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Furans and Benzofurans

Kap-Sun Yeung

Abstract This chapter reviews the significant developments in the metalation of
furans and benzofurans and applications of the resulting metalated species in the
past decade. New and interesting metalated furan and benzofuran derivatives and
their novel reactions are featured. Topics encompass lithiation, magnesation and
zincation, the use of boronated and other metalated furans and benzofurans in cross-
coupling reactions, as well as the use of metalated furans and benzofurans in
addition reactions. Examples of regioselective metalation are highlighted, and
metalation of related furo heterocycles is also summarized.

Keywords Addition reactions - Benzofurans - Cross-coupling - Furans
Metalation

Contents

1T INtroduCtion .. ...ueeet et 48
2 Lithiation of Furans and Benzofurans ... 50
3 Magnesation of Furans and Benzofurans, and Their Applications ......................... 52
4 Zincation of Furans and Benzofurans, and Their Applications ....................ooeeee.n. 56
5 Boronated Furans and Benzofurans in Cross-Coupling Reactions ......................... 59
6 Other Metalated Furans and Benzofurans in Cross-Coupling Reactions ................... 62
7 Regioselective Functionalization of Poly-halogenated Furans and Benzofurans .......... 65
8 Metalated Furans and Benzofurans in Addition Reactions ...................oooviiee.. 67
9 Lithiation of Related Furo Heterocycles ..., 70
RETEIENCES . ...ttt e e 71

K.-S. Yeung (1<)

Bristol-Myers Squibb Research and Development, 5 Research Parkway,
P.O. Box 5100, Wallingford, CT 06492, USA

e-mail: kapsun.yeung@bms.com


mailto:kapsun.yeung@bms.com

48 K.-S. Yeung
1 Introduction

Furan and benzofuran are common structural elements present in numerous bioac-
tive natural products as well as pharmaceuticals, molecular electronic and func-
tional polymers [1]. Recent noteworthy examples from natural sources, as shown in
Fig. 1, include the cytotoxic diterpenoid salvileucalin B [2] and the selective
phosphoinositide-3-kinase o inhibitor liphagal [3]. The total syntheses of both of
these unusual molecular structures have recently been accomplished [3, 4]. Due to
their electron-rich character, furans also function as versatile precursors to a variety
of functional moieties as well as carbocycles and heterocycles through the transfor-
mation of the furan nucleus, for example, by oxidation and cycloaddition reactions
[5-T7].

A broadly employed approach for the incorporation of furan and benzofuran
rings is by utilizing their metalated species that participate primarily in metal-
catalyzed cross-coupling reactions and as nucleophiles in addition reactions. Con-
ventionally, direct deprotonation of furan and benzofuran takes place at the most
acidic C2 position (or the C5 position in 2-substituted furans) by using alkyl
lithiums with or without TMDEA, or using lithium amide bases. For example, as
shown in Scheme 1, lithiation using n-BuLi presumably generated a 2,5-dianion,
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Fig. 1 Furan- and benzofuran-containing natural products

TMSQO :Et 0 n-BuLi (2 equiv.)
- TMSCI
© \ THF, -78 °C, 5 min
80%
40% AcO,H (4 equiv.) TMSo, Et

NaOAc (4 equiv.)

CH,Cly, 0°C to rt, 48 h
76% 070

Scheme 1 Direct metalation of furan at C2 (C5) position
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which was regioselectively silylated at the less hindered C5 position [8]. The
incorporation of the TMS group directed the subsequent regioselective oxidation
to the y-butenolide.

Metalation at the C3 position of furan generally requires lithium—halogen
exchange using alkyl lithium bases. As exemplified in Scheme 2, Li—Br exchange
of 3-bromo-2-triisopropylsilyloxyfuran occurred smoothly under standard
conditions. The anion formed can be quenched with C, S, Se, Si, and halogen
electrophiles to generate a-substituted y-butenolides after acidic hydrolysis [9].

However, metalation outcomes were influenced by the stoichiometries of
3-bromofuran and n-BuLi used. For example, as demonstrated in a key addition
reaction of furyllithium to an aldehyde during a synthesis of chettaphanin shown in
Scheme 3 [10], mixing equimolar amounts of the two reactants generated
3-furyllithium as expected, while metalation occurred at the C2 position when
half an equivalent of n-BuLi was used.

Lithiation followed by transmetalation of lithiofurans is commonly used to
generate various metalated furan derivatives. Earlier developments in the
metalation of furans and benzofurans and their applications have been reviewed
extensively [6, 11, 12]. This chapter serves to capture the significant advances in
these areas in the past decade, highlighting new and interesting metalated furan and
benzofuran species and their novel transformations. Examples of regioselective
metalation are described, and metalation of related furo heterocycles is also
summarized.

Br n-BuLi (1.1 equiv.) cl Cl
THF, -78 °C aq. HCI __
I\ — / \ -
OTIPS CoClg OTIPS  87% )
(¢) (0] O
-25°Ctort

Scheme 2 Lithium—bromide exchange of furan at C3 position

OH
1:1 3-bromofuran/n-BulLi m
THF, -78 °C, 30 min o \ o
90%
OH Br
2:1 3-bromofuran/n-BulLi
=
THF, ~78 °C, 30 min A o0

92%

Scheme 3 Metalation of 3-bromofuran using different equivalent of n-BuLi
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2 Lithiation of Furans and Benzofurans

An interesting counter-steric regioselectivity was unexpectedly obtained in the
lithiation of 3-phenyl as well as (E)- and (Z)-3-styrylfurans under conventional
conditions using n-BuLi. The lithiation preferentially occurred at the more hindered
C2-position, as illustrated in Scheme 4 [13]. The regioselectivity was increased by a
phenyl ring bearing an electron-withdrawing group, attributed to the stabilization of
the furyl anion in a late transition state.

The lithiation of 3-(N-fert-butoxycarbonyl)furan by using #-BuLi occurred
regioselectively at the C2 position as assisted by the apparent ortho-directing effect
of N-tert-butoxycarbonyl group to provide 2-substituted 3-(N-tert-butoxycarbonyl)
furans after quenching with a range of electrophiles [14], as exemplified in
Scheme 5. This is in contrast to an example of lithiation/cyanation of 2-(N-tert-
butoxycarbonyl)furan, which took place at the C5 position [15].

