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Abstract The chapter is devoted to the synthesis and application of indoles as well
as some their azaanalogues bearing fluorine atoms, trifluoromethyl groups, and

perfluorinated aryl fragments.
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1 Introduction

Indoles represent very important subunits of many natural products and pharmaco-
logically active compounds [1]. Fluorinated indole derivatives are inhibitors of
HIV-1 [2], CB2 cannabinoid receptor ligands found in the central nervous system [3],
and factor Xa preventing thrombus [4]. Some fluorinated azaindoles, for example,
fluorinated pyrrolopyrimidines are inhibitors of hepatitis C virus (HCV) RNA
replication [5] and Y5 antagonists which are potential antiobesity agents [6]. Herein,
we highlighted methods for the synthesis and application of fluoroindoles, trifluro-
methylpyrroles and some their azaanalogues.
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2 Synthesis of Fluoroindoles and Deazapurines

2.1 Functionalization of the Pyrrole Ring

Several reagents were used for the electrophilic fluorination of indole. The first
one used for this aim was trifluoromethyl hypofluorite (CF;0F). Treatment of
N-acylindole 1 with trifluoromethyl hypofluorite in CF;Cl at —78 °C afforded a
mixture of 2-fluoro-3-trifluoromethoxy- and 2,3-difluoroindoline derivatives 2—4
in high combined yield. Subsequent treatment of difluoride 4 with potassium
hydroxide in methanol afforded quantitatively 3-fluoroindole 5. Similarly, starting
from 1-formyl-2-methylindole reaction with trifluoromethyl hypofluorite resulted
in formation of 2-methyl-3-fluoroindole 7 in low yield in mixture with 2-methyl-3-
trifluormethoxyindole 8 [7].
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Fluorination of indoles 9 and 11 using cesium fluoroxysulfate (CsOSOsF, CFS)
or Selectfluor led to the corresponding 3-fluoroindolines, which are the products of
conjugate addition of fluorine and methanol or water. Thus, fluorinated methoxyin-
dolines 10, and 3-H-indoles 12 or hydroxyindolines 13 were obtained in methanolic
or aqueous acetonitrile respectively [8a, b].

CFS - 38% F /0 \

@j} Selectfluor - 48% @ F= /\/ BF4
N MeOH-MeCN N OMe Selectfluor
|

R3 N
12 (71-74%)
mRz Selectfluor ( 5
N NaHCOj,, H,0 F
1 R MeCN, 0 °C R3 F
R'=H, Me, Et, Bn ' R2
R2=Ar, 2-thienyl, 3-benzofuranyl, CO,Et N OH

R3=H, Cl, Br R' 13 (18-86%)

+

3-Fluoroindole 15 can be also prepared using Selectfluor. When acetonitrile was
replaced by acetone and reaction was stopped before the starting N-methyl indole
14 was totally consumed, 3-fluoroindole derivative 15 was isolated in 45 % yield
together with difluorohydroxyindoline derivative 16. This experiment led to claim
that 3-fluoroindole derivative 15 was a reaction intermediate, subsequent fluorination
resulted in the formation of difluoroindolines 12 and 13 [8b].

F F

Selectfluor F
N\\_Ph N\_Ph Ph
m NaHCOjg, H,O-acetone N * N on

\ 0°C, 15 min \ \
Me Me Me
34% recovered
14 15 (45%) 16 (21%)

N-Fluoropyridinium triflates 18 are another useful type of fluorinating reagents
applied for the preparation of fluorinated indoles. Using these reagents a series of
2-(3-fluoroindolyl)carboxylic acid derivatives 19 was prepared in good yields by
treatment of indole-2-carboxylates or carboxamides 17 in dichloromethane [4, 9].
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The problem of regioselective installation of fluorine into pyrrole ring of indole
was resolved using tin substituted indoles as starting materials. Both 2- and 3-tri-
methylstannyl-1-(arylsulfonyl)indoles 20 and 22 can be used for fluorination with
cesium fluoroxysulfate to afford 2-fluoro and 3-fluoroderivatives in 61 % and 72 %
yields correspondingly. Using Selectfluor and xenon difluoride gave fluoroindoles
in moderate yields. In addition, reaction of 2-trimethylstannylindole 20 with xenon
difluoride afforded admixture of regioisomeric 3-fluoroindole 23 [8, 10].

A : Selectfluor, MeCN
A/B/C \ B : CFS, MeOH-MeCN
SnMes N F B C : XeF,, AgOTf, base, CH,Cl,
) 40% (A)
R 61% (B)
21 30%(C) s---mmieeieeme-- .

SnMeg F E ;
ey |
N b :
| , 1

N 21%(a)

B R 72% (B)
22 R=Ts (A B);PhSO,(C) 23  30% (C)

Analogous transformation with cesium fluoroxysulfate in the case of more
electron rich 1-methyl-2-(trimethylstannyl)-1H-indole 24 leads to 2-fluoro-1-methyl-
1H-indole 25 in lower yield [8c].
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! eOHOrLS F
SnMe;  MeOH/CH,Cl, N

N
Me Me
24 25 (25%)

A nucleophilic fluorination approach towards fluoroindoles was also elaborated.
Using nucleophilic substitution of phenyliodonium group by fluoride under heating,
2-fluoroindole 25 and 3-fluoroindole 5 were prepared in good yields. The intermedi-
ate phenyl(indolyl)iodonium salts 26 and 28 were easily synthesized by treatment
of (2-indolyl)trialkylstannane 24 [11] or indole 27a [12] with the corresponding
polyvalent iodine compounds.
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Similarly, 2-fluoroindole 30 derivative was obtained in 45 % yield by nucleo-
philic substitution of chloride in the 2-chloroindole 29 under heating with sodium
fluoride in dimethyl sulfoxide [13]. The nucleophilic substitution proceeds in quite
mild conditions for 29 due to the presence of activating nucleophilic substitution
keto group in B-position of the indole.

oA 0. Ar
S NaF " F
B ———
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N
Ar=4-MeOC4H, Q 2055 Q

An electrosynthesis of fluorinated indole derivatives was carried out by Fuchigami
and co-workers. Anodic fluorination of various N-acetyl-3-substituted indole
derivatives 31 was performed in acetonitrile to give a mixture of trans- and cis-2,3-
difluoro-2,3-dihydroindoles 32, which afforded 3-fluoroindoles 35 and 34 after
treatment with sodium methoxide [14].

R R
MeO
N o2 H MeONa \’
N Et4NF*4HF/MeCN N “solvent
\

15-56%

:Ac Ac
31 32
trans/cis
R=H, CN, Ac, CO,Me 74:26 to 99:trace YCOQMe
34 Ac
R=Ac - 46% (MeOH)

R=Ac 49% 9% (DMF)
R=CO,Me  14% 17%  (DMF)
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An efficient pathway towards 3-fluoroindoles was proposed starting from
isatines 35. Fluorinated 2-indolinones 36 were obtained in high yields by treatment
of isatine derivatives 35 with diethylaminosulfur trifluoride in dichloromethane.
In case of electron-donating substituents reduction of 36 with tetrahydrofuran-borane
complex led smoothly to 3-fluoroindoles 37 in high yields.

2 o 2 R
R o DAST R F o BHSTHF
N CH,Cl, N THF, 0 °C
rs R rs R
35 36 (86-94%)
E 37:38
F
R R2 E R'=R?=R3=H 76% -
N, R'=R%=H, R?>=Me  70% -
N N R'=Bn, R?=R%-H  86% -
g R rs R R'=Me, R?=R%H  90% -
1_ 2_ 3_ o, ()
37 38 R'=H, R?=NO,, R®=H 6%  85%
R'=H, R?>=R°=Br 9%  79%

The corresponding difluoroindolines 38 were mostly isolated in case of indoles
with electron-withdrawing groups. It was mentioned, that 3-fluoroindoles 5 and 37a
are quite unstable; the much more stable N-tosyl derivatives 23 and 39 can be
prepared by treatment of 5 and 37a with tosyl chloride under basic catalysis [15].

F
R R
N\ TosCl AN
N°  NaOH, PhMe-H,O N\
R H R Tos
5 R=H 23 (61%)
37a R=Me 39 (54%)

7-Deazapurines (pyrrolo[2,3-d]pyrimidines) are shape mimics of the parent
purines. Hence, one might expect the corresponding ribonucleosides can replace
naturally occurring RNA-constituents as substrates or inhibitors. As a result, fur-
ther modifications of the pyrrolo[2,3-d]pyrimidine moiety may provide novel
pharmacologically active compounds against human immunodeficiency virus
[16]. A great effort was devoted to investigations of 7-fluorinated 7-deazapurines.
The fluorination of various 7H-pyrrolo[2,3-d]pyrimidines 40 with Selectfluor
gave selectively 7-fluorinated 7-deazapurines 41 in moderate yields [17].
Alternatively, 7-fluorinated 7-deazapurines 41 were prepared by lithiation of
5-bromo-4-chloro-1H-pyrrolo[2,3-d]pyrimidine 42, followed by subsequent
treatment of the resulting intermediate with trimethylstannane chloride to give
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5-trimethylstannane 43, which affords target 5-fluoroderivative 41 in 21 % yield

after the reaction with Selectfluor [5].
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The second step of new nucleoside preparation was the modification at the
pyrrole nitrogen, using standard techniques of nucleoside synthesis such as the
silyl-Hilbert-Johnson (or Vorbriiggen) reaction [17a, ¢, 18], alkylation under basic
conditions [17d, 19] or Mitsunobu reaction [17f, 20]. By means of methods
mentioned, a series of nucleosides 44-46 was prepared in moderate to good yields.
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In the case of pB-substituted pyrrolo[3,2-d]pyrimidines, the fluorine atom can
be inserted into the molecule via metallation to a-position to pyrrole ring fol-
lowed by fluorination. Thus, compound 47 reacted with nr-butyllithium and
N-fluorobenzenesulfonimide to produce fluoro derivative 48 in 52 % yield [21].

TBDMSO
1) n-BuLi, THF, -78 °C

2) (PhSO,),NF, THF, -78 °C

P 48 (52%)

2.2 Heterocyclization

B,p-Difluorostyrenes 52 bearing a tosylamido group at the ortho-position underwent
intramolecular nucleophilic substitution of the fluorine atom via a 5-endo trigonal
process leading to 2-fluorinated indoles 53 [22, 23]. The cyclization is promoted by
base, for example sodium hydride. The starting f,p-difluorostyrenes 52 were
obtained accordingly to scheme below. Firstly, coupling of 2,2-difluorovinylboranes
50, generated in situ from 2,2,2-trifluoroethyl toluene-p-sulfonate 49, with
N-butylmagnesio-o-iodoaniline were performed in the presence of copper(I) iodide
and a palladium catalyst to give alkene 51. Next, alkene 51 was converted into 52 by
the reaction with TsClL.

