in gl&3&queous treat-  bond, although the chemistry of alkynylborates has been well
ment with KHF; even in the presence of HF does not remove documented’ Contrary to other alkynylboranes, which are
the silane moiety? Other salts of formula K[(CF=CF):BF;—y] not stable and are readily hydrolyzed in the presence of water
(n = 2, 3) were prepared using this stratégy. or alcohol, these salts are once again indefinitely stable at
Efficient access to potassium alkyn-1-yltrifluoroborates room temperature.
from readily available alk-1-ynes was described by Darses In the same way, potassium alkyltrifluoroborates were
and Genet et al. (Scheme P8)These salts were easily prepared by Molander et al. using conventional procedtires
obtained by deprotonation of alk-1-ynes, boronation, and in from organolithium or organomagnesium compounds, the last
situ treatment with KHE: This three-step one-pot procedure step of the preparation being in situ treatment with potassium
provided an efficient and versatile method for the preparation hydrogen difluoride (Scheme 18)7°
of various potassium alkyn-1-yltrifluorobrat®> Interest- Formation of potassium trifluoro[1,3-dithiano]borate has
ingly, the triethylsilyl group attached to carbon and the TBS peen accomplished using this one-pot proceduiepro-
(tert-butyldimethylsilyl) attached to oxygen were not re- tonation of 1,3-dithiane withn-BuLi, boronation using
moved despite the use of a fluoride source. trimethylborate, followed by treatment with aqueous KHF
Reaction of ethynylmagnesium bromide with trimethoxy- afforded the expected compound as a white crystalline solid
borane followed by the usual one-pot fluorination procedure in 63% yield (Scheme 18). Potassium iodo- and bromo-
provided potassium ethynyltrifluoroborate in 88% yield methyltrifluoroborates were prepared in high yields from
(Scheme 16%° This procedure for the generation of alky- dihalogenomethane by lithiurrhalogen exchange, borona-
nyltrifluoroborate derivatives proved to be general and was tion, and in situ treatment with aqueous K& These
applied efficiently for the generation of [(perfluoroorgano)- compounds proved to be highly suitable starting materials
ethynyljtrifluoroborate$® In the case of these electron- for the elaboration of functionalized alkyltrifluoroborates by
deficient trifluoroborates and similarly to the preparation of direct substitution reactions. Potassium iodomethyltrifluo-

aFrom ref 282 From ref 54 ¢ Prepared from ethynylmagnesium bromide;
ref 55.9 From ref 56.
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Scheme 19. Synthesis of Optically Active Potassium Scheme 21. Formation of Potassium
Alkyltrifluoroborates Perfluoroalkyltrifluoroborates
. . ) 2 EtMgBr 1. B(OMe),
O~ 1. LiCHCI functionalized R ChFonsil ————— 8,
R1-B D ﬁ& R1J*\B/O —= F{1J*\B/O nt2n+1 Et,0, -55 °C CnFaon.1MgBr 2. a0 KHF, CnFon1BF3K
\ ") 2.znCl, : ) ) 8
o o 8.40%aq.HF . 010
n=6:55%
R
KHFy Scheme 22. Potassium Trifluoromethyltrifluoroborate from
R1™"BF3K Ruppert's Reagent
B(OMe); 1 equiv KICF B(OMo)] 1. 48% HF KICFBF.]
. BlOMe)s 1 equiv R
Ph._BFgK Ph\rBFsK Ph CFaSiMes 1eF 1 equiv ¢ * 2. KOH e
: N : THF, 11, 18 h 85%
&l OBn INTBEK
7% 87% 82% Scheme 23. Perfluoroorganoborate from
Scheme 20. Preparation of Potassium Allyltrifluoroborates Perfluoroorganophosphane
1. n-BuLi or MeMgCl, 60 °C
1. B(OMe)s, THF, =78 °C CF4CF,BF3K
\/\MgBr 2 hyd \/\BFaK (CF3CF3)3P 2. B(OMe); 3525/ 3
3. 48% HF then KHF. °
3. aq. KHF, 76 % . ° ' 2 . .
exchange using ethylmagnesium bromide. Treatment with
R! . R! i i
J\/ 1. n-BuLi, +-BuOK, —78 °C trimethoxyborane followed by KHFgave incomplete forma-
R2 2. B(OI-Pr)s, 78 °C RzJ\/\BpsK tion of trifluoroborate salts but mixtures of fluorinated borates
3. ag. HCI of formula K[RBF,(OMe)k-. The remaining methoxy
4. aq. KHF, Rl =Me, §2= H: 70 % ligand was replaced by fluorine on treatment with aqueous
R'=H, R"=Me: 71% HF 8465 The authors assum®dthat replacement of the
roborate could also be prepared from the bromo derivative methoxy substituent by fluorine, a highly electron-withdraw-
by direct substitution using Nal as nucleoptfldzormation ing group, increases the Lewis acidity of the borane and

of potassium H,1H,2H,2H-perfluorooctyltrifluorborates was  prevents elimination of the MeOanion. However, proto-
also reported and patented for the production of nonstick nation of the oxygen atom by acidification with aqueous HF

coatings* facilitates elimination of the methoxy group.
Optically active potassium trifluoro(alkyl)borates have  An improved preparation of potassium trifluoromethyl-
been prepared by Matteson et*alsing theira-halobor- trifluoroboraté*> was described by Molander and co-

onic ester chemistfy from pinanediol or 1,2-dicyclohexyl-  workers starting from Ruppert’s reagéhtndeed, treatment
ethanediol (DICHED) boronic esters by treatment with KHF  of (trifluoromethyl)trimethylsilane with 1 equiv of potassium
(Scheme 19). This procedure allowed a quantitative and easyfluoride in the presence of 1 equiv of B(OMe&)roduces
recovery of the chiral diol, which is not so easy using (trifluoromethyl)trimethoxyborate, which upon treatment with

conventional cleavage of boronic estéfs. 48% aqueous HF generated the trifluoroborate salt in a 85%
As we can see from those selected examples, use ot KHF overall yield after treatment with KOH (Scheme 22). In this
tolerated various functional groups such as ClI, By, &c. reaction use of only 1 equiv KF is essential as excess KF

It is important to note that in their work, the authors observed upon treatment with HF generates Kilileterring com-
that formation of alkyltrifluoroborates from hindered alkyl- plete fluorinatiorf® A similar approach was published con-
boronic esters (DICHED or pinanediaol) is generally revers- comitantly for generation of Li[gFsBF3], K[C2FsBF;], and
ible and reaches equilibrium within 6-2 h at 22°C, which K[CF3BF;] from the corresponding organosilarfés.
explains the lower yields obtained from pinanediol estérs. An alternative approach for the preparation of potassium

The preparation of potassium allyltrifluoroborates was perfluoroalkyltrifluoroborates was patented starting from tris-
achieved by Batey and co-workers in an analogous manner(perfluoroalkyl)phosphanes. For example, treatment of tris-
to that used for the synthesis of other organotrifluoroborate (pentafluoroethyl)phosphane with 1 equiv ofBulLi or
salts (Scheme 20%:53The requisite allylboranes were formed MeMgCl, boronation with B(OMg) followed by treatment
by addition of allylmagnesium bromide or crotyl potassium with 48% aqueous HF and KHFafforded a 52% yield of
to trialkylborates. Subsequent conversion to trifluoroborate potassium pentafluoroethyltrifluoroborate (Scheme®2Zhe
salts was achieved by in situ treatment with aqueous corresponding lithium salt was also prepared on treatment
KHF,.6263 Once again, these salts are crystalline air- and of the potassium salt with LiBf®® An alternative procedure
water-stable solids that can be stored for extended periodsinvolves utilization of tris(perfluoroalkyl)phosphane oxide
of time at room temperature. as starting materi&P

As already mentioned, one of the first potassium organo- Stereospecific preparation of potassium cyclopropyltri-
trifluoroborates was a perfluoroalkylated one: KpBF;],1>16 fluoroborates was achieved by cyclopropanation of the
which showed exceptional stability compared to other corresponding boronate pinacol esters. Indeed, palladium-
trivalent boron derivatives. With the exception of this com- catalyzed reaction of alkenylborane esters of pinacol with
pound, other perfluoroorganotrifluoroborates were not de- CH,N,, according to the Vaultier protoc#l followed by in
scribed until very recently. Synthesis of such compounds wassitu treatment with KHE afforded stereo-defined potas-
studied by Frohn et al. in several papers (Scheme®%2t$> sium cyclopropyltrifluoroborates in good to excellent yields
They first elaborated a convenient route to potassium (Scheme 24} As expectedfrans- and cis-cyclopropyltri-
perfluoroalkyltrifluoroborates starting from the easily avail- fluoroborates were generated frog){ and @)-alkenyl-
able perfluoroalkyl iodide& boronic esters, respectively.

Formation of the unstable perfluoroalkylmagnesium re-  Preparation of highly functionalized 1,2,3-substituted
agent was carried out at55 °C by magnesiumhalogen potassium cyclopropyltrifluoroborates has been accomplished
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Scheme 24. Preparation of Potassium
Cyclopropyltrifluoroborates from Alkenylboranes

Bpin ,
— 1. Pd(OAc), 0.5 mol% R “BF3K
R or CH,Np, 0 °C—rt or
R Bpin 2. aq. KHF, WA
\=/ R ‘BF3K
85-92%
R = Ph, CH,Ph, CH,OCH,Ph, C5H
Scheme 25. Preparation of Potassium
Cyclopropyltrifluoroborates from Allylic Alcohols
R OH
1. EtZnl, CHl3, CH,Cl,, 0 °C
BnO OH
\:)— 2. B(OMe), BnO R
3. aq. KHF, BFgK
58-63% dr> 955

R =H, Me, Et, i-Pr

Scheme 26. Formation of Potassium Alkenyltrifluoroborates
via Hydroboration

1. H-BX; (see cond.) BF3K
R'—R? —
2. aq. KHF, R! R2
BF3K
Ph
\/\BFSK CIﬂCI NC(CHZ)Q\/\BFSK
81 %° 45 %P 51 %°

aFrom ref 74: cathecholborane (1 equi¥From ref 28: (i) HB(Ipc),
rt; (i) ag. formaldehyde, rt® From ref 172: (i) BsBH-SMe; (1 equiv),
CHCly, rt; (ii) H20, 0°C.

from allylic alcohols’? Reaction of allylic alcohols witgem
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Scheme 27. K[RBF] from Rhodium-Catalyzed

trans-Hydroboration
= a) b)
/ —_— \
Ph/\/ Ph/\/\

BF;K
65%
a8 [Rh(cod)CI} 1.5 mol %, P{-Pr); 6 mol %, HBpin, EXN (1 equiv), rt.
baqg. KHR, CHsCN, rt.

Scheme 28. Zirconocene-Catalyzed Hydroboration of
Alkynes

1. HZrCp,CIl 5 mol%, HBpin, rt
i P RN\ BFaK

R—
2. aq. KHF,, CH30N

MeSSi\/\BFsK NC. .~ A~ BFaK

roborate in fair yielc?® From these examples, KHproved
to be sufficiently reactive to cleave the boreoxygen bonds
in boronic esters.

(2)-Alken-1-yltrifluoroborates were also easily accessible
using rhodium-catalyzetrans-hydroboration according to
the procedure described by Miyaufd.Indeed, potassium
(2)-phenyl-1-but-1-enyltrifluoroborates was prepared from
the corresponding alkyne in a 65% yield using a two-step
one-pot procedure (Scheme 27).

Regioselective hydroboration of alkynes with pinacol-
borane (HBpin) catalyzed by HZr@pl’¢ afforded the
expected alkenyltrifluoroborates after treatment with KHF
(Scheme 28371

In the same way, potassium alkyltrifluoroborates were
prepared using conventional hydroboration procedures for
formation of trivalent organoboron compounds, the last step
of the preparation being in situ treatment with potassium

dizinc carbenoid, generated in situ from reaction of EtZnl hydrogen difluoride (Scheme 2%).

with iodoform (CHE), furnishes an intermediate 1,2,3-

These literature protocols for formation of organoboron

substituted cyclopropylzinc species (Scheme 25). Boronationderivatives included hydroboration of alkenes either by
of the latter followed by in situ fluoration with aqueous KHF  dibromoborane dimethylsulfide comple®172 or by cate-

afforded good yields of potassium cyclopropyltrifluoro-

cholborane or pinacolborane in the presence of rhodium

borates. This reaction proved to be quite general for catalysts3 Potassium alkyltrifluoroborates bearing an alkene

Z-alkenes, but lower yields were obtained wikalkenes.

functional group were prepared in good yieflesing di-

It is important to note that the corresponding trivalent boronic (isopropylprenyl)borane as hydroborating agé€mn alter-

acid species could not be cleanly isolated from the crude native to these hydroboration reagents was described by
reaction mixture. By contrast, all the borate salts were Vedejs et al. using the pyridine borane -Bi,l, which
indefinitely stable in air and able to undergo palladium- allowed high-yielding formation of potassium alkyltrifluo-

catalyzed SuzukiMiyaura cross-coupling reactior.

2.4. Potassium Organotrifluoroborates via
Hydroboration

Generation of potassium organotrifluoroborates using

roborates from alkenes.

2.5. Potassium Organotrifluoroborates via C  —H
Bond Activation

Direct borylation of unactivated carbeinydrogen bonds

KHF; as a reagent is very general and allowed formation of offers a very attractive alternative to the boronation of
various potassium alken-1-yltrifluoroborates. Several pro- organometallic reagents. Indeed, borylation of arorffatic
cedures that are common to other organoboron preparatioraliphatié® compounds via €H bond activation has been

have been used to access these compot@de of the most

achieved using rhodium or iridium complexes as catalyst and

important consists of the hydroboration of the corresponding pinacolborane or bis(pinacolato)diboron as boronating agent.

alk-1-yne, catalyzed or not by transition met&ls.
Using this procedure, potassiurg){(2-phenylethenyl)-

This reaction allowed straightforward access to potassium
aryltrifluoroborates (Scheme 38).Indeed, borylation of

trifluoroborate and other alkenyl derivatives were obtained arenes catalyzed by the [Ir(COD)(OMgiltbpy (dtbpy=

in high yield using a one-pot procedufeavoiding isolation di-tert-butylbipyridine) in the presence of bis(pinacolato)-
of the boronic acid (Scheme 26). Moreover, catechol is diborane (Bpin,, 0.7 equiv) in THF at 80C followed by
readily removed during the purification procedure because in situ treatment with aqueous KHFRfforded high yields

of the insolubility of K[RBF] in nonpolar solvents. In  of aryltrifluoroborates. More particularly, reaction of ben-
another example, hydroboration of commercial 1,4-dichlo- zofuran and benzothiophene selectively formed the 2-sub-
robut-2-yne with diisopinocampheylborane, followed by stituted heteroaryl trifluoroborates in good to excellent yields.
oxidation with acetaldehyde and in situ treatment with Hartwig et al. have also shown that aliphatic alkanes
aqueous KHE; afforded the corresponding alkenyltrifluo-  containing nitrogen, oxygen, or fluorine undergo rhodium-
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Scheme 29. Preparation of Potassium Alkyltrifluoroborates

1. H-BX, (see cond. BF3zK
R J/ 2 ( ) R—/_ 3
2. aq. KHF,
Br(CH,)eBF3K Z(CHy),BF 3K BzO(CH,)¢BF 3K
ng® Z = COMe: ng? 64%32
Z =CN: 60%"
TsHN(CH,)cBF 3K MBFBK
19 b
40%2 PHN\/\BFSK 51%
Cl)K/\ P = Boc: 52%° BFsK N
— 7 d
BF K P =2Z:50% -
PivO(CH,),BF K 74%

24%°
47%"
aFrom ref 37: (i) Rh(PP$CI 1 mol %, pinacolborane (1 equiv), GEl»,
rt; ng, yield not given® From ref 79: (i) di(isopropylprenyl)borane, rt; (ii)
ag. formaldehyde, re.From ref 89: cond. ibidd From ref 184: cond. ibid.
eFrom refs 11a, 12b, and 77: (i) B£HSIiE, —78 °C; (ii) H20, 0 °C.
fFrom ref 172: (i) BsBH-SMe, (1 equiv), CHCIy, rt; (ii) H20, 0°C.

Scheme 30. Potassium Aryltrifluoroborates from Arenes

1. 1] 0.1 mol%

dtbpy 0.2 mol%

B,pin, (0.7 equiv)

THF, 80 °C
) o

R/_ 2. aq. KHF, R/_
45-97%
[Ir] = [Ir(COD)(OMe)]»
Br FsC
@BQK QBFaK BFzK
MeO,C  75% Br  97% MeO  85%

mBFaK
o

78%

mBFgK
s

45%

Scheme 31. Potassium Alkyltrifluoroborates from Alkanes
Cp*Rh(7;*-CgMeg) 5 mol%

Fe o m [ FGWBpin]

nging
aq. KHF,

e erk

t-BuO\/\BFSK O\l\/\BFsK
86% 69%

catalyzed C-H activation and borylation at the least hindered

and least electron-rich methyl group, allowing direct access

to aliphatic organoboranes (Scheme #Fl)or example,

reaction of bis(pinacolato)diborane £#n,) with an excess

of functionalized aliphatic reagents, without solvent and in

the presence of Cp*Rhf-CsMes), gave alkylboronate esters,

which upon treatment with aqueous Ki&fforded alkyl-

trifluoroborates in high yields.

2.6. Functionalization of Potassium
Organotrifluoroborates

Darses and Genet

Scheme 32. Epoxidation of Potassium
Organotrifluoroborates

0O-0 5
R2 (1.2 equiv) R
R‘% L. 1
BF3K acetone, rt 0 BF3K
C3H17\<|\ Ph\<|\ AN
[ BRaK N cl & BFaK
85% 70% 71%
(;\ c|)>\/\
o BFK BFaK

80%

Scheme 33. Dihydroxylation of Potassium
Organotrifluoroborates
R2

R‘\/\H BF ;K
n

R3

OH

2
RQT)\M BFoK
n

R® OH

0Os0O4 1.3 mol %

NMO (1.0-1.5 equiv)
acetone/t-BuOH/H,O
rt

HO
HO

84%

HO,

BF3K
HO

OH 53%
BFgK

OH  69%
Lewis acidity and sensitivity of the trivalent organoborane
functionality to base, nucleophile, or oxidant, installation of
further functionality and reactions with existing organobo-
ranes, while attractive, are rarely feasible. On the other hand,
boron ate complexes, like potassium organotrifluoroborates,
are less sensitive to basic or nucleophilic conditions, allowing
one to envision further reactions with these boron species.
This goal was recently achieved in the literature.

In 2003, G. A. Molander and co-workers reported an
efficient procedure for the epoxidation of potassium orga-
notrifluoroborates bearing alkene functionality using oxirane
(Scheme 323% For example, reaction of potassiumans
dec-1-en-1-yltrifluoroborate with 1.2 equiv of dimethyldiox-
irane in acetone at room temperature led to the clean
generation of the expected epoxytrifluoroborate in 85% yield.
All the epoxytrifluoroborates were found to be highly stable,
which appears astonishing given their structural analogy with
oxiranyl anions, which are known to be unstable. This
stability is certainly due to the covalent nature of the
bond, preventing am-elimination process. Potassium tri-
fluoroborates were also resistantteCPBA oxidation as
thioethers could be cleanly oxidized to sulforiés.