Directed ortho metalation could occur remotely at the C3 position of benzofuran
as illustrated in a synthesis of a coumestan depicted in Scheme 6 [16].

=
- n-BuLi
N TMSCI /A CF3
o~ ~TMS
O THF, -25 to 25 °C

(2): 81%, single isomer
CFs (E): 85%, 20:1

Scheme 4 Regioselective lithiation of (E)- and (Z2)-3-styrylfurans

t-BulLi (2.5 equiv.)

NHBoc  TMEDA (2.5 equiv.) NHBoc
TMSCI
|\ A\
0 THF, -40 °C o’ "TMS
52%
t-BuLi (2 equiv.)
PhOCN

@\NHBOC

(0]

3N

THF, -20°C,1h  NC™ ~o” "NHBoc
71%

Scheme 5 Regioselective lithiation of 3- and 2-(N-tert-butoxycarbonyl)furans

NEt,

1) LDA o
0
MeO :<o THF, 0°C, 30 min  MeQ 0

Vi 2) AcOH 4 O
O reflux, 2 h 0
o} 79%

Scheme 6 Directed ortho remote metalation of benzofuran
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1) n-BuLi (2 equiv.)

O TMDEA (2 equiv.) O
Et,O, -40 °C to rt

Da 2 o

o 2) EtOCONMe, (6] 0
Et,O, -70 °C to rt 48%

Scheme 7 Dilithiation of 3-phenylbenzofuran

n-BuLi (5 equiv.)
THF, -78t0 0 °C

af
/A o
o \\\\M 70%

>95:5

[1,2]-product

OH
(S\L\
O
s-BulLi (5 equiv.)
I\ =
(0]
OH

o THF, —78 to 0 °C
d\ \\\ o
o == 69%

98:2
[2,3]-product

Scheme 8 Deprotonation at the ethereal o position of 3-furylmethyl ethers

1) n-BuLi (1.1 equiv.) TBSO

(i”o Et,0, —78 °C, 30 min nBu
4 o\ TBS 2) PhCHO / o\ Ph
1:1 HMPA/EL,O oH

-78°C to rt, 3 min
73%

Scheme 9 Addition of organolithium reagent to 2-TBS-3-formylfuran

Dilithiation of 3-phenylbenzofuran also followed an ortho remote manner.
As demonstrated in Scheme 7, this method was used for the synthesis of
hetarenoindanones, which were reduced to provide hetarenoindenes [17].

Deprotonation at the ethereal o position of 3-furylmethyl ethers by alkyl lithiums
(n-, s-, or t-BuLi) or LDA occurred more readily than deprotonation at the furan C2
position. As illustrated in Scheme 8, products arising from a formal [1,2]- and [2,3]-
Wittig rearrangements were selectively obtained by using different bases [18].

A furan C2 anion was regioselectively generated via the addition of organo-
lithium reagents to 2-TBS-3-formylfuran and subsequent 1,4-Brook silyl migration
of the intermediate lithium alkoxide [19]. Quenching the anion with aldehydes and
ketones provided 2,3-disubstituted furans as exemplified in Scheme 9.
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4_( OTBS n-BuLi, HMPA OH
I\ I\

THF, -78°C tot, 6 h
o TBS

89% o

Scheme 10 retro-Brook rearrangement of a 2-lithiofuran

% PhLi (2 equiv.) CICO,Me /
I\ PhMe -78°Ctort !
o~ "SOPh 280G 10 min 71% o~ ~COMe

Scheme 11 Regioselective lithiation of furan via sulfoxide—lithium exchange

B 1) +-BulLi (2 equiv.) nBuzSn
Et,0, -78 °C, 30 min
D—Ph ) n-BusSnCI (1.1 equiv) s
(o] Et,0, -78 to 20 °C °

78%

Scheme 12 Lithium—bromide exchange of 4-bromo-2-phenylbenzofuran using 7-BuLi

Interestingly, lithiation of the 3-furylmethyl TBS ether shown in Scheme 10
initiated a retro-Brook rearrangement of the corresponding 2-lithiofuran that con-
veniently installed a silyl blocking group regioselectively at the furan C2 position
[20].

Another example of regioselective lithiation of furan resulted from a lithium—
sulfoxide exchange that was carried out by using phenyllithium as a base [21], as
shown in Scheme 11.

As depicted in Scheme 12, lithium—bromide exchange of 4-bromobenzofuran
required the use of the strong base 7-BuL.i to generate 4-benzofuranyllithium, which
was converted to the tin derivative [22].

3 Magnesation of Furans and Benzofurans,
and Their Applications

Metalation of furans and benzofurans can be performed at or near ambient temper-
ature under new conditions that seek to avoid undesirable side reactions resulted
from high reactivity and nucleophilicity of lithium bases. Deprotonation at the C2
position of unsubstituted furan and benzofuran at room temperature was achieved
by using lithium magnesates Bu;MgLi and BuyMgLi, [23], and the resulting
lithium 2-furylmagnesate was stable and reactive toward Kumada-type cross-
coupling, as exemplified in Scheme 13.



Furans and Benzofurans 53

1) n-BugMgLi (1/3 equiv.)

THF, t, 2 h /N Ns
U\ o \
(6] 2) 2-bromopyridine 7
Pd(dppf)Cl, (1 mol%) 64
reflux, 18 h °

Scheme 13 Magnesation of furan using BusMgLi and the subsequent cross-coupling

@ TMPMgCI-LiCI (1.1 equiv.) @\ %

o THF, 25 °C, 24 h 0" MGCl g4q, “o7 TCHO
Scheme 14 Magnesation of furan using TMPMgCI-LiCl
MgCIL.LiCl
/@\ TMPMgCI-LiCl (1.1 equiv.) gcLLIC
THF, -25°C, 0.5 h Br— >Ng” TCO.Et
I\
83% Br— g~ ~CO,Et

Scheme 15 Regioselective magnesation of ethyl 5-bromofuran-2-carboxylate

As represented in Scheme 14, direct magnesation of unsubstituted furan by using
a mixed Mg/Li amide TMPMgCIl-LiCl (TMP = 2,2,6,6,-tetramethylpiperidine)
also occurred at room temperature to generate 2-furylmagnesium chloride in situ,
which was quenched with an electrophile [24].