R
Fc 1) rBuli THF R Arl, Cul E
3 ) 78 °C R. )\/F Pd,(dba), X TsCl, Py
1ed 2 BRg THF B PPh, F 0Ctor.t.
-78°Ctor.t. R F THF-HMPA, r. t. NH2
m DMF, so °C @7
NHTs

7384% R=H, i-Bu, n-Bu

Another intramolecular cyclization of amine 58 is the last step in the pyrrolo[3,2-
d]pyrimidine analogue 59 synthesis. Intermediate 58 formed in sifu from nitro pre-
cursor 57 by reduction with tin(II) chloride is a key step of this version of
Leimgruber—Batcho synthesis leading to formation of 59 finally. This simple three-
step route to 59 started from the coupling of electron-poor dichloronitropyrimidine
54 with p-fluoroenamine 55 to form alkene 56. Regioselective nucleophilic
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substitution of chlorine with piperidine led to nitro precursor 57, which transforms
into target pyrrolo[3,2-d]pyrimidine 59 by reduction in 6 % overall yield [5].

cl cl O
N = N02 NR2 NOg N
| (-Pr) NEt NRZ H

)\\N * F/=< )\

Me cl Ph PhMe, 20 °C Me Ph EtsN, A
54 55  NRy=N(CHy), 56 F dioxane, PhMe
— NO, - onCl NH, |—— H

N NR, dioxane NR2 NI XN o

| PhMe, DMF p

= 7

Me)\N Ph * Ph Me)\N
57 F 58 F 59 (6%)F

3 Synthesis of Trifluoromethylindoles

3.1 Direct Trifluoromethylation

Radical trifluoromethylation of N-trimethylsilylindole 27b with trifluoroiodometh-
ane proceeded nonselectively into both 2- and 3-positions, with a preference for the
2-trifluoromethylindole formation [24]. Quench of the reaction mixture with metha-
nol afforded the 2- and 3-trifluoromethylndoles 60a and 61 in 2/1 ratio. Similarly,
the trifluoromethylation using difluorodiiodomethane [25] and bis(perfluoroalkanoyl)
peroxide [26] led to a mixture of the same products. In all cases, the overall yield of
isomeric indoles was moderate.

@ _AIBIC mCFS .
N N
H

Iz />>\O
1
w

R

27a (R = H), 27b (R = TMS) 60a 61
A: CFgl, hv, MeOH 30% 15%
B: CFyly, hv 28% 18%
C: (CF4C0),0, 24% 1%

Perfect selectivity was achieved then hypervalent iodine reagent A [27] was used
for electrophilic trifluoromethylation of indoles. Radical trifluoromethylation using
CF;1-FeS0O,-H,0,-DMSO system B [28] provided also excellent regioselectivity.
However, yields of 2-trifluoromethylindoles 60a—c in both cases were moderate
to good.
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60a R'=R2=H, 30% (A)

60b R'=H, R>=Me, 53% (A) '
60c R'=Me,R?=H, 52% (A)
60a R'=R?=H, 36% (B) =TTttt

R2 R2 ittt .

A: FsC )~ i
Ny _AorB N—CF, E
N N |
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27 R 60 R' !

Another selective approach to 2-trifluoromethylindole is copper-mediated oxida-
tive cross-coupling of 2-indolylboronic acid with TMSCEF;. Reaction proceeds in
mild conditions to give N-Boc-2-trifluoromethylindole 60d in 61 % yield [29].

Cu(OAc),
mB(OH)z + TMSCF, __Phenanthroline mCFS
N CsF, O, (1atm) N
\

Eoc DCE Boc
62 60d (61%)

The nucleophilic trifluoromethylation, which is based on the heating of N-methyl-
2-iodoindole 63 with 10 equivalents of sodium trifluoroacetate and an equimolar
amount of copper(I) iodide in N-methylpyrrolidinone, afforded N-methyl-2-
trifluoromethylindole 60c in 65 % yield [30].

ml CF3CO,Na, Cul mca
N NMP, 160 °C N
Me Me
63 60c (65%)

Formal N-trifluoromethylation of indole was performed in several steps, starting
from indoline. At first step 3-cyanoindoline was treated with NaH, followed by CS,
and then Mel to form thioderivative 64. The latter was treated with tetrabutylam-
monium dihydrogen trifluoride, followed by NBS, to give N-CF;-indoline 65.
Aromatization of 65 was carried out by reaction with NBS in CCl, at reflux, leading
to N-trifluoromethyl-3-bromoindole 66 [31].

NC NC NC
m 1) NaH, DMF m BusN(H,F3)
N 2)CS, N, NBS, CH,Ch N
H 3)Mel S CF,
B 76% © 64 65 (56%)

N
NBS c N\
CCly, reflux N

\

66 (93%) CF3
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3.2 Heterocyclizations

3.2.1 Formation of the C3-C4 Bond

Kobayashi et al. elaborated an wunusual pathway for the synthesis of
2,3-bis(trifluoromethyl)indoles [32]. Photolysis of the 1-phenyl-4,5-bis(tri-
fluoromethyl)-1H-1,2,3-triazole in hexane proceeded very slowly to afford the
indole 68 in 44 % yield. It was proposed, that after homolytic nitrogen extrusion, the
carbene 67 was formed. Intramolecular cyclization led to the indole 68.

CF.
N CF3 - CF3 CF3 3
N hL, ﬁ\\ - . :L . N—cr,
N CF5; hexane | - 44%
[}j 3 1 d l}l CF3 Ph\N/ CFs H
Ph Ph 67 68

Radical, photochemical and thermolytic generation of N-aryltrifluoroacetimidoyl
radicals followed by intramolecular cyclization was successfully used to synthesize
2-trifluoromethylindoles [33]. The radical approach was based on treatment of imi-
doyliodides 69awithtributyltinhydrideinthepresenceof2,2’-azabis(isobutyronitrile)
(AIBN). The second method for the generation of N-aryltrifluoroacetimidoyl radi-
cals 70 was based on the homolytic cleavage of carbon-iodine or carbon-tellurium
bond in imidoyl iodides 69a and tellurides 69b under irradiation [34]. The third
method involved the thermal homolysis of aza compounds 69c¢. All of these meth-
ods provided the indoles 71, 72 and 73, respectively, in high yields [33, 34].

R R

Z Z | A7
X
/)\ A/B/C 4\/ B 79
N~ >CFs N CFy| —C» 73
69 70
A: (69a) X = I; n-BusSnH, AIBN, benzene, 80 °C
B: (69b) X = | or TePh; THF-H,0, hv
C: (69c) X = N=N-CPhg; PhSH, toluene, 100 °C
R O R PhS R
@E\gfca N—cF, N—cr,
N N N
71 H 72 H 73 M
RB 59 R Y=1Y=Te RB 209,
n-Bu 69% n-Bu % % n-Bu72%
Ph 61% Ph 234, g%o Ph 77%

PhCH,O  55% 54%
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The intramolecular Heck reaction of bromo- or iodoaryl enamines 74 is another
versatile key step for the synthesis of indoles. Zero-valent palladium catalysis
afforded a mixture of indoles 76 and reduced enamines 74 (X=H) via intermediate
formation of 75 depending on the base used [35].

Pd(O) + HX
CO,Et

A\

\E:[ /E AorB \©i 44 68% CFs
CFs N

H 75

76
X =Br, I; A: Pd(OAc),, PPh DMF, PrsN, 120 °C +

R =CN, CO,Et, NO, B: Pd(OAc), PPhg DMF,NaHCOgz 120°C 74 (X =H, 25-28%)

A variation of the intramolecular Heck coupling towards indoles bearing tri-
fluoromethyl and aryl groups in the 2- and 3-positions was described by Chae
and co-workers. First the C2-N bond was built, followed by ring closure that
forms the C3-C4 bond. Accordingly, the palladium catalyzed addition of the
trifluoromethyl(aryl) acetylenes 78 to the ortho-iodoanilines 77 afforded a mix-
ture of the indoles 79 and 80 in high overall yield. Depending on the catalyst
[20 mol% Pd(PPh); or 10 mol% Pd,(dba);- CHCl;, P(o-Tol);], one isomeric
indole of either 79 or 80 was formed predominantly [36].

CF X
R! [ s R!
Pd(0) N\
N ENnowE Y
, EtsN, DMF ) N
R NH, R 80 °C R H
77 78 47-92% 79X =R;Y =CF,

80 X = CFs Y= R
R' = H, CI, Me, NO,; R2 = H, Cl, MeO
R= 4‘C|CGH4, 3‘C|CGH4, 2'C|CGH4, 4'MeCGH4, 4'MeOCGH4,
4-CO,MeCgHy, 4-NO3CeHa, Ph(CHy)s, PACH(CHg)CHs

Another versatile approach towards 3-trifluoromethylated indoles was elabo-
rated by Rodrigues et al. Anilines 81 reacted with epoxy ethers 82 (prepared by
epoxydation of the corresponding vinyl ethers) in hexafluoropropan-2-ol to form
mixtures of diastereomeric indolines 83 in high yields. The ratio of the diastereo-
mers varied between 96:4 and 79:21. These diastereomers can be separated easily
by column chromatography. The reaction was general and allowed effective prepa-
ration of indolines with both electron-donating and electron-withdrawing substitu-
ents. Compounds with fused rings were also prepared by this method. Treatment of
the major trans-diastereomer of 83 with thionyl chloride in pyridine afforded the
3-trifluoromethylindoles 84 in high yields [37].



Chemistry of Fluorinated Indoles 129

F. O R
R1

EtO: 82 :H
—_———
NH ™ (CF,),CHOH, r. .
RZ

R3S

81 SOCl, _ 83 (65-98%)
R = Ph, BnCH, CFs

R? A, 0°C
R‘ = H, MeO, N02 \ R RS =H
R2 = H, Me, Et N

R®=H or R2 = R3=-(CHy)5- ga R

R R' R2? Yield (%)
Ph H Me 80
CH,Bn H H 92
CH,Bn OMe Me 87

3-Aryl-2-trifluoromethylindoles 88 were prepared regioselectively using
trifluoromethyl-2-arylenamines as synthetic equivalents of trifluoromethylated
carbonyl compounds in the Fischer indole synthesis. Accordingly, arylhydra-
zines 85 reacted smoothly with enamines 86 in acetic acid to give the
a-trifluoromethylhydrazones 87. Fischer rearrangement of these hydrazones was
performed in refluxing acetic acid the presence of methanesulfonic acid. As a
result, a number of 3-aryl-2-trifluoromethylindoles were prepared in moderate to
high yields [38]. This approach is first successful example of Fisher rearrangement
for trifluoromethylated derivatives.

R4 Ar
+ ]\ ACOH _ AcOH “AcOH,MeSOzH
NH C’\j reflux 90 °C or reflux

R?  NH,
85 86 87
Ar
R1
— N—cF,
N R'=H, CI, F, CN, Me, MeO; R? = H, CI, Me
R2 Ar = Ph, 4-CICgHy, 2-BrCgHy, 4-MeO,CCqHa,
88 (41-89%) 4-NO2CgHy, 3-NO2CgHj, 2-NOCgHy

3.2.2 Formation of the C2-C3 Bond

Indole 90 was synthesized by a modified Madelung reaction from the amide 89 by
treatment with potassium fert-butoxide. The presence of two strong electron-
withdrawing groups (CN and CF;) in 89 facilitated both the deprotonation to the
benzyl anion and its intramolecular cyclization under very mild conditions.
Formation of 90 was completed in 10 min at room temperature in 81 % yield [39].
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CN cN
MeO MeO
o) +BuOK N\
JC THF, 1. t CFs
MeO N” “CFg e MeO N
89 Bn 90 (81%) Bn

Miyashita and co-workers developed a novel 2-trifluoromethylindole synthesis
based on thermolysis of 2-(N-acylamino)benzylmethyl ethers 91 in the presence of
triphenylphosphine. However, this method has several disadvantages. The presence
of a MeO-group in 5-position or 4-methoxyphenyl group at the benzyl carbon atom
is necessary for the formation of 92, otherwise the yields tend to zero. An explana-
tion invokes the necessity of resonance stabilization of the intermediate oxonium
ion 93, which gives the key phosphonium salt 94 after attack by PPh;. Subsequent
intramolecular Wittig reaction leads to 95 which affords the 3-H-indole 96.
Isomerization of the latter leads to the target indole 92. Another significant disad-
vantage of the method is the four-steps synthetic sequence to reach the starting
2-(N-acylamino)benzyl methylethers 91 [40].