In the same waygis-dihydroxylation of potassium alkyl-
and aryltrifluoroborates in the presence of catalytic ©sO
and N-methylmorpholineN-oxide furnished the expected
diols in moderate to good yields (Scheme 33Reactions
were best conducted in a mixture of acettvg/OH/H,O
18:1:1, from which the trifluoroborates precipitated, allowing
easy and clean isolation. The dihydroxylation of potassium
7-methyl-6-octenyltrifluoroborate, containing a trisubstituted
olefin, was achieved in 69% vyield. The reaction conducted
with potassium allyltrifluoroborate proceeded smoothly, but
isolation of the trifluoroborate required the cation-exchange
protocol described by Batey et al. (vide inffdj,and the

The synthesis of functionalized organoboron compounds corresponding tetra-butylammonium (TBA) salt was iso-
is often challenging because of the incompatibility of the lated in a 70% yield.
methods employed (transmetalation or hydroboration) to  Oxidation of primary or secondary alcohol functionality,
introduce the organoboron moiety. Moreover, because of thepresent in organotrifluoroborates, to aldehydes or ketones
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Scheme 34. Oxidation of Organotrifluoroborates
OH o]

7 R1 =z R1
MFB—— | MFB—— |
X M = K: cond A X

OT-: M = n-BuyN: cond B Oor
BFsM 78-97% JKHBFam
RZJ\MH R,

R' and R? = H or alkyl

cond A: IBX 3 equiv, acetone, reflux.
cond B: TPAP 1-2 mol%, NMO 1.1 equiv, MS 4A, CHyCly.

Scheme 35. Ozonolysis of Unsaturated

Organotrifluoroborates
RJ\(\/’EF3M 2. ZWACOH or N- RJ\(\/}BFC"M
oxide or H,O
70-95%
R =HorMe

M = K or n-BuyN

Scheme 36. Wittig Reaction with Potassium

Organotrifluoroborates
R R
KF3B 2 KFsB A
|\\ O 4 PhoP R® Cond |\\ SR
= RS = R3
65-90%
R'=H or CHs
R® = H and R? = CH,CH,CN, CH,N(CHs),, CN, COCHg, CO,Me,
CON(OMe)Me
R®=R2=CH,

aFor unstabilized ylides: THF/DMF/hexanes;78 °C to rt, 3 h. For
stabilized ylides: PhH/DMF, 90C, 2—2.5 h.

was readily achieved using common oxidation proto€bls.
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Scheme 37. HWE Olefination of Potassium
Organotrifluoroborates

KFBN P(O)(OEY), 1- n-BuLi, 0°C ”'B“4NF3BmEWG
. el
> A" Ewg 2 1-BugNOH =~ R
65-91%
R=H or CH3

EWG = CN, CO,Et, CO,Me, Ph

Scheme 38. Wittig Reaction with Potassium
[(Trifluoroboratophenyl)methyl]triphenylphosphonium
Chlorides

= o] KoCO3 =
—BFK + I ——BFsK
N R~ DMSO-ds 80°C S\
. 63-99%
PhsP™ CI
R

R = aryl, alkyl, alkenyl E:Z:1:21t07.6:1

observed with ortho-substituted aryltrifluoroborates and
certain functionalized ylides. The reaction works equally well
with alkyl aldehydes, such as potassium 2-formylethyltri-
fluoroborate, and trisubstituted olefins could be prepared
starting from potassium 4-acetylphenyltrifluorobor&tevit-

tig reaction with stabilized ylides (benzene/DMF 1:1,°€0)
allowed formation of,f-unsaturated potassium aryltrifluo-
roborates bearing a nitrile, ketone, ester, or Weinreb amide
functional group in good yields an-selectivity.

Application of the HornerWadswortk-Emmons (HWE)
olefination was also evaluated on appropriately functionalized
organotrifluoroborates (Scheme 37).The phosphonate
carbanion was generated in situ by deprotonation with
n-butyllithium followed by addition of the aldehyde. Isolation
of the organotrifluoroborates was best achieved by conver-

As many oxidation procedures are conducted in chlorinated Sion to the tetrabutylammonium salts (TBA) using the Batey
solvent, in which potassium salts are insoluble, the TBA cation-exchange reactidff Using this procedure, the TBA
organotrifluoroborates were first used. On such substratessalts migrated into the organic phase and the phosphonate

TPAP/NMO, Swern and DesdMartin periodinane oxida-
tions were all successful. The former,

in the presence of-12 mol % TPAP (tetrapropylammonium
perruthenate) and 1.1 equiv of NM®-methylmorpholine-
N-oxide), TBA fluoroborates were readily oxidized in high
yields, and no cleavage of the carbdmwron bond was

byproduct remained in the aqueous phase, allowing isolation

because of its of the olefination product with good yields aBdselectivity.
simplicity in execution, was selected for the study. Indeed,

The complementary process, i.e., generation and reaction
of boron-functionalized phosphorus ylides with aldehydes,
has also been describ&Potassium [(trifluoroboratophenyl)-
methyl]triphenylphosphonium chlorides, prepared from the
corresponding (chloromethyl)phenyltrifluoroborates, reacted

observed. On the other hand, the potassium salts could bewith aromatic or aliphatic aldehydes in DMSfg-at 80°C

oxidized using 3 equiv of IBX (2-iodoxybenzoic acid) in
refluxing acetoné&? Simple filtration of the IBX byproducts
gave a filtrate from which the oxidized products were
isolated.

in the presence of ¥CO; (Scheme 38). The stereoselectivity
of the reaction was dependent on the aldehydes and increased
according to the order of orthe= meta-> para-positioned
trifluoroborate unit in the aromatic ring.

Ozonolysis of unsaturated organotrifluoroborates was also  Preparation of functionalized potassium organotrifluo-
described, providing a new route to oxo-substituted organo- roborate could also be achieved via the direct nucleophilic

trifluoroborates (Scheme 35). Several conditions were

substitution of potassium halomethyltrifluoroborates while

evaluateql to cleavg the primary ozqniqes, generated uporieaving the trifluoroborate group intact. Indeed, treatment
ozonolysis, according to the substitution pattern of the of potassium iodomethyltrifluoroborate with excess nucleo-
substrates. Reactions were more efficiently conducted on thephile (lithium or Grignard reagents, primary and secondary

TBA (tetran-butylammonium) salts.

amines, alkoxides, stabilized carbanions, cyanide anion) all

Potassium aryltrifluoroborates were also functionalized provided the expected product in good yield (Scheme&%9).

using Wittig or Hornet-Wadsworth-Emmons reactions,
allowing installation of further functionalities into these
organoboron derivatives (Scheme 36J.he Wittig reaction

In certain reactions, isolation of the products required
treatment of the final reaction mixture with excess KHF
certainly because of the generation of trivalent boron species

of unstabilized ylides was best conducted in a THF/DMF/ upon interaction with lithium or magnesium salts (see section
hexanes mixture for purification purposes, and the corre- 3)2> The reaction is not limited to 1-halo-substituted
sponding unsaturated aryltrifluoroborates were isolated in substrates, and potassium 5-bromopentyltrifluoroborate, on

good yield withZ-selectivity. A reduction in selectivity was

reaction with 1 equiv of potassium cyanide, produced the
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Scheme 39. Formation of Organotrifluoroborates from
Nucleophilic Substitution

Scheme 42. Potassium Allyltrifluoroborates from
Baylis—Hillman Adducts

1. Nucleophile (Nu, 3 equiv) OAc
t [Pd . KHF,
I\ BFK = a0 KHF, 1.5M Nu.__ BFsK . ewg SAPA | o EWG | a9 KHF, o~ EWG
Baoping )
THF, 50°C Bpin BFsK
o}
\ BF.K o~ EWG = CO,Me, COMe 56-72%
@\/ 8 NC™ “BF3K EtOZCQJ\/\BFGK Bpin = (pinacolato)boron
86%° 98%? 88%° R = aryl, alkyl
[Pd] = Pd(OAc); or Pd,(dba)g
H
S._BFK N._BFsK . . .
/©/ he O/ SR NTTBRK because of the generation of trivalent boron species upon
a . . . B . .
Br 94%* 98% 98%” interaction with lithium salts (see section?3).

shields them from reactions with Lewis bases and nucleo-
philes under normal reaction conditions. Retrosynthetic
analyses could therefore be greatly expanded compared to

0/\ CO,Me Indeed, the tetracoordinate nature of organotrifluoroborates
S
= 07 TBRK L_N_BFK CSVBFsk

90%" 70%° 76%°

afFrom ref 60.P From ref 92.¢ From ref 91.

Scheme 40. Synthesis of Triazol-1-yltrifluoroborates via
Nucleophilic Substitution

1. NaN3, DMSO-dg, 80°C Ny -2

trivalent boron derivatives.

2.7. Transition-Metal-Catalyzed Generation of
Allytrifluoroborates

X" BFK 5 R—=, Cul 10 mol% N>7'/\] BraK Among allylmetal reagents, allylboron compounds are very

92-97% A useful because of the high yield and excellent stereocontrol
X = Cl, Br (NMR yield) they provide in reactions with carbonyl compounds. How-
Z = CHy, (CHy)s ever, availability of functionalized allylboron reagents re-
R = aryl, alkyl

mains limited, certainly because allylboronic acids or esters
are not sufficiently stable, particularly under solvent-free
conditions?®

Potassium allyltrifluoroborates can be easily accessed using
palladium-catalyzed cross-coupling reaction of Baylis
Hillman acetates with bis(pinacolato)diboron B1,) and
in situ fluoration using KHE (Scheme 425¢ Indeed, Baylis-
Hillman acetates upon reaction with the diboron derivative,
in the presence of 5 mol % Pd(OA@r 3 mol % Pd(dba
corresponding nitrile product. Using such a strategy, potas-in THF at 50°C, furnished 2-alkoxycarbonyl-3-substituted
sium azidoalkyltrifluoroborate was prepared from the cor- allylboronates which, once treated with aqueous KHF
responding halogen compounts. provided E)-2-alkoxy-3-substituted allyltrifluoroborate po-

Indeed, the reactivity of the organotrifluoroborates is in tassium salts. Once again, all the allyltrifluoroborates were
sharp contrast with those observed with trivalent boron air- and water-stable solids and can be stored at room
compounds where boronate esters are attacked by thdemperature.
nucleophile at the boron atom forming an ate complex SzabBoand co-workers have shown that allyl vinyl cyclo-
followed by a-transfer of the nucleophile to the neighboring propanes, vinyl aziridines, and allyl acetates can be converted
carborf! Nucleophilic substitutions on organotrifluoroborates to allylboronates using diboronic acid ([B(Cfp)or tetrahy-
have also been used to develop a one-pot, multicomponentdroxyboron) in the presence of a catalytic amount of pincer
preparation of potassium organo-[1,2,3]triazol-1-yltrifluo- complex5 (Scheme 43)7 Indeed, treatment of the various
roborate® via copper-catalyzed 1,3-dipolar cycloadditions precursors in the presence of 5 mol % of palladium pincer
of azides to alkynes (Scheme 40). Indeed, potassium halo-5 and diboronic acid afforded high yields of potassium
alkyltrifluoroborates reacted efficiently when treated with allyltrifluoroborates after treatment with aqueous KHFhe
NaN; in DMSO-ds, and the resulting azido intermediates mechanism of this palladium-catalyzed process was supposed
were smoothly transformed to the triazole products in the to occur similarly to the trimethyltin transfer reactions with
presence of an alkyne and 10 mol % Cul. Reverse proceduresiexamethylditirP®
for the generation of triazole starting from potassium  The same palladium pincer compl&was used in the
alkynyltrifluoroborates were also describ®d. conversion of allyl alcohols into allylboronates using dibo-

Further functionalization of potassium organotrifluorobo- ronic acid? The trivalent boron intermediates were directly
rates was achieved by metalation of aryl bromitféadeed, converted to allyltrifluoroborates (Scheme 44). The borona-
G. A. Molander et al. have shown that on treatment with 1 tion proceeded with excellent regioselectivity as branched
equiv of n-butyllithium followed by addition to aliphatic or  allyl alcohols furnished exclusively linear allyltrifluorobo-
aromatic aldehydes, 4-bromophenyltrifluoroborate was con- rates. Moreover, it appeared that under these conditions,
verted to secondary alcohols, leaving the trifluoroborate cinnamyl alcohol was converted significantly faster to
moiety intact (Scheme 42}.0Other electrophiles have been allylborane than was cinnamyl acetate.
used, such as iodine, phenylisocyanate, or chlorotrimethyl- For some allyl alcohols, addition of catalytic amounts £3
silane (TMSCI). Less general were the reactions of meta- mol %) of strong acids, such gstoluenesulfonic acid
substituted bromophenyltrifluoroborat¥sAs in the case of ~ (PTSA), considerably accelerated the reaction. Substitution
nucleophilic substitution (vide supra), treatment of the crude of cyclic substrate6 provided a single diastereométr
reaction mixture with aqueous KHivas necessary, certainly  (Scheme 45), indicating that the boronation is both regio-

Scheme 41. Metalation of Aromatic Trifluoroborates

1. n-BuLi, -78°C, THF
Br i:; BFK 3 Electrophile E <:> BFsK
3. aq. KHF,
64-94%

E = C(OH)R, I, TMS, CONHPh
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Scheme 43. Pincer Complex 5 Catalyzed Synthesis of
Potassium Allyltrifluoroborates
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Scheme 44. Palladium-Catalyzed Direct Boronation of Allyl
Alcohols

o cat. 5
P N —_—
R OH pMso/MeOH

[B(OH)2l>

[R/\/\B(OH)Z]

Ph " BEK QBFsK )\ABFSK
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Scheme 45. Regio- and Stereoselectivity of the
Palladium-Catalyzed Boronation of Allyl Alcohols
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organoboronic acids show variable stability (vinyl-, alkyl-,
and alkynylboronic are not very stable), and their purification
is not straightforward. Moreover, isolated boronic acids
generally contain large quantities of anhydrides or boroxines,
which result in problems for determining their stoichiometry.
On the other hand, boronic esters show higher stability but
are generally less reactive than the free boronic acids.
Moreover, diols used for their preparation are generally
expensive and difficult to separate at the end of reactions.
Finally, from an economical viewpoint, KHFis less
expensive than catechol and far less expensive than pinacol.

Potassium organotrifluoroborates are not hygroscopic and
can be stored indefinitely at room temperature without any
observed decomposition. It is important to note that contrary
to trivalent boron substituents, trifluoroborate is an electron-
donating substituerif.

In their early report® Chambers and co-workers noticed
that “alkaline solutions of potassium trifluoromethyltrifluo-
roborate were stable to prolonged boiling, but the ion was
destroyed by boiling with 50% sulfuric acid... fluoroform
was not found”. The relative instability of organotrifluo-
roborates toward acids (as all boron reagents) has been
confirmed. Indeed, a study dealing with the stability of
potassium organotrifluoroborates toward acids revealed some
interesting features concerning the stability of these com-
pounds toward hydrodeboration and gives an idea of the force
of the carbor-boron bond® In this work, several potassium
organotrifluoroborates were reacted with different acids of
different strength (CKCO.H, CRCO.H, and aqueous or
anhydrous HF). From the results obtained, the following
order of stability can be put forward concerning the different
organic substituents: alkyt aryl > alken-1-yl~ perfluo-
roalkyl > perfluoroaryl> perfluoroalken-1-yl. All the studied
salts were stable in acetic acid at room temperature for
prolonged periods.

In a report dealing with the noncovalent inhibition of the
serine proteases,-chymotrypsin and trypsin by organotri-
fluoroborates, the authors studied their stability to hydrolysis
in an enzymatic studif? It was found that in RO or TRIS
buffer, tris(hydroxymethyl)aminomethane, potassium aryl-
trifluoroborates were quite stable at 3€ and pH= 7.0,
depending on their structures, whereas potassium butyltri-
fluoroborate showed 3860% hydrolysis to boronic acid after
24 h. Faster hydrolysis was observed in phosphate buffer.

Organotrifluoroborates also proved not to be stable toward
Lewis-acid reagents (see section 3.1), resulting in generation

and stereoselective and that the reaction proceeded with allylyf trivalent compounds. Particularly, they proved to be

rearrangement and with trans stereoselectivity.

2.8. Properties of Potassium
Organotrifluoroborates

sensitive to silica gel, regenerating boronic acids if stabié!

The slight sensitivity toward Lewis and Brgnsted acids is
largely compensated by their high stability toward Lewis or
Brgnsted bases and also nucleophiles, contrary to the vast

From a practical viewpoint, preparation of potassium Majority of organoboranes.

organotrifluoroborates, by in situ treatment with Kils

The electrochemical behavior of some potassium aryltri-

straightforward and avoids isolation of trivalent organoboron fluoroborates has also been studied, and the potentials for

species. Use of KHfas a fluorinating agent is compatible
with most functional groups; in particular, trialkylsilyl

the electrochemical oxidation of potassium polyphenyltrif-
luoroborates were measured by cyclic voltammetry in

protecting groups are not removed despite the presence ofcetonitrile®?

fluorine anions.

2.8.1. Stability—Properties

With very few exceptions, all potassium organotrifluo-

2.8.2. Structures

Structure analysis of various potassium organotrifluorobo-
rates have confirmed the ionic formulation of K[REF3

roborates show high stability toward air and water, which is Since contacts between anions exceed the sums of the
not the case of the vast majority of other organoboron relevant van der Waals radii, the packing is apparently
compounds. For example, the widely known and used dictated by the cationanion interactions.
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Scheme 46. Counterion Exchange of K[RB#
F F

- +

For example X-ray structure determination of K[¢B{]
revealed that the cations form their closest contact with F
atoms in five anions, the midpoint of which roughly describe
a square pyramitf. These polyhedra are linked perpendicular
to a into layer with CH groups occupying the surfaces.
Seven K-F contacts were found at 2.678(13.965(1) A.
The symmetry of the CHBF;~ anion is approximatel{s,
with the CH; group staggered with respect to the ;BF
fragment. The B-C bond length (1.575 A) is one of the
shortest reported for a borate complex.

2.8.3. Solubility

Potassium organotrifluoroborates generally show high
solubility in polar solvents like methanol, acetonitrile,
acetone, DMF, and DMSO. Some are slightly soluble in
toluene, THF, and water but are insoluble, with some
exceptions, in nonpolar solvents like dichloromethane, ether,
and hydrocarbons.

+ —
BnNMej, Br
rt, 18h

2.8.4. Characterization

The purity of the salts can be easily checkedffy or
1B NMR. The B NMR spectra feature a reasonably well
resolved 1:3:3:1 quartet, ranging fron2.5 to 7 ppm relative
to BR-Et,O, corresponding to the coupling 88 with three
equivalent fluorine atoms. This gives an indication of the
substitution at the boron atom. In th% NMR spectra, 1:1:
1:1 quadruplets, ranging from160 to—130 ppm relative
to CFCk, were generally observed, as expected for the
coupling of *°F with 1B of spin 3/2.

Exact mass measurements were obtained for a variety of

potassium and tetra-butyl ammonium organotrifluorobo-

rates using organic sulfate salts as internal reference stan-

dardst® Accuracies were determined within 5 ppm using a
sector ESI mass spectrometer operating in the negativ
ionization mode.

2.9. Other Organotrifluoroborates Salts

In their original publication Chambers et‘aldescribed
other salts of trifluoromethyltrifluoroborates. The ammonium
salt NH[CF3BF;] appeared to be less stable than the
potassium one, and the barium salt proved to be highly
hygroscopic.

To increase the solubility of the fluoroborate salts in
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Scheme 47. Formation of Tetran-butylammonium
Organotrifluoroborates

+

|RBF3H:0]
TBA*OH
O, ReF,TBA
CHoCly/H 0
RBF;K

r, 1 min

ag. HF (3 equiv)

RB(OH) —

2

o
& Ny
e @ oy BFSTBA
& BFTBA 7 BF,TBA o5 o,
80 % BF;TBA

80 %
quant.

Scheme 48. i-BusN][HF ;] in the Generation of TBA
Organotrifluoroborates

aq. HF

Li[CsFsB(OMe)3] + M[HF,] M[CsFsBF3]

M =K, [n-BugN]

Scheme 49. Diethanolammonium Salts

) - +
HF? (3 equiv) &g, | (HOCH,CH,),NHMe
T Fe

6 CH4CN, 1t
8 63% 9
.
NMe, NHMe,
d. B(OH), HF®(8equiv) d BFs
Fe CH4CN, 1t Fe

10 68% =

aHF source: 2,4,6-trimethylpyridingHF); s.