Interestingly, regioselective direct magnesation at the C3 position of ethyl
5-bromofuran-2-carboxylate, presumably activated by the carboxylate group, has
been demonstrated by employing TMPMgCIl-LiCl at lower temperature as depicted
in Scheme 15 [24].

2-(4-Methoxyphenyl)sulfinyl-substituted benzofuran and 5-trimethylsilylfuran
were also magnesated at the C3-position by using TMPMgCI-LiCl and then
transmetalated to the corresponding zinc reagents for Negishi coupling
[25, 26]. Subsequent sulfoxide—magnesium exchange was performed by using
i-PrMgClI-LiCl for the formation of 2,3-disubstituted derivatives as illustrated in
Scheme 16.

As represented in Scheme 17, further manipulation of the C4 and C5 positions of
2,3-disubsituted-5-trimethylsilylfurans again by consecutive application of these
two different magnesium bases, i.e. iodide-magnesium exchange with i-
PrMgCl-LiCl followed by magnesation using TMPMgCI-LiCl, led to tetrasub-
stituted furans.
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1) TMPMgCI-LiCl (1.1 equiv.) CO,Et
ﬂ\ THF -40 °C, 20 min
TMS™ g~ ~SOAr >
2) ZnCl,, THF

Ar = 4-MeOCgH, ethyl 4-iodobenzoate

Pd(PPhg)s (2 mol%) ~ TMS™ >~ ~SOAr
77%
CO,Et
1) i-PrMgCI-LiCl (1.1 equiv.)
2-MeTHF, -50°C, 2 h
2) ZnCl,, THF I\

4-chloro-iodobenzoate T™S (0] O

Pd(PPhg), (2 mol%) cl
25°C, 1 h 68%

Scheme 16 Magnesation of 2-(4-methoxyphenyl)sulfinyl-5-trimethylsilylfuran

CO,Et 1)ICI,0°C, 1h CO,Et
2) i-PrMgCI-LiCl Q
-40 °C, 20 min
I\ 3) NCCO2Et / \
T™MS™ >0 O 25°C, 3 min EtOC™ ™o O
o . cl
1) TMPMgCI-LiCl COqEt

3) +-BuCH,COCI EtO,C
CuCN.2LiCl
25°C, 30 min 93%

40 °C, 25 min By O Q
2) ZnCl,, -40 °C, 30 min
(Do

Scheme 17 Consecutive application of magnesium bases, i-PrMgCl-LiCl and TMPMgCI-LiCl,
on a 2,3-disubstituted-5-trimethylsilylfuran

Efficient magnesium—bromide exchange of methyl 5-bromofuran-2-carboxylate
could be performed at 22°C by using i-PrMgBr in the presence of bis[2-(V,
N-dimethylamino)ethyl] ether [27]. The resulting Grignard reagent was presumably
stabilized by the formation of a tridentate complex with the diamine, leading
to a 95% conversion as shown in Scheme 18. Addition of the complex to
trimethylborate provided the corresponding boronic acid in high yield compared
to the reaction without using the diamine.

As shown in Scheme 19, a palladium-catalyzed Kumada coupling of the above
Grignard reagent, generated via the usual Knochel’s Mg/I exchange protocol, with
an aryl iodide proceeded at lower temperature than is commonly used in the
presence of SPhos as a ligand [28].
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i-PrMgCI-LiCl
(g, T o
MeO,C™ >~ ~Br _ MeO,C™ g~ ~MgCl
THE 22 °C, 15 min

95% (57%)

B(OMe) I
—— Meozc/Q\ B(OH),
77% (28%)

Scheme 18 Magnesation of methyl 5-bromofuran-2-carboxylate in the presence of bis[2-(V,
N-dimethylamino)ethyl] ether. The numbers in brackets correspond to the yields of the reactions
in the absence of the diamine.

!
I\
(/N\/©/ + MeOZC/Q\MgCI.LiCI

Boc
Pd(dba), (2 mol%

)
SPhos (3 mol%) V /8
o~ ~COzMe
PhMe/THF, -20°C  BocoN

86%

Scheme 19 Kumada coupling of (5-(methoxycarbonyl)2-furyl)magnesium chloride at low
temperature

Br
Br Mg, LiCl B(OBu),MgBr

B(OBu); (0.5 equiv.) 2
THF, 25 °C, 30 min
¢ 0 0._0O
NEt,
Pd(dppf)Cl, (4 mol%) 0\(
Cs,CO5 (2 equiv.) o N
1:4:4 DMF/EtOH/THF O |
65°C,3h o 86%

Scheme 20 Suzuki-Miyaura coupling of magnesium dibenzofuranylboronate

NEt,

The interesting magnesium dibenzofuranylboronate depicted in Scheme 20 was
prepared from 3-bromobenzofuran under Grignard-type conditions in the presence
of 0.5 equivalents of B(OBu);. This type of boronate was reactive toward Suzuki—
Miyaura coupling, as illustrated [29].

4-Chlorobenzofuran was sufficiently reactive toward a nickel-catalyzed sp’—sp”
Kumada coupling with an alkylmagnesium bromide, as depicted in Scheme 21 [22].
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Cl n-BuMgBr (1.2 equiv.) nBu
Ni(dppp) (1 mol%)
N—ph Et,0, reflux N—ph
o 80% o}

Scheme 21 Nickel-catalyzed Kumada coupling of 4-chloro-2-phenylbenzofuran

1) ZnCl,. TMEDA (0.25 equiv.)
LITMP (0.75 equiv.) Cl
N=(

THF, rt, 2 h
@ — b \ N
o 2) 2,4-Clypyrimidine o Y

PdCl, (2 mol%), dppf (2 mol%) .
25°C, 12 h 49%

Scheme 22 Zincation of benzofuran using ZnCl,-TMEDA/LiTMP and subsequent cross-
coupling with aryl chloride

(TMP)5Zn.2MgCL.LiClI Zn

(0.55 equiv.)
mNO2 Yoo
o THF, -25°C, 1.5 h S 2
O O

CuCN.2LiCI (5 mol%) O N—no,
80% S

Scheme 23 Zincation of 2-nitrobenzofuran and subsequent Negishi coupling

4 Zincation of Furans and Benzofurans, and Their Applications

Zincates at the C2 position of unsubstituted furan and benzofuran were prepared at
room temperature by using a mixed base generated in situ from a 1:3 mixture of
ZnCl,- TMEDA/LiTMP [30, 31], and used for the addition to aldehydes or a
palladium-catalyzed coupling with aryl and heteroaryl chlorides and bromides, as
illustrated in Scheme 22.