\ R? OMe \ R2
e 180 o~ 3
R4 I}IJ\CFS toluene, 180 °C R N\
91 gt 34-82% 92 . R

‘PPh \

C o ¢ / -MeOH
P o
Me% H CF3 MeO

/ N 96
93

® -PhgP=

AN PPFS> Phy” "PaP=0

P

0 \
X e
MeO l}l) CF3 MeO N

94 i 95 CFs
R' = H, Bz; R? = H, Ph, 4-MeOCgH,; R® = H, OMe; R* = H, OMe

These disadvantages could be overcome by use of the phosphonium salts 98,
which are prepared in two steps from amides 97. Bromination of 97 with NBS
followed by reaction with triphenylphosphine permits to prepare 98 effectively.
2-Perfluoroalkylindoles 60a,d and 99 were obtained in high yields using this
method [40, 41].

Me Br
R\©i o] 1) NBS, CCly, reflux R JOL DMF *R\©\/\>’R
2) PPhg toluene, 60 °C reflux F
HJ\Rf ) 3, H R ”
97 98 ' R=H, Re=CF; 60a (82%)

R =Br, Rg = CF; 60d (100%)
R=H, Re= CoF5 99  (92%)
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Okada and co-workers investigated the reactions of the quinoline and naphthalene
bis(trifluoroacetyl) derivatives 100 with amino acid esters in acetonitrile [42]. Two
COCEF,; groups facilitate extremely nucleophilic substitution in 100 to make dimeth-
ylamino group good enough nucleophuge in this case. In the presence of equimolar
amounts of sodium acetate (neutral media) the dimethylamino group was substituted
with the amino acid ester moiety forming 101. Subsequent treatment with triethyl-
amine resulted in cyclization of 101 into the condensed dihydropyrrole derivatives
102 as mixtures of diastereomers. Quinoline 101 (X=N) was not isolated, but spon-
taneously cyclized to give 1 H-pyrrolo[3,2-k]quinoline 102 (X=N). In contrast, naph-
thalene 101 (X=CH) in basic media was stable enough to be isolated. Treatment
of 102 (X=CH) with trifluoroacetic acid gave the 1H-benzo[g]indole 103
quantitatively.

F4COC COCF
F4COC COCF 3 3
3 3 COzEt COzEt
;7 NMe,  NaOAc MeCN “Y N R
sUX 75-100% XX
100 101 X=N,R=H
X =CH, N
R = H, Me, CH,CH,SMe, Ph 1100%

3 3

F
F
F3COC C 02Et 3COC
_EteN _ CO,Et
MeCN H
82-100%
X X 10 100% X 103

Fiirstner and co-workers used the McMurry reaction for the synthesis of
2-trifluoromethyl-3-phenylindole 105 from ketonamide 104. The reaction was per-
formed either with two equivalents or substoichiometric amounts of titanium(III)
chloride. In the latter case, large excesses of trimethylsilyl chloride and zinc were
necessary [43].

Ph

Ph
(0]
o  _AIB_ @[\&m,
A 82% (a), 88% (B) N
H CFs H
104 105

A: 2 equiv. TiClz 4 equiv. Zn, THF, reflux
B: 10 mol% TiClg 5 equiv. Zn, 5 equiv. TMSCI, MeCN, reflux

Refluxing of N-trimethylsilyltoluidine 106 with n-butyllithium in hexane in the
presence of TMEDA afforded the dianion 107, which on treatment with ethyl tri-
fluoroacetate at —78 °C gave 2-trifluoromethylindole 60a in 47 % yield [30].
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CH i
8 nBuli, TMEDA CHoL 1 orLco,et N\ cr
N/TMS hexane, reflux, 6h N/TMS -78t0 20 °C N 8
| | H
106 H 107 Li 60a (47%)

An interesting rearrangement was found by Frey et al. Heating the amino alco-
hol O-acetate 108 (R=Me) in acetonitrile led to the tricyclic indole derivative 110,
while the trityl derivative 108 (R=Ph) afforded the dihydrocyclohepta[3,4]
pyrrolo[1,2-aJindoles 111 in high yields. The authors suggested the carbene 109
as a key reaction intermediate, though the reaction mechanism is still a matter of
discussion [44].

CFy_ R’ CF CF
2= 3 3
OAc MeCN N/ A\
N R 75C N 40-99% N O
H_ﬁR )(R
R RTL PR,
108 109 111
R = Me 93%l R=Ph
R =Me, Ph c CFs
R' = H, n-Bu, c-Pr, c-Hex, Ph, ! \ =
4-N0206H4, 4-MeOCGH4, COQEt N
Me Me
110

A convenient pathway to 2-fluoroalkyl-substituted indoles 114 was elaborated
using the fluorinated N-[2-(haloalkyl)aryl]imidoyl chlorides 112 as key interme-
diates [45]. Treatment of the latter compounds with magnesium in tetrahydrofu-
ran gave the Grignard compounds 113, which afforded the indoles 114 in high
yields by intramolecular cyclization initiated by attack of the nucleophile on
imidoyl fragment.

R? R 1

pt gt |
A A X
| X Mg, THE C[(ng S A g
Z~N 0°Ctor.t. Z N Z N
\ 2h \ H
cl cl
Rf Rf
112 113 114

X =Br (45-82%)

X =Cl (58-61%)
X = Br; Ri = CFg, CFzH, n-CsF7; R' = H, Me; R? = H, 4-MeO, 5-F, 5-Ci
X =Cl; Ry= CF3 CF,H,R'=R2=H
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3.2.3 Formation of the C2-N Bond

A regioselective pathway to 2- and 3-trifluoromethylindoles based on the ring-opening
reaction of compounds 115 was developed by Attanasi and co-workers. After treat-
ment of 115 with HCI in methanol, the corresponding indoles 60a and 60a were
obtained in good yields. The starting compounds 115 were prepared from trifluoro-
quinolines in three steps [46].

R1

R2 R
@ﬁ% Ho sz
_ MeOH
N/<CN N
115 R'=CF3 R2=H 61 (64%)

R' = H, R? = CF;3 60a (62%)

The synthesis of 3-trifluoromethyl-2-phenylindole 117 was accomplished by
succeeding palladium catalyzed carbon—carbon cross-coupling of 116 with phenyl-
boronic acid and carbon—nitrogen coupling in the presence of S-Phos [47].

T . Ph-BOH), CFg 1 O
A 3% Pd(OAc),, 6% S-Phos @E\gfph EMeO OMe :
NHET KsPO,4*H,0, toluene N : O PCyz i

2 100 °C H i !

116 17(79%) | SPhos |

Under similar conditions, 2-trifluoromethylindole 60a was prepared starting
from 2-bromoaniline 118 and 2-bromo-3,3,3-trifluoroprop-1-ene 119 using palla-
dium catalysis [48].

Br :CFS Pd(OAG),, S-Phos \_cr
* Cs,CO3 toluene N 8
NH Br ’ N
118 119 60a (49%)

An efficient one-pot synthesis of substituted 2-trifluoromethylindoles was elabo-
rated using copper(I)-catalyzed nucleophilic substitution of vinyl or aryl halogen
atoms in styrenes 120 by primary amines. The resulting 2-trifluoromethylindoles
121 were prepared in moderate to good yields. The simplicity of the synthetic pro-
cedure and readily available starting materials are significant advantages of this
method [49].
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Cul, K,CO3 N\
RINH, — 2223 gt F
OjY ’ > Duso, soc F L N e

120 121 (39-74%)

X = Cl, Br; R = H, 5-MeO, 5-EtO, 5,6,7-tri(MeO)

R' = n-Hex, i-Pr, Et, Ph(CHy)s, MeO(CHa)s, MeO(CHy)s,
3,4'EtOQCGH3(CH2)2, 3,4'MEOQCGH3(CH2)2

Another synthetic sequence for the preparation of 2-trifluoromehylindole 60a
was developed. In the first step, the styrene 122 was converted into the enamine 123
in quantitative yield. Subsequent treatment of this enamine with zinc dust under the
standard conditions of the Leimgruber-Batcho indole synthesis led to
2-trifluoromethylindole, also in almost quantitative yield. Moreover, a one-pot
methodology without isolation of enamine was also applied. In that case, an overall
90 % yield was obtained [50].

~CF N O
SOIE N g Sty o
NOY! rt N—  AcOH-H,0 N
NOQO 65°C H

122 123 (98%) 60a (93%)

A convenient method for the synthesis of 2-trifluoro-methyl-1H-indole-3-car-
boxylic acid esters 126 was elaborated using a cascade coupling, condensation and
deacylation sequence. Starting from aryl trifluoacetamides 124 and ketoesters 125,
the corresponding indoles 126 were prepared in good to excellent yields, using a
catalytic system of copper(I) iodide and L-proline [51].

| R'O COoR'
X O 0, 0, - i AN
| j\ . 10% Cul, 20% L-proline | N\ CFs
SN CE o Cs,CO5 DMSO A ~N
R H " 50 °C, 12 h R H
124 125 126 (27-93%)

R =NO, Ac, Cl, Me, CO,Me, |, MeO, CH,CH,OH
R'= Me, Et, Bn, t-Bu, c-Hex, allyl
R" = Me, Ph, i-Pr

In conclusion, the synthesis of trifluoromethylated indoles is more difficult and
less studied compared to synthesis of indoles bearing C-F bonds, therefore new
effective strategies are very desirable to make these compounds to be more acces-
sible building blocks for drug discovery.
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4 Synthesis of Indoles with Fluorine Atoms in Carbocycle

The influence of the fluorine atom on the nature of indole system is lower when
fluorine is located on the benzene ring. However, there is significant specificity for
indoles having fully fluorinated benzene ring. This part of the chapter is focused on
4,5,6,7-tetrafluoroindole and derivatives.

A common approach to the 4,5,6,7-tetrafluoroindoles is based on the vari-
ous heterocyclizations starting from pentafluorophenyl precursors. Thus,
heating of 1-pentafluorophenyl-2-amino-ethanol 129 in dimethylformamide
gives 4,5,6,7-tetrafluoroindole 132 in good yield. The reaction proceeds via
intramolecular nucleophilic substitution of the o-fluorine atom, followed by
dehydration [52].

4e7, 40+ OH H*
N NHOH NH
CGFSJ\/ 02 CGF5 CGFSJ\/ 2
128 129
DMF’ Nar’ 150 °C DMF 150 °C
Zn, HCI \
ACOH N
H
130 63% 131 (86%)

Another possible route for the nucleophilic substitution of the ortho-fluorine
atom includes intramolecular attack by the hydroxy group of 2-(hydroxyamino)-
1-(pentafluorophenyl)ethanol 128. Heating of compound 128 in N,N-
dimethylformamide in the presence of sodium fluoride led to cyclizations at the
nitrogen to give 1,3-dihydroxy-4,5,6,7-tetrafluoro-indoline 130. The latter was
readily reduced by zinc in acidic media into 4,5,6,7-tetrafluoroindole 132. The start-
ing amino alcohols 128 and 129 were obtained by the potential-controlled electro-
chemical reduction of the nitroalcohol 127, which can be prepared directly from
pentafluorobenzaldehyde and nitromethane.

Alternative method for the synthesis of tetrafluoroindole was described in 1968.
Ketone 133 was heated under reflux with aniline in the presence of anhydrous zinc
chloride in order to prepare the Schiff base 134. However, the only product isolated
was N-phenyl-4,5,6,7-tetrafluoro-2-methylindole 136 (<10 %). The yield of 136 was
increased up to 47 % by the addition of aniline hydrobromide to the reaction mixture.
Thus, the improved synthesis of indole 136 includes heating of the ketone 133,
aniline hydrobromide, anhydrous zinc chloride and aniline under reflux for 2 h [53].
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F F F
F F H F

S CHy | «CHa

—_— | —_— N
F FO ZnCl | ¢ F N-ph F F o°Ph
F 133 F F134 135
F
— N,
F N
\
£ Ph

136 (46%)

A similar approach was realized by other authors starting from aldehyde 137.
The reaction of the latter one with amines, followed by cyclization of intermediate
138 using lithium diisopropylamide as a base leads to tetrafluoroindole core. Finally,
deprotection of 139 or 140 by a rhodium catalyst gave 3-methyl-4,5,6,7-
tetrafluoroindole 141. Overall yield of 141 starting from 138 was 72 % [54].

