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ABSTRACT

Halogenated aromatic amines are versatile building blocks in organic synthesis and form an
important class of bioactive molecules in pharmaceutical chemistry. An array of novel methods
and reagent systems has been devel oped to affect its synthesis. This review presents an overview
of methods used for efficient and regiosel ective nuclear halogenation of deactivated aryl and N-
heteroaryl amines.

Keywords: Nuclear halogenation, deactivated aryl amines,idaie halogenation,
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INTRODUCTION

Aromatic and heteroaromatic amino halides are itmbrand versatile synthetic intermediates.
These amino halides undergo carbon-carbon bondatamvia cross-coupling reactions such as
Stille, Suzuki, Heck, and Sonogashira or carboetlo@tom bond formation via aromatic

functionalization protocols and give access toethgra of amino functionalized intermediates of
enormous synthetic utility [1]. The halogen contagnaromatic amines are important building

blocks in synthetic organic chemistry for the swsis of a number of natural and bio-active
substances as well as pharmaceuticals. In additionerous biologically active molecules and a
large number of industrially valuable products sashpesticides, insecticides, herbicides, fire
retardants, and other new materials carry amino redldgen functionalized aromatic units in

their structure [2].

Halogenation of activated and electron-rich aromainines is relatively easy and can be carried
out under mild reaction conditions. On the othemdhéhalogenation of deactivated aromatic as
well as heterocyclic amines possessing pyridingajme, isoquinoline, diazine, 1,2- and 1,3-
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azole units is a challenge, and often involve haesiction conditions. A variety of halogenation
reagents and different strategies have been dexelop the chemists all over the world in order
to halogenate deactivated aromatic and heteroaio@maines. It is the purpose of this report to
present an overview of these reagents and metloodkd benefit of researchers working in the
field of synthetic chemistry.

The most common strategies to introduce halogam atothe aromatic nucleus are, electrophilic
aromatic halogenation andsandmeyer/Balz-Schiemann reaction. Electrophilic aromatic
halogenation using molecular halogen is one ofdider reactions known to organic chemists.
The activated aromatic compounds such as anilitepdrenol derivatives can be halogenated
with much ease with this method. However, formatdmixture ofortho- andpara-substituted
products and polyhalogenation are problems thajugstly limit the synthetic utility of this
procedure [3].

Replacement of the diazonium group of an areneodiam compound by the halide or pseudo-
halide is a well-known tactic by which halogen t¢enintroduced into deactivated aromatic ring.
Aryl chlorides, bromides and iodides are commomgpared bySandmeyer reaction and aryl
fluorides are prepared bBalz-Schiemann reaction. These reactions are of limited synthetic
importance since the yields usually decrease wdititi@nal substituents present on aromatic
ring. Moreover, appropriate availability of halodamamino groups is essential which limits
synthetic utility of this method [4]. Another impgant strategy involves reaction of substrate
with strong bases to generate benzyne intermediaitsh is attacked by appropriate halide ion to
produce halogenated product.

Other than above mentioned pathways, there argaeways by which halogen atom can be
introduced into aromatic nucleus. Some of thesstesjres and novel reagent systems used for
halogenation of deactivated aromatic/heteroaronaamimes are discussed briefly in this review.

I1. Bromination

Among the halogenation reactions, bromination hasnbextensively studied. In past few
decades, a plethora of literature has been madklalesfor bromination of aromatic compounds
using conventional reagents as well as novel rdaggstems. Unlike chlorine and fluorine,
liquid bromine is convenient to handle. Aromatiengounds can be brominated by the treatment
with bromine in the presence of Lewis acid catalysbst often FeBr Bromination of reactive
substrates like phenols and anilines is easilyiedhrout at room temperature with liquid ;Br
without any catalyst, which generally results inypoominated products together with some
oxidation products. Deactivatédtheterocycles like pyrimidine, quinoline and isagpline can

be brominated using bromine at elevated temperaturgrobenzene (Scheme 1) [5].
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Scheme 1.

Smith et al. have reported a tin amide (PhNH-SnMmediated one pot selective bromination
method for electron pooN-heterocyclic amines. Aromatic amines on reactioith wn-
butyllithium followed by trimethyltin chloride yi€els tin amidesn situ which on treatment with
elemental bromine followed by work up with aqueds provide corresponding brominated
aromatic amines (Scheme 2).

NH, NH

i. n-BuLi, THF, -78 T

ii. Me3SnCl, -78 T

iii. Bry, THF

iv. aqueous KF

Scheme 2.

Using the same strategy, 2-aminopyrimidine and 8iaquinoline were brominated to the
corresponding bromo derivatives (Table 1) [6].