Addition of 0.5 equivalent of ZnCl, to TMPMgCI-LiCl generated a complex
mixed base (TMP),Zn-2MgCI-2LiCl [32]. This was used for zincation of arenes and
heteroarenes bearing sensitive functional groups, e.g., aldehyde and nitro groups
that are not compatible with lithium or magnesium bases, at or near ambient
temperature. For example, as shown in Scheme 23, the zincate of 2-nitrobenzofuran
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1) CdCl,. TMEDA (0.5 equiv.)
LiTMP (1.5 equiv.)

@ THF, 1t, 2 h ]\
(o)

0 2) 1-Br-4-CICgH, cl
Pd(OAc), (6 mol%), dppf (2 mol%)
reflux, 18 h

Scheme 24 Cross-coupling of 2-furyl cadmate with arylbromide

n-BulLi
BQ o TMEDA zmo,  EO
— ZnCl
EtO \ / THF —25°CtortEto \ /)
-25°C

EtO EtO EtO
O} zn O} znLi O} znLi,
tO \ ///o EtO \ /3 EtO \ ///a
2,5-Clypyridine
)\Q,}zm. Pd(dppf)Cl, / N
B —
THF, 50 °C

(0.35 equiv.) then 5N HCI 89%

Scheme 25 Palladium-catalyzed cross-coupling of 2-furyl zincate

was formed smoothly at the C3 position using this base and then subjected to a
copper-catalyzed Negishi coupling with 3-cyclohexenylbromide.

Similar to zincation, unsubstituted furan and benzofuran were also metalated at
room temperature by using a cadmium-lithium mixed base generated in situ by
mixing 0.5 equivalent of CdCl,-TMDEA with LiTMP [33]. The resulting 2-furyl
cadmate directly participated in reaction with acid chlorides to form ketones and
palladium-catalyzed cross-coupling with arylbromides, as demonstrated in
Scheme 24. However, competing homocoupling and the toxicity associated with
cadmium species may limit the application of this metalation method.

As shown in Scheme 25, a 2-furylzinc chloride as well as the corresponding di-,
tri-, and higher order zincates were prepared from the 2-lithiofuran by
transmetalation using the appropriate stoichiometries of ZnCl, [34]. These zincates
were found to transfer all of the furyl groups during a palladium-catalyzed cross-
coupling reaction, as exemplified in Scheme 25.

The related 5-(1,3-dioxolan-2-yl)-2-furylzinc was prepared by the direct inser-
tion of Rieke’s active zinc to the corresponding bromide at room temperature as
shown in Scheme 26 [35]. However, furylzinc reagents could also be generated
from unprotected 5-iodo-2-furaldehyde and ethyl 5-bromofuran-2-carboxylate by a
LiCl-mediated direct insertion of zinc powder at room temperature, as
demonstrated in Scheme 27 [36].
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o
Zn (1.5 equ)
( o Br ( ZnBr
o\ J TTHR L, 3h
O
e (o
> o\

>98% by GC

Scheme 26 Formation of 2-furylzinc by the direct insertion of active zinc to 2-bromofuran

Zn.LiCl (1.4 equw
OHCﬂ\I /O\zm Licl 2

O THF, 25°C, 2.5 h

I\
_—
OHC/w\CC)zEt

THF,0°C, 1 h O
81%

CO,Et

Scheme 27 Formation of 5-formyl-2-furylzinc by LiCl-mediated direct insertion of zinc to
5-iodo-2-furaldehyde

EtOQCﬂ\ ZnCl

Pd(PPhg), (1 mol%) N\ o
+ E10,C " () CHO

THF, 1t
Br CHO

Scheme 28 Palladium-catalyzed cross-coupling of 5-bromo-2-furaldehyde

5-Aryl- and 5-heteroaryl-2-furaldehydes were also prepared from the cross-
coupling of 5-bromo-2-furaldehyde with zinc reagents by employing 1 mol% of
(Ph3Ph)4Pd as catalyst [36, 37], as shown by the interesting example summarized in
Scheme 28.

A new palladium-N-heterocyclic carbene (Pd-PEPPSI-IPent) complex was effi-
cient for the Negishi coupling of a 2-furylzinc, enabling the reaction to proceed at
room temperature, as depicted in Scheme 29 [38]. This catalyst was also useful for
the Suzuki—Miyaura coupling of 3-furylboronic acid and 2-benzofuranylboronic
acid [39]. A one-pot zincation of ethyl 5-bromofuran-2-carboxylate using Zn/LiCl
followed by a Negishi coupling employing an i-Pr analog of Pd-PEPPSI-IPent as a
catalyst was also reported [40].

The utility of zinc reagents of 2-furaldehyde derivatives as described above in
Negishi coupling was further exemplified by a key step in a total synthesis of the
marine natural product bipinnatin J, as shown in Scheme 30 [41].

A Negishi coupling of 2-furylzinc with aryltrimethylammonium iodides was
promoted by a nickel catalyst, as represented in Scheme 31 [42].



Furans and Benzofurans

l_\
AI’/N N\Ar
Cl—Pd—Cl Ar= }
N
g
N
/@\ Pd-PEPPSI-IPent
EtO,C™ g~ ~ZnBr . é.IZ m10l%)_ NN I
; nCl, (1 equiv.) S o ~CO.Et
N-N THF, rt., 24 h Ph~\ =
\

PhUCI 79%

Scheme 29 Negishi coupling of 2-furylzinc using Pd-PEPPSI-IPent catalyst

tBulLi (1 equiv.)
I ZnCl, (1.2 equiv.)