F CHs F  CHs

CHs3
F H F F
RNH,, MgSO, N LDA N\
E O 30minrt g FHN‘R -78°C  E N
E R
137 F cH, 138 139: R=allyl (74%)
. — O,
1) RhCly-3H,0 F N 140: R=benzyl (79%)
2) H;O* N
3 F N
F

141 (97%)

Intramolecular nucleophilic substitution of fluorine led to the formation of the
pyrrole ring in the above mentioned transformations. However, the C-arylation can
precede the heterocyclization. For example, condensation of cyclic enamines 143
with perfluorobenzenes 142 gave fluorinated indoles 144 via formation of C-N and
C-C bonds. The authors reported that initial C-arylation was in competition with an
initial N-arylation producing N-dialkylaminopoly-fluoroarenes. The “C versus N”
arylation ratio was found to be dependent upon the nature of the enamine [55].

F F R1
F I reflux X N )
R
X F R.N R2 2) 10N H,SO, F N
F FoR
142 143 144 (7-87%)

X=F, Br, CF;  R'=Me, Et, R%=Et, H;
R=Et, Me R, R2=-(CH,),-, -CHMe(CH,)s-, -CHoNMe(CHy),-
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Similar cyclizations based on N-arylation are also known. For instance, when
pentafluorophenyl substituted aminofumarate 145 (prepared from pentafluoroani-
line and diethyl acetylenedicarboxylate) was treated with sodium hydride in dimeth-
ylformamide under reflux the indole derivative 146 was isolated. However, the yield
of the target indole was very low [56]. Subsequent hydrolysis and decarboxylation
provided tetrafluoroindole 132 in 55 % yield.

CO2Et
NaH ) NaH, DMF, reflux
THF F COzEt2 ) H3O*
CO,Et
53%)

F CO,Et F
F
) NaOH umollne

\ COQEt \ coH o N\
H,SO, eating F N
H

F
146 (<3%) 146a (86%) 132 (55%)

An unusual formation of indoles via a formal Fischer cyclization of
N-pentafluorophenyl hydrazones 147 was discovered by Brooke. Generally, the
Fischer reaction demands the ortho-position be unoccupied. However, in refluxing
tetraline, hydrazones 147 were transformed into polyfluoroindoles accompanying
with the loss of one ortho-fluorine. Hydrazones of acetophenone and cyclohexa-
none afforded the corresponding indoles 148 and 149 in 12 and 18 % yields respec-
tively. In case of acetaldehyde hydrazone, only a minor amount of parent
tetrafluoroindole 132 were isolated. The mechanism of the reaction has not be
clarified [57].

F H F F
F N—N : F F
tetraline
\_R2 — N\\_Rt A\
R1 reflux N N
F F H F H
F F F

148 R'=Ph, R2=Me (12%)

147
132 R'=H, R2=Me (1.5%)

149 (18%)

An efficient approach to polyfluoroindole was elaborated starting from hexafluo-
robenzene 142a [58] and pentafluoronitrobenzene 150 [59]. In the first step, per-
fluoroarylacetonitriles 152 were obtained by nucleophilic substitution of fluorine
with cyanoacetate 151 followed by acid catalyzed decarboxylation. Alternatively,
nitrile 152 could be prepared from pentafluorobenzyl bromide 153 by treatment
with potassium cyanide. Next, nitriles 152 were reduced into pB-polyfluoroarylethyl
amine 154, which underwent facile cyclizations into fluorinated indolines 155. The



138 V.M. Muzalevskiy et al.

latter were smoothly aromatized into the corresponding indoles 156 by treatment
with manganese (IV) oxide or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

CFsCHoBr 1) KCN, EtOH
153 2) CgF5CH,Br |78%
R
E £ 1) ONCH,COOR' .
EtONa 151 CN H,, PtO, KF/K,COj4
2) AcOH / H,SO or Pd/C
R; £ 200U, R; F Ry E NH, DMF
142a (R'=F) 152 (72%) 154 (82-100%)
150 (NO,) R=H, R?=F, NH,
R F R R=CgFsCHp, R%=F
F o \\ @) R=H, R2=F, MnO,, benzene, 80 °C (46-68%)
N ad N b) R=H, R?=F, DDQ, benzene, 80 °C (65-68%)
Rs H Rs H ¢) R=H, R%=NH,,1) NaNO,, TFA; 2) NaNg;
F F 3) DDQ, benzene (88%)
155 (55-88%) 156 (R3=F, N3) d) R=CgF5CH,, R?=F; MnO, (60%)

5 Properties

Fluorinated indoles reveal very similar properties in comparison to their non-
fluorinated analogues. However, it should be noted that the chemistry of monofluori-
nated indoles (with fluorine atom attached to both 2 and 3 position) is scarcely
studied. For example, 3-fluoroindole derivative 19a was debenzylated to give indole
carboxylic acid ester 157 quantitatively; the latter one was converted into amide 159
by hydrolysis followed by reaction with the corresponding amine in the presence of
BOP reagent [9a]. Nitrogen atom in case of 3-fluorosubstituted indole derivatives has
usual nucleophilicity and can participate in standard indole reactions, for example
reaction with tosyl chloride provided N-sulfonylation product in 61 % yield [15].

F F
“ acl, @ :
N Co,Et Cls moozEt _LoH
N CoHsOMe, 1. t THF, 1.t
Bn elsNe, T H
19a 157

F

F 0
c RNH, Cl HN.....<:>__/<
N N—CO,H N\ M
N BOP, DMF N ©2
H H 0

158 (80%) 159 (87%)
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One more example of monofluoroindoles reactivity is hydrolysis of indole
derivative 53a into oxindole 160, which was achieved under treatment with trifluo-
romethanesulfonic acid in hexafluoroisopropanol [60].

Bu Bu
CF4SO,H
>—F (CF.),CHOM, 7.1 wo
N N
Ts H
53a 160 (77%)

4,5,6,7-Tetrafluoroindoles were also shown to exhibit typical reactivity of indole.
N-Substituted 4,5,6,7-tetrafluoroindole derivatives were obtained easily by the reac-
tion of the parent indole with various electrophiles under basic conditions. Reaction
of indoles 141 and 161 with acetic anhydride, benzoyl chloride, tosyl chloride and
methanesulfonic acid ester afforded the corresponding N-substituted derivatives
162-165 in high yields [3, 54b].

F Me
Ac0O  phcocl P A
pyridine
E N
F O)\ Ph

163 (97%)

162 (94%)

IZ/IJ

F141, 161

F
ﬁg TosCl ‘Mesoe,ﬂ- F N
NaH, THF
F N
F o )
164 (92%) 165 O

Alternative approach to 4,5,6,7-tetrafluoroindole nitrogen modification was pro-
posed by Trost et al. Reaction of 4,5,6,7-tetrafluoroindole 132 with vinyl azyridines
166 under Pd,(dba); catalysis proceeded with ring-opening to give, stereoselec-
tively, allyl amine derivatives 167 in high yields [61].

\/A Pd(dba)s-CHCl, F \
~A (R,R)-DACH-naphthyl Trost N Ar
Ilgand CICH,CH,CI F )
Cs,COs, 20 °C F N
4-MeOCgH,, 89% \ H

132 166 Ph, 96% 167
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In spite of electron withdrawing action of four fluorine atoms, 4,5,6,
7-tetrafluoroindole 132 reacts with electrophiles under quite mild conditions to give
products of substitution at the 3-position. For example, reaction of 132 with
N-(carbobenzyloxy)piperidin-4-one 168 in the presence of trimethylsilyl triflate and
triethylsilane afforded the corresponding piperidine derivative 169 [62]. Using sulfur
trioxide-pyridine complex indolyl sulfonic acid 170 was obtained, which was further
converted into sulfonyl amide 172 by reaction with phosphorus(V) oxychloride, fol-
lowed by treatment with derivative of piperazine [2a].

F :'CNCBZ I F SO
. 168 \, sospy F N
T Tmsott N
EtsSiH,CH,Cls I H F N

132 Fi70
OQ v/ \
FooSseN N SO,ClI
F " Pn F.
F H EtN(i'F’f’)zy CHzclg E H
F 172 F 171

Bromination was carried out using bromine in presence of catalytic amount of
aluminum chloride or bromine-dioxane complex at 0-20 °C to form
3-bromoderivative 173 in high yield [63]. Electrophilic carbenoid species, gener-
ated at elevated temperature, reacted with polyfluoroindole to form indolyl carbox-
ylic esters 174 after treatment with formic acid [58c].

F CO,Et F Br
F F
\ ) NchCOZEt 140 oC BI’Z, A|C|3, EtZO, r.t. \
N or Br,-dioxane
F H 2 HCOH MeSOH F dioxane 0-20°C  F H
reflux
174 (80%) 173 (60-70%)

Fluorinated 3-indolyl carbaldehyde 175 was obtained in yields up to 89 % by
Vilsmeier-Haack reaction [58c, 63]. Aminomethylation afforded the corresponding
fluorinated gramine derivatives 176 in good yields [58c, 63].

F o}

. =
R2NH CH,O DMF, POCly A
AcOH dioxane F 35-45 °C F H
F

R=Me, -(CHy),4-
176 (65 -72%) 175 (78-89%)
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Reaction of chloroacetonitrile with 4,5,6,7-indolyl magnesium bromide,
obtained by treatment of tetrafluoroindole with ethylmagnesium bromide, pro-
ceeded regioselectively at 3-position to afford the corresponding nitrile 177 in
moderate yield [58c].

F F CN
F 1) EtMgBr, 2) CICH,CN ©
\ o= 2 \
N N
F N F N
F F
132 177 (50%)

Oxidation of 3-methyltetrafluoroindoles 178 by selenium dioxide in presence of
acetic anhydride can be stopped at the alcohol oxidation level step to give acetates
179. Fluorinated 3-indolylcarbaldehydes 180 were isolated in high yields when the
oxidation was performed without addition of acetic anhydride [54]. Further oxida-
tion of aldehyde was achieved by treatment with potassium permanganate to afford
3-indolylcarboxylic acid 181 in high yield [58c].

F OAc F Me F _0
F
{860z Ac0 F {  seo, F {
F N"  DME, 160 °C ¢ N" DME, 160 °C ¢ N
R F R £ R
179 (50-60%) 178 KMnO,4 180 (74-92%)
R=Ac, Bz acetone-H,O R=R'=Bn, Tos
g HO o 30-40 °C R=Ac, Bz; R'=H
F
A\
N
F H
F

181 (90% for R'=H)

Reduction of the aldehyde 175 with lithium aluminum hydride [63] or zinc in
hydrochloric acid [58c] gave fluorinated 3-methylindole 141 in good yield.

F o Me F _0 Fooo—
F F F
\\ Zn-HCI, EtOH \  CHsNO, N
or NH,OAc
F N N 4 N
H  LiAH, THF F H 50 °C N
F F F

141 (59%) 175 182 (90 %)
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Fluorinated tryptamine 183 was prepared by Rh-catalyzed reduction of the
corresponding nitrile 177 by hydrogen [58c]. Alternatively, the compound 183 was
synthesized by lithium aluminum hydride reduction of nitroalkene 182, which was
obtained by condensation of aldehyde 175 with nitromethane [54].

NO, NH,
F __ F F CN
F F F
A LiAIH, \  HxRWALO, A\
. N EL,O ¢ N" TEOHHO £ N
182 (92%) 183 177 (32%)

Through a similar reaction sequence, fluorinated tryptophan 187 was synthe-
sized. Condensation of aldehyde 175 with N-benzoyl glycine afforded oxazolone
184, which was converted into unsaturated acid 185. Reduction of 185 by hydrogen
and subsequent acid-catalyzed hydrolysis gave fluorinated tryptophan 187 in good
total yield [54].