Scheme 50. Alternative Procedure for the Preparation of
TBA Salts

CN

<

CN

56%

1. n-BuLi, THF, -94°C

2.ZnCly 1.5 M in THF
3. n-BuyNBF4

gholar and nonpolar solvent® but no information concerning

their stability compared to potassium salts was given.
TBA salts could also be readily accessed by reacting
trivalent or tetravalent organoboranes with§u,N][HF].10”
Indeed, reaction of lithium pentafluorophenyltrimethoxy-
borate with p-BuyN]J[HF;] in aqueous HF furnished a 95%
yield of the expected trifluoroborate salt (Scheme 48). The
same reaction with the potassium salt occured in an
analogous manner but lower yield.
Reaction of the ferrocenylborane compodith 3 equiv
of HF, provided in the form of the collidine complex 2,4,6-

nonpolar solvents, some groups have prepared and usedrimethylpyridine(HF). s, in acetonitrile at room temperature

tetraalkylammonium salts. The first example concerned the
preparation of tetra-butylammonium (TBA) phenyltri-
fluroborate from the condensation of phenyldifluoroborane
with tetran-butylammonium fluoridé® Vedejs et af” also
reported formation of benzyltrimethylammonium salts from
the potassium one on treatment with benzyltrimethylammao-
nium bromide (Scheme 46).

This procedure was improved by R. A. Batey et al. by
use of ammonium hydroxide instead of bromi@&Thus,
counterion exchange of K[RBFor [H3O'][RBF;~] was
achieved by treating the salts with tetrdsutylammonium
(TBA) hydroxide (Scheme 47). All of the tetrabutylam-
monium compounds were found to be readily soluble in both

afforded the ferrocenyltrifluoroborate saiss a crystalline

solid in 63% vyield (Scheme 49§8 Similarly, treatment of

the aminoboronic acidlOleads to isolation of the zwitterionic
speciesll in about 68% vyield.

Another procedure can be employed for the preparation
of TBA aryltrifluoroborates (Scheme 58% Indeed, lithium-
bromine exchange on 2-bromobenzonitrile followed by
transmetalation with zinc chloride and addition of tatra-
butylammonium tetrafluoroborate afforded directly the cor-
responding TBA cyanophenyltrifluoroborate.

Matteson and co-workers reported efficient preparation
of cesium organotrifluoroborates using a combination of
CsF/HF as reagent$? Cesium alkyltrifluoroborates were
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Scheme 51. Preparation of Cesium Organotrifluoroborates Scheme 54. Preparation of Polyfluoroorganodifluoroboranes
O CsF (1 equiv) B HO . Ar—BF3K CHyCl, Ar—BF,

R-B, —— R-BFsCs + or or KIBF

< S X +BFg ——— +  K[BF]

e} 48% aq. HF (2 equiv) HO F _40 to —50°C F

ELO, 1t 70-97% R, R, -
R = aryl, alkyl BF3K BF,
F F

Scheme 52. High-Temperature Generation of RBf Ar = 2-FCeHy, 3-FCgHa, 4-FCeHa 2,46-FoCoHa,
250 °C 2,3,4,5-F4CeH, CqFs,

ZBFK ZBF, R =F, Cl, cis-H, trans-C,F, cis-C,Fs5,cis-CgF1s, trans-
300 °C Cy4Hg, trans-CgHs, trans-Et3Si, cis- and trans-CF3
CH3BFgK CH3BF,
_ ) Scheme 55. AsFas Lewis Acid for the Generation of RBR
Scheme 53. Generation of Organodifluoroboranes from EF E F
Potassium Organotrifluoroborates y AsFs y
LA N\BFSK—> N\BF2
RBF3K RBF, — CH,Cly, — 50°C —
rt

F F 62% F F
LA (Lewis Acid): MeSiCl, BF3°Et,0, BF; gas, AsFs )
Scheme 56. Organodichloroborane from K[RBFE]

precipitated in high yields by reaction of pinanediol (alkyl)- RBFK . RBOISTHF
boronates in diethyl ether with equivalent amounts of a THF, rt
mixture of aqueous hydrofluoric acid and cesium fluoride R = alkyl, aryl

(Scheme 51). Those salts were generally isolated by simple

filtration but could be recrystallized from acetonitrile or  other Lewis acids have been used for the in situ generation

acetonitrile/diethyl ether. of organodifluoroboranes, including BR346263111.11n4
Lithium salts, with some minor exceptions, are generally Asp; 3464 but many other Lewis acids decompose organo-

not stable, and formation of organodifluoroborane and lithium trifluoroborate<3

fluoride is generally observed. Vedejs showed that the nature  For example, polyfluoroalken-1-yldifluoroboranes were

of the counterion of the trifluoroborate governed their prepared on reaction of the trifluoroborate with Bfas at

stability?® Thus, in the presence of Mg or Li* salts in —40 °C (Scheme 54312 In the same way, (fluoroaryl)-
water, organotrifluoroborates were rapidly decomposed to difluoroborane® and substituted 1,2-difluoroalk-1-enyldi-
boronic acids via the intermediate formation of RBF fluoroborane¥®5!were obtained from a chlorocarbon solution
(CHxCl,, CCkF) of the corresponding trifluoroborate upon
3. In Situ Generation of RBF , and Applications treatment with BEgas. These solutions can be used directly,

. ) but the product can be also isolated by distillation.

Very early, potassium organotrifluoroborates were re-  on the other hand, perfluoroalkyldifluoroboranes were best
garded as potential precursors of organodifluoroboranes thalgenerated upon treatment of the corresponding trifluoroborate
are excellent Lewis acids. In the 1960s preparation of yith the stronger Lewis acid Agfin CCLF or CHCl, at
potassium vinyltrifluoroborate and methyltrifluoroborate and g5 °c 64 |n that case, a stronger fluoride anion scavenger
their use as precursors of the corresponding difluoroboranesihan BF, was necessary. Potassium 2,3,5,6-tetrafluoropyrid-
were patented by Stafford et®&They showed that heating  4.yitrifluoroborate showed no reactivity when reacted with
these salts at high temperature allowed the generation ofgF, gas in dichloromethane at50 °C (Scheme 55), while
organodifluoroboranes of high purities (Scheme 52), which ¢jean generation of the corresponding difluoroborane was
could be directly used for further applications (polymerization opserved on treatment with AsBnder identical conditions
promoters, for example). (62% yield)3

In that way, potassium organotrifluoroborates were re-  Contrary to the preceding fluorine scavengers, treatment
garded as an “excellent means of storing and handling of potassium organotrifluoroborates with tetrachlorosilane
organohaloboranes and regenerating these compounds in gesulted in immediate evolution of gaseous tetrafluorosilane
highly pure form"?° Some 25 years later, it was reported and formation of the corresponding solvated organodichlo-
that treatment of potassium organotrifluoroborates with roborane, RBGI(Scheme 56¥8114It was noted that in the
BFs-ELO allowed a clean generation of the corresponding presence of catalytic amounts of [18]crown-6 in dichlo-
difluoroborane® However, only one example was described, romethane the reaction stopped at the organodifluoroborane.
and general methods for generation of organodifluoroboranespichloroborane derivatives could also be generated on

needed to be reported. reaction with BC4.
_ _ In situ generated organodihalogenoboranes from potassium
3.1. Dihalogenoorganoborane Generation organotrifluoroborates have shown useful applications in

Vedejs et al. were the first to study the generation of organic synthesis.

trivalent boranes from organotrifluoroboratéskor their

applications they found that the most efficient fluorophile Eozrm};[t%?:g’]l ggrgrt%%lé Egtaegrgnts for the Clean
was trimethylsilyl chloride (TMSCI). Indeed, on treatment
with 1 equiv of trimethylsilyl chloride, potassium organo- Potassium organotrifluoroborates can be useful precursors
trifluoroborates decomposed cleanly, affording efficient of boronic esters via the intermediate formation of dihalo-
access to difluoroboranes (Scheme 53). It is believed thatgenoborane. D. Matteson et'&thave shown that chiral §-
RBF, is released from a silicon-activated intermediate chloropentyl]trifluoroboratel2, upon treatment with SiG|l
containing B-F—Si linkage by simple B-F heterolysig® provided the corresponding dichloroborane, which, on reac-
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Scheme 57. Formation Pinacolyl Esters from K[RBE]
o] Cl o}
Y—BFsK 8
n-Bu n-Bu (0]
12

Scheme 58. Formation of Boronic Esters from
Bis(trimethylsilyl) Ethers

Me3SiO:><

=—BFK +
Scheme 59. Deprotection of DICHED Boronic Esters

1. SiCl,
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95%
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Me3Sio
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0_.Ch HO. .Ch
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tion with methanol and pinacol, yielded the boronic ester in
95% vyield (Scheme 57).
Another example is given by the preparation of ethynyl-
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Scheme 60. Deprotection of Pinacolyl Organoboronate
Esters

0
Ar—B,
(0]

method: A: ag. LIOH (3.5 equiv), CH3CN, rt. B: Me3SiCl (3
equiv), CHzCN/HL0, rt.

KHF, method A or B

22 R-BFK

R—B(OH),

Chart 1. Bifunctional Lewis-Acid —Lewis-Base Catalyst
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Scheme 61. K[RBF] as Auxiliaries in Amino Acids
Synthesis

NaO o] o]

boronate ester (Scheme 58). Generation of this boronate by

condensation of ethynylmagnesium bromide to 2-isopropoxy-
4.,4,5,5-tetramethyl-1,3,2-dioxaborolane, using the standard
procedure of Brown and co-worket¥,led to formation of

the expected boronate in moderate yield and rather low

purity 55 Other procedures also met low success. On the other

hand, treatment of readily available potassium ethynyltri-
fluoroborate with 2,2-dimethylpropane-1,3-diol bis(trimeth-
ylsilyl) ether in the presence of chlorotrimethylsilane in
acetone at room temperature afforded ethynylborate in 74%
yield and high purity (Scheme 58).The latter reagent
proved to be useful in transition-metal-catalyzed cycload-
ditions to provide direct access to functionalized arylbor-
onate$® 115

3.3. K[RBF 3] as Intermediates in the Mild
Deprotection of Boronate Esters

Potassium organotrifluoroborates can be used as interme-

diates for removal of diol protecting group in boronic esters.
Methods currently available for the deprotection of pinacolyl
esters generally include destructive procedures such as us
of periodate to cleave the protecting diol oxidatively or
hydrolytic protocols. Transesterification has also been de-
scribed but suffers from incomplete reactions or problems

in separating the desired boronic acid from a large excess

of transesterification partner.

E. Vedejs et al. observed that potassium phenyltrifluo-
roborate rapidly decomposed to phenylboronic acid in the
presence of lithium or magnesium catidh3his observation
furnished an entry for the mild deprotection of boronate esters

e}
ArBF 4K F.-0 R
R —3> 4B\+ R =—— \~B\+ R
N H TMSCI Ar N Ar N
! M NJ/ 4 M NJ/ 4
MeN" 43 ©2 2
. 0~° F. 0K F.-0~°
B[ qBuok | | Rx . R
Ar’ N Ar N R Ar- N
o H J 4R
MeoN MesN MesN

56-87%
d.r.: 3:1 to 249:1

sium hydrogen difluoride. Hydrolysis of the latter to boronic
acid was performed using either lithium hydroxide or TMSCI
in the presence of water. Indeed, formation of the boronic
acids must occur via prior formation of the corresponding
dihalogenoboranes as it has been shown that organotrifluo-
roborates are unstable toward fluorine scavengers like lithium
cation or chlorosilane reageris.

3.4. K[RBF 3] as Lewis Acid Catalyst Precursors

Potential bifunctional Lewis-acidlLewis-base catalysts
have been prepared and used in some reactions (Chart 1).
éndeed, functionalized aminoaryldifluoroborane, generated
in situ from the corresponding trifluoroborate, have shown
some interesting catalytic activities in aldol or nitraldol
reactions'?43

3.5. K[ArBF 3] in Crystallization-Induced
Asymmetric Transformations

The first application of the in situ generated aryldifluo-
roboranes from potassium organotrifluoroborates was de-
scribed by E. Vedejs et &t2"11"These boranes were used

as it was known that these esters could be readily convertedas Lewis acids in crystallization-induced asymmetric trans-

to potassium organotrifluoroborates. Indeed, Matteson et al.
have shown that pinanediol or DICHED (1,2-dicyclohexyl-
ethanediol) boronic esters, on treatment with kHiflowed
formation of the expected trifluoroborates and recovery of
the diol in good yields (Scheme 5%) .Separation of the
products is facilitated by the insolubility or low solubility
of K[RBF3] in many organic solvents.

These observations resulted in an efficient two-step
procedure for the deprotection of pinacolyl organoboronate
esters and generation of free boronic acids (Schemé&!'$0).
Conversion of arylpinacolylboronate to potassium aryltri-
fluoroborates was readily achieved by treatment with potas-

formations for the generation af,o’-disubstituted amino
acids. Treatment of amidino carboxylat&3 with aryltri-
fluoroborates in the presence of trimethylsilyl chloride in
THF afforded two diastereoisomeric boron ate complexes
(Scheme 61). Under appropriate conditions, only one boron
epimer was isolated in theoretical quantitative yield because
interconversion between the two epimers occurred readily
via dissociation of the ate complex. Thus, practically, the
chiral information from the starting amino acid is stored at
the boron atom. From the isolated major diastereomer,
alkylation of the generated enolate occurs with good dia-
stereoselectivity at the opposite face of the Ar substituent,
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Scheme 62. K[RBE] as Auxiliaries in Chiral Amino Alcohol Scheme 63. Allylation of Aldehydes Using K[RBE]
Synthesis R OH

(0}

BF3°Et,0
H + J\/\ 82 JS/\
s R2 BF 4K = R

74-96%

Bn\ﬁ = d.r. > 98:2
IPCBF 4K Réj@
&0

H R R
BF.
BnN™ 15 ZJ\/\ —3> QJ\/\
_ R BFK " kery R BF,
LiO 4
14 o]
Ph. |=x3H ‘ B2 &
“, 2 o~/
45 1-PhLi,—78°C BnHN)j© R ‘W o - Ra%
> 1 R' R?
2. HZC;/ HO R
e;f oas Scheme 64. Crotylation ofa-Substituted Aldehydes

. . . . . . o}
allowing, after hydrolysis, formation of amino acids contain- I

ing quaternary enantioenriched carbon certéBy varying . OH OH
. . . OTBS 5 mol% BF3z*Et,O
the nature of the organotrifluoroborate, it was possible to " —choin SN N
increase the diastereoselectivity by facilitating the epimer- Kﬁ 2 02’ TBSO TB86 |
ization reaction. BF4K 3% syn anti
A related process was described by the same authors syn/anti 5:95

using high-purity potassium isopinocampheyltrifluoroborate .
(K[IpcBF3]),2® whose preparation was improved from the Scheme 65. Phase-Transfer-Catalyzed Allylation of

original procedure via hydroboration off-a-pinene using ~ Aldehydes 1

DMAP-BH3 (DMAP = 4-dimethylaminopyridine)!® Treat- o R . OH

ment of K[IpcBR] with 1 equiv of chlorotrimethylsilane ot RZJ\/\B%K BuaNI 10 mol% Rs&/\
furnished the corresponding difluoroborane, which on reac- CHoClo/H;0, 1t R R?

tion with the lithium salt of salicaldimind4 afforded the 74-96% d.r.>98:2

boron ate complet5 as a single isomer after trituration with

hexane (Scheme 62). For example, using Z)-crotyl reagent, very good anti

The relative configuration of the crystalline isomer ob- selectivity was observed in the addition aeOTBS (TBS
tained starting from (R)-a-pinene was established by X-ray = tert-butyldimethylsilyl) substituted aldehydes. Use of other
crystallography asRg)-2-fluoro-2-isopinocampheyl-3-ben-  allylboron derivatives of3-substituted aldehydes generally

zyl-2H-benzog]-1,3,2-oxaza-boratankb. Addition of phen- resulted in lower diastereoselectivity.

yllithium to 15 provided chiral aminel6 in 65% yield and Improved conditions were developed by the same authors,

94% ee. conducting the reaction under aqueous biphasic medium
using phase-transfer catalyst (PTC) in the absence of

3.6. Diastereoselective Allylation Reactions of BFs'Et0.121 Among the different tested PTCs, tetna-

Aldehydes butylammonium iodide proved to be the most efficient,

affording allylation products in high yields at room temper-
ature within 15 min in dichlorometharavater mixtures
| (Scheme 65). In the absence of PTC, the reaction was found
to be rather sluggish. The presumed role of the PTC in this
reaction is to transport the allyltrifluoroborate anion from
the aqueous phase into the organic phase with reaction
presumably occurring at the interface of the aqueous and
organic phasé?!

These conditions were found to be of general use for the
allylation of aldehydes, and applications have appeared in
the literature. Indeed, it was shown that allyltrifluoroborates,
readily obtained from BaylisHillman acetates via pal-
ladium-catalyzed reactions, reacted with aldehydes to give
the corresponding homoallylic alcohols in high yields and
diastereoselectivitie. A strategy for the synthesis of phos-
phatase inhibitors TMC-69-6H and analogues involved
diastereoselective crotylation under biphasic conditions
(Scheme 663?22 Indeed, reaction of potassiurk)¢crotyltri-
fluoroborate with aldehyd&7 led to formation of theanti-
homocrotyl alcohol product in 96% yield and gr 95%.