O _—

0
Q 0) THF, -78 °C &
0 0

Pd(dppf)Cly

—_
THF,0°C,2h
100%

Scheme 30 A key Negishi coupling in a total synthesis of bipinnatin J

NMe,|

Ni(PCys),Cly (2 mol%)
Dy aoenn, L)
o~ ~ZnCl 1:1 THF/NMP o
90°C, 8 h
83%

59

Scheme 31 Nickel-catalyzed cross-coupling of furylzinc with phenyltrimethylammonium iodide

5 Boronated Furans and Benzofurans in Cross-Coupling
Reactions

Potassium 2-furyl, 3-furyl, and 2-benzofuranyl trifluoroborates served as efficient
nucleophilic coupling partners in equimolar amount in Suzuki—Miyaura cross-
coupling reaction. By employing RuPhos as a ligand, the reaction proceeded even
with less reactive aryl and heteroaryl chlorides [43]. An interesting example is
depicted in Scheme 32. Potassium 2-furyl trifluoroborate, which was prepared by
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Pd(OAc), (3mol%)  OHG

_ OHC RuPhos (6 mol%) =
e} = Na,COj3 (2 equiv.) o~
~ + (@) _
- EtOH, 85 °C \
8 cl 81% 0

Scheme 32 Suzuki-Miyaura cross-coupling of potassium 2-furyl trifluoroborate with 5-chloro-
2-furaldehyde

o) Pd(OAC), (2.5 mol%)
SPhos (5 mol%) 0
MeoN BFsK  K,COj; (3 equiv.)
4 0
1:5H,0/PhMe  Me2N | )—CHO

Cl CHO 85°C, 14 h
\@/ 73%

Scheme 33 Suzuki-Miyaura cross-coupling of 5-chloro-2-furaldehyde with potassium
B-trifluoroborato amide

MeN s&%@ﬁ?ﬁm
(0)
Q/ \Q I;/ 1:5 H20/dioxane \
60°C,6h
97%

Scheme 34 Suzuki—Miyaura cross-coupling of 2-furyl MIDA boronate

the addition of KHF, to 2-furylboronic acid, exhibited stability at ambient temper-
ature for 3 months without sign of proto-deboronation.

Interestingly, 5-chloro-2-furaldehyde reacted with primary alkyl [44] and
aminomethyl tetrafluoroborate [45] potassium salts, as well as potassium
B-trifluoroborato amide [46], as shown in Scheme 33. Note that the reaction using
SPhos as a ligand was sufficiently efficient to prevent undesirable B-hydride
elimination.

Cross-coupling methods were developed to circumvent the problem of instabil-
ity of certain aryl and heteroaryl boronic acids, including 2-furyl and
2-benzofuranyl boronic acids, particularly during the reaction with unactivated
substrates, e.g., aryl chlorides. 2-Furyl and 2-benzofuranyl N-methyliminoacetic
acid (MIDA) boronates demonstrated bench-top stability compared to the
corresponding boronic acids. Slow release of the boronic acid via in situ hydrolysis
of the boronate using K3PO, increased the reaction efficiency of Suzuki—-Miyaura
cross-coupling, as exemplified by the reaction with the hindered aryl chloride
shown in Scheme 34 [47]. Another method employed a XPhosPd precatalyst
[48], as illustrated by the benzylic sp’~sp” coupling depicted in Scheme 35, to
ensure a rapid formation of the catalytically active XPhosPd(0) species for the
transmetalation of the boronic acids.
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XPhos-Pd-NH>

OH
+ cl
cl pre-catalyst (2 mol%)

2:1 K3PO, (0.5 M)/THF
40 °C, 30 min
86%

Scheme 35 Suzuki-Miyaura cross-coupling of 2-furyl boronic acid using a XPhosPd precatalyst

/Z—)\ Ni(COD), (10 mol%)
PCy;HBF, (20 mol%)
BF3K KsPO, (7.2 equiv.)
+
1:1 +tBuOH/H,O ‘ R<H 79%
0 uran R = H, 79%
OO 110°C, 4 h benzofuran R-R = C4H,, 81%

Scheme 36 Nickel-catalyzed cross-coupling of potassium 2-furyl and 2-benzofuranyl trifluor-
oborates with naphthalen-1-yl mesylate

mB(OH)Q Ni(PCy3)Clp (5 mol%) O
K3POy, (4.5 equiv.) 0

+ 7
OSOQNMGZ
PhMe, 110 °C, 24 h
= O
OMe

Scheme 37 Nickel-catalyzed cross-coupling of 2-benzofuranyl boronic acid with naphthalen-1-yl
dimethylsulfamates

Cross-couplings of boronated furans and benzofurans were expanded to those
with halide equivalents as electrophilic partners. For example, potassium 2-furyl,
3-furyl, and 2-benzofuranyl trifluoroborates reacted with various aryl and
heteroaryl mesylates in a nickel-catalyzed reaction, providing cross-coupling
products in good yields [49], as represented by the examples shown in Scheme 36.

Cross-coupling of 2-benzofuranyl boronic acid and 3-furyl boronic acid with
naphthalen-1-yl dimethylsulfamates was accomplished by using NiCl,(PCy;), as a
catalyst [50], as represented in Scheme 37. An example of (BINAP)PACl,-
catalyzed coupling of 3-furyl boronic acid with naphthalen-1-yl imidazolyl-
sulfonate was also reported [51].
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m 2 Pd/C (5 mol%) 0

T N,BF 7
2= MeOH, 50 °C, 20 min
61% O
OMe OMe

Scheme 38 Pd/C-catalyzed cross-coupling of 2-benzofuranyl boronic acid with arenediazonium
salt

PdCl, (1.6 mol%)
OH 0,0  K2c03 (2 equiv.)

OHC_O_ g + ., OHC_ O “S’/O
U “oH | CI” > Ph 1:3 H,0/Me,CO U *Ph

25°C,1h
82%

Scheme 39 Reaction of 2-furyl boronic acid with phenylsulfonyl chloride

2-Benzofuranyl boronic acid also underwent a fast cross-coupling reaction with
an arenediazonium salt under ligand-free Pd/C-catalyzed conditions in methanol, as
shown in Scheme 38 [52].

As shown in Scheme 39, a 2-furyl boronic acid also reacted with an arylsulfonyl
chloride under palladium catalysis to give unsymmetrical diaryl sulfones at ambient
temperature [53].