O Ph
N
NH _175 _ N\ _1)MeOH _ H2 Pd/C
CO.H NaOAc N 2) EtsN

184 89% 185 (91%
186 (91%) 187 (64%)

Fluorinated gramine analogue 188 was easily N-alkylated by reaction with
methyliodide [58c] or dimethylsulfate [54, 63]. The tertiary amine salt 189 and the
acetoxy derivative 179a are suitable substrates for various nucleophilic substitu-
tions. For instance, treatment of 189 or 179a with potassium cyanide or sodium
cyanide afforded the corresponding nitrile 177 [54, 58c] which was hydrolyzed
into fluorinated indolyl acetic acid 193 [54]. Reaction of acetoxy compound 179a
with secondary amines led to gramine 188. The corresponding tryptophan deriva-
tive 191 was obtained using the sodium salt of diethyl aminomalonate as a nucleo-
phile [58c].
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€]
/  EtO,C ¥ co,E
® tO, HEt EtO,C
F NRy F NHR, T E CO,Et
F F C] NHAc
N\, Mel or Me,SO, WX 190 A
F N 72-99% N DMF
£ H F H 41% F N
188 " R=-(CHy)s- 189 F X=I, MeSO, 191 F
KCN
RoNH | 97% DMF |60-96%
F OAc F CN F COH
F F F
N\, _NaCN \\ _KOH A\
DMF 97%
F N)\ 41% F N F N
17a" o Me 177 F 193 ©

Trifluoromethylindoles undergo similar transformations in comparison to their
non-fluorinated analogues as well. Thus, electrophilic substitution at the C-3 posi-
tion takes place when the C-2 position is occupied by the trifluoromethyl group. The
Mannich reaction provided dimethylaminomethyl derivatives in good yields under
standard conditions [64].

NMe2

R R
MesNH, CH,0
m% —on JCFs
N N
R H R H

60a R=H 195a,b (90%)
194 R= -OCH,0"

Quaternization of the compounds 195b with methyl iodide and subsequent reac-
tions with nucleophiles, e.g. potassium cyanide, thiophenol, and diethyl malonate,
gave corresponding products 196—198 in 62-85 % yields [64].

2) KCN CN
o)

<o ”\ CFs,

196 (85%)

NMe, SPh
0 1) Mel| 2) PhSH 0
<o \_cF, NMel| 2)PhS { N cF,
N .
1956 197 (81%)
CH(CO,E),
2) NaH < N_cr,
CH,(CO,Et), N 108 (62%)
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Reduction of the nitrile group of the compound 199 and subsequent reaction with
acetic anhydride led to 2-trifluoromethyltryptamine 200 [64]. For the reduction,
Raney Ni was used, since hydrides, for example, lithium aluminium hydride, can

reduce the trifluoromethyl group as well.

NMe, CN
) Mel NHAc
e 1) R Ni
N—CF, )_. N CF, _1) Raney Ni N CF,
N 2) KCN N 2) Ac,0O N
H H H
195a 199 (74%) 200 (77%)

Hydrolysis of the nitrile 199 gave 2-trifluoromethylindole-3-acetic acid 201 in
moderate yield [60]. A partial reduction of the nitrile group in 199 provided indole-
3-acetaldehyde 202 in 51 % yield. The latter was used for the synthesis of the
2-trifluoromethylated analogue of oxypertine (an antipsychotic used in the treat-
ment of schizophrenia) 203 upon treatment with N-phenylpiperazine and sodium

cyanoborohydride [64].

COOH
Ph
HCI, AcOH N—CF, N
N 201 (49% ( /7
H 49%) 0 N
CN /\
H HN  NPh

N 8 2)5%Hcl N 8 NaBH,CN N 8
H H H
199 202 (51%) 203 (82%)

2-Trifluoromethyltryptophan methyl ester 205 was synthesized from nitro deriv-
ative 204 obtained via direct reaction of 195a with methylnitroacetate.
Chemoselective reduction of the nitro group was achieved by hydrogenation in the
presence of Raney Ni in methanol [60].

co,Me co,Me
NMe,
0,CH,CO NO: NHz
NO,CH,CO,Me
N _CF, — 27272, NoCFy — 2 N_CF,
N N Raney Ni N
H H H
195a 204 (73%) 205 (71%)

N-Alkylation of indole 206 was achieved by treatment with NaH in DMF, fol-
lowed by reaction with chloroacetonitrile [65]. Subsequent catalytic reduction of
207 with hydrogen under Raney-Ni followed by reaction with ethylcarbonate led to
compound 208, which was investigated as melatonin receptor ligand.
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NHCOC,Hs
CN
~
MeO H MeO N o MeO N
mCFs—’ mCF - \©;/)’CFS
206 207 (86 %) 208 (73%)

(i) NaH, CICH,CN, DMF, 16h:; (i) Re-Ni, Hp, 4 atm:; (iii) (EtCO),0, THF, 50 °C, 6h.

Attanasi et al. investigated reactions of both 2-and 3-trifluoromethylindole
involving trifluoromethyl group and leading to loss of fluorine. Treatment of trifluo-
romethylindoles with LiAlH, gave methylindoles 210 and 213.

NaOC,Hs NaOC,Hg
D N—cr, MH—C(0CHs)s
N C2H50H N CzH5OH N
212 H 53% H 11% H 209

A\ LiAlH, LiAlH, N—ch,

N Et,O Et,0 N
213 " 42% 30% o 210

3
@E\g NaBH,4 Mmcozczﬂs
213 T 46% | cFs 22% 211
NaNH N

@E\S <T2 @ENS -% no reaction

N 3 3
214 H 15% 61 H

Reaction of 2-trifluoromethylindole with sodium ethoxide led to ortho-
ether 209, while ethyl 3-indolylcarboxilate 212 was isolated in case
3-trifluoromethylindole. Reaction of 2-trifluoromethylindole with NaBH, in ethanol
led to ethyl 2-indolylcarboxilate 211. In contrast, reduction of trifluoromethyl group
was observed to form 3-methylindole 213 in case of 3-isomer. Treatment of
3-trifluoromethylindol with sodium amide in liquid ammonia led to 3-cyanoindole
214, whereas 2-trifluoroindole did not reacted with sodium amide at all [46].

6 Pharmacological Properties of Fluorinated Indoles

Fluorinated indoles posses a broad scope of physiological activity and they are very
prominent candidates for further biological testing and using as drugs. In this part
of the chapter pharmacological properties of fluorinated indoles are collected
(Table 1). One can see very broad spectrum of biological activity of such structures
and synergism bringing both indole fragment and fluorine in a molecule.



146

V.M. Muzalevskiy et al.

Table 1 Pharmacological properties of fluorinated indoles

(0] \‘_e‘ AN R
J NJ\Het m 4 \: ;
R2 H N R /'51 _N R=H, Me, i-Pr,
N

le
R'=CF3;, R%=H, Me
R2=CF3, R'=H, Me

0" CH,CF,, CHOMe

R=CN, CF3, Ph

# N N
12, A 0

1 R=Me,
R CHQCFS

Modulators of nicotinic acetylcholine o7 receptor and KCNQ potassium channel [31]

@CFS . O
2,
NS

Prostaglandin D2 receptor modulators [66]

(0]
e, L
N
\@N CF3
Z\ —
! NH

Inhibitor of PI3KS3 [68]

H
/ \
cl HN NH
FsC

Modulator of human prostaglandin EP,
receptor [70]

i

X

FsC X=Z=N, Y

Modulator of a7 neuronal nicotinic receptors
(NNRs) [72]

Q)
Cl H

Autotoxin (ATX) inhibitors [67]

N\&N

N
0NN A
FsC—7 e}

N

R R=H, Me

Inhibitor of amyloid beta protein Ap(1-42)
production [69]

NZ>N
|
FsC— H
N
H

R=Et, CF, Cl

Modulator of nicotinic acetylcholine o7
receptor [71]

Inhibitor of Protein Kinase Cp1
(PKCB1) [73]

(continued)
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Table 1 (continued)
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o)

R'=cl,R=H  HN R2

R'=Cl, R?=CH,CF3

R'=Cl, R?=CH,CH(OH)CF3

R'=Cl, R>=CH,CF;

R'=CF3, R2=CH,CF,CFj

Androgen receptor modulator [74]
R=CH,OH
C(O)NMe,

Inhibitor of phosphatidylinositol-3 kinase o
(PI3Ka) [76]

Inhibitor of autophosphorylatlon receptor [78]
C

O,Me
Cl
N
Ilnker

R'=CH,CO,H, R?=H
CF; R'=CH,CO,H, R?=Me
R'=CH,CO,Et, R>=Me

O
R‘J\H 5 R'=CO,H, R?=H

Thyroid hormone receptors (TRa and TRp)
ligand [75]

R2=CI,CF,
{ﬂx 1,
\ 3,5- d|FCGH3
R1= N N ;\ 3- CF306H4
3,57(CF3)2CeH3

Androgen receptor (AR) agonist [77]

\O N\\(\

Melatonin receptor hgand [65]
Me02C

—

NH

Antiproliferative, antineoplastic, antitumor activity [79]

(continued)



Table 1 (continued)

FsC CO,Me MeO,C CF3
— ‘-u\CI Cl —

HN NH

HO : N OH
/ \

linker: CH,, CH,CH,, -O-, NHC(O)NH-, single bond

Antitumor activity [80]

R R
FsC  co,Me %N Y F
wCl R'=H, N N— N
40 “H, MeO
R

HN R=H, Me
R?
HO N o R R
I+ +
(0) N- R Z R z R
H Z=O,NH R Z=0, NH
R=H, MeO R=H, MeO
Antitumor activity [79c]
CF3 @E%RF
fN/ N o
o} o
E N/&O O$S>\
~ N
N I
NN
SO,NMe,
Re=F, CF,
Herbicide [81] Agricultural and horticultural fungicide [82]

~ (0]
2. oA
P NH NH
o} F N °
\“K( N 7\ R=Ph, Me, c-Pr X=0
Nl ) N O N/\L“‘) R'=R?=H; R'=H, R?=F
;‘ H O NG X " E ’B?;?‘SForR
R™ R F?/ R®  RI-R2=R%=R=H, X=CH,0

Antiviral against hepatitis C virus [83]

%@ > o

i

7
H
N "'\(
Factor Xa inhibitor [4] Inhibition of factor Xa, anticoagulant [84]

(continued)
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Table 1 (continued)

H o\\,?
R HN N
H /
N
|

R R=H, F, OCF3

Inhibitors of dopamine D2L receptor, serotonin ~ Human 5-HT6 receptor modulator [86]
5-HT2A receptor, serotonin 5-HT6 receptor,
adrenaline a1D receptor [85]

o) CN
J N
NH Hn— F o]
= N~ )
\_/ N co,et N OCF,4

N F
/
N
HO,C
Inhibitor of matrix metalloprotease 13 (MMP13) Agonist of the sphingosine-1-phosphate S1P1
[87] receptor [88]
F R=CFj,
" b“
N >0
E\I,
oN H
\( NW/?
0 HN-R
Inhibitor of EGFR and ErbB-2 kinases Bradykinin B1 receptor antagonist [90]
antiproliferative, cytotoxic for foreskin
fibroblast of human [89]
RO,C

QS
R }_C?\@ 50

2\ (6]
© D‘NH R=Ph, I:}; F R=H, Me @\,Bu

Monoacylglycerol lipase inhibitors [91] Activators of NURR-1/RXRa and NURR-1/
RXRy heterodimers formation [92]

(continued)
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Table 1 (continued)

F O O NH F
HN_“s”_< )—Cl
) '
N N
) H
Edg-1 receptor antagonist [93] ASIC (acid-sensing ion channel) modulator [94]
(@]
F =N
— \ X
NH  NH, N
P
N K FF  RPR=HF
Inhibitor of fibroblast growth factor receptor 1 Antiproliferative activity, antiandrogen (R=F).
(FGFR1) [95] Immune response activator (R=H) [96]

7 Conclusions

Recent decades, fluorinated indoles and their analogues have enjoyed remarkable
attention of chemists. However, one can definitely conclude that synthesis of these
compounds is still challenging and attractive task.