Aldehydes react with a variety of allylmetallic compounds
to give homoallylic alcohol$!® and among them, trivalent
allyl- and crotylboron compounds are particularly usefu
because of the high yields and excellent levels of stereo-
control they providé?° However, a major disadvantage with
these trivalent boranes is their sensitivity to air and/or
moisture, so they are generally prepared immediately prior
to use. To circumvent this problem, R. A. Batey et al.
developed the use of potassium allyl- and crotyltrifluorobo-
rates in allylation reactions (Scheme 6353 Allyldifluo-
roboranes were generated in situ by addition o§-BBEO
and allowed to react with aldehydes at low temperatures.
High yields were generally achieved with a variety of
aldehydes. Crotylation using potassiuf)-(and €)-crotyl-
trifluoroborates was found to provide excellent levels of
stereocontrol, consistent with addition of tricoordinate boron
species via a ZimmermatTraxler-like transition state
(Scheme 63), potassiur@)¢ and €)-crotyltrifluoroborates
giving rise to the syn and anti product, respectively. The
reaction could also be conducted using catalytic amounts of

. 0, I I
5]';352285(_5 mol %) at room temperature without affecting g 7 | oyisAcid-Catalyzed Mannich-type Reactions

This reaction was also applied to the allylation of alde-  Thanks to their high Lewis acidity, in situ generated

hydes bearingx- or -stereogenic centers (Scheme 64). organodifluoroboranes have been shown to be very reactive
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Scheme 66. Application of Phase-Transfer-Catalyzed
Allylation

OBn (l) OBn OH
Ph BuyNIcat. Ph -
X 4 = x
| + /\/\BFBK |
P CH,Cly/H50, rt P
Cl N~ "OBn 96% Cl N~ "OBn
17 dr > 95:5

Scheme 67. Organotrifluoroborates in the Boronic Mannich

Reaction
O/\ (\O [O]
N.__N . ph/\/BFsK MezSiCl (2 equiv) N

~ T
THF, -50°C )\/\Ph

Darses and Genet

Scheme 70. Proposed Mechanism for the Vinylation of
Iminiums Cations

OSiMe; oS
BFs R NR, ph X BF20SiMes
N BFK — o N BR — P
(-KBF,) Rr SNR,
- Ph
Me3SiOF,B Ph _
R NR, | (MesSIOBF) o o

Scheme 71. Three-Component Petasis Reaction with
Paraformaldehyde

68%
Ph Ph

Scheme 68. Boronic Mannich Reaction with Potassium o
“1-vltri BF5°Et,0 25 mol%
Alken-1-yltrifluoroborates + (CHo0), + R-BFgK ——2- >0
Tol, 90°C
| © N
K(\ ] H 40-98% L
ph X BFaK 4 N‘\/_R Me;SiCl (2 equiv) N R
7\ THF, rt phA\)\I/\ A R = aryl, alken-1-yl, allyl
*HNC O 28-54% N

Scheme 72. Potassium Alkynyltrifluoroborate in the Petasis

R = H, 2-Br, 2-MeO, 3-CO,Me Reaction

NR',

@CHO
I + RoNH  PhCOLH (1 equiv) N
/2 on — | X

Scheme 69. Vinylation of Fluorinated Iminiums with
Potassium Alken-1-yltrifluoroborates

Ph X L BmimBF,, 80°C 5/~ oy R
QSMes BF3°Et,0 (1 equiv) f *RT="BFK 55-83% X
Rf N/H + Ph/\/BFSK CH,Cl,, rt R N . .
NBn 2v'2 f R = alkyl, aryl, trimethylsilyl
75.85% L_Nen X = H, 5-NO,, 3-Me, 5-Cl, 5-+-Bu

R'5>NH = morpholine, (PhCH,)NH
R = CF3, CCIF,, CF3CF»

acts as a Lewis acid to activate the hemiaminal, generating
in addition reactions to iminiums and derivatives. The first an iminium and a nucleophilic species (Scheme 76
example described concerned the use of potassium organoThe precise mechanism for the reaction between the iminium
three-component reaction between aldehydes, amines, angyyolve a nucleophilic attack of the double bond to the highly
boronic acids? As soon as he described the reaction, N. electrophilic iminium cation. In the BMR reaction, chelation
(Scheme 672 For example, reaction of 4-benzylidene-  geems to be necessary for the reaction to proceed.
dimorpholine with potassiumE)-2-phenylethenyltrifluo- The BMR using potassium organotrifluoroborates is not
roborate in the presence of 2 equiv of Ch|orotri_meth0ylsi!ane limited to introduc%iopn of alkenyl s%bstituents which is often
furnished 1-morpholino-1,3-diphenyl-2-propene in 68% yield. the case with other boron reagents. It has been shown that

Heterocyclic aldehydes have also appeared to be suitable ' o .
components in the BMRS Potassium styryltrifluoroborate In the presence of TiFor BRELO as Lewis acids, potassium

added efficiently to in situ generated iminium ions using aryl-, alkenyl-, and allyltrifluroborates participated in the

27

chlorotrimethylsilane as a fluorophile (Scheme 68). Among SR, (Sct:)heme 71)'b Forlexamglle, the t?ree-clgmhp%nent q
the tested heterocyclic aldehydes, only aldehydes possessin paction between 4-benzylpiperidine, paraformaldehyde, an
a a-heteroatom to the aldehyde substituent gave the BMR rganotrifluoroborate afforded functionalized amines in high
product. Under these standard conditions, yields obtainedY'€!ds- The reaction could also be conducted on other
using the corresponding boronic acid were always below &/denydes but was still limited to aldehydes bearing.ar
10%, demonstrating the higher electrophilicity of organodi- ortho activating group.
fluoroboranes compared to other trivalent organoboron This three-component reaction was extended to potassium
derivatives. Moreover, reaction times were generally shorter. alkynyltrifluoroborates (Scheme 72f.Reaction of the latter

Potassium alken-1-yltrifluoroborates also proved to be With amines and salicylaldehydes or formaldehyde in the
good nucleophiles in the reaction with trifluoroacetaldehyde Presence of 1 equiv of benzoic acid, using an ionic liquid as
hemiacetals (Scheme 69¥.In the presence of BFELO as solvent, furnished the propargylamines in moderate to good
the Lewis acid, the in situ generated alkenyldifluorobor- Yields. Addition of benzoic acid increased the reaction yields
ane derivatives reacted with trifluoromethylated iminium ions dramatically, presumably by favoring condensation of the
in good yields in dichloromethane at room temperature, aldehyde with the amine to generate the iminium ion. Once
whereas alkenylsilanes failed to deliverfluoroalkylated ~ @gain, benzaldehyde derivatives lackingaahydroxy sub-
amines. stituent were found to be unreactive.

Concerning the mechanism of such reactions, some general Such Mannich-type reactions have also been described
considerations were proposed. The in situ generated; RBF with a,a-dichloro aldimines?®
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Scheme 73. Conversion of Organotrifluoroborates into Scheme 75. Organic Halides from Potassium
Secondary Amines Organotrifluoroborates
1. SiCly, tol, A 1 2 NaX (1.05 equiv
RI-BFK  + RN, S Rly-R R-BFK (0
2. H,0 H Chloramine-T (1 equiv)
o tic acid
R = any, alkyl 70-85% or peracetic acl
R2=H, alkyl R = aryl, alkenyl, alkynyl
X =1, 123, Br, 7°Br
Ng /\/\(BFSK 1. SiClj, tol, A N /D Scheme 76. Sulfuration of Potassium Phenyltrifluoroborate
2. H,0 N 1. (PhSO,),S,
Ph 2 H DMF, 130°C
' _S.
Ph”~Ph
Scheme 74. Fluorination of Potassium 67%
Alkenyltrifluoroborates PhBF3K 1.8,Cl
- 212,
T\t - DMF, 130°C S-S
RS F-N"\-N— , 2 BF, (1 equiv) R3 " P Ph
Gl 2.H
RZJ\KBFaK RZ&F 85%
, CH5CN, 1t .
R R
65-89% a second equivalent of Selectfluor, the alkenyl fluorides
N N underwent further reaction to produce a putative carbocat-
N\ = g . . ;
H F-N"-N— , 2 BF4 (2 equiv) z ionic intermediate, which was quenched with the solvent
RQJ\(BFgK /¢l RZJ\KF (Scheme 74¥* This reaction only worked with compounds
Rl Hz0 or CH3CN, rt RiF leading to benzylic carbocations {R= Ar).
58-82% Kabalka et al. found that organic halides can be readily
Z = OH or NHCOCH, prepared from potassium organotrifluoroborates. In the
) . . presence of sodium iodide and chloramine-T, potassium aryl-,
3.8. Organotrifluoroborates in Secondary Amine alkenyl-, and alkynyltrifluoroborates were rapidly converted
Synthesis to iodides under mild conditions (Scheme 78)Potassium

aryltrifluoroborates containing electron-withdrawing groups
generally required slightly higher reaction temperature, and
the reaction with potassium alkyltrifluoroborates was found
to be less efficient. In the same way, organic bromides were
obtained in good yields using sodium bromidéin these
reactions, alkenyltrifluoroborates were rapidly converted to
alkenyl halides with retention of stereochemistry, providing
access to eitheE)- or (2)-alkenyl halides. These procedures
were also applied to the preparation of iodine#£23r

. . bromine-7634 labeled compounds. In these reactions per-
An example of an intramolecular reaction was also

; . ; - acetic acid was preferred as oxidant over chloramirtéxT.
reported with the preparation of a chiral 2-phenylpyrrolidine . . i
starting from chiral potassium alkyltrifluoroborate (Scheme  El€ctrophilic sulfuration of organotrifluoroborates was
73)38 This reaction proved to be one of the most promising described by M. Gingras et al., allowing formation of sulfides
ones for formation of secondary amines from organoboron ©F disulfides (Scheme 76)° Indeed, reaction of potassium
compounds. Moreover, use of in situ generated reactive phenylErlquoroborate with bis(phenylsulfonyl)sulfide in DMF
organodihalogenoboranes appeared to be superior to previét 1300 C afforded, after acidic treatment, diphenyl sulfide
ously described reactions using highly reactive and unstablen 67% yield. On the other hand, reaction with sulfur mono-

alkyldichloroboranes or trialkylboranes, where only one of chloride (SCl) under identical conditions gave diphenyl
the three alkyl groups is transferré&d. disulfide in 85% yield. Among the tested organoborate salts,

potassium organotrifluoroborates proved to be the most
reactive. The reaction is believed to operate via an ionic
mechanisnis®

In situ generated alkyl- and aryl-dichloroboranes, from
potassium alkyl- and aryltrifluoroborates, react with organic
azides to give secondary amines (Scheme 73). As fluorine
scavengers, D. S. Matteson et al. found that Salbwed
faster reactions than M8ICl, presumably by generating
organodichloroborane instead of difluorobor&héndeed,
reaction of trifluoroborates with a slight excess of azide was
efficiently promoted by tetrachlorosilane to afford secondary
amines in good yields in refluxing toluene.

4. Reactions of Potassium Organotrifluoroborates
with Electrophiles

One of the first applications of potassium organotrifluo- 5, Potassium Organotrifluoroborates in

roborates, other than for the in situ generation of organodi- Transition-Metal-Catalyzed Reactions
fluoroboranes$? concerned their use in electrophilic fluori-

nation (Scheme 74%° Indeed, N. A. Petasis et al. used Very early it had been shown that potassium organotri-
potassium alkenyltrifluoroborates to produce alkenyl fluo- fluoroborates participated in transition-metal-catalyzed reac-
rides in good yields using Selectfluor as a fluorinating tions}®” in other words, transmetalation of organotrifluo-
agent’* Reaction conditions (acetonitrile, room temperature) roborates to transition metals was feasible. Since this
proved to be very mild, and it was found that the reaction pioneering work, potassium organotrifluoroborates have been
was sluggish using the corresponding alkenylboronic acids. used in several transition-metal-catalyzed reactions such as
Concerning the mechanism, the reaction presumably involvedSuzuki-Miyaura cross-coupling reactioAgddition toa.,3-

an additior-elimination pathway via a carbocation inter- unsaturated substrates or aldehydes (Miyatttayashi-type
mediate’* Formation of a mixture of isomers and faster reactions)?® and formation of ethers or amines. There has
reaction with organotrifluoroborates compared to boronic been an exponential growth of publications and patents in
acids are consistent with this mechanism. In the presence ofthis area.
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Scheme 77. Cross-Coupling of Arenediazonium with Scheme 79. Cross-Coupling with Polyfluorinated
Aryltrifluoroborates Organotrifluoroborates
7\ _N.BF cat. [P} 7N\, Pd(PPhg),
Ar—BFgK ~——— r 5 mol%
f Jnsra + mosew e (- 7 TSI . S W
>BF,4 6503
X 67-96% X X/— DME N ) Cebs
aCond A: Pd(OAc), dioxane. Cond B: Pgu-OAC)(P(-tolyl)s)z, 26-56%
methanol.

Pd(PPhg), F

F
. . . . 5 mol% F
Scheme 78. Vinylation of Arenediazonium F@—N BF. F\%\ — /
y 2ohat BFsK “gioxane, it F
F F

Tetrafluoroborates
Pda(u-OAc),(P(o-tolyl)z)o o

(//:\>7N28F4+/\BF3K &1g:|°;° // N7 Scheme 80. Chemoselectivity of the Coupling with
X" e X = Arenediazonium Salts
70-88% R R
Pd,(u-OAc)(P(o-tolyl)3)
) . 7 1N\ 0.1-5 mol% /}
5.1. Palladium-Catalyzed Cross-Coupling @WBF‘* + RBRK MeOH, rt (_ R
Reactions z z
Z=1,Br,OTf

Palladium-catalyzed cross-coupling reactions (Miyaura
Suzuki-type reactiondyvith potassium organotrifluoroborates . ] ) . )
constitute the major advance in organotrifluoroborate chem- palladium source. Extension of this coupling to potassium
istry and have known increased applications, particularly in Polyfluorophenyitrifiuoroborates was reported (Scheme'9).
the pharmaceutical industry. After a survey of the various Reaction conditions were optimized for that particular type
conditions developed and the compatible substrates, applica0f substrate, and the authors showed that moderate yields of
tion of these reactions to the synthesis of organic materials biaryls could be obtained using Pd(RRlas catalyst in DME
and more particularly of biologically active compounds will &t room temperaturé*

be detailed. These lower yields of biaryls compared with those
_ . S obtained with non-fluorinated aryltrifluoroborates may be
5.1.1. Cross-Coupling with Arenediazonium Salts attributed to the lower reactivity of K[§FsBF3] and to its

sensitivity to hydrodeboration. In another examitethe

potassium aryltrifluoroborates were suitable substrates in @uthors showed that (trifluoroethenyltrifluoroborate, the
fluorous analogue of vinyltrifluoroborate, could also couple

palladium-catalyzed reactions (Scheme #7As coupling o ; . X .
partners, the highly stable and nonexplosive arenediazoniumW'th diazonium salts, even in Iov_ver ylelds_(Scheme 79). This
later example represents the first coupling of a perfluoro-

tetrafluoroboraté$® were chosen because of their ready . o
availability from inexpensive aromatic amink8.It was alkenl—l—yl organometallic reagent catalyzed by a transition
metal.

shown that in the presence of a catalytic amount of palladium _ ) . .
and in the absence of any base, cross-coupling of arenedi- One interesting feature of these cross-coupling reactions
azonium with potassium aryltrifluoroborates occurred at room IS their high chemoselectivity toward diazonium in the

In 1997, Darses and Genet were the first to show that

temperature to afford biaryls in high yields within-2 presence of triflate, bromo, or iodo substituents (Scheme
R 28.44,137 80)2844.137Indeed, it was possible to couple the diazonium
Two sets of catalyst/solvent systems worked efficiently: 9"0UP selectively with potassium organotrifluoroborates in

Pd(OAc) in 1,4-dioxane and the palladacycle,RdOAC),- the presence of triflate, bromo, and, in many cases, iodo
(P(o-tolyl)s),14 in methanol. The reactivity of aryltrifluo- ~ Substituents, allowing formation of products that can be

roborates was far superior to that of the corresponding further functionalize_d by iterative cross-qoupling reactions.
boronic acid$?® giving higher vyields of biaryl83137 par- From these results it appeared that the diazonium group was

ticularly when hindered substrates were involved. clearly far more reactive, and the order of reactivity of the

These conditions were also suitable for introduction of a different electrophiles is as follows: 2N_ > | > Br, OTt.
alken-1-yl substituent on diazonium salts using potas- |t has also been reported that palladium-catalyzed carbo-
sium alkenyltrifluoroborate®#More particularly, potassium  nylative amidation of arenediazonium salts with potassium
vinyltrifluoroborate proved to be a highly efficient vinylating ~ &Yltrifluoroborates, carbon monoxide, and ammonia gave
agent of diazonium salts (Scheme 78). Indeed, palladium-2ary! amides in %OOd yields in the presence\sheterocyclic
catalyzed cross-coupling reactions of arenediazonium tet-carbene ligand> However, the generality of this reaction
rafluoroborates with potassium vinyltrifluoroborate afforded USing potassium organotrifluoroborates was not demonstrated
styrene derivatives as the sole products in good yields at(only one example given). A recoverable homogeneous
room temperaturé It is important to note that the cross- Palladium(0) catalyst for cross-coupling reactions of arene-
coupling reaction with vinylboronate esters was not selective, diazonium salts Q’V'th potassium organotrifluoroborate has
giving mixtures of compounds arising from Suzthiliyaura been describe® Use of electrospray ionization mass
and Heck reactions in all cas&é. The reactions were SPectrometry (ESI-MS) allowed the direct detection and
generally very fast (less than a few minutes), even in the |dent|f|ca'_uon of several palladium intermediates involved in
presence of low catalyst loading at room temperature (TOF the reaction.
> 3000 hrY).

Cross-coupling of arenediazonium tetrafluoroborates and
potassium aryltrifluoroborates could also be achieved in ionic
liquid as reaction medi#? High turnover frequency (TOF Hypervalent iodonium salts were used efficiently as part-
= 6000 h'') was obtained using an azapalladacycle as the ners in palladium-catalyzed cross-coupling reactions. Z.-C.

5.1.2. Cross-Coupling with Hypervalent lodonium
Compounds
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Scheme 81. Cross-Coupling with Aryliodonium Salts Scheme 84. Vinylation of Bromopyrimidines
ArJBE APBEK Pd(OAc), 5 mol% R! R!
I + r = r r
2Bha 8 DME, 60°C N PACly(dppf) 1% N7 X
82-99% A )+ Pk “n-PrOH, Et;N. !
: . . 0" N reflux o™ N
Scheme 82. Carbonylative Cross-Coupling Reactions R? R2
. Pd(OAc), 5 mol% Q Scheme 85. Cross-Coupling of Alkenyltrifluoroborates with
ArlBRa -+ AR e T am Ar)]\Ar' Aryl Halides
KaCO;, 1t PACl,(dppf) 2 mol%
B R 5(dppf) 2mol%
> 80% yld Ar=X + TNZBRK T poH, EGN 7 Ar
reflux
Scheme 83. Preparation of Pyrrolo[2,3-d]pyrimidine via X =1, Br, OTf 55-quant.
Palladium-Catalyzed Cross-Coupling with K[RBF;3] . .
~ aryltrifluoroborates was efficiently catalyzed by PdEPh),
NTSN N° N in the presence of N&O; as a base. The pyrrolo[2,3-d]-
L /O _ a_ o Y N/O pyrimidine thus prepared was a tyrosine kinase inhibitor,
cl N + Ar—BFgK —— _ X ; . . . .
— useful in treating proliferative diseases and disorders of the
[ ~ Ar immune systems in mammals.
NN In 2000, Scalone and co-workers, at Hofmann-La Roche,
LUNGTIVI N N’O described the introduction of a vinyl substituent on pyrimi-
= dine derivatives using potassium trifluoro(vinyl)borate (Scheme
Ar 84) 151 Reaction conditions were optimized, and it was found
Ar = 2-PhOCgHy, 3-PhOCgH, that PdCi(dppf) (dppf= bis(diphenylphosphino)ferrocene)
?)zgoaé PdCly(PPhg),, NayCOj3, Tol/EtOH/H,0, 105°C. b) aq. NH, showed the best activity; the highest conversions and purities

were achieved in high boiling alcoholic solvents like propanol
or butanol. The influence of the base was less pronounced,

Chen et al*” have shown that in the presence of 5 mol % i+ aliphatic aminesi{PHNEL. t-BuNHs». or E&N) were the
of palladium acetate in DME at 6TC coupling of diaryl- most gffective. PrNEL 2 &N)

iodonium tetrafluoroborates with potassium aryltrifluorobo-  these conditions (association of an alcoholic solvent and
rates afforded high yields of biaryls (Scheme 81). Asin the 5 amine as a base) proved to be quite general for introduc-
case of diazonium salts, addition of a base was not necessaryiyn of an alkenyl moiety on aryl halides or pseudo-halides.
for the cross-coupling, and as coupling partners, hydroxy- |nqeed, G. A. Molander et al. showed that under these
(tosyl_ox31/27|odoarene Arl(OH)OTs also participated in this -4 ditions (PdG{dppf), isopropanol/kD, and t-BuNHb),
reaction. _ potassium alken-1-yltrifluoroborates effected the cross-
Diaryliodonium salts could also serve as substrates for ¢4 pjing reaction with aryl iodides, bromides, and triflates,
carbonylative cross-coupling reactions with potassium aryl- 5|jowing efficient access to alken-1-yl-substituted aromatic
trifluoroborates (Scheme 82% Optimization of the reaction compounds (Scheme 88)152 Use of EtN as base in
revealed that, in the palladium carbonylative process, thg association with anhydrous-PrOH also provided good
presence of a base was necessary to suppress direct formatiqRgyts, and a variety of diverse heteroaryl halides reacted
of biaryl compounds. _ , efficiently with potassium alken-1-yltrifluoroborates. High
The tetrafluoroborate counterion proved to be superior t0 yie|ds were achieved with aryl iodides and non-electron-
chloride or tosylate anions, and hydroxy(tosyloxy)iodoarenes yjch aryl bromides and triflates, but no reaction occurred with
were not suitable as they afforded only direct cross-coupling gry| chiorides. It is important to note that, as in the case of
products. palladium-catalyzed cross-coupling of alken-1-ylboronic
- : ; . acids? the reaction is stereospecific as couplingZfétyryl-
gjjfghg;%ss-COUpllng with Organic Halides and trifluroborate afforded only cross-coupling adduct wi) (
stereochemistri£? Alkenylation of aryl iodides could also
Efficient cross-coupling reactions with arenediazonium or be achieved under microwave irradiation using otherwise
aryliodonium could be accomplished at low temperature and identical conditiong>3
in the absence of any added base. Unfortunately, the cross- As in the case of arenediazonium séftspotassium
coupling of potassium organotrifluoroborates with aryl trifluoro(vinyl)borate proved to be an efficient vinylating
halides or triflates (with one exception, vide infra) required agent of aryl halides and triflatésindeed, in the presence
addition of a base for the reaction to proceed. In its absence,of 2 mol % of PdCj(dppf) in n-propanol and using
no cross-coupling products were obtairfé#'® Thus, under triethylamine as a base, various functionalized styrenes were
basic conditions, aryl-, alken-1-yl-, alkyl-, allyl-, and alkyn- obtained in moderate to good yields (Scheme 86). These
1-yltrifluoroborates have been shown to participate efficiently conditions were further improved, and a more general
in palladium-catalyzed cross-coupling reactiéns. procedure for the vinylation of aryl halides and pseudo-
5.1.3.1. Coupling with Potassium Alkenyl- and Aryl- halides was described by G. A. Molander et®llt was
trifluoroborates. The first cross-coupling reaction of potas- found that higher yields of styrenes were obtained using
sium organotrifluoroborates with organic halides was re- PdC}L in association with PRhin the presence of GEO;
ported in the patent literature. In 1998, an international patentas a base in THFA® at 85°C. Vinylation of hindered aryl
by Knoll A.-G. Chemische Fabriken (BASF) reported the bromides was best performed using cesium carbonate as a
cross-coupling of an aryl halide with potassium aryltrifluo- base in THF/HO as solvent, but moderate yields were
roborates in the presence of a base (Schemé®88)deed, generally observe®® On the other hand, using Buchwald’s
reaction of 5-iodopyrrolo[2,3-d]pyrimidine with potassium RuPhos ligand®® good yields of styrenes were observed on
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Scheme 86. Vinylation of Aryl Halides and Triflate

/ \ o~ [Pd]cat.a / \
RQX +  ZOBFK RQX

X =1, Br, OTf

aFrom ref 45: PdCGdppf) 2 mol %, E4N (1 equiv),n-PrOH, reflux.
From refs 45 and 155: Pdgtppf)CH.Cl, 9 mol %, CsCO; (3 equiv),
THF/H;O (10:1), reflux. From ref 154: PdgR mol %, PPB 6 mol %,
CsCO0;s (3 equiv), THF/HO (9:1), 85°C.