6 Other Metalated Furans and Benzofurans
in Cross-Coupling Reactions

2-Trimethylsilylbenzofuran underwent a palladium-catalyzed Hiyama-type cou-
pling with aryl iodides in the presence of AgNO,/KF as an activator [54], as
depicted in Scheme 40. Homocoupling to form 2,2’-bibenzofuran also occurred
under these conditions.

Sodium dimethyl(2-furyl)silanolate [55], and sodium dimethyl(2-benzofuryl)
silanolate [56] participated in palladium-catalyzed cross-couplings with aryl
iodides and bromides through a palladium silanolate complex, which underwent
transmetalation at the furan (benzofuran) C2 position. Cross-coupling of the
2-benzofurylsilanolate with aryl chlorides was also made possible by using
allylpalladium chloride as a palladium source and SPhos as a ligand, as represented
in Scheme 41.

Various metalated furan species were postulated as intermediates in the
decarboxylative coupling of furan-2-carboxylic acid. Decarboxylation of
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1-1-4-CNCgH,
Pd(PPhs),Cl, (3 mol%)

AgNOL/KF (1.5 equiv.) \
oy G
o DMSO, 100°C, 6 h o

85%

Scheme 40 Hiyama-type cross-coupling of 2-trimethylsilylbenzofuran

) _~_-PdCl
m&(MeZ)ONa 6.5 mol%)
0 SPhos (5 mol%) N
P Y (ow
o]
CIOOMQ THF, 6;)70/0, 3.5h (o)

Scheme 41 Palladium-catalyzed cross-couplings of sodium dimethyl(2-benzofuryl)silanolate
with aryl chloride

Ag>COs3 (1 equiv.)

/@ PA(TFA), (7.5 mol%) B o| Tol
ToI™ 0" "COM 595 DMSO/DMF, 120°C 1~ ~C \
56%

Scheme 42 Decarboxylative homocoupling of 5-tolylfuran-2-carboxylic acid

Cu,0 (5 mol%)
1,10-phenanthroline (10 mol%)

oTf Pdl, (2 mol%)
(4-tol)sP (6 mol%) / \
Do
CO,H 0
o 2 NMP, 170 °C, 24 h
75%

Scheme 43 Decarboxylative hetero-coupling of furan-2-carboxylic acid

5-tolylfuran-2-carboxylic acid or 3-methylbenzofuran-2-carboxylic acid derivatives
by silver carbonate generated a (benzo)furan-2-yl silver species that underwent a
subsequent palladium-catalyzed homocoupling to give 2,2’-bi(benzo)furan
products, as illustrated in Scheme 42 [57]. In the presence of AsPPhs, cross-
coupling of 3-methylbenzofuran-2-carboxylic acid with 4-iodoanisole could be
achieved [58]. However, the generality of this type of decarboxylative coupling
of furan and benzofuran substrates has not been demonstrated.

Another example of decarboxylative hetero-coupling of furan-2-carboxylic acid
with 4-tolyl triflate, as depicted in Scheme 43, involved a 2-furyl copper species in
the catalytic cycle that underwent transmetalation with palladium [59, 60].
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PhBr (1 equiv.)

R (+BugP),Pd (5 mol%) R
7\ n-BuyNCI.H,O (1 equiv.) 7\
R™>o” ~COMH Cs,CO; (1.5 equiv.) R Ph

i i furan R = H, 86%
(2 equiv.) DMF, microwave ) .
178 °C, 8 min benzofuran R-R = C4H,, 86%

Scheme 44 Palladium-catalyzed decarboxylative coupling of furan- and benzofuran-2-carbox-
ylic acids

1) n-BuLi (2.5 equiv.)
TMDEA (2.5 equiv.)

{/ \E THF, reflux, 30 min /@\
nBuTe TenBu

O 2) Te (2.5 equiv.), 25 °C o
3) n-BuBr (3 equiv.) 90%
25°C,6h
——CH,0OH =—Ph
PdCl, (20 mol%) ]\ PdCl, (20 mol%)
EtsN —" o~ TenBu EtsN
THF, 25°C, 6 h HO MeOH, 25 °C, 5 h
82% 65%
/ \
= 00 =,
HO

Scheme 45 Palladium-catalyzed cross-coupling of 2,5-bis(butyltelluro)furan with acetylenes

A related palladium-catalyzed decarboxylative coupling only proceeded
with furan- and benzofuran-2-carboxylic acids, but not with the corresponding
3-carboxylic acid, as represented in Scheme 44 [61]. A mechanism that involved
an electrophilic palladation at the furan C3 position followed by C3-C2 palladium
migration and decarboxylation was postulated.

2-Furyl zinc chloride reacted with vinyl tellurides in a Pd-catalyzed cross-
coupling in the presence of Cul [62]. As demonstrated in Scheme 45,
2-(butyltelluro)furan [63] and 2,5-bis(butyltelluro)furan [64] were prepared via
lithiofuran. Successive palladium-catalyzed coupling of 2,5-bis(butyltelluro)furan
with different acetylenes was feasible, forming unsymmetrical 2,5-bis-alkynyl
furans [64], as represented. 2-(Butyltelluro)furan is also reactive toward
(Ph;P)4Pd-catalyzed Ag,O-promoted cross-coupling with potassium phenyl
tetrafluoroborate [65].
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7 Regioselective Functionalization of Poly-halogenated
Furans and Benzofurans

Earlier chemistry focused on the regioselective functionalization of 2.3-
dibromofurans and 2,4-dibromofuran, as depicted in Fig. 2, through Suzuki—-Miyaura,
Stille and Sonogashira cross-couplings with reaction occurring initially at the C2
position has been demonstrated and recently reviewed [66].

A recent example in this area is the preparation of a template for the synthesis of
a skeletally diverse small molecule library [67] through an sp®—sp® Suzuki—Miyaura
coupling between a solid support-bound alkyl borane and 4,5-dibromo-
2-furaldehyde, as shown in Scheme 46. Competitive B-hydride elimination was
minimized by the use of Pd(dppf)Cl, as a catalyst.

Interestingly, the Suzuki—Miyaura coupling of (Z)-2-(2-bromo-2-nitroethenyl)-
5-bromofuran with one equivalent of a boronic acid also occurred regioselectively
at the C2 position rather than at the exocyclic carbon-bromine bond, as illustrated
in Scheme 47 [68].