Acknowledgments Financial support from the Russian Foundation for Basic Research (grants
no. 12-03-00292-a and 13-03-01129) are gratefully acknowledged.

References

1. (a) Fan H, Peng J, Hamann MT, Hu JF (2008) Lamellarins and related pyrrole-derived alka-
loids from marine organisms. Chem Rev 108:264-287. (b) Schmuck C, Rupprecht D (2007)
The synthesis of highly functionalized pyrroles: a challenge in regioselectivity and chemical
reactivity. Synthesis 20:3095-3110. (c) Bellina F, Rossi R (2006) Synthesis and biological
activity of pyrrole, pyrroline and pyrrolidine derivatives with two aryl groups on adjacent posi-
tions. Tetrahedron 62:7213-7211. (d) Jolicoeur B, Chapman EE, Thompson A, Lubell WD
(2006) Pyrrole protection. Tetrahedron 62:11531-11563

2. (a) Lu RJ, Tucker JA, Zinevitch T, Kirichenko O, Konoplev V, Kuznetsova S, Sviridov S,
Pickens J, Tandel S, Brahmachary E, Yang Y, Wang J, Freel S, Fisher S, Sullivan A, Zhou J,
Stanfield-Oakley S, Greenberg M, Bolognesi D, Bray B, Koszalka B, Jeffs P, Khasanov A, Ma
YA, Jeftries C, Liu C, Proskurina T, Zhu T, Chucholowski A, Li R, Sexton C (2007) Design
and synthesis of human immunodeficiency virus entry inhibitors: sulfonamide as an isostere
for the a-ketoamide group. J Med Chem 50:6535-6544. (b) Meanwell NA, Wallace OB, Fang
H, Wang H, Deshpande M, Wang T, Yin Z, Zhang Z, Pearce BC, James J, Yeung KS, Qiu Z,
Wright JJK, Yang Z, Zadjura L, Tweedie DL, Yeola S, Zhao F, Ranadive S, Robinson BA,
Gong YF, Wang HGH, Blair WS, Shi PY, Colonno RJ, Lin PF (2009) Inhibitors of HIV-1
attachment. Part 2: An initial survey of indole substitution patterns. Bioorg Med Chem Lett
19:1977-1981



Chemistry of Fluorinated Indoles 151

10.

11.

12.

13.

14.

15.

16.

17.

. Frost JM, Dart JM, Tietje KR, Garrison TR, Grayson GK, Daza AV, El-Kouhen OF, Miller LN,

Li L, Yao BB, Hsieh GC, Pai M, Zhu CZ, Chandran P, Meyer MD (2008) Indol-3-yl-
tetramethylcyclopropyl ketones: effects of indole ring substitution on CB, cannabinoid recep-
tor activity. J Med Chem 51:1904-1912

. Nazaré D, Will W, Matter H, Schreuder H, Ritter K, Urmann M, Essrich M, Bauer A, Wagner

M, Czech J, Lorenz M, Laux V, Wehner V (2005) Probing the subpockets of factor Xa reveals
two binding modes for inhibitors based on a 2-carboxyindole scaffold: a study combining
structure-activity relationship and X-ray crystallography. J Med Chem 48:4511-4525

. Eldrup AB, Prhavc M, Brooks J, Bhat B, Prakash TP, Song Q, Bera S, Bhat N, Dande P, Cook

PD, Bennett CF, Carroll SS, Ball RG, Bosserman M, Burlein C, Colwell LF, Fay JF, Flores
OA, Getty K, LaFemina RL, Leone J, MacCoss M, McMasters DR, Tomassini JE, Von Langen
D, Wolanski B, Olsen DB (2004) Structure-activity relationship of heterobase-modified
2‘~C-methyl ribonucleosides as inhibitors of hepatitis C virus RNA replication. ] Med Chem
47:5284-5297

. Norman MH, Chen N, Chen Z, Fotsch C, Hale C, Han N, Hurt R, Jenkins T, Kincaid J, Liu L,

Lu Y, Moreno O, Santora VJ, Sonnenberg JD, Karbon W (2000) Structure-activity relation-
ships of a series of pyrrolo[3,2-d]pyrimidine derivatives and related compounds as neuropep-
tide Y5 receptor antagonists. ] Med Chem 43:4288-4312

. Barton DHR, Hesse RH, Jackman JP, Pechet MM (1977) Fluorination of benzofuran and of

N-acylindoles with trifluorofluorooxymethane. J Chem Soc Perkin Trans 1:2604—-2608

. (a) Hodson H, Madge DJ, Slawin ANZ, Widdowson DA, Williams DJ (1994) Electrophilic

fluorination in the synthesis of new fluoroindoles. Tetrahedron 50:1899-1906. (b) Lin R, Ding
S, Shi Z, Jiao N (2011) An efficient difluorohydroxylation of indoles using Selectfluor as a
fluorinating reagent. Org Lett 13:4498-4501. (c) Hodson H, Madge DJ, Widdowson DA,
Williams DJ (1992) Regioselective electrophilic fluorination of alkenyl and related stannanes
using cesium fluoroxysulfate. Synlett 831-832

. (a) Yoshikawa K, Yokomizo A, Naito H, Haginoya N, Yoshino T, Osanai K, Ohta T, Kobayashi

S, Nagata T, Mochizuki A, Watanabe K, Kanno H (2009) Design, synthesis, and SAR of cis-
1,2-diaminocyclohexane derivatives as potent factor Xa inhibitors. Part I: Exploration of 5-6
fused rings as alternative S1 moieties. Bioorg Med Chem 17:8206-8220. (b) Umemoto T,
Fukami S, Tomizawa G, Harasawa K, Kawada K, Tomita K (1990) Power and structure-
variable fluorinating agents. The N-fluoropyridinium salt system. J Am Chem Soc
112:8563-8575

Tius MA, Kawakami JK (1995) The reaction of XeF, with trialkylvinylstannanes: scope and
some mechanistic observations. Tetrahedron 51:3997-4010

Martin-Santamaria S, Carroll MA, Carroll CM, Carter CD, Pike VW, Rzepa HS, Widdowson
DA (2000) Fluoridation of heteroaromatic iodonium salts-experimental evidence supporting
theoretical prediction of the selectivity of the process. Chem Comm 649-650

Ermolenko MS, Budylin VA, Kost AN (1978) Nucleophilic substitution in iodonium deriva-
tives of indole. Chem Heterocycl Comp (Engl Transl) 14:752-754

Eissenstat MA, Bell MR, D’ Ambra TA, Alexander EJ, Daum SJ, Ackerman JH, Gruett MD,
Kumar V, Estep KG (1995) Aminoalkylindoles: structure-activity relationships of novel can-
nabinoid mimetics. ] Med Chem 38:3094-3105

Yin B, Wang L, Inagi S, Fuchigami T (2010) Electrosynthesis of fluorinated indole derivatives.
Tetrahedron 66:6820-6825

Torres JC, Garden SJ, Pinto AC, da Silva FSQ, Boechat N (1999) A synthesis of 3-fluoroindoles
and 3,3-difluoroindolines by reduction of 3,3-difluoro-2-oxindoles using a borane tetrahydro-
furan complex. Tetrahedron 55:1881-1892

Guo X, LiY, Tao L, Wang Q, Dong L, Yu X, An H, Chang J, Wang S, Hu W, Yang Q, Cui Y, Ge
Z, Song C, Pan Z (2011) Synthesis and anti-HIV-1 activity of 4-substituted-7-(2'-deoxy-2'-
fluoro-4'-azido-p-d-ribofuranosyl)pyrrolo[2,3-d]pyrimidine analogues. Bioorg Med Chem
Lett 22:6770-6772

(a) Wang X, Seth PP, Ranken R, Swayze EE, Migawa MT (2004) Synthesis and biological
activity of 5-fluorotubercidin. Nucleosides Nucleotides Nucleic Acids 23:161-170. (b) Seela
F, Xu K, Chittepu P (2006) Fluorinated pyrrolo[2,3-d]pyrimidine nucleosides: 7- fluoro-7-



152

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

V.M. Muzalevskiy et al.

deazapurine 2’-deoxyribofuranosides and 2’-deoxy-2’-fluoroarabinofuranosyl derivatives.
Synthesis 2005-2012. (c) Suydam IT, Strobel SA (2008) Fluorine substituted adenosines as
probes of nucleobase protonation in functional RNAs. J Am Chem Soc 130:13639-13648. (d)
Seela F, Xu K (2008) Oligonucleotides containing 7-deaza-2’'-deoxyinosine as universal nucle-
oside: synthesis of 7-halogenated and 7-alkynylated derivatives, ambiguous base pairing, and
dye functionalization by the alkyne-azide (click) reaction. Helv Chim Acta 91:1081-1200. (e)
Chen YL, Yin Z, Duraiswamy J, Schul W, Lim CC, Liu B, Xu HY, Qing M, Yip A, Wang G,
Chan WL, Tan HP, Lo M, Liung S, Kondreddi RR, Rao R, Keller TH, Shi PY, Gu H, He H
(2010) Inhibition of dengue virus RNA synthesis by an adenosine nucleoside. Antimicrob
Agents Chemother 54:2932-2939. (f) Hu W, Song C, Wang Q, Shen Z, Wang S, Chang J,
Wang P, Pan Z, Guo X, Yu X (2010) Synthesis and anti-HCV activity of a new 2'-deoxy-2’-
fluoro-2'-C-methyl nucleoside analogue. Bioorg Med Chem Lett 24:7297-7298. (g) Kung PP,
Richardson P, Hickey MJ, Gajiwala KS, Wang F, Huang B, McClellan G, Wang J, Maegley K,
Bergqvist S, Mehta PP, Kania R, Sinnema PJ (2011) Design strategies to target crystallo-
graphic waters applied to the Hsp90 molecular chaperone. Bioorg Med Chem Lett
21:3557-3562

Seela F, Ming X (2007) 7-Functionalized 7-deazapurine -D and p-L-ribonucleosides related
to tubercidin and 7-deazainosine: glycosylation of pyrrolo[2,3-d]pyrimidines with 1-O-acetyl-
2,3,5-tri-O-benzoyl-p-D or f-L-ribofuranose. Tetrahedron 63:9850-9861

Seela F, Xu K, Chittepu P, Ming X (2007) Fluorinated 7-deazapurine 2’-deoxyribonucleosides:
modification at the nucleobase and the sugar moiety. Nucleosides Nucleotides Nucleic Acids
26:607-610

Shi J, McBrayer TR, Whitaker T, Coats SJ, Zhou L, Zhang H, Detorio MA, Johns M, Bassit L,
Schinazi RF, Powdrill MH, Goette M (2011) Synthesis and antiviral activity of 2’-deoxy-2'-
fluoro-2’-C-methyl-7-deazapurine nucleosides, their phosphoramidate prodrugs and 5’'-tri-
phosphates. Bioorg Med Chem Lett 21:7094-7098

Evans GB, Furneaux RH, Lewandowicz A, Schramm VL, Tyler PC (2003) Exploring structure-
activity relationships of transition state analogues of human purine nucleoside phosphorylase.
J Med Chem 46:3412-3423

Ischikawa J, Wada Y, Fujiwara M, Sakoda K (2002) The nucleophilic 5-endo-trig cyclization
of 1,1-difluoro-1-alkenes: ring-fluorinated hetero- and carbocycle synthesis and remarkable
effect of the vinylic fluorines on the disfavored process. Synthesis 1917-1936