Scheme 87. Coupling of Aryl- and
Alken-1-yltrifluoroborates

Pd(OAc)./dppp 5 mol%

Ar—=X 4+ R-BFsM - Ar—R
Cs,CO3 (1.2 equiv)
DME/H,0, rt-50°"C yld > 50%
X=Br, |
R = aryl, alken-1-yl
M =K, n-BuyN

Scheme 88. Biaryl Synthesis via Use of Potassium
Aryltrifluoroborates

[Pd] 0.5 mol%*

Ar=X + Ar—BFRK MeOH or EtOH, reflux Ar—Ar
50—quant
X =Br, |

Ar, Ar' = aryl or heteroaryl

aFrom refs 30 and 31: cond A, Pd(OAcK.CO;s (3 equiv); cond B,
Pd(OAc)/PPh, K,CO; (3 equiv); cond C, PdG(dppf).CH.Cl,, EtN (3
equiv).

those hindered substrat®$ This ligand also proved to be

adapted for the vinylation of 4-chloroacetophenéiie.
Concomitant to the work of Molander and co-workers,

Batey et al® described another catalytic system for the

cross-coupling of alkenyl- and aryltrifluoroborates with aryl

halides (Scheme 87). Indeed, in the presence g€0sas

a base and Pd(OAg¥ppp (dppp= 1,2-bis(diphenylphos-

Darses and Genet

Scheme 89. Biaryl Synthesis under Microwave Irradiation

cat. [Pd]?

Ar—X 4+ Ar—BFgK ——————  Ar-Ar
microwave
ROH/H,0

X=Br, | 50—quant

Ar, Ar' = aryl or heteroaryl

aFrom ref 157 (X=1): PdChk(dppfl-CH,Cl, 2 mol %, i-PrLNEt (3
equiv),i-PrOH/H,0O 2:1, 100°C, 10 min. From ref 158 (%= Br): 2.5 ppm
Pd, NaCO0; (3.7 equiv),n-BuNsBr (1 equiv), EtOH/HO 1:1, 150°C, 5
min. From ref 159 (X= Br): PdCh (1.2 mol %), KCO;s (3 equiv), MeOH/
H»0 1:1, 125°C, 20 min.

Chart 2. N,N'-Disubstituted Bis-Thiourea Ligand!®°

N

N N

straightforward, as in many cases the products precipitated
upon addition of water to the cooled reaction medium.

G. W. Kabalka et al. have also shown that under
microwave irradiation aryl iodides coupled rapidly and
efficiently with aryltrifluoroborates using Pdgtppf) as
catalyst, 3 equiv of-Pr,NEt in isopropanotwater mixture
at 100°C for 10 min (Scheme 897 Under these microwave
conditions, it was also reported that ultralow catalyst loading
(up to 2.5 ppm) could be used in the cross-coupling reaction
with aryl bromide or iodidé>8 At these ultralow palladium
concentrations, lowering either the amount of base (from 3.7
to 3 equiv) or the temperature (from 150 to 135) has a
deleterious effect on product yield. However, these conditions
were not suitable for sterically demanding aryl bromide or

phino)propane) as catalyst, aryl bromides and triflates were potassium alkyltrifluoroborates. Cross-coupling of bromo-

cross-coupled in a DME/A®D solvent mixture.
Higher yields (25-50%) were generally achieved using

arenes with aryltrifluoroborates has also been reported under
ligand-free conditions and in the absence of tetraalkylam-

tetrabutylammonium salts instead of potassium, but interest-monium salts using catalytic PdQiScheme 89)%° Higher

ingly, the reactivity of the latter was restored using tetrabu-

tylammonium iodide as phase-transfer agéhtt was also

yields were generally observed using water as cosolvent.
Low catalytic loading in palladium (0.1 mol %) were also

found that use of water as a cosolvent was essential for theachieved using &,N'-disubstituted bis-thiourea (Chart 2)
reaction to proceed. Reactions performed in the absence ofs ligand in the cross-coupling of potassium aryltrifluorobo-
water showed low conversion in the case of the TBA salts rates with electron-deficient aryl bromid&8.0nce again,
and no reaction with potassium salts. In the case of aryl it was found that under identical conditions trifluoroborate

halides bearing electron-withdrawing substituents, cross-Salts were more reactive than the corresponding boronic

coupling reactions were conducted at room temperature.

acids. Cross-coupling of potassium aryltrifluoroborates with

Use of expensive cesium carbonate could be avoided inaryl iodides or electron-deficient aryl bromides have been

cross-coupling reactions with aryltrifluoroborates. In a
detailed study, G. A. Molander et #l.have shown that

reported using palladium metal colloids supported on poly-
(vinylpyrrolidone)*¢* Good yields of biaryls were obtained

several conditions may be used for the cross-couplingin pureowater as solve_nt and potassium carbonate as a base
reaction of potassium aryltrifluoroborates with aryl halides at 100°C. The palladium metal could be recovered and

(bromide and iodides) using only 0.5 mol % palladium

recycled for eight consecutive trials without significant loss

catalyst (Scheme 88). In general, optimal conditions were Of activity.

found to involve use of alcohols as solvents. Ligandless

Cross-coupling of pentafluorophenyltrifluoroborate and

conditions (condition A) were found to be the most suitable (trifluoroethenyl)trifluoroborate with aryl iodides or bromides
in the vast majority of the studied reactions with either aryl occurred only under modified conditions: addition of,8g

or heteroaryl bromide¥:3! In the case of ortho-substituted

was necessary (Scheme 96)The presence of ¥CO; is

substrates or electron-rich aryl bromides, the presence of anot essential using AQ, but it seems to prevent hydrode-
phosphane ligand (condition B or C) was necessary to obtainboronation of the trifluoroborate saft: Cross-coupling with
high yields of the cross-coupling product and minimize the potassium pentafluorophenyltrifluoroborate was applied to

homocoupling of the aryl bromid&.It is also important to

the preparation of molecular tweezéts.

note that under both ligand and ligandless conditions, the Cross-coupling with aryltrifluoroborates was extended to
reactions could be performed in air without a reduction in aryl triflates as electrophiles by G. A. Molander in the
the yield. Treatment of the reaction mixture was generally synthesis or biaryl and heterobiaryl compounds (Scheme
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Scheme 90. Cross-Coupling with Polyfluorinated Scheme 94. Palladium-Catalyzed Cross-Coupling Reactions
Organotrifluoroborates with Alkenyl Bromides
CeFsBF3K Ar—CeFs R R? cat. [Pd]? R' R?
7 N\ or a) or R-BF3;K + p== E— —
QX +R_F —— A F Br R R R
: F BF3K F F R = aryl or alken-1-yl
X=I: 76-93% aCond A (R= aryl): Pd(PPB)4 2 mol %, KxCOs or CCO;s (3 equiv),
X = Br: 25-62% toluene-H;0, 90°C. Cond B (R= alken-1-yl): Pd(OAcy2 PPh 5 mol
aPd(OAc) 10 mol %, PPk 20 mol %, AgO (1.2 equiv), KCO;s (2 %, CsCO; (3 equiv), THF-H:0, 70°C.

equiv), toluene, 100C. ) . )
methanol or ethanol as solvent, high yields of biaryls were

Scheme 91. Biaryl Synthesis from Aryl Triflates obtained, even with electron-rich or hindered aryl chlorides.
Ar—OT 4 AF—BF.K Pd(OAc),/2 PCy3 5 mol% Ar—Ar For ex;implt_a, 2,’26—trime_thylbiphenyl .could be.prepared in
8 Cs,C0;3 (3 equiv) 92% yield via the coupling of potassiumtolyltrifluorobo-
Ar, Ar = aryl or heteroaryl 1 TH/H20 reflux 43-94% rate with 2-chlorom-xylene at 50°C. Potassium 3-pyridyl-
trifluoroborate also participated in the coupling, whereas the
Scheme 92. Base-Free Biaryl Synthesis under Microwave corresponding boronic acid was inert.
Irradiation Fu et al. have also shown that palladium-catalyzed cross-
Pd(OAC), 1.2 mol% coupling reaction of 3-pyridyltrifluoroborate with an aryl
Ar—OTf + Ar—BFgK T EoHmo Ar—Ar chloride could be achieved using P(€yas ligand®’
MW, 95°C, 15 min However, only one example was given, and in that case,
51-98% K3PO, was found to be the most suitable base. With electron-
) _ _ deficient heterocyclic chlorides, the reaction could be
Scheme 93. Palladium-Catalyzed Cross-Coupling Reaction conducted in the absence of added ligand. Indeed, the cross-
of K[RBF 5] with Aryl Chlorides coupling of 3,5-dichloroisothiazole-4-carbonitrile with potas-
A—Gl + A—BFK cat. [Pd]? A A sium phenyltrifluor_oborate was efficiently catalyzeq by
3% K,COj4 (3 equiv) palladium acetate in the presence ofdQ; (1-1.5 equiv)
MeOH, reflux and 18-crown-6 (0.5 equiv) in refluxing anhydrous toluéiie.
Ar, Ar' = aryl or heteroaryl Air- and moisture-stable palladiuM-heterocyclic carbene
2 From ref 166: Pd(OA@)1 mol %, S-Phos 2 mol %, 738%. From  (Pd—=NHC, Chart 3) has shown promising catalytic activity
ref 169: [Pd-NHC] 2 mol % (3 examples). in the coupling of aryl chlorides with boronic acids and also
) . . ) with potassium aryltrifluoroborates (Scheme ¥3)indeed,
Chart 3. Ligands for the Cross-Coupling Reaction with Aryl using the conditions described by Buchw#itli.e., K,COs

Chiorides as a base in methanol as solvent, good yields of biaryls and

P heterobiaryls were obtained using diisopropylphenylimida-

iPr
O zolium ligand for the palladium.
PCy,

Cl-Pd-Cl Efficient palladium-catalyzed cross-coupling reactions with
MeO OMe Ny alkenyl bromides have also been described. Arylation of
O | P alkenyl bromide was best achieved using Pd@Phs
cl

catalyst and KCGO; as a base in a toluer@i,O mixture at
90 °C (Scheme 94)7° These conditions were suitable for
) - electron-rich or neutral boron derivatives. However, electron-
91)%* Under ligandless conditions, only electron-poor aryl poor aryltrifluoroborates were best coupled usingBy)s
triflates underwent the coupling. Optllmllzatlon of the ce_ltalync as ligand or PdG(dppf) as catalyst precursor. Noteworthy,
system has shown that the association of Pd(@Awh the reactions could be carried out rapidly using as little as
tricyclohexylphosphane (PGyas ligand in the presence of 0.5 mol % of catalyst loading. WheZ)-bromoalkenes were
CsCQO; allowed formation of cross-coupled products with  employed, the Z)-styryl moiety was formed stereospecifi-
good yields. Interestingly, when 4-bromophenyl triflate was cally.
used as the electrophile, coupling occurred at the bromide The stereoselective synthesis of conjugated dienes was
rather than the triflate. reported using air-stable potassium alken-1-yltrifluoroborates
G. W. Kabalka et al. have also shown that aryl triflate as coupling partners (Scheme 9%)Indeed, the palladium-
could be cross-coupled, in the absence of base, undercatalyzed cross-coupling reaction of potassifi &nd @)-
microwave irradiation (Scheme 9%f.Indeed, under ligand-  alken-1-yltrifluoroborates with eitherE}- or (2)-alkenyl
less conditions, the palladium-catalyzed reaction of aryl bromides proceeded readily with moderate to excellent yields
triflates with potassium aryltrifluoroborates furnished high to give the corresponding=(E)-, (E,2)-, (Z,E)-, or (Z,2)-
yields of biaryls within 15 min. These conditions should be conjugated dienes stereospecifically. Best conditions em-
very useful as aryl triflates are base sensitive and thermally ployed a combination of Pd(OAc)and PPh as catalyst
liable so that long reaction times and basic conditions lead precursors in a THFH,O mixture as solvent in the presence
to their destruction. However, it is not clear at present if of Cs,CO; as a base at 78C, and conditions using Pdgl
aryl triflates cross-couple under thermal conditions and in (dppf) in alcoholic solvents led to only moderate yields and
the absence of base. low stereoselectivity. As observed in other palladium-
Palladium-catalyzed cross-coupling with aryl chlorides was catalyzed cross-coupling reactions with potassium organo-
readily achieved by Buchwald and co-workers using S-Phos trifluoroborates, the silyl ether groups survived the reaction
ligand (Scheme 93, Chart 3% Indeed, in the presence of conditions, even though a fluoride counterion and a base is
Pd(OAc) and 2 equiv S-Phos, using,BO; as base and  present during the course of the reaction

S-Phos [Pd-NHC]
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Scheme 95. Stereoselective Synthesis of Conjugated Dienes

e (CHy)sClI —
(CHp)Cl

Br a) Ph/—/;/}_\
i s (CH,)Cl — (CHp)Cl
BF3K —

Ph \
a PH  86%
g\ (CH)Cl
) Ph” X Xy (CH2)eC!
a
NN Br 86%
N CHIO! |, ~ A

3) 88%  (CHp)sCl
a) Pd(OAc),/» PPhg 5 mol%, Cs,CO3 (3 equiv), THF-H,0 10:1, 70 °C.
Scheme 96. Sequential SuzukiMiyaura Cross-Coupling

Reactions

1) Rg/\/BFsK
Cs,CO03, Pd(PPhg), 7 mol%
Toluene-H,0 60°C

Br o R?
R RITX
NB(r 2) R®BF5K 13/\/
Cs,CO3, 80°C
82-91%

R', R?, R = alkyl

Scheme 97. Cross-Coupling Reaction of Allyl Acetates and
Chlorides
PdCl,(dppf)*CH,Cl»
2 mol%
a) orb)
microwave

51-97%

Rl X + g2 Xy -BFaK Rl A~ R?

R' = Ph, H; R? = Ph, alkyl.
X = Cl, OAc.

a) X = OAc: i-ProNEYi-PrOH (2:1), 80°C, 10 min. b) X = Cl: i-
PrOH/H,0 (2:1), i-ProNEt (3 equiv), 100°C, 20 min.

Darses and Genet

Scheme 98. Palladium-Catalyzed Cross-Coupling with Enol

Tosylates
Etozcj\/ EtO,C
| ]\/
NHBoc NHBoc
TsO [Pd] cat. R
or + R-BFgK —— or

base® CO,Et

" J/\/NHBoc

CO,Et

J|/\/
NHB:
TsO ¢

R = Ph, PhCH=CH, PhCH,
a For conditions, see ref 175.

Scheme 99. Cross-Coupling Reaction with Acetates of
Baylis—Hillman
Z =CO,Me RV\[Z
48-87% R

E/Z = 95:5, R! = aryl
E/Z = 82:18, R' = alkyl

R1/\(\R2

81-87% Z

OAc Pd(OAc),
3 mol%

Z=CN

R' = aryl, alkyl
R? = aryl, alkenyl

Z only

Enol tosylates were also shown to be viable partners in
palladium-catalyzed cross-coupling reactions with potassium
organotrifluoroborates (Scheme 98)Employing conditions
optimized by G. A. Molander et ai}'? coupling of
potassium phenyltrifluoroborate with botB)¢ and ¢)-enol
tosylates provided the desired ester product in good yield,
which was shown to be comparable to that of the cross-
coupling reaction with phenylboronic acid. Introduction of
an alken-1-yl or benzyl moiety on enol tosylates was also
achieved using the appropriate trifluoroborate reagent.

4-Tosyloxycoumarins and 4-tosyloxyquinolin-2{tone
were also arylated using potassium aryltrifluoroboratés.