Br Br
[z e
R o) Br o Br

R = CO,Me, or CHO

Fig. 2 2,3-Dibromofurans and 2,4-dibromofuran

Pd(dppf)Cls Br
Br aq. NaOH
B +n 1:5 H,O/THF {P~cro
(™ Br— o~ ~CHO 1M (7, o
MO 65°C, 18 hpo

Scheme 46 Regioselective sp’—sp? Suzuki-Miyaura coupling of 4,5-dibromo-2-furaldehyde
(M = macrobead)

(PhP),Pd (3 mol%) Br

s__g"
B, K3POy (2 equiv.
Br 1:6 HyO/dioxane \\ d )
/\ 90°C, 8 h
Br/éz>\/\m2

87%

Scheme 47 Suzuki-Miyaura coupling of (Z)-2-(2-bromo-2-nitroethenyl)-5-bromofuran with
boronic acid
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F

4-MeCgH4B(OH), (1 equiv.)
Br Pd(PPhs), (5 mol /o
K2003 (2 M aq
(jf\ngr dioxane, 70 °C, 6 h
0 4-FC4H,B(OH), (1 equiv.) N\ O
dioxane, 80 °C, 6 h o

79%

Scheme 48 Regioselective Suzuki-Miyaura coupling of 2,3-dibromobenzofuran

Br 4- MeOCGH4ZnCI

Br Pd(PPh3 2C|2
=B THF 25°C ) Me
o o

66%
N MgCl
Ni(dppe) CI2
A\
THF rt o
71%

Scheme 49 Regioselective cross-coupling of 2,3,5-tribromobenzofuran

Regioselective cross-coupling of polybromobenzofuran is also feasible. The
selectivity is based on the electronic nature of the substituted carbon atom, with
the initial reaction occurs at the less electron-rich carbon atom. As illustrated in
Scheme 48, 2,3-dibromobenzofuran could be sequentially functionalized at the C2
position and then the C3 position in a one-pot fashion in a (Ph;Ph)4Pd-catalyzed
Suzuki—Miyaura coupling reaction using two different aryl boronic acids [69].
Benzofuran-3-yl triflates, prepared from benzofuran-3-ones, participated in
palladium-catalyzed Stille, Heck, Suzuki—-Miyaura and Sonogashira couplings
[70]. A Stille coupling of 2-bromobenzofuran-3-yl triflate was observed to occur
at the C3 position in a modest ~2:1 selectivity [71]. A related Stille coupling of
2,5-dibromo-7-methoxybenzofuran, however, took place predominantly at the C2
position [72].

Negishi and Sonogashira couplings also occurred at the C2 position of 2,3,5-
tribromobenzofuran first [73]. However, it was more challenging to differentiate
the C3 and C5 positions by a palladium-catalyzed coupling. This was solved by
a lithium-bromide exchange with #-BuLi that occurred selectively at the C3
position or by a nickel-catalyzed C5-selective Kumada coupling as shown in
Scheme 49 [74]. The approach was applied to the synthesis of eupomatenoids
[75].
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8 Metalated Furans and Benzofurans in Addition Reactions

Metalated furans have been increasingly used in diastereoselective and
enantioselective addition reactions. For example, reaction of 2-furyllithium with a
chiral tert-butanesulfinyl imine provided the adduct with >12:1 diastereomeric
ratio [76]. Addition of 2-furyllithium or 2-benzofuryllithium to chiral SMAP-
hydrazone furnished the adduct in >95% diastereomeric excess [77]. A diastereo-
selective and enantioselective addition of a sterically bulky 3-(2-trityloxymethyl)
furyllithium, prepared in situ from the corresponding 3-bromofuran and n-BulLi, to
nitroalkene was realized by the use of a chiral amino ether ligand, as shown in
Scheme 50 [78]. This method provided an access to interesting furo-fused piperi-
dine ring.

2-Furylmagnesium bromide acted as a base and then a nucleophile in the
reaction with a fert-butyl (phenylsulfonyl)alkyl-N-hydroxycarbamate to form the
furyl-substituted hydroxylamine product through a N-Boc nitrone intermediate, as
depicted in Scheme 51 [79].

3-Furyltitanium, [(3-furyl)Ti(Oi-Pr)s3],, was prepared from the reaction of 3-
furyllithium with Ti(Oi-Pr);Cl in THF at —78°C. Addition of this reagent to a range
of acetophenone derivatives at 0°C in the presence of (§)-BINOL furnished tertiary
3-furanylcarbinols with ee up to 97% [80]. Similarly, the use of 2-furylaluminum
(2-furyl)AIEty(THF) provided 2-furanylcarbinols with ee up to 93% [81].
3-Furyltitanium also appeared to be more effective in addition to aliphatic
aldehydes compared to the corresponding lithium, magnesium, and zinc reagents.
As exemplified in a total synthesis of (+)-ricciocarpins A shown in Scheme 52, the

Li Ph  Ph <}Nog

I\ + MesN o

o PhMe, -95°C, 30 min /|  NO2
OTr MeO cis/trans = 89:11 o
(2.1 equiv.) 91% ee, 90% OTr

Scheme 50 Asymmetric addition of 3-(2-trityloxymethyl)furyllithium to nitroalkene

@\MgBr

HO\ _Boc (6] HO\ .Boc
N (2 equiv.) HO\N'BOC N
/PhMe Pl iBu 0
i 1:5 THF, .
/Bu” "SOPh rt, 45 min iBu  /
86%

Scheme 51 Reaction of 2-furylmagnesium bromide with tert-butyl (phenylsulfonyl)alkyl-
N-hydroxycarbamate
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-78°C, 4 h
—_—
85%
dr=5.7:1 N

Scheme 52 Addition of 3-furyltitanium to an aliphatic aldehyde

MeQ Ceol2 i-Pr

1) n-BuLi (1 equiv.)
THF -50°C,5h /\
2) CeClj (1 equiv.)
Cl
/ NTIPS THF, =78 °C, 2 h 7 NTIPS

i-Pr

THF

—_—

rt, overnight
62%

Scheme 53 Addition of 2-furylcerium to a ketone

use of the titanium reagent provided the highest yield and diastereoselectivity in the
reaction with the penultimate aldehyde bearing an acidic o-proton [82].