(a) Ichikawa J, Wada Y, Okauchi T, Minami T (1997) 5-endo-trigonal cyclization of o-substituted
gem-difluorostyrenes: syntheses of 2-fluorinated indoles, benzo[b]furans and benzo[b]thio-
phenes. Chem Commun 1537-1538. (b) Ichikawa J, Nadano R, Mori T, Wada 'Y (2006) 5-endo-
trig cyclization of 1,1-difluoro-1-alkenes: synthesis of 3-butyl-2-fluoro-1-tosylindole (1H-Indole,
3-butyl-2-fluoro-1-[(4-methylphenyl)sulfonyl]-). Org Synth Coll 83:111

Girard Y, Atkinson J, Joseph G, Belanger P, Fuentes J, Rokach J, Rooney S, Remy D, Hunt C
(1983) Synthesis, chemistry and photochemical substitutions of 6,11-dihydro-5H-pyrrolo[2,1-
b][3]benzazepin-11-ones. J Org Chem 48:3220-3234

Chen QY, Li ZT (1993) Photoinduced electron-transfer reaction of difluorodiiodomethane
with azaaromatic compounds and enamines. J Chem Soc Perkin Trans 1:645-648

Yoshida M, Yoshida T, Kobayashi M, Kamigata N (1989) Perfluoroalkylations of nitrogen-
containing heteroaromatic compounds with bis(perfluoroalkanoyl)peroxides. J Chem Soc
Perkin Trans 1(5):909-914

Wiehn MS, Vinogradova EV, Togni A (2010) Electrophilic trifluoromethylation of arenes and
N-heteroarenes using hypervalent iodine reagents. J Fluor Chem 131:951-957

Tatsuhito K, Nagase Y, Ohtsuka Y, Yamamoto K, Daisuke Uraguchi D, Tokuhisa K, Yamakawa
T (2010) Trifluoromethylation of various aromatic compounds by CF;l in the presence of
Fe(II) compound, H,O, and dimethylsulfoxide. J Fluor Chem 131:98-105

Senecal TD, Parsons AT, Buchwald SL (2011) Room temperature aryl trifluoromethylation via
copper-mediated oxidative cross-coupling. J Org Chem 76:1174-1176

Henegar KE, Hunt DA (1996) Expedient preparations of 2-trifluoromethylindole and its
N-methyl derivative. Heterocycles 42:1471-1475



Chemistry of Fluorinated Indoles 153

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(a) Lundbeck H (2012) Positive allosteric modulators of nicotinic acetylcholine receptor.
Patent A/S; US2012/252853, (A1). (b) Glaxo Group Limited (2009) Indoles as modulators of
nicotinic acetylcholine receptors subtype alpha-71. Patent WO2009/127678

(a) Kobayashi Y, Kumadaki I, Ohsawa A, Hamana H (1977) 1,3-Dipolar cycloaddition reac-
tions of a diphosphabarrelene. Tetrahedron Lett 18:867-868. (b) Kobayashi Y, Hamana H,
Fujino S, Ohsawa A, Kumadaki I (1979) Studies on organic fluorine compounds. 29.
Cycloaddition reactions of hexakis(trifluoromethyl)-1,4-diphosphabarrelene. J Org Chem
44:4930-4933

Dan-oh Y, Matta H, Uemura J, Watanabe H, Uneyama K (1995) Generation and reactions of
trifluoroacetimidoyl radicals. Bull Chem Soc Jpn 68:1497-1507

Ueda'Y, Watanabe H, Uemura J, Uneyama K (1993) Photolysis of phenyltellurotrifluoroaceti-
midates; a new approach to generation of a-trifluoroacetimidoyl radicals leading to the synthe-
sis of indole derivatives. Tetrahedron Lett 34:7933-7934

(a) Latham EJ, Stanforth SP (1996) Synthesis of indoles and quinolones by sequential Wittig
and Heck reactions. Chem Comm 2253-2254. (b) Latham EJ, Stanforth SPJ (1997) Synthesis
of indoles and quinolones by sequential Wittig and Heck reactions. Chem Soc Perkin Trans
1:2059-2064

(a) Chae J, Konno T, Ishihara T, Yamanaka H (2004) A facile synthesis of various fluorine-
containing indole derivatives via palladium-catalyzed annulation of internal alkynes. Chem
Lett 33:314-315. (b) Konno T, Chae J, Ishihara T, Yamanaka H (2004) A facile regiocontrol in
the palladium-catalyzed annulation of fluorine-containing internal alkynes with variously sub-
stituted 2-iodoanilines: a new regioselective synthesis of 2- or 3-fluoroalkylated indole deriva-
tives. J Org Chem 69:8258-8265

Rodrigues I, Bonnet-Delpon D, Begue JP (2001) 1-Trifluoromethyl epoxy ethers. Effect of
hexafluoro-2-propanol on reactions with secondary aromatic amines: synthesis of
3-trifluoromethyl indole derivatives. J Org Chem 66:2098-2103

Muzalevskiy VM, Nenajdenko VG, Shastin AV, Balenkova ES, Haufe G (2009)
a-Trifluoromethyl- f-aryl enamines in the synthesis of trifluoromethylated heterocycles by the
Fischer and the Pictet-Spengler reactions. Tetrahedron 65:7553-7561

Orlemans EOM, Schreuder AH, Conti PGM, Verboom W, Reinhoudt DN (1987) Synthesis of
3-substituied indoles via a modified madeling reaction. Tetrahedron 43:3817-3826

Miyashita K, Kondoh K, Tsuchiya K, Miyabe H, Imanishi T (1996) Novel indole-ring forma-
tion by thermolysis of 2-(N- acylamino)-benzylphosphonium salts. Effective synthesis of
2-trifluoromethylindoles. J Chem Soc Perkin Trans 1:1261-1268

(a) Betschmann P, Burchat AF, Calderwood DJ, Curtin ML, Davidsen SK, Davis HM, Frey
RR, Heyman HR, Hirst GC, Hrnciar P, Michaelides MR, Muckey MA, Rafferty P, Wada CK
(2005) US Patent Appl Publ US 2005043347. (b) Betschmann P, Burchat AF, Calderwood DJ,
Curtin ML, Davidsen SK, Davis HM, Frey RR, Heyman HR, Hirst GC, Hrnciar P, Michaelides
MR, Muckey MA, Rafferty P, Wada CK (2005) US Patent Appl Publ US 2005026944

(a) Hojo M, Masuda R, Okada E, Miya H (1989) Aromatic nucleophilic nitrogen-nitrogen
exchange reaction of N,N-dimethyl-2,4-bis(trifluoroacetyl)-1-naphthylamine with amino acid
derivatives: a facile synthesis of fluorine-containing 1H-benzo[gJindolines and 1H-benzo[g]
indoles. Synthesis 550-552. (b) Okada E, Tsukushi N (1999) Aromatic nucleophilic N-N
exchange reaction of N,N-Dimethyl-5,7-bis(trifluoroacetyl)-8-quinolylamine with various
amines: a facile synthetic method for 5,7-bis(trifluoracetyl)-8-quinolylamines. Synlett 210-
212. (c) Okada E, Tsukushi N (2000) A facile and convenient synthetic method for fluorine-
containing 1H-pyrrolo[3,2-/]quinolines. Heterocycles 53:127-134

(a) Fuerstner A, Hupperts A, Ptock A, Janssen E (1994) “Site selective” formation of low-
valent titanium reagents: an “instant” procedure for the reductive coupling of oxo amides to
indoles. J Org Chem 59:5215-5229. (b) Fuerstner A, Hupperts A (1995) Carbonyl coupling
reactions catalytic in titanium and the use of commercial titanium powder for organic synthe-
sis. J Am Chem Soc 117:4468-4475

(a) Frey LF, Tillyer RD, Ouellet SG, Reamer RA, Grabowski EJJ, Reider PJ (2000) Rapid
assembly of substituted dihydrocyclohepta[3,4]pyrrolo[1,2-a]indoles via a novel,



154

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

V.M. Muzalevskiy et al.

carbene-based, rearrangement reaction. J Am Chem Soc 122:1215-1216. (b) Frey LF,
Grabowski EJJ, Ouellet SG, Reamer RA, Tillyer RD (2001) Brit UK Patent Appl GB
2353035

(a) Hao J, Song X (2005) Faming Zhuanli Shenqing Gongkai Shuomingshu. Patent CN
1660806. (b) Hao J, Wang Z, Ge F (2007) Faming Zhuanli Shenqing Gongkai Shuomingshu.
Patent CN 1927834. (c) Ge F, Wang Z, Wan W, Hao J (2007) Grignard cyclization reaction of
fluorinated N-arylimidoyl chlorides: a novel and facile access to 2-fluoroalkyl indoles. Synlett
447-450. (d) Wang Z, Ge F, Wan W, Jiang H, Hao J (2007) Fluorinated N-[2-(haloalkyl)-
phenyl]imidoyl chloride, a key intermediate for the synthesis of 2-fluoroalkyl substituted
indole derivatives via Grignard cyclization process. J Fluor Chem 128:1143-1152

Attanasi OA, Filippone P, Guidi B, Mantellini F, Santeusanio S (2001) Regioselective synthe-
sis of stable 2-(trifluoromethyl)-2,3-dihydro-1H-pyrrol-2-ols and derived fluorinated hetero-
cycles. Synthesis 1837-1845

Fang YQ, Lautens M (2005) Pd-catalyzed tandem C-N/C-C coupling of gem-dihalovinyl sys-
tems: a modular synthesis of 2-substituted indoles. Org Lett 7:3549-3552

Yamakawa A, Horino Y (2008) Jpn Kokai Tokkyo Koho. Patent JP 2008037760

Mokrushin MG, Shastin AV, Muzalevskiy VM, Balenkova ES, Nenajdenko VG (2008) A new
synthesis of substituted 2-trifluoromethylindoles. Mendeleev Comm 18:327-328
Muzalevskiy VM, Shastin AV, Balenkova ES, Haufe G, Nenajdenko VG (2008) New
approaches to the synthesis of 2-(trifluoromethyl)indole and 2-amino-3-(trifluoromethyl)-
quinoline. Russ Chem Bull (Engl Transl) 10:2217-2219

Chen 'Y, Wang Y, Sun Z, Ma D (2008) Elaboration of 2-(trifluoromethyl)indoles via a cascade
coupling/condensation/deacylation process. Org Lett 10:625-628

(a) Petrov VP, Barkhash VA, Shchegoleva GS, Petrova TD, Savchenko TL, Yakobson GG
(1968) Dokl Akad Nauk SSSR 178:864. (b) Petrov VP, Barkhash VA (1970) Cyclization of
1-(pentafluorophenyl)-2-aminoalkanols. Chem Heter Comp 6:573-576

(a) Brooke GM (1968) Partially fluorinated heterocyclic compounds. Part VIII. New syntheses
of benzo[b]thiophene and indole derivatives. Tetrahedron Lett 37:4049-4052. (b) Brooke GM,
Musgrave WKR, Rutherpord RJD, Smith TW (1971) Partially fluorinated heterocyclic
compounds-X. Syntheses of N-phenyl-4,5,6,7-tetrafluoro-2-phenylindole by a new cyclization
reaction and attempted synthesis of related compounds by conventional methods. Tetrahedron
27:5653-5658

(a) FujitaM, Ojimal (1983) Selenium dioxide oxidation of 3-methyl-4,5,6,7-tetrafluoroindoles:
an efficient route to tetrafluoro analogues of 3-formyl and 3-acetoxymethylindole systems.
Tetrahedron Lett 24:4573—4576. (b) Ojima I, Kato K, Nakahashi K (1989) New and effective
routes to fluoro analogues of aliphatic and aromatic amino acids. J Org Chem 54:4511-4522
Blazejewski JC, Wakselman CJ (1980) Condensation of a, f-unsaturated amines with perfluo-
roarenes. Chem Soc Perkin Trans 1:2845-2850

Brooke GM, Rutherford RID (1967) Partially fluorinated heterocyclic compounds. Part IV.
The preparation of 4,5,6,7-tetrafluoroindole by a new cyclisation reaction. J Chem Soc
1189-1191

(a) Brooke GMJ (1983) Partially fluorinated heterocyclic compounds. Part 18. Formation of
Fischer indole products from acetophenone 1,3,4,5,6,7,8-heptafluoro-2-naphthyl-hydrazone
and acetophenone pentafluorophenylhydrazone. The surprising loss of o-fluorine. Chem Soc
Perkin Trans 1 821-825. (b) Benke FD, Brooke GM (1984) Partially flourinated heterocyclic
compounds. Part 19 [1]. The formation of Fischer indole products from a series of hydrozones
derived from pentaflourophenylhydrazine and 1,3,4,5,6,7,8-heptaflouro-2-naphthylhydrazine.
The surprising loss of o-flourine. J Fluor Chem 26:77-86

(a) Filler R, Woods SM, Freudenthal AF (1973) 4,5,6,7-Tetrafluoroindole. J Org Chem
38:811-812. (b) Filler R, Chen W, Woods SM (1995) Polyfluoroaralalkylamines: an improved
synthesis of 4,5,6,7-tetrafluoroindole. J Fluor Chem 73:95-100. (c) Filler R, Woods SM,
White WL (1989) Polyfluoroaralkyl amines. Further studies on the reactivity of
4,5,6,7-tetrafluoroindole. Can J Chem 67:1837-1841



Chemistry of Fluorinated Indoles 155

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.
74.