One-pot syntheses of trisubstituted conjugated dienes viajndeed, in the presence of Pd(RRfand KF as a base, the
sequential SuzukiMiyaura cross-coupling with alkenyl- and  pajladium-catalyzed cross-coupling afforded good yields of
alkylt”ﬂuoroborates were aCh|eVed by G. A M0|andel’ et A-substituted coumarins and quino'in_EK)lone_
al. (Scheme 96)72Indeed, the sequential and stereoselective  kapalka et al. found that cross-coupling of potassium
palladium-catalyzed cross-coupling of 1,1-dibromoalkenes grganotrifluoroborates with acetates of Bayllillman
with potassium alken-1-yltrifluoroborates followed by alkyl-  adducts proceeded readily in moderate to excellent yields to
trifluoroborates in the presence of Pd(Blzlas catalystand  afford trisubstituted alkenes (Scheme 99)Iindeed, in the
CsCO; as a base in toluerdH,0 at 60-80 °C afforded  presence of 3 mol % Pd(OAc)in methanol at room
the trisubstituted conjugated dienes in excellent yields. In temperature, 3-acetoxy-2-methylenealkanoates reacted with
each reaction an undesired byproduct was formed thata yvariety of potassium aryl- and alken-1-yltrifluoroborates
originated from coupling of 1,1-dibromoalkene with 2 equiv o provide )-2-substituted 2-alkenoates as the major
of alkenyltrifluoroborates in about 10% yield. This amount product. Lower stereoselectivities were generally observed
could be lowered to<5% using only 1 equiv of alkenylbo-  jith aliphatic substituted BaylisHillman adducts. On the
rate. The second cross-coupling had to be conducted at highepther hand, reaction of 3-acetoxy-2-methylenealkanenitriles
temperature (8C0C) for the reaction to proceed. For the provided @)-2-substituted alk-2-enenitriles.
reaction of unfunctionalized potassium alkyltrifluoroborate, = . A. Molander et al. described an elegant synthesis of
increasing the temperature to 9D, further addition of PdG chiral ene-allenes via palladium-catalyzed cross-coupling
(dppf), and use of anhydrous conditions were necessary tOreaction with potassium alken-1-yltrifluoroborates (Scheme
achieve the cross-coupling. 100)178 In the presence of Pd(PPhas catalyst, NaHCO

Formation of the 1,4-diene framework was readily achieved as a base in a THF/water mixture, reaction of propargylic
via cross-coupling reaction of allyl acetat€or chloride$’™ carbonates and phosphates furnished allenes in moderate to
with potassium alken-1-yltrifluoroborates (Scheme 97). good yield. Using chiral propargylic phosphates, enantioen-
Reaction of these allylic substrates was best conducted usingiched allenes were formed, while with carbonates nearly
PdCL(dppf)-CH,CI, as catalyst and Hig’'s base it Pr,NEt) racemic products were obtained. Under these conditions,
under microwave heating. The coupling reactions were allenes possessing high ee were initially formed, followed
stereoselective in that tieisomers were the only observed by racemization of the formed allene. These conditions also
product and regioselective, although traces of the isomeric proved to be suitable for the coupling of potassium phenyl-
products were formed in the product derived from cinnamy! trifluoroborate, while potassium alkyl- and alkynyltrifluo-
acetate. roborates failed to coupled.
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Scheme 100. Synthesis of Chiral EreAllenes via Scheme 103. Cross-Coupling with Potassium
Palladium-Catalyzed Cross-Coupling Reaction Alkyltrifluoroborates
opP o, R! PdCl,(dppf), 9 mol%
R1 = _ Pd(PPh3)4 5 mol% _1\R3 R1_X + RZ_B K —— R1_R2
N—=-R% + RBFK ———— A 3 Cs,CO3 (3 equiv)
R2 NaHCOj; (3 equiv) R2 THE/RLO refl
THF/H,0, rt ) ,0 reflux
32-94% yield X = Br, OTf N
P = P(O)(OEt),, CO,Me 32-94% ee R' = aryl, alkenyl 50-96%
R' = H, CO,Me R2 = alkyl, CH,
R? = alkyl, Ph
R®= H, alkyl Scheme 104. Cross-Coupling of Potassium
R =Ph, alken-1-yl Epoxytrifluoroborates
Scheme 101. Palladium-Catalyzed Cross-Coupling Reaction Br o
of Benzyl Halides ?)\/\ . PACI,(dppf)s 9 mol%
X o Ar BFsK Cs,CO3 (3 equiv)
— PdCl,(dppf)*CH,Cl, 2 mol% — .
/ + Ar—BFgK / N THF/H,0 (40:1), reflux cN
r X/ Cs,CO; (Bequy) g7

CPME/H,0, 90°C 80%

67-91%
5.1.3.2. Coupling with Potassium Alkyltrifluoroborates.

X = Br, Cl, 0COAEt Introduction of an alkyl substituent via palladium-catalyzed

Scheme 102. Tandem DielsAlder Reactions and cross-coupling reaction is not generally a straightforward
Subsequent Palladium-Catalyzed Reaction reaction because of the undesiralffeelimination side
N 1.2 EWG. 100°C EWG reaction. Trivalent alkylboron derivatives have shown to be
)\ ' \O\ + /@\ good candidates in these reactions but still suffer from
BFsK 2: fl\;x, id((:%AC)g (05 Ar EWG Ar sensitivity toward air and moistufdndeed, the highly stable
bk e VA Minor potassium alkyltrifluoroborates would be more desirable in
41-64% such processes. G. A. Molander ef@lhave shown that
)E(VY? ;rCOMe or COHEt the palladium-catalyzed reaction of potassium alkyltrifluo-

roborates with aryl- and alkenyltriflates could be readily
Palladium-catalyzed cross-coupling reactions of benzyl achieved using 910 mol % of PdCi(dppf) and 3 equiv of

halides with potassium aryltrifluoroborates afforded straight- CsCO; as a base in a THFfwater mixture (Scheme 103).
forward access to methylene-linked biaryl compounds (Scheme The presence of water in the reaction was found to be
101)17 The best conditions for this reaction involved use essential, and under these conditions alkylboronic acids and
of PACh(dppf)-CH.Cl, as catalyst and cesium carbonate as esters also participated in the cross-coupling. Aryl bromides
base, ethereal solvent (particularly CPME, cyclopentyl meth- proved to be more reactive than triflates as the coupling of
yl ether) tending to offer the highest isolated yields with 4-bromophenyltrifluoroborate only afforded products bearing
minimal homocoupling. Benzyl bromides were found to be triflate substituent’” Thus, in this system, the reactivity of
the most suitable, benzyl chloride being limited to the the electrophiles decreases in the orderBr > OTf> CI.
coupling of electron-rich potassium aryltrifluoroborates. Finally, secondary alkylborates were found to be reluctant
Benzyl carbonates used as coupling partners showed limitedpartners in this couplingi-elimination and dehydroboration
success: carbonate starting material as well as protodeborproducts being the major reaction pathways. Methylation of
onated product were isolated from failed reactions. It is aryl bromides was efficiently achieved using highly stable
important to note that previously reported conditions using potassium methyltrifluoroborate (Scheme 1&8Reactions
trivalent organobonanes generally required using excesswith electron-rich electrophiles generally proved more dif-
reagent. ficult. Methylation of alkenyl bromide was best achieved in
Tandem Diels-Alder reactions of potassium 1,3-dienyl- a toluene/water mixture.
2-trifluoroborate and subsequent palladiu_m-cataly_zed reaction These conditions were employed for coupling of potassium
Rﬁg?oggfgtge:ﬁé'b;%igcohehrn: %22§Ia“S?htkllea?:lre?z;/tg”én d (cyclopentylmethyl)trifluoroborate, readily obtained via or-
methyl vinyl ketone) affor%le d the intgrmegl/iate gyclohex- ganolant'hanlde—catalyzed cyg:hzatlon/boratlon of 1,5-d|éﬁes,
en-1-yltrifluoroborates which, on addition of PAd(OA).5 or coupling of3-aminoethyltrifluoroborate¥* These condi-

. ' S o tions proved to be suited for coupling of potassium epoxytri-
mol %), KoCOs (3 equiv), and an aryl halide in refluxing fluoroborates? giving the Suzuki cross-coupled product in
ethanol, prqvided the_expected cross-coupled prod_uct in good yield, sir,ngly dgcreasing the amount ofpwatepr to prevent
moderate yield. The yields were generally slightly higher ring opening of the epoxide (Scheme 104). Potassium

for acrylate rather than methyl vinyl ketone adducts. More- g . .
over, the preference for the para over the meta regioisomer:l'.(1 5 -q|h)éthogyethlylzphenyltrlfl(;Jorobolroratea read|I3t/ Olb'
ranged from 3 to 5:1. In this tandem process, tetra- ‘a/€d via dinydroxylation procedure, aiso underwent cliean

butylammonium organotrifluoroborates afforded identical Palladium-catalyzed cross-coupling reactfén.
results?® The Suzuki-Miyaura cross-coupling reaction dfl,N-
Other isolated examples of palladium-catalyzed coupling dialkylaminomethyltrifluoroborates with aryl or heteroaryl
reaction with potassium organotrifluoroborate have been bromides has been accomplished (Scheme ¥0Best
reported, such as a regio- and stereoselective route toconditions for this cross-coupling reaction employed
tetrasubstituted olefins using three-component cougfihg, Pd(OAc) and XPhos ligant#®in the presence of 3 equiv of
access to 3-substituted-1,2,4-triazif®sand arylation of CsCO;, allowing construction of an aminomethyl aryl
bromophenold8? linkage with good yields. Yields were generally improved
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Scheme 105. Aminomethylation of Aryl Bromides

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

~ N /\BFQK :
R2 Cs,CO3 (3 equiv)
CPME/H,0, 95°C

62-85%

R%
/\Ar

Ar—Br + \
R2
R', R2 = alkyl
Scheme 106. Cross-Coupling of Potassium
Cyclopropyltrifluoroborates with Aryl Bromides
R! R!

Cat. [Pd]?
BF;K + ArBr -_— Al
]> s KqPO, (3 equiv) ]: d
R?2 Tol/H,0, 100°C  R?
Ac Ac
Ph\v)i) CSH“\V»*‘@/ PhHgC;vQ/
OMe

76%° 86%° 91%°?

HO HO HO
BnO B4%b BnO 89%0 BnO 69%b

aFrom ref 71: Pd(PPfu 2 mol %. From ref 72: Pd(OAg)3 mol %,
2-biphenyldicyclohexylphosphane 6 mol %.

MeO

Scheme 107. Cross-Coupling Reaction of Potassium
Allyltrifluoroborates

Pd(OAc)> 3 mol%

]
> D-t-BPF 18 3.6 mol% R
1_ + R \/\/BFaK - e
R-Br K>COj3 (3 equiv) H2J\/

THF, reflux, 22h 65-98%

R = aryl, alken-1-yl
R? = H, Me, c-CgH14

using cyclopentyl methyl ether (CPME) at 96 instead of
THF.

Conditions for the palladium-catalyzed cross-coupling
reaction of potassium cyclopropyltrifluoroborates were also

described. Deng et al. have shown that in the presence ofg

Pd(PPh)4 and using KPQO, as a base, good yields of cyclo-
propyl-substituted arenes were obtained from the reaction
of aryl bromides with potassium cyclopropyltrifluoroborates
(Scheme 106}t KsPO, was chosen as an alternative base
to the expensive GEO;, which worked equally well. Other
palladium catalysts could be used in this coupling, such as
PdCL(dppf) and Pd(OAg)in conjunction with 2-biphenyl-
dicyclohexylphosphané.The latter was also chosen for the
coupling of 1,2,3-trisubstituted cyclopropyltrifluoroborates
(Scheme 106¥ In that case, some competitive reduction of
the trifluoroborate moiety was also observed.

5.1.3.3. Coupling with Potassium Allyltrifluoroborates.
Miyaura and Yamamoto described an efficient protocol for
the allylation of organic halide’$® Indeed the cross-coupling
reaction of potassium allyltrifluoroborates with aryl or alken-
1-yl bromides occurred at the carbon of the allylborane
moiety with perfect regioselectivities ©9%) in the presence
of a palladium/Dt+-BPF 18 (D-t-BPF = 1,1-bis(ditert-
butylphosphino)ferrocene) complex angdQ;s in refluxing
THF (Scheme 107, Chart 4).

It was noted that steric hindrance of ortho substituents did
not affect the yields and selectivities. Moreover, coupling
with bromoalkenes resulted in lower yields, but the regiose-
lectivity in favor of they-adduct was nearly perfect.

Asymmetric reactions of potassiurg)crotyltrifluorobo-
rate with aryl and 1-alken-1-yl bromides has also been

Darses and Genet

Chart 4. Ligands for the Cross-Coupling of
Allyltrifluoroborates

©/P(t»Bu)2

Pt-Bu,
Fe Fe PCy,
: “P(t-Bu),
D-t-BPF 18 CyPF-t-Bu 19

Scheme 108. Asymmetric Crotylation of Aryl and Alkenyl
Bromides

Pd(OAc), 3 mol%

R
-f- °O
/\/\BFBK + R-Br CyPF-t-Bu 19 3 mol% )*\/
K2C03 (3 eqUiV)

R = Aryl, alkenyl MeOH/H,0, 80°C 76-90% ee
Scheme 109. Cross-Coupling with Potassium
Alkynyltrifluoroborates

PdCl,(dppf), 9 mol%
Ar—X + R—=—BFK 2ldppll; R

Cs,CO3 (3 equiv)
THF/H,0 reflux

X = OT, Br, activated Cl 30-98%

described by the same authors (Scheme %#08jh the
presence of Pd(OAgrnd Josiphos-type ligand CyRiBu

19 (Chart 4), KCOs (3 equiv) as a base, in methanol/water
(9:1). Reaction of K[CHCH=CHCH,BF;] occurred once
again regioselectively at the carbon of the 2-butenylbor-
ane moiety with regioselectivities in a range of-&0%.
Moreover, enantioselectivities in a range of-B0% ee
were attained for various substrates using the Josiphos-type
ligand, lower ee’s being observed for ortho-substituted aryl
bromides

5.1.3.4. Coupling with Potassium Alkynyltrifluoro-
botates. Palladium-catalyzed reactions of terminal alkynes
with organic halides, known as the Sonogashira reaéfion,
have proved to be a powerful method for preparation of
substituted alkynes. Nevertheless, in cases where the Sono-
ashira reaction fails to provide products, alternative ap-
roaches using alkynylmetal reagents have been developed,
including zinc, tin, and boron. Molander et®have shown
that the crystalline potassium alkyn-1-yltrifluoroborafes
participated in palladium-catalyzed cross-coupling reactions
with aryl halides and triflates (Scheme 109). Under the
conditions described for the coupling of alkyltrifluoroborates,
that is PdCi(dppf) as catalyst and @SO; as a base,
moderate to good yields of substituted alkynes were obtained.

Once again, the presence of water was found to have a
beneficial effect by increasing the reaction rates. Cross-
coupling with aryl triflates was best conducted under
anhydrous conditions to prevent their hydrolysis. Catalyst
loading could be reduced to 0.005 mol % in the case of
triflate derivatives, while with aryl bromides, a decrease in
the catalyst loading resulted in a proportional decrease in
the yield. Under these conditions activated heterocyclic aryl
chlorides were alkynylated in good yields. This time, the
order of reactivity was found to be OFf Br > I, which is
different from that observed for the cross-coupling of
alkyltrifluoroborates’”

Kabalka and co-workers have shown that under microwave
irradiation aryl iodides were alkynylated in the presence of
PdCL(dppf) (1 mol %) and-Pr,NEt as base in a mixture of
isopropanol/water as solvent at 180 for 10 min (Scheme
110)188 Under these conditions, the product yields were
generally similar to those obtained in the thermal conditions.
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Scheme 110. Cross-Coupling of Potassium Scheme 113. Arylation and Vinylation of Vinylic Tellurides
Alkynyltrifluoroborates under Microwave Irradiation R
§ [Pd] cat., base? R
0 P R/ N R1\('\Te(n_Bu) + ROBRK 228 R1\%\R
_|_ i-PrNEt (3 equiv) _|_ R MeOH, ultrasound
X -PrOH/H,0 2:1 3 Rs
100°C, 10 min 52-94% R = aryl or styryl
. . . aR = styryl: Pd(PPB)4 20 mol %, AgOAc (2 equiv), BN (2 equiv).
Scheme 111. Synthesis of Cross-Conjugated Enediynes R = aryl: Pd(PPE)4 8 mol %, AgO (2 equiv).
R2
// Scheme 114. Biaryls Formation Using Aryl Tellurides
Br . e prg PdCk(dopf) 10 mol% Br Br
R Br = 7% Cs,CO,(Bequiv) gl \ v wrp_py  PAPPhos 10 mol
THF/H,0 20:1 A\ 3 AgOAG (2 equiv)
50°C,2h R2 EtsN (3 equiv) -
64-85% Te(n-Bu) MeOH, reflux

84%
Scheme 112. Synthesis of 1,3-Enynes from Vinylic Tellurides

R2 Pd(acac), 15 mol% Scheme 115. Vinylation of 5Deoxy-5-bromocytidine

RZ
1 Cul 30 mol% 1 NH NH
H\%\Te(n-Bu) + R—=—BFK R\/\ N 2 N 2
EtsN (excess) _ = =
R R :<
//
N
(o]

3
R MeOH, reflux (0] Br o=< /N
PdCl,(dppf) 1 mol% N

28-77% + 2 - .
: BFK N (Tequy) ~ O
“"'OAc no solvent “1OAc

An efficient synthesis of cross-conjugated enediynes has : 1.5 equiv reflux 4h .
been developed using the palladium-catalyzed cross-coupling OAc 60.5% Ohc
reaction of 1,1-dibromo-1-alkenes with potassium alkynyl- 0.256 mol

trifluoroborates (Scheme 111 It was found that under the ) ] )

standard conditions described by G. A. Molander eb4al., lower catalytic loading generally resulted in a notable

good vyields of enediynes were achieved using 10 mol % decrease in yleld. Regloselectlye crosg-coupllng reactions

PdCb(dppf) and cesium carbonate as base @Gt a THF/ could be achieved as the telluride moiety showed higher

water mixture as solvent. Such compounds have receivedreactivity than chloride or bromide substituents.

attention due to their applications in nonlinear optics, 515 Applicati

macrocyclic ligands, optical switches, and synthesis of “= " ppications

polycyclic aromatic compounds. 5.1.5.1. Potassium Vinyltrifluoroborate as Vinylating
4-(1-Alkynyl)-2(5H)-furanones and coumarins have been Agent. Potassium vinyltrifluoroborate has emerged as an

prepared via palladium-catalyzed cross-coupling with potas- efficient and nontoxic vinylating agent compared with

sium alkynyltrifluoroborated®° It is important to note that  tributyl(vinyl)stannane. In this section we will present some

the reaction with bromofuranones could be achieved in the selected industrial and academic applications of this trifluo-

absence of added base. roborate salt in the synthesis of biologically active com-
. . . pounds or useful functionalized compounds as well as use
5.1.4. Cross-Coupling with Organotellurides of potassium isoprenyltrifluoroborate.

As an alternative to the widely used organic halides and As mentioned earlier, one of the first cross-coupling
pseudo-halides in palladium-catalyzed reactions, H. A. reactions involving organic halides and organotrifluorobo-
Stefani et al. have shown that organotellurides participated rates was described by Hoffmann-La-Roche in 2000 for the
in cross-coupling reactions with potassium organotrifluo- preparation of vinylpyrimidine derivatives (Scheme 113).
roborates. Indeed, a protocol for the synthesis of 1,3-enynesAfter optimization of the reaction conditions, they found that
from potassium alkynyltrifluoroborates and vinylic tellurides 5'-deoxy-5-bromocytidine was efficiently vinylated with
was described (Scheme 122)The best conditions involved  potassium vinyltrifluoroborate in the presence of 1 mol %
use of 15 mol % Pd(acachs catalyst and 30 mol % Cul in  PdCh(dppf) using 1 equiv of triethylamine without added
the presence of triethylamine in dry methanol under reflux. solvent. Of importance is that this reaction could be
Enynes were generally obtained in moderate to good yields,conducted on kilogram scat& These vinylpyrimidinones,
and the ) stereochemistry of the double bond was retained which were originally obtained using tributyl(vinyl)stannane,
during the cross-coupling, allowing selective formation of were of great interest in the therapy of cancer.