2-Furylcerium derivatives are less commonly used; however, they also appear to
show high nucleophilicity to allow reactions with ketones and sterically demanding
substrates. A remarkable example is the key penultimate reaction in a total synthe-
sis of roseophilin, as shown in Scheme 53 [83]. Note that the furan C2 position was
exclusively lithiated and transmetalated primarily due to the steric hindrance
around the pyrrole C2 position that was imparted by the bulky TIPS group.

2-Benzofuranyl boronic acid and its potassium trifluoroborate salt reacted as
nucleophiles in an enantioselective organocatalytic Friedel-Crafts alkylation with
crotonaldehyde, as shown in Scheme 54. An example using potassium 2-furyl
trifluoroborate was also reported [84]. This method was employed in a total
synthesis of (+)-frondosin B [85].

A similar type of reaction involves the addition of 2-trimethylsilylbenzofuran
to benzylic acetates in the presence of a catalytic amount of FeCl3/AgOTf to form
2-benzyl substituted benzofurans as shown in Scheme 55 [86].

Potassium 2-benzofuranyl trifluoroborate reacted with trichloroisocyanuric acid
to furnish 2,3-dichlorobenzofuran, as depicted in Scheme 56 [87]. Although it was
shown that the dichloro product was not derived from an initial chlorodeboronation,
the mechanism of this reaction remains uncertain.
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0
N/
| HN

t

MeO \ N' Hcl

mBFSK (20 mol%) m

+ HF (1.0 equiv.)

X CHO DME, -20 °C, 24 h

94% yield , 92% ee

Scheme 54 Nucleophilic addition of potassium 2-benzofuranyl trifluoroborate to crotonaldehyde

FeCl3 (5 mol%)

A OAc AgOTf (15 mol% ©j>—(
™S +
m Ph)\ CiCH,CH,CI

80°C, 16 h 69%

Scheme 55 Iron-catalyzed addition of 2-trimethylsilylbenzofuran to benzylic acetate

)
Cl
A C'\NJ\ N’CI open flask
+ S —
mBFSK L "1 H,0/E0AC ®C|
O Il\l O rt, 30 min (o}
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Scheme 56 Reaction of potassium 2-benzofuranyl trifluoroborate with trichloroisocyanuric acid

OH
SN
@/ \OH Rh(acac)(C,Hy)» (3.3 mol%
FZ 1:10 H,O/dioxane
100°C,5h
80%

NH, CF3

Scheme 57 Rhodium-catalyzed hydroarylation of a f-aminophenyl alkynone with 2-furyl-2-
boronic acid

Hydroarylation of a f-aminophenyl alkynone with 2-furylboronic acid to pro-
vide a quinolone derivative was achieved by using a rhodium catalyst, as illustrated
in Scheme 57 [88].
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Li\é/Bu n-BupCuli (2.2. equiv.) BugCu\é/Bu
\_/ Et,0-Me,S \_/
-78to 0 °C
2—
Bu\Cu,O Bu . H,0 O Bu
| 2Li ——
Bu N 68% Bu AN

Scheme 58 1,2-Metalate rearrangement of 2-furylcuprate

1) n-BuLi (2 equiv.) N
N THF, -78°C, 1h
e n Bt [T -swe
~0 2) MeSSMe (2 equiv.) Z 0

THF, -78°C, 1 h 89% (isolated yield)

Scheme 59 Lithiation of 4-azabenzofuran (furo[3,2-b]pyridine) using n-BuLi

1) LITMP (6 equiv.) \ Br
N THF, -78 °C
Bh ’ ] DB
Z~0 2) CBry4 (9 equiv.) 20

THF, -95°C, 1 h Br  54% (GC yield)

Scheme 60 Lithiation of 4-azabenzofuran (furo[3,2-b]pyridine) using LiTMP

The 2-furylcuprate shown in Scheme 58 underwent a 1,2-metalate rearrange-
ment to provide the ring-opened product [89].

9 Lithiation of Related Furo Heterocycles

Lithiation of 4-azabenzofuran (furo[3,2-b]pyridine) using n-BuLi in THF occurred
predominantly at the C2 position, which was quenched with various electrophiles
(e.g., Br, Si, Sn, S, and B), as exemplified in Scheme 59 [90]. The use of an
increased excess amount of LiTMP resulted in the di- and tri-lithiation at the C2,
C3, and C7 positions as indicated by the 2,3-dibromo and 2,3,7-tribromo
derivatives that were detected (Scheme 60). It was observed that the corresponding
C3 mono-lithiated species was unstable and the lithiation at the C5 position had not
occurred under these conditions.

The corresponding lithiation of 6-azabenzofuran (furo[2,3-c]pyridine) using
n-BuLi in THF also occurred exclusively at the C2-position [91]. If the C2 position
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1) n-BuLi (1.5 equiv.)
THF, -78°C, 1 h N
T TN mms
N _~~g 2) TMSCI (2 equiv.) Z0

THF, -78°C, 1 h 77%

1) n-BuLi/LIDMAE (3 equiv.)

X
hexane, -45°C, 1 h | N—TMms
> N__—~ 0
2) C,Clg (3 equiv.)
THF, -78°C, 1h Cl 8%

1) n-BuLi/LiDMAE (4 equiv.) ClI

N
hexane, -45°C, 1 h | T™S
N~ 0
2) C.Clg (4 equiv.)
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Scheme 61 Sequential lithiation of 6-azabenzofuran (furo[2,3-c]pyridine)

n-BuLi n-BuLi
> © TvMscl  © TMSGl TMS—©
Lo ) oo L)
s’5 THF, 0 °C S Tms THR 0°C g~ ~TMS
78%, 96:4 97%

Scheme 62 Lithiation of thieno[3,2-b]furan

was blocked by a TMS group, deprotonation occurred at the C7 position followed
by at the C5 position using an n-BuLi/lithium dimethylaminoethoxide (LiDMAE)
mixed base, as illustrated in Scheme 61.

However, deprotonation of thieno[3,2-b]furan, first isolated in 2009, using
n-BuLi occurred predominantly at the C5 position [92]. Deprotonation at both the
C2 and C5 was feasible by using two equivalents of the base, as shown in
Scheme 62.
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