75.
76.
7.
78.

79.

Shaffer MW, Platz MS (1989) The preparation and photochemistry of 6-azido-4,5,7-
trifluoroindole in toluene. Evaluation of a new reagent for photoaffinity labelling. Tetrahedron
Lett 30:6465

Tanabe H, Ichikawa J (2010) Transition-metal-catalyzed electrophilic activation of
1,1-difluoro-1-alkenes: oxindole synthesis via intramolecular amination. Chem Lett
39:248-249

Trost BM, Osipov M, Dong G (2010) Palladium-catalyzed dynamic kinetic asymmetric trans-
formations of vinyl aziridines with nitrogen heterocycles: rapid access to biologically active
pyrroles and indoles. J Am Chem Soc 132:15800-15807

Campbell JA, Bordunov V, Broka CA, Dankwardt J, Hendricks RT, Kress JM, Walker KAM,
Wang JH (2004) Preparation of 3-arylmethylindoles as selective COX-2 inhibitors. Tetrahedron
Lett 45:3793-3796

Petrova TD, Savchenko TI, Shchegoleva LN, Ardyukova TF, Yakobson GG (1970) Poly-
fluorinated heterocyclic compounds VI. Electrophilic substitution in 4,5,6,7-tetrafluoroindole.
Chem Heterocycl Comp 6:1251-1254

Miyashita K, Kondoh K, Tsuchiya K, Miyabe H, Imanishi T (1997) Synthesis of several
3-substituted 2-trifluoromethylindoles via Mannich reaction of 2-trifluoromethylindoles.
Chem Pharm Bull 45:932-935

Mor M, Spadoni G, Di Giacomo B, Diamantini G, Bedini A, Tarzia G, Plazzi PV, Rivara S,
Nonno R, Lucini V, Pannacci M, Fraschini F, Stankov BM (2001) Synthesis, pharmacological
characterization and QSAR studies on 2-substituted indole melatonin receptor ligands. Bioorg
Med Chem Lett 9:1045-1057

Actelion Pharmaceuticals LTD (2012) 1-Pnenyl-substituted heterocyclic derivatives and their
use as prostaglandin D2 receptor modulators. Patent W02012/4722

Amira Pharmaceuticals Inc (2012) Autotaxin inhibitors and uses thereof. Patent W0O2012/24620
Takeda Pharmaceuticals Comp Ltd (2012) N-substituted oxazinopteridines and oxazinopteri-
dones. Patent US2012/220575

Pettersson MY, Johnson DS, Subramanyam C, O’Donnell CJ, Ende CW, Fish BA, Green ME,
Mullins PBr, Stiff CM, Tran TP, Navaratnam T (2012) Novel bicyclic pyridinones. Patent
US2012/252758

Bayer Schering Pharma AG (2010) Extended benzamide derivatives as modulators of the EP2
receptor. Patent US2010/29598

Proximagen Ltd (2011) Indole and azaindole modulators of the alfa 7 NACHR. Patent
WO02011/45353

Tao L, Bunnelle WH, Ryther KB, Anderson DJ, Malysz JH, Rosalind G, Jens H, Hkerud M,
Schrimpf MR, Gopalakrishnan MJ, Jianguo PD (2010) Syntheses and structure-activity rela-
tionship (SAR) studies of 2,5-diazabicyclo[2.2.1]heptanes as novel a7 neuronal nicotinic
receptor (NNR) ligands. Bioorg Med Chem Lett 20:3636-3639

Novartis AG (2008) Indolylmaleimide derivatives. Patent WO2008/74752

Ligand Pharmaceuticals Incorporated (2009) Androgen receptor modulator compounds and
methods. Patent US2009/30027

Sanwa Kagaku Kenkyusho Co Ltd (2009) Novel 6-5 bicyclic heterocyclic derivatives and
medical use thereof. Patent EP2036887

Wyeth (2009) 3-Substituted-1H-indole compounds, their use as MTOR kinase and PI3 kinase
inhibitors, and their synthesis. Patent US2009/311217 (A1)

Smithkline Beecham Corporation (2008) Chemical compounds. Patent WO2008/42571
Pfizer Inc (2003) Benzofused heteroaryl amide derivatives of thienopyridines useful as thera-
peutic agents, pharmaceutical compositions including the same, and methods for their use.
Patent WO2003/106462 (A1)

(a) Fukuda, Seto S, Furuta H, Ebisu H, Oomori Y, Terashima S (2001) Novel Seco cyclopropa[c]
pyrrolo[3,2-e]indole bisalkylators bearing a 3,3’-arylenebisacryloyl group as a linker. ] Med
Chem 44:1396-1406. (b) Fukuda Y, Furuta H, Kusama Y, Ebisu H, Oomori Y, Terashima S
(1999) Novel cyclopropapyrroloindole derivative (AT-3510) bearing methoxycarbonyl and



156 V.M. Muzalevskiy et al.

trifluoromethyl groups. J Med Chem 42:1448-1458. (c) Fukuda Y, Furuta H, Shiga F, Oomori Y,
Kusama Y, Ebisu H, Terashima S (1997) Synthesis and antitumor activity of novel
cyclopropapyrroloindole(CPI) derivatives bearing methoxycarbonyl and trifluoromethyl groups.
Bioorg Med Chem Lett 7:1683—1688

80. (a) Fukuda 'Y, Furuta H, Kusama Y, Ebisu H, Oomori Y, Terashima S (1998) The novel cyclo-
propapyrroloindole (CPI) bisalkylators bearing methoxycarbonyl and trifluoromethyl groups.
Bioorg Med Chem Lett 8:1387-1390. (b) Fukuda Y, Seto S, Furuta H, Ebisu H, Oomori Y,
Terashima S (1998) The novel cyclopropapyrroloindole(CPI) bisalkylators bearing
3,3’-(1,4-phenylene)diacryloyl group as a linker. Bioorg Med Chem Lett 8:2003-2004

81. FMC Corporation (2002) Cycloimido-substituted benzofused heterocyclic herbicides. US
Patent 6,352,958

82. Nissan Chemical Industries Ltd (2002) Sulfamoyl compounds and agricultural and horticul-
tural fungicides. US Patent 6,350,748 (B1)

83. (a) Merck Sharp and Dohme Corp (2012) Patent WO2012/41014. (b) Merck Sharp and Dohme
Corp (2012) Patent W0O2012/40923 (A1). (c) Merck Sharp and Dohme Corp (2010) Inhibitors
of hepatitis C Virus replication. Patent WO2010/111483 (A1). (d) Schering Corporation
(2012) Fused teracycle derivatives and methods of use thereof for the treatment of viral dis-
eases. Patent WO2012/50848 (A1)

84. Yoshikawa K, Yokomizo A, Naito H, Haginoya N, Yoshino T, Osanai K, Ohta T, Kobayashi S,
Nagata T, Mochizuki A, Watanabe K, Kanno H (2009) Design, synthesis, and SAR of cis-
1,2-diaminocyclohexane derivatives as potent factor Xa inhibitors. Part I: Exploration of 5-6
fused rings as alternative S1 moieties. Bioorg Med Chem 17:8206-8220

85. Dainippon Sumitomo Pharma Co Ltd (2011) N-Acyl cyclic amine derivatives or pharmaceuti-
cally acceptable salt thereof. Patent WO2011/111875 (A1), US2012/214790 (A1)

86. Albany Molecular Research Inc (2011) Epiminocycloalkyl[b]indole derivatives as serotonin
sub-type 6 (5—-HT6) modulators and uses thereof. Patent WO2011/44134

87. Neil A, Gao DA, Heim-Riether A, Keenan LLS, Mugge IA, Taylor SJ, Xiong Z, Yu'Y, Zhang
Q (2010) Heteroaryl substituted indole compounds useful as MMP-13 inhibitors. Patent
WO02010/45188

88. Arena Pharmaceuticals Inc (2011) Disubstituted oxadiazole derivatives useful in the treatment
of autoimmune and inflammatory disorders. Patent WO2011/5290 (A1)

89. Kimberly G, Hornberger KR, Hubbard RD, Sammond DM, Smith SC, Dickson HD, Caferro
TR, Hinkle KW, Stevens KL, Dickerson SH, Rusnak DW, Spehar GM, Wood ER, Griffin RJ,
Uehling DE (2009) Synthesis and evaluation of aniline headgroups for alkynyl thienopyrimidine
dual EGFR/ErbB-2 kinase inhibitors. Bioorg Med Chem Lett 19:1332-1336

90. Richter Gedeon NYRT (2012) Indole derivatives. Patent WO2012/59776

91. Zhang YM, Connolly PJ, Lin SC, Maclelag MJ (2012) Amino-pyrrolidine-azetidine diamides
as monoacylglycerol lipase inhibitors. Patent US2012/101081 (A1)

92. Laboratoires Fournier SA (2012) Use of indole derivatives as Nurr-1 activators for the appli-
cation thereof as a medicament for the treatment of Parkinson’s disease. Patent US
2012/0232070 (A1)

93. AstraZeneca AB, AstraZeneca UK Ltd (2008) Benzenesulfonamide compounds as EDG-1
antagonists useful in the treatment of cancer. Patent W0O2008/59238

94. Merck and Co Inc (2009) 2-Aryl or hetaryl indole derivatives. Patent W02009/42092

95. Hoffmann-La Roche AG (2012) Aminopyrazole derivative. Patent EP2471786 (A1)

96. Bjeldanes LF, Le HT, Firestone GL (2005) 3,3’-Diindolylmethane antiandrogenic composi-
tions. Patent US2005/58600



	Chemistry of Fluorinated Indoles
	1 Introduction
	2 Synthesis of Fluoroindoles and Deazapurines
	2.1 Functionalization of the Pyrrole Ring
	2.2 Heterocyclization

	3 Synthesis of Trifluoromethylindoles
	3.1 Direct Trifluoromethylation
	3.2 Heterocyclizations
	3.2.1 Formation of the C3-C4 Bond
	3.2.2 Formation of the C2-C3 Bond
	3.2.3 Formation of the C2-N Bond


	4 Synthesis of Indoles with Fluorine Atoms in Carbocycle
	5 Properties
	6 Pharmacological Properties of Fluorinated Indoles
	7 Conclusions
	References