(2)-enynes. Pyridone derivative?0 (Chart 5), acting as an antagonist
Vinylic tellurides were also cross-coupled with potassium to melanin concentrating hormone receptor, was obtained
(E)-styryl-1°2 and aryltrifluoroborate®’® allowing the syn- by two subsequent palladium-catalyzed reactions: vinylation

thesis of 1,3-dienes or styrene derivatives (Scheme 113).of 1,4-dichloropyridine with vinyltrifluoroborate followed by
These palladium-catalyzed reactions with?-Bpbridized Heck reaction with a 4-iodopyridine derivati¥¥. Novel
organotrifluoroborates were best achieved using PdfyPh CGRP-receptors (calcitonin gene-related peptide) antagonist
(from 8 to 20 mol %) and AgOAc or A® (2 equiv) in 21, effective for the treatment of neurogenic inflammation,
methanol under ultrasound-assisted conditions. migraine, and other disorders were synthesi?édThe
Biaryl formation using aryl tellurides and potassium isopropyl substituent was introduced by cross-coupling
aryltrifluoroborates was also achieved (Scheme 1%4). reaction of the aryl bromide with potassium isoprenyltri-
Conditions for the cross-coupling reaction were very similar fluoroborate followed by catalytic hydrogenation. Cyclopro-
to those employed previoust? 10 mol % Pd(PP§)4, Ag.O panecarboxamide compounds liR2 are useful as antago-
(2 equiv), and BN (3 equiv) in refluxing methanol. Using  nists of the VR1 (type | vanilloid) receptor for the treatment
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Chart 5. Synthesis of Bioactive Compounds Involving
Vinylation with Potassium Trifluoro(vinyl)borate and

Scheme 116. Preparation of MEK Inhibitor 28

\ MeOC , Cl MeO,C , Cl
Isoprenyltrifluoroborate N N
cat. [Pd]?
Br F cl BF3K F cl
NH, NHz
HO\/\O,N al
cl

aCatalyst: PdCG{(dppf), t-BuNH,, PrOH/H,0O, 70°C.

Heteroarylphenylurea derivati&9 (Scheme 117) has been
shown to be a Raf inhibitor and an angiogenesis inhibitor
and, indeed, is useful for treating growth diseases such as
cancer, psoriasis, or atherosclerd8¥sThe aromatic lateral
chain bearing a diol functionality was introduced via pal-
ladium-catalyzed cross-coupling of the corresponding aryl
bromide with potassium vinyltrifluoroborate followed by
dihydroxylation.

There has been a major effort in recent years to find
compounds that modulate the immune system. Examples of
such compounds, which have demonstrated cytokine induc-
ing and immunomodulating activity, include certain 1-amino-
of pain, neuralgia, nerve injury, or migrai#®.The cyclo- 1H—|m|dazqu|noI|né30compounds that mod.ulate cytokine
propane unit 022 was introduced via palladium-catalyzed Piosynthesis (Scheme 118}.The ethylene unit between the
cross-coupling of isoprenyltrifluoroborate with 5-bromo-2- 1-Pyridyl fragment and the imidazoquinoline was introduced
trifluoromethyl-pyridine followed by cyclopropanation. Imi-  Via three sequential steps involving palladium-catalyzed
dazopyridine compoun@3 has been shown to be a melanin reactions: cross-coupling with potassium trifluoro(vinyl)-

concentrating hormone receptor antagonist and is useful in
preventing or treating agents for various circular system

borate followed by Heck reaction with 3-bromopyridine and
finally hydrogenation of the double bond.

diseases, nervous system diseases, metabolic diseases, genitalNovel macrocyclic lactar81 has been shown to be useful

diseases, respiratory diseases, digestive diseaség? ksc.

for treatment of neurological or vascular disorders to beta-

preparation involves two palladium-catalyzed subsequentamyloid generation and/or aggregation (Scheme 1¥9%s
steps: cross-coupling of 2-bromopyridine with vinyltrifluo- ~ Preparation involved I_nltlal !ntrO(_juctlon of the vinyl sub-
roborate followed by Heck reaction. Pyridazinone derivative Stituent using potassium vinyltrifluoroborate. Subsequent
24, active in histamine-3-mediated conditions and diseases,amide formation, ring-closing metathesis using Grubbs ||
was prepared via introduction of the vinyl substituent in the catalyst, followed by opening of the lactam afforded the
naphthalene ring followed by lithium-mediated hydroami- expected compoungl.

nation?®® Formal synthesis of<{)-Apicularen A @5) in- Synthesis of many other compounds, which involve a
volved a palladium-catalyzed cross-coupling with vinyltri- ~palladium-catalyzed cross-coupling step with trifluoro(vinyl)-
fluoroborate?? The absolute and relative stereochemistries borate, have appeared in the literature. Formation of nitrogen
of the stereogenic centers were introduced by a Sharplessontaining heterocyclic compounds were achieved via intro-
asymmetric dihydroxylation, a-allyl-catalyzed reduction,  duction of a vinyl substituent on an aromatic ri#¥gindolone

a stereoselective reduction, and a base-promoted transannuderivatives, capable of modulating tyrosine kinase signal
lation. Using this vinylating agent, the first total synthesis transduction in order to regulate, modulate, and/or inhibit

and absolute configuration determination of varitrb)was
described starting from an aryl triflate precurd8r-ydroxy-
benzamide compounds of ty@&, which inhibit or modulate
the activity of the heat shock protein Hsp90, have shown

abnormal cell proliferation, were achieved in the same
way 2% Vinyl-substituted pyrrolidones and piperidinoA¥s

or constrained indazoloazepinoféslso involved introduc-
tion of vinyl or isoprenyl substituent.

some activity in the treatment or prophylaxis of disease states Conjugated polymers such as poly(fluorenylenevinylefié)s,

or conditions mediated by Hsp9® The isopropyl moiety

of 27was introduced via sequential introduction of isoprenyl

substituent followed by catalytic hydrogenation.
Synthesis of compounds of ty[28 (Scheme 116), which

poly(phenanthrylene-vinylené)3 or poly(2,7-fluorenylene-
vinyleneco-carbazolylenevinylen&) have been prepared via
a cascade SuzukHeck reaction (Scheme 120). For example,
reaction of 2,7-dibromofluorenes with potassium vinyltri-

are MEK (mitogen-activated/extracellular signal regulated fluoroborate in the presence of Pd(BRH5 mol %) and

kinase, MAP kinase) inhibitors and appear to be useful in

potassium carbonate as a base afforded the expected poly-

the treatment of hyperproliferative diseases, such as cancemers in good yields with low percentages of structural 1,1-

and inflammations, have been prepared by cross-coupling
reaction of potassium isoprenyltrifluoroboraé.

diarylenevinylene defects. Rigid-rod puspull naphtha-
lenediimide photosysterfi§ or pyridocarbazole pharmaco-
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Scheme 117. Synthesis of Heteroarylphenylurea Derivative

H
OYN
e
Br N
FoC N
3 N X
~ N/

\\\N

O,

NG N
a) ¥ b) OH N
— NH —_— NH
75% N\
N/\\N HO N/\\N
FsC NJX FsC 29 N/i
| \
[\ N \\N/ l\\lH

CO,tBu N Co,tBu

a) PACl(PPhs), 6 mol %, (CH,CH)BF3K, n-PrOH, i-Pr,NH, 80 °C. b) i) 0sOy, HyO,. ii) CF3803H

Scheme 118. Synthesis of 1-AminoH:imidazoquinoline mostyrene precursor in 60% yield under standard conditions,
NHi-Pr NHi-Pr e.g., using PdG(dppf) as catalyst and g as a base.
. No Gt 2 _ Ny A formal total synthesis of Oximide 1137) was achieved
\_/ N 7/ L )N employing a Suzuki-type coupling approach to construct the
N N highly strained, polyunsaturated 12-membered macrolatone
NH NHz (Scheme 1253?? Hydroboration of the terminal alkyne in
N= NH-Pr 35 followed by aqueous KHFtreatment allowed formation
b N_ _CsH, of the trifluoroborate36 in virtually quantitative yield.
- = WN/ Intramolecular Miyaura Suzuki cross-coupling reaction gave
N/ the desired cyclized produ8 in 42% overall yield from
%0 NH, alkyne 35.
1-Alkyl-2-aryl-4-(1-naphthoyl)pyrroles such &8 (Chart
a) K[CH,CHBF;)], PdCl(dppf) cat., Et;N, n-PrOH, 100 °C. b) i) ; ; . MO
3-bromopyridine, PA(OAC),/P(o-1olyl)s cat., EtgN, CHyCN, 120 6), which show high affinity for the cannabinoid ¢@nd
°C. ii) Pd/C cat., Hy. CB; receptors, were synthesized via palladium-catalyzed

cross-coupling reactions with potassium aryltrifluorobo-
rates??® Coupling of potassium phenylcyclopropyltrifluo-
roborate with bromoindoles afforded MPGES-1 inhibi@®s
active for treatment of inflammation (Chart 8}. The
tyrosine trimer40 was prepared via a double cross-coupling
reaction of potassium tyrosine-3-trifluoroborate with 3,5-
diiodotyrosin€??® In this reaction the corresponding pinacol
esters also afforded the title compoug@but in low yield.
The lateral chain of orcinol-type depsidéswas introduced
sing potassium alken-1-yltrifluoroborate, allowing the first
otal synthesis of gustastatin in 10 steps from commercially
available trihydroxybenzoic aci#® A variety of substituted
cationic porphyrins4d2??” and sulfophtalocyaniné® were
prepared via cross-coupling with potassium aryl- or vinyl-
trifluoroborate. Coupling of potassium styryltrifluoroborate
with 2-chloropyridine derivatives afforded aryloxyethy-
lamines 43, which show binding affinity ato7 nicotinic
acetylcholine receptof@? Benzyl substituents on piperidinyl-
substituted isoquinoline derivativégl were introduced via
a cross-coupling reaction with benzyltrifluorobora&t&This
family of compounds was evaluated as inhibitors of Rho-
kinase.

phoré6 were readily synthesized through use of potassium
aryltrifluoroborates.

Preparation of some macrocyclic peptides, which are useful
as inhibitors of the hepatitis C virus (HCV) NS3 protease,
has been described (Scheme 121)The macrocycle was
cyclized via ring-closing metathesis thanks to the vinyl
moiety, which was introduced using palladium cross-coupling
with potassium vinyltrifluoroborate.

These constitute some representative examples, but man
other applications have been described using potassium vinyl-
218 or isoprenyltrifluoroborate$’

5.1.5.2. Other Potassium Organotrifluoroborates and
Their Applications. Even if potassium vinyltrifluoroborate
constitutes the main use of organotrifluoroborates in pal-
ladium-catalyzed cross-coupling reactions, many other syn-
thetic approaches involve the use of various trifluoroborate
derivatives. Indeed, the cross-coupling reaction with arene-
diazonium tetrafluoroborates has been used industrially in
the preparation of compoun@g, active in the treatment of
Alzheimer's disease (Scheme 122).The 3-thienyl sub-
stituent was introduced via the trifluoroborate derivative

using base-free conditions as described befo&aponifica- Losartan45 and derivatives (Chart 6), angiotensin II
tion of the intermediate, followed by coupling withfeamino ~ receptors agonists, were prepared via palladium-catalyzed
alcohol, afforded the amida2. cross-coupling using 2-cyanophenyltrifluorobor¥feAryl-

The intermediate stilbend4 in the synthesis of bis-  cyclopropylalkylaminesA6, which show 5-HT2C agonist
(oligophenyleneethynylenes), a novel potential nonlinear activity, were readily obtained via the cross-coupling reaction
optical materiaf?® was obtained from reaction of the of. cyclopropyltrlfluorob_orates der!vatlvg W|th_ aryl bro-
arenediazoniur83 with potassium E)-styryltrifluoroborate ~ Mides?** Total synthesis of Amphidinolide V involved a
in 58% yield (Scheme 123). Under standard Heck reaction Palladium-catalyzed cross-coupling step with potassium
conditions using the triflate derivative, e.g., under basic alkenyltrifluoroborate?
conditions, a lower yield was achieved because of unwanted Functionalized azobenzenes, useful as photoswitch tools
silyl deprotection of the arylalkyne building block. to influence protein activity, were obtained through the cross-

4-Cycloalkylaminopyrazolo pyrimidine compounds have coupling reaction with organotrifluoroborates (Scheme #26).
been shown to be NMDA/NR2B antagonists useful for the It was found that the corresponding pinacol ester did not
treatment of neurological conditions such as pain, Parkinson’scouple at all, while low yields were observed with the boronic
disease, Alzheimer's disease, epilepsy, and other conditionsacid. On the other hand, moderate to good yields were
(Scheme 12431 The 2,6-difluorophenyl moiety was intro-  achieved using the potassium trifluoroborate in the cross-
duced via palladium-catalyzed cross-coupling using a bro- coupling reaction with various aryl iodides.
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Scheme 119. Synthesis of Macrocyclic Lactams 31 Using Potassium Vinyltrifluoroborate

SNH -
= o HO

HN" NN

a) PdCly(dppf), EtsN, n-PrOH, reflux. b) i) HOBt, EDC.HCI, Et;N, rt. ii) Separation. c) Grubbs Il catalyst. d) i) n-BuNH,, 65°C. ii) H,, Pd/C, MeOH.

Scheme 120. Preparation of Poly(fluorenylenevinylene)s

O
2 o

+ ZOBFK

R = alkyl chain
a) Pd(PPhj3), (5 mol %), K,CO3 (3 equiv), dioxane, reflux

Scheme 121. Preparation of Macrocyclic Peptides
= = |
N N SN
Br
0., O
ZBRK
m o~ ——— ¢ N 0\
PdCl,(dppf) cat. (o}
Q—gt o EtOH, reflux

HN—(

3

H
o_N CO,Et
T

5.2. Palladium-Catalyzed Allylation of Imines

Scheme 122. Amino Alcohol 32 Synthesis via
Cross-Coupling with Arenediazonium Salt

CO,Me COMe

BF:K  a)
+8 e
F4BN; NPrz g NPr

Pr2N

@?ji

a) Pd(OAc), 5 mol%, dioxane, rt. b) i) NaOH, THF/MeOH. ii)
(2R,3S)-3-amino-1-(3-methoxybenzylamino)-4-phenylbutan-2-ol
dihydrochloride, EDC, HOBt.

Scheme 123. Stilbene Derivatives for the Synthesis of
Bis(oligophenyleneethynylenes)

BFsK
TMS—<: \>—NzBF4 + @f 8
33 COo,Me
Pd(OAc), =/
TMS— \ /
34, 5895 COMe

This catalytic transformation affords homoallylic branched
amines in good to excellent yields and with high regio-
selectivity. The stereoselectivity of this process was very

Allylpalladium species, generated via transmetalation high when cinnamyltrifluoroborate was employed. How-
between an allylstannane and a palladium complex, haveever, reaction with crotyltrifluoroborate resulted in poor
been shown to react with electrophifééBecause of the  stereoselectivity. Mechanistic studies have clearly shown that
toxicity of organotin reagents, it has been shown that potassium allyltrifluoroborates undergo transmetalation with
allylstannanes could be advantageously replaced by potasthe palladium pincer comple47, affording anx*-allylpal-
sium allyltrifluoroborates in such reactions. Indeed, Szabo ladium—pincer complex. An asymmetric version of this
et al2% have shown that the pincer compldX catalyzes palladium-catalyzed allylation reaction has recently been
the reaction of potassium allyltrifluoroborates with a wide described by the same authors using a chiral-Hi;R-
range of tosylimines under mild and neutral reaction condi- naphthol-based pincer compl&® However, moderate enan-
tions (Scheme 127). tioselectivities were generally obtained (485%)
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Scheme 124. Preparation of 4-Cycloalkylaminopyrazolo These conditions were extended to amine synthesis.
Pyrimidine Indeed, under ligandless and base-free conditions the copper-
catalyzed cross-coupling of potassium aryltrifluoroborates (or

NH boronic acids) with primary and secondary amines and

B"O O BE.K _f”o O anilines occurred under mild conditions and in good yields
= 61% 4 F (Scheme 1303*21In this reaction, the presence of the DMAP
’o‘}_@ ligand (required folO-arylations) was unnecessary, probably
/ because the amine nucleophile is a much better ligand for
FPRAN oh F copper. When compared to their alcohol analogues, aliphatic
— amines gave greater yields and, whereas tertiary alcohols do
ANV, not undergo cross-coupling, tertiary alkyl-substituted amines
—_ N <\:> do undergo arylation. Anilines proved to be poorer cross-
/ E coupling partners under these conditions, affording only low
0 to moderate yields of unsymmetrical diarylamine proderts.
Heteroaromatic amines, such as imidazole or benzimidazole,
F also failed to give good yields of cross-coupled product under
a) PdCly(dppf)*CH,Cly cat., EtsN, EtOH, reflux. these conditiond!* A microwave-assisted amination proce-
dure was also developed under solvent-free condiithhs.

Scheme 125. Synthesis of Oximide Il (37) This reaction was applied to the preparation of novel octa-
hydro-1H-pyrido[1,2-a]pyrazinesy-opioid receptor antago-

nists?4°

TBDMSO 2 oMoM OMOM It has also been shown that in the presence of a catalytic
amount of copper salts, reaction of aryltrifluoroborates with
diphenyl diselenide and ditelluride afforded the correspond-

Br ing unsymmetrical diarylselenides and tellurides in good
BF K 36 ; ; ;
3 yields24¢ Reactions were best conducted in DMSO at 100
°C in the presence of 10 mol % Cul.

Ph

5.4. Transition-Metal-Catalyzed Additions to
Unsaturated Substrates

The 1,2- and 1,4-addition of organometallic reagents to
a) i) 2,5-dimethylhexa-2,4-diene, BH3°DMS, THF, 0 °C, then H,0, unsaturated compounds are among the most versatile reac-
ﬂhoe?nngoc!légfisiﬂﬁﬁT?ﬁﬁ?ﬂl% Ezoc:)hﬂi o g (BPhs)a tions in organic synthes®? In that context, it has been

, , shown that organoboronic acids can efficiently add to

5.3. Copper-Catalyzed Ether and Amine Synthesis unsaturated substrates in the presence of catalytic amounts
Formation of carborheteroatom bonds catalyzed by ©f rhodium catalysts?®24¢

transition metals has rapidly emerged as a powerful tool in w .

organic synthesi¥®’ It has been shown simultaneously by 5.4.1. 1,4-Addtions to Michael Acceptors

Chan and Evans that cross-coupling of arylboronic acids with ~ Very early, Batey et &4° showed that potassium organo-

phenols was efficiently mediated by copper s&ltdn this trifluoroborates also participated in rhodium-catalyzed 1,2-

reaction, stoichiometric amounts of base and Cu(@¥eye and 1,4-additions to aldehydes and enones (Scheme 131).

necessary to achieve high yields of biaryl ethers. Batey etIndeed, in the presence of catalytic amounts of Rh(acac)-

al. described a protocol for the copper(ll)-catalyzed etheri- (CO), and a bidentate ligand (dppp diphenylphosphino-
fication using potassium organotrifluoroborates as coupling propane), good yields of 1,4-addition adducts were obtained.
partners (Scheme 128% Indeed, reaction of 2 equiv of Moreover, it is important to note that under identical con-
potassium aryl- and alken-1-yltrifluoroborate with 1 equiv ditions the reaction proceeded more rapidly using organo-
of aliphatic alcohol in the presence of 10 mol % Cu(OAc) trifluoroborates than the corresponding boronic aétéi$his

H.0, 20 mol % DMAP, ad 4 A MS in CHCl, at room greater reactivity of organotrifluoroborates in this rhodium-

temperature under an atmosphere gf®nishes good yields  catalyzed reaction was supposed to reflect the more facile

of ethers. transmetalation to form the active RR species. Another

The presencefod A MS wasrequired as in its absence significant advantage in using potassium organotrifluorobo-
only traces of ether were observed. Moreover, the reactionrates instead of organoboronic acids is that generally higher
seems to be sensitive to steric effects around the hydroxylyields were obtained, and certain boronic acids proved to
group, and lower yields were obtained with secondary be unreactive. In this reaction, addition of water has an
alcohols. Under these conditions, boronic acids also undergoaccelerating effect.

cross-coupling reactions, although yields were lower than  An asymmetric version of this 1,4-addition of potassium

with potassium organotrifluoroborates. organotrifluoroborates to enones has been described by
Preparation of some sulfonylamino-based peptidomimetics, Darses and Genét? Optimization of the conditions revealed

having affinity and selectivity for the somatostatin receptor that high yields and enantiomeric excesses could be achieved
subtypes sstl and sst4, involved copper-catalyzed couplingusing cationic Rh(codPR complexed with atropoisomeric

of ornithinol derivatives with potassium aryltrifluoroborates binap ligand 48, Chart 7) in a toluene/water mixture as