Br

Table 1. Selective bromination of N-heter ocyclic aminesvia tin amides

Entry Substrate Product Yield (%)

1 » B 88
HZNJ\N HZN)\N

- NH2 o NH2
2 P P 36
N N~ “Br

But, this method is not suitable for large-scaledpiction as the residual tin compounds cause to
decompose the bromo product. Chrétien and co-wedkeveloped a regioselective halogenation
method in order to minimize this drawback by usiagyclable polymer supported triorganotin
halides [7]. Treatment of aromatic amines witbutyllithium and polymer-supported organotin
halides gave polymer-bound-triorganostannylamines, which on subsequent treatmvith
bromine, producedpara-brominated aryl amines in 46-70% yield. Polymergarped N-
stannylated reagents are superior tg®B1C| or MgSnCl in obtaining monobrominated products
with very less contamination of tin. High degreesefectivity attributes to the steric involvement
of polymer matrix.

214
www.scholarsresearchlibrary.com



Hari N. Pati et al Der Pharma Chemica, 2010, 2 (5):212-241

The methodology was successfully extended to iddinayl amines using iodine monochloride
as iodine source. lodoaniline derivatives were ioeth in better yield (63-67%) anpara-
selectivity compared to bromoanilines due to lasige of iodine.

NH, i. n-BuLi, Et,0, -78 C NH,
i O/\/\/SHBU2|
R- > R-
iii. Bry, Et,0, -78 T - 1t i
Br
(R=NO,, F, )

Scheme 3.
A similar boron amide-mediated monobromination rodtfor heterocyclic amines was reported
by Zhaoet al. [8]. This one pot approach includes lithiationhaterocyclic amine witim-BulLi
followed by boron amide formation using trimethylrate and subsequent reaction with bromine
to afford the corresponding brominated productngghis method 2-aminopyrimidine gave 2-
amino-5-bromopyrimidine in 70% yield (Scheme 4).

N/ﬁ i. n-BuLi, THF, -78 °C N%/rBr
HZNJ\N/ ii. B(OMe)s, iii. Br, HZNXN/

Scheme 4.
Meana et al. have utilized lithium-halogen exchange strategy prepare regioselective
bromohydroxypyridines from hydroxypyridines [9]. dhtwo-step sequence involves
dibromination of hydroxypyridines wittN-bromosuccinimide (NBS) in MeCN followed by
bromine-lithium exchange using RLi to obtain litteid pyridine derivatives. Subsequent reaction
of lithiated pyridines with water affords regiosgige bromohydroxypyridines in high yields.
Various alkyl lithium compounds were tested to oyte halogen exchange conditions and
BuLi was found to be superior $aBuLi andt-BulLi.

Using this protocol, iodination was carried outrepcting lithiated pyridines with iodine o
iodosuccinimide (NIS) to afford regioselective bmodohydroxypyridines in high yields (60-

95%).
Br< Br Br
X NBS/MeCN 4 i. n-BuLi 4
R O g~ R TOM o RIL oH
N - 0 N (| P} N
(R=Me) 35-80%
Schemeb.

In an attempt to synthesize 1,2-dibromoarenes, Blesal. introduced transmetalation strategy
and converted arybrtho-lithiated intermediates to aryl zinc compoundsngsZnCh [10].
Subsequent bromination of aryl zinc compounds Vth afforded 1,2-dibromoarenes in an
impressive yield. This is because of the thermodynastability of aryl zinc species than aryl
lithium species. Using this protocol, 2,3 dibromogiyne was obtained in 90% vyield from 2-
bromopyridine (Scheme 6).
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i. LDA or LITMP, -78 °C Br
@ ii. ZnCls, iii. Br, | X
~ ~
N Br N Br
Scheme 6.

It is always desirable to replace hazardous litquaimine and there have been continuous efforts
in this direction. Adimurthyet al. have treated liquid bromine precursor (NaBr.NaBn®5:1
ratio) with NaOCI to obtain NaBr.NaBgOn 2:1 ratio which acts as brominating agent wi@l§o
active bromine content [11]. Reagent was founddovérsatile but not regioselective and was
used to brominate phenols, CH active compounds dmadtivated aminertho- and para-
nitroanilines were converted to the correspondiitgomno derivatives in high yields (98-99%)
(Scheme 7).

NH, l‘\le
X
R + 2NaBr + NaBrO3 3HCI R —Br
99% 5z
(R =0, p_NOZ)
Scheme 7.

Organic ammonium tribromides have been found t@reenising alternatives to the hazardous
liquid bromine due to their solid crystalline nawand ease of handling. Many solid brominating
agents such as 1,8-diazabicyclo[5.4.0Jundec-7-epérobromide perbromide (DBUHB),
dioxane dibromide and pyridine hydrobromide perkdenhave been used for brominating
sensitive  heterocyclic  substrates  [12]. Kavalaet al.  synthesized 1,2-
dipyridiniumditribromideethane (DPTBE), a novel yelable ditribromide reagent and used for
bromination of aryl amines (Scheme 8) [13]. Thegezd has relatively high bromine content
(48%) than other tribromides and was prepared by teaction of pyridine and 1,2-
dibromoethane followed by treatment with KBr ando®e’. The advantage of this reagent is
that it lacks phase transfer ability which makeshighly soluble in aqueous phase which
facilitates its easy removal from organic phaseidllg contaminated with organic ammonium
cations when other tribromides are used) contaibmogninated product. Acetonitrile is the most
suitable solvent for the bromination with DPTBE.ckn also be employed in solvent free
conditions by grinding in a mortar with desired stwate at room temperatur@Nitro- ando-
fluoroanilines were regioselectively brominated using DPTBE to the corresponding bromo
derivatives in higher yields (92-96%).

NH, \ /N\E@f NH,
R Brg N / R
+2\

@ MeCN, 92-96% ?j

Br
(R=NO,, F)
Scheme 8.

Singhalet al. have used the combination fmethylpyrrolidin-2-one hydrotribromide (MPHT)
and aqueous #D, for bromination of aryl amines [14]..8,reacts with MPHT and generates
HOBTr which facilitates electrophilic attack of bromum ion on aromatic ring. In the absence of
H.O,, poor yields were obtained. Singhetl al. also studied solvent effect by carrying out
bromination in various solvents e.g. MeOH, EtOH,Q#g n-PrOH and MeOH-MeCN (1:1).
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Methanol was found to be the superior solvent capgpéo other solvents used in the study. The
reaction was found to be temperature dependeneflaxing methanol, mixture of mono and
dibromo products was obtained, while at room temjpee, selectively monobrominated
products were obtained. Using this reagent systimactivated aryl and heteroaryl amines were
selectively brominated in excellent yields (95-98%¢heme 9).

NH; 0

N .1/2 HBrg
Me X
R- R-[ Br
H,0,, MeOH, 1t, 95-98% =

(R =o0-, p-Cl; p-NOy)

O7 "N 172 HBry .
‘ N Me ‘ AN
e 0, P
H2N N Hzoz, MeOH, rt, 94% H2N N
Scheme 9.

Heravi and co-workers have used hexamethyleneteteabromine (HMTAB), a simple 1:2
charge transfer complex for electrophilic bromioatof deactivated anilines [15]. They reported
that the catalyst forms complex witlhelectrons of the aromatic compound. Reactivitythef
reagent was improved by supporting it on variowsganic surfaces such as alumina, zeolite and
silica gel. Among these solid supports, best reswre obtained with silica gel. Using this
protocol, deactivated aryl amines were regioseleltibrominated in dichloromethane at room
temperature with high yields (Scheme 10).

NH, NH;
R- + HMTA-bromine or CH,Cl; B
silica supported HMTA-bromine  rt 96-98%
— . . Br
(R - p_Br! 0-, p_Clr 0-, p_NOZ)
X - CH,Cl S B
| + HMTA-bromine or 2~ |
— ili . i ~
HoN N silica supported HMTA-bromine 9394 HoN N

Scheme 10.
Le et al. reported the use of an ionic liquid, 1-butyl-3-mgditmidazolium tribromide
([omim]Br3) for regioselective bromination of aryl amines J[1Beaction occurs rapidly under
solvent free conditions and leads to selective rhoomoinated product preferentially para
position. Monobromination occurs @ttho position in cas@ara position is blocked. Several less
active aryl amines were efficiently brominated be corresponding monobrominated products
using this ionic liquid (Scheme 11).
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L L
X [bmim]Br5
R- ‘ —> R-
Pz 95-99%
Br

(R = p-Br, p-NO,, 0-COOH)

Xy [bmim]Brs B

| |
HoN™ N Mk NN

/j [bmim]Brg NTX Br
)\ 96% | N/

H,>N

Scheme 11.

In recent years, oxybromination approach, whictoimes the use of an oxidant and a bromine
source, has been used widely for bromination. Caguet al. reported the oxybromination
method in acetic acid using KBr.8, combination in the presence of catalytic amount of
ammonium molybdate [17]. The reaction is likelyinwolve formation of peroxomolybdenum
species as a result of reaction between ammoniutgboete and KO, which catalyzes the
oxidation of Bf to Br’, which in turn rapidly brominates the substratsing this method, 2-
aminobenzonitrile and 2-bromoaniline were seletyiveonverted into the corresponding
brominated products in high yields (98-99%) (Schd2g

NH, NH,

@/R (NHJsMOr0, 4,0 ¢ R
P NaBOs.4H,0, KBr @
ACOH, tt, 98-99% 1§
(R = CN, Br)
Scheme 12.