(Scheme 129%° Chiral amines, which have been used in solvent, conducting the reaction above 2a0(Scheme 132).

enantioselective addition of organolithium reagents to alde- Among the tested rhodium complexes, only cationic

hydes, were obtained via copper-catalyzed ether syntfésis. precursors allowed quantitative conversion and high ee.
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Chart 6. Some Applications of Palladium-Catalyzed Cross-Coupling Reactions
CO,H ZHN.__CO,Bn

BnO O\;Eh

HNTY Cl :
® °
CrOron weld I
S BnO,C ‘ H
41
39 Ao, ., NHZ
[ s
O o
40
+

(0]
Ar! Ar! O >~ NMeg
X

e ()
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Scheme 126. Functionalized Azobenzenes through Scheme 129. Sulfonylamino-Based Peptidomimetics via
Cross-Coupling Copper-Catalyzed Ether Formation
BF3K R S
. PdCl,(dppf), 1 mol% Q s
+ Rl = BFAK \
K2CO3 (3 equiv) 3 N
N, MeOH, 65°C N, HO Cu(OAC),*H,0 (10 mol%)
N 41-72% N T OMAP A Me ©
PH o PH ZHN DMAP, 4A MS V\j\
NHBoc  chcn, it 0, 2HN NHBoc
R = aryl, alkenyl 25%
. . S
Scheme 127. Pd-Catalyzed Allylation of Imines Q
T
NS cpaar ) ) — o
cat. p—
| + Ru~__BFK 1770 /'\‘/\ 0,0 O
N J N e Ar A H,N N)S’
25-50°C R H ‘
R =H, Me, Ph R = Me: syn/anti = 6:5
R=Ph: synfanti = 9:1 Scheme 130. Copper-Catalyzed Amine Synthesis
- R Cu(OAc)z#H0 (10 mol% R’
[Pd]—O o Ar—BFgK + HN (OAc)z*Hy ( ) AN
! ! R? CH,Cl,, 4A MS R2
Ph,P—Pd—PPh, t-40°C, O
. —a0%, D2 53-98%
OCOCF,4 ;
47 R' = aryl, alkyl

R2=H, aryl
Scheme 128. Copper-Catalyzed Ether Synthesis

Cu(OAC), H,O (10 mol%) Scheme 131. Rh-Catalyzed 1,4-Addition of K[RBE] to

RI-BFK + RZ-OH RO R2 Enones
DMAP (20 mol%), 4A MS o o

CHCla. 11, Oz )H Rh(acac)(CO), 3 mol% ;
R! = alkenyl, aryl 67-95% ' | + R-BFgK —— !
R2 = alkyl, aryl dppp N R

' MeOH/H,0, 50°C
L. . L. . 59—quant
Solvent has a major influence on the enantioselectivities, with R = aryl, alken-1-yl

higher ee being obtained in aprotic and nonpolar solvents

(toluene, heptane). The presence of water is also crucial forof the organometallic reagent. Using potassium vinyltrifluo-
this reaction: in its absence, the reaction is very slow as roborate, high yields of vinylated Michael adducts are
well as the asymmetric induction. On the other hand, a large obtained. These conditions proved to be general for the
excess of water slows the reaction down, and in pure waterfunctionalization of other Michael acceptors suchogs-

no asymmetric induction is observed. Indeed, for practical unsaturated amid&3 and esters3? Particularly, addition to
purposes, one should use a slight excess of water compared.,-unsaturated amides occurred without addition of base,
to boron reagent (typically a 10:1 mixture of toluene/water). whereas for the reaction with boronic acids, addition of a
Under these conditions, organoboronic acids react slower,base was necessary to allow the reaction to go to comple-
although similar yields and enantiomeric excesses aretion.?5® Moreover, under these conditions higher amounts of
obtained®® proving once again the higher reactivity of boronic acids compared to potassium organotrifluoroborate
potassium organotrifluoroborates. Moreover, compared to are needed to achieve quantitative conversion. Efficient
Miyaura—Hayashi conditions using organoboronic acids access to alanine derivatives has also been described via the
derivatives*8this reaction generally requires lower amounts rhodium-catalyzed 1,4-addition to dehydroamino estérs.
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Chart 7. Chiral Ligands in the Rh- and Pd-Catalyzed

1,4-Addition of K[RBF 3]
J@ BFy I OMe
MeO

OO PPh, TN
ol )
Qo

(S)-binap (48)
‘O [P
JP'»
O

(S,S)-Dipamp (51)

.. PPhy

):PPhZ

(S,S)-Chiraphos (52)

Ph
7,
Ph

(R,R)-Ph-bod* (53)

P—NEt,

Scheme 132. Asymmetric Rh-Catalyzed 1,4-Addition of
K[RBF 3]

Rh(cod),PFg 3 mol%
(R)-binap (48)
tol/H 0, 110°C

R2
R1/'\/EWG

yld: > 70%
ee: 87-99%

R -EWG + RZ-BFK

R' = alkyl
R? = aryl, alken-1-yl
EWG = keto, ester, amide

Scheme 133. Rh-Catalyzed 1,4-Additions to Enones
o] o]

)H' + R-BFsK )\L

R = aryl, alken-1-yl

aFrom ref 256: Rh(acac)ls)2 2 mol %,49 3 mol %, THF/HO, 60
°C, >90% vyield, 73-96% ee. From ref 257: Rh(acacyd), 4 mol %,
50 10 mol %, EtOH, reflux, 76:100% conv, 7+99% ee.

cat. [Rh)?

- -

R

A process for the stereoselective preparation of tolterodine
was patented using asymmetric 1,4-addition of potassium
phenyltrifluoroborate to 9-methylcoumaritf.

New Cz-symmetric dicyclophane imidazolium ligands, in
particular49 (Chart 7), have been shown to be useful in the
rhodium-catalyzed asymmetric 1,4-addition of potassium
aryltrifluoroborates to enon&& High yields of 1,4-addition
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Scheme 134. Asymmetric Pd-Catalyzed 1,4-Addition of
K[RBF 3] to Enones

0 o)
)H [PA(L-L)(PhCN),](SbFg)s 3 mol% |
LI+ ArBRK MeOH/H,0 10:1, —15°C v
S--o7 YAr
L-L=51or52 60-99% yield

83-99% ee

Scheme 135. Rhodium-Catalyzed 1,4-Addition/
Enantioselective Protonation

NHAc Rh(cod),][PFg] 3mol% R NHAc
. R-BFK [Rh(cod),][PF¢] -
CO,Me (R)-Binap 6.6 mol% CO,Me
2 Guaiacol, Tol, 110°C 2
68-96 % yield
R = aryl, alkenyl 81-90% ee

Scheme 136. Synthesis of Enantioenriched 2-Substituted
Succinic Esters

MeO,C MeO,C
[Rh(cod),][PFg] 3mol% R
+ R-BFK il
CO,Me (R)-Binap 6.6 mol% CO,Me
PhH/H,0, 110°C
51-96 % yield
R = aryl, alkenyl 46-82% ee

roborate added to quinone monoketal with high yield and
enantiomeric excess®

These 1,4-addition reactions of organometallic reagents
to Michael acceptors could also be realized using dicationic
palladium catalyst%>° Indeed, the asymmetric Michael addi-
tion of potassium aryltrifluoroborates to enones was effi-
ciently catalyzed by the chiral palladium complexes BRK
(PhCN}](SbFs), and [PdB2)(PhCN}](SbFs). (Chart 7 and
Scheme 1343%° Reaction occurred at15 °C in aqueous
methanol to afford the 1,4-addition adducts in high yields.
The highest enantioselectivities, givifearyl ketones in up
to 99% ee, were obtained using,§-chiraphos %2) as the
chiral ligand for 2-cyclopentenone and acycli€){enones,
whereas $,3-dipamp 61) resulted in the best selectivities
for 2-cyclohexenone and 2-cycloheptenone<88% ee).
High enantioselectivities were also obtained wiaryle-
nones, whereas rhodium complexes were generally less
efficient on these substrates.

High-yielding protocols have been described using either
rhodium or palladium catalysis for the enantioselective
introduction of a chiral center in thg position of activated
alkenes. Darses and Genet have shown thatottehiral
center could also be controlled by choosing a suitable proton

adducts were achieved in the presence of 2 mol % Rh(acac)source instead of water (Scheme 1%8).Indeed, the

(CoHy) in association with 3 mol %49in a mixture of THF/
water at 60°C (Scheme 133). Under these conditions

conjugate addition of potassium aryl- and alkenyltrifluo-
roborates toN-acylamidoacrylate mediated by a chiral

trifluoroborate reagents reacted at a faster rate than boronicrhodium complex in the presence of achiral phenol deriva-

acids, but selectivities were generally lower (ee from 73%
to 96%). Reactions with acyclic enones were also efficient
but the selectivities were significantly lower.

tives furnishes a variety oft-amino acid derivatives with
good enantioselectivities. The best proton source was found
to be inexpensive and nontoxic 2-methoxyphenol or guaiacol.

Monodentate phosphoramidite ligands have also beenUnder these conditions, boronic acids gave low conversion

utilized in the rhodium-catalyzed asymmetric 1,4-addition
of potassium aryltrifluoroborates to enones (Scheme 2%33).

and modest enantiomeric excesses (40%).
This reaction, involving 1,4-addition/enantioselective pro-

A systematic search for effective catalysts has been per-tonation using potassium organotrifluoroborate, has also been
formed by use of high-throughput screening methods. Among applied by C. G. Frost and co-workers in the synthesis of
the library of phosphoramidites, ligan@® (Chart 7) has been  2-substituted succinic esters (Scheme #86)he rhodium-
shown to be the most useful, and vinylation of cyclohexenone catalyzed addition of aryl- and alkenyltrifluoroborates to
and 4-phenyl-3-buten-2-one has been achieved with 88% anddimethyl itaconate was best achieved using 2 equiv of binap
42% ee, respectively. As in the case of the binap ligghd, as chiral ligand compared to rhodium and using water as a
phenylation of cyclohexenone gave 3-phenylcyclohexanone proton source. It was found that use of benzene as solvent
with 99% ee. In the presence of chiral dief®R)-Ph-bod* resulted in a significant enhancement of enantioselectivity
53 (Chart 7) and rhodium complex, potassium vinyltrifluo- compared to toluene or dioxane.
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Scheme 137. Base-Free Rhodium-Catalyzed Heck-Type Scheme 140. Rhodium-Catalyzed Synthesis of Quinolines
Reactions o
[RhCI(=),], 1.5 mol%
Ar—BFK + ZEWG —— = AN pug = A [Rh(acac)(CoHa)] 3 mol % R
PPhg 6 mol% + ReBF.K dppf 6 mol % m
dioxane/acetone, 80°C —BF3 N o
71-94% NH, dioxane/H,0, 100 °C N/ Ar
50-61%
EWG = CO,R, COR, CONHR, P(O)(OEt), Ar = 4-MeOCgH, °
R = aryl, styry

Scheme 138. Access to Stereodefined Trisubstituted Alkenes

via Rhodium-Catalyzed 1,4-Addition Scheme 141. Rhodium-Catalyzed Addition of K[RBFE] to

Aldehydes
OH R o OH
CO,Me [Rh(cod)Cl], 1.5 mol% cat. [Rh]?
R1J\[( 2 + RZ‘BF3K 2 Z}COZMQ R1J + R2_BF3K R1J\R2
TollMeOH, 70°C R
Aerobic o/ i
R! = alkyl, aryl 69 98% yield R? = aryl, alkenyl
R2 = aryl, alkenyl aFrom ref 249: Rh(acac)(C@B mol %, dppf 3 mol %, DME/HO, 80
) ] ] °C, 71-88% (R = aryl, cyclohexyl). From ref 272: [RhCI(&l4)]2 3 mol
Scheme 139. Rhodium-Catalyzed Reactions with Alkenyl %, P¢Bu)3 3 mol %, Toluene/HO, rt to 60°C, 63—99% (R = aryl, alkyl).
Tosylates
0 o surpassed the use of boronic acids because of their higher
RhCI(PPhg)s 2 mol% > X o
Z)K|L dppf 2 mol% Z)i reactivity and exceptional stabilities.
! + Ar—BFK ———————— |
" K.HPO, (4 equi L ”
" 0Ts Fno s A 5.4.2. Additions to Aldehydes
Z=0,NCH, 42-99% Rhodium-catalyzed addition of organometallic reagents to

aldehydes has been developed to a lesser extent, whereas
In the absence of external proton source, the reactiondiarylmethanols are important intermediates for the synthesis
course of these rhodium-catalyzed processes is totallyof biologically active compounds. Even if the addition of
changed. Indeed, Darses and Genet have sHéwhat in strong organometallics (RLi, RMgX) to aldehydes constitutes
the absence of water, a Heck-type product was selectivelyone of the most versatile methods to generate secondary
obtained, and they developed a base-free rhodium-catalyzedilcohols, limitations to their use arise from their high
Mizoroki—Heck reaction using potassium aryltrifluoroborates reactivity as nucleophiles or bases, which often give rise to
as the arylating agent of alkenes and acetone as a greemndesired side reactions in the synthesis of multifunctional
“oxidant”. compounds. Addition of organozinc reagents to aldehydes
Access to stereodefined trisubstituted alkenes via rhodium-in racemic and asymmetric versions is now well docu-
catalyzed 1,4-addition of potassium organotrifluoroborates mentec?® but examples of aryl transfer are often limited to
to Baylis—Hillman (BH) adduct has been reported (Scheme introduction of a phenyl group. Indeed, the rhodium-
138)2%4 Indeed, in the presence of 1.5 mol % [Rh(cod)Cl] catalyzed addition of arylstannar®8,arylsilanes® and
reaction of potassium alkenyl- and aryltrifluoroborates to BH arylboronic acid§*to aldehydes has emerged as a promising
substrates furnished high yields of alkenes, resulting formally alternative. Moreover, they afford the opportunity to conduct
from 1,4-addition to the activated alkene followed by reactions under agueous conditions.
B-hydroxy eliminatior?®® The reaction was best conducted Batey et al. were the first to describe the feasibility of the
in toluene/methanol at 70C in the absence of added addition of potassium aryltrifluoroborates to aryl aldehydes
phosphane ligand and under aerobic conditions. The stereo{Scheme 1413*°Indeed, in the presence of catalytic amounts
selectivities, in favor of theH)-alkene, were higher than of Rh(acac)(CQ)and a bidentate ligand (dppf, bis(diphen-
96%. ylphosphino)ferrocene), good yields of carbinols were ob-
Alkenyl tosylates have also been shown to be used in tained. Moreover, it is important to note that under identical
rhodium-catalyzed reactions with potassium aryltrifluorobo- conditions the reaction proceeds more rapidly using organ-
rates (Scheme 139% In the presence of Wilkinson complex otrifluoroborates than the corresponding boronic acids.
RhCI(PPh); and additional bis(diphenylphosphano)ferrocene However, the reaction was generally limited to electron-
ligand (dppf), reaction of potassium aryltrifluoroborates with deficient aryl aldehydes.
various enol tosylates occurred in moderate to good yields More efficient conditions were developed usingtait-
to afford formal Suzuki-Miyaura cross-coupling products.  butylphosphar@!® as ligand in this rhodium-catalyzed
K,HPQ, was found to be the base of choice; however, the process (Scheme 1437%. Highly hindered diarylmethanols
reaction was not run in its absence. It was also noted thatcould be formed under these conditions, and electron-
lower yields were generally observed with 4-tosyloxy+25 deficient aryl aldehydes were also tolerated. Moreover,
furanone and 4-tosyloxyquinolin-2()-one. aliphatic aldehydes were also reactive, and the reaction could
4-Aryl and 4-vinyl quinolines were prepared via a be run at room temperature for many substrates.
sequential procedure involving regioselective [Rh(acac)- It has also been shown that addition of phenyltrifluorobo-
(CoHy),)/dppf-catalyzed hydroarylation/hydrovinylation of rate to a chiral sulfinimine proceeded under mild conditions
[-(2-aminophenyl),5-ynones with potassium aryl and vinyl — at room temperature using a rhodium catalyst in the absence
trifluoroborates followed by nucleophilic attack of the amino of external phosphane ligand (Scheme 1Z2Yhe sulfina-
group onto the carbonyl (Scheme 146)). mide adduct was formed with high diastereoselectivity.
Indeed, from these preliminary results in 1,4-addition  Direct access to ketones from aldehydes via a rhodium-
reactions catalyzed by rhodium complexes, potassium orga-catalyzed cross-coupling reaction with potassium organo-
notrifluoroborates compared favorably and very often even trifluoroborates was readily achieved (Scheme Z¥48).
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Scheme 142. Diastereoselective Addition to Chiral
Sulfinimine

N/é‘\O Rh(cod)(CH3CN),]BF 19 s
col 5mol%  HN""S
J + Ph—BFK [Rh(cod)(CH3CN),]BF, 0o
Ar EtaN (2 equiv) Ar Ph
dioxane/H0, rt
92% yield
Ar = 4-CF3C¢Hy 61% de

Scheme 143. Direct Access to Ketones from Aldehydes and
K[RBF 3]

0] [Rh(CH,CH,),Cl], 1.5 mol% (e}
)J\ + ArBFzK
Ar H P(t-Bu)3 3 mol%, 80°C Ar Ar'
dioxane/acetone 80-97%

Scheme 144. Au-Catalyzed Homocoupling of K[RBE
Au/PVP 1 mol%

pH = 6.86 buffer
air, 40-50°C
> 89%

Ar—BF3K Ar—Ar
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catalyzed reaction, potassium organotrifluoroborates have
shown comparable and very often superior reactivity com-
pared to organoboronic acids. We hope the readers will be
convinced to the usefulness of these reagents in organic

synthesis.

Indeed, reaction of aryl aldehydes and potassium aryltri-
fluoroborates, in the presence of [RAKG).Cl], in conjunc-

tion with P¢-Bu)z ligand at 80°C in a binary mixture of
1,4-dioxane/acetone at 8C, afforded high yields of diaryl
ketones. Particularly, acidic hydroxyl substituents on the
aromatic aldehyde were tolerated, preventing tedious protec-
tion/deprotection sequences.

Deuterium-labeling studies suggested that this reaction
occurred via a Heck-type mechanism followed by unusual
hydride transfer thanks to inexpensive acetone playing the
part of hydride acceptor.

5.5. Miscellaneous

Gold(0) nanoclusters, stabilized by pdWinyl-2-pyr-
rolidone) (PVP), have been shown to catalyze the oxidative
homocoupling reaction of potassium aryltrifluoroborates in
water and air (Scheme 14#7%. Catalytic activity was
dependent on the size of the cluster and pH of the reaction
medium: in weakly basic to neutral solutions (pH 918
6.86), biaryls were obtained as the sole products. Potassium
stryryltrifluoroborate also underwent homocoupling under
these conditions, giving 1,4&(E)-diphenylbutadiene in 67%
yield. The catalyst was reusable (up to three times).

6. Conclusion

Discovered in the 1960s, potassium organotrifluoroborates
are emerging as promising alternatives to the use of orga-
noboronic acids. In fact, the number of publications dedicated
to potassium organotrifluoroborates chemistry has experi-
enced an exponential growth for the last 6 years, demonstrat-
ing the increased interest of the chemical community to such
organoboron derivatives (Figure 1).

This interest is certainly due to the exceptional stability
of these boron ate complexes toward oxygen and moisture
as compared to all other described organoboron derivatives.
Another interesting aspect of organotrifluoroborate is their
ease of preparation and purification compared to boronic
acids, and higher yields are generally achieved in their
preparation. It has also been demonstrated that contrary to
trivalent organoboranes, these reagents can easily be func-
tionalized using a great variety of reactions. Moreover, in
many organic transformations as well as in transition-metal-
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