Rocheet al. reported that ammonium molybdate increases ttee afareaction but its absence
does not affect the yield and selectivity of thedarct [18]. They described oxybromination of
the deactivated anilines using KBr and sodium pexteo(NaBQ.4H,O) or HO,in acetic acid.
Using this method, several deactivated anilinesvsetectively monobrominated in good yields
(51-99%) (Schemel3).

NH, NH,
(NH,)sM070,.4H,0 X
R- R-| —Br
NaBOs3.4H,0, KBr Z
AcOH, rt

(R = 0-CO,Me, 0-COME, 0-, p-CN; 0-, p-CO5H;
o-, p-Br; o-, p-l; 0-, p-F; o-, p-NO, )

Scheme 13.
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Lee and co-workers used the NaBr/Oxdrembination for the bromination of deactivated
anilines in aqueous acetonitrile at room tempeeat(@cheme 14) [19]. The reaction is believed
to involve the formation of hypobromite ion (OBrdue to the oxidation of bromide ion by
peroxymonosulfate ion (HSQ. Monobrominated products were obtained selegtiegood-to-
moderate yields (73-93%). However, 2-aminoacetopheriurnished dibromo product under the
same conditions.

NH, NH,
© Oxone® NaBr X
R- Rl JBr
MeCN/H,0 (1:1) =
(R = p-CN, p-Cl, p-COMe, 0-CO,Me, 0-COMe)
Scheme 14.
Similarly, KBr/benzyltriphenylphosphonium peroxynasulfate [20], KBr/poly (4-vinyl
pyridine)-supported bromate (PVP-BfD [21], aqueous hydrohalic acid- €, [22] and

tetraethylammonium bromide (TEAB) and polymer-supgd IBX (2-iodoxybenzoic acid)
amide [23] have also been used for nuclear bromimatf deactivated aryl amines (Scheme 15).

PhCH,Ph3PHSOs5, KBr
MeCN, rt, 75-90%

NH, PVP-BrO3’, KBr

MeCN, reflux, 92%
R- RBr
HBr, H202

MeOH, 95%

polymer-supported
IBX amide

EtyNBr, CH,Cl,, rt, 52%

(R = electron withdrawing group)
Scheme 15.

N-Halocarboxamides (NXS, X = Br, Cl, I) have beeroyad to be superior aromatic
halogenating agents. Being solid in nature, thesgents are easily available commercially in
bulk quantities, and are stable for longer periddereover, the recovery and recycling of the
by-product, succinimide to NXS is an added advantaigh these reagents. These reagents can
be used as a source of ¥ns in electrophilic aromatic halogenations. Hloation involving
these reagents can be catalyzed by Lewis acids.itHgtunsuitable for the heteroarenes due to
the complex formation with Lewis acids. Polar soltgesuch as DMF, MeCN, alcohols, THF,
etc. and non-polar halogenated solvents are saifablhalogenation reaction. Halogenation can
also be carried out using inorganic acids (e.g5®) and organic acids (e.g. AcOlg;TSA,
CRCO:H,). It is supposed to involve protonation of carpooxygen followed by generation of
positive halogen species (XFigure 1) [24].
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-, _
0 o-H 0 0
/ -
N-X — N-X <> N — Xt o+ NH
X
0 o} 0 0
(X=Br, Cl, ) B i

Figure 1.
Chhattiseet al. have reported regioselective photochemical ar@nmabnobromination using
NBS [25]. Bromination was carried out in acetofgtrwithout any catalyst. The effect of the
solvent was studied and it was found that the rpotar solvents enhance the reactivity of NBS
to favor nuclear bromination. A range of aryl aretdnoaryl amines was brominated with good
selectivity (Scheme 16).

NH, NH,

NBS N
R- R Br
MeCN, uv =

(R = electron withdrawing group)
Scheme 16.
Paul and co-workers prepared zeolite catalyst, HBS(8iO,/Al .03 = 40) and used it with NBS
in CCl, at reflux temperature for regioselective nucleanobromination [26]. Excellent yields
(80-90%) of monobrominated products were obtaingith wethylanthranilate and 2-nitro-4-
chloroaniline (Scheme 17). The synthetic utility tb catalyst was studied by running the
reactions without catalyst in which dibrominatedgucts were formed.

NH, NH,

NBS/ cat. HZSM-5 X
R- R Br
CCly, reflux =

80-90%

(R = CO,Me, NO,, Cl)
Scheme 17.

Das and co-workers developed a convenient procediare regioselective nuclear
monobromination of aromatics and heteroaromatiasgudBS in the presence of sulfonic acid
mediated silica [27]. This catalyst is also rechtdaand re-usable and unlike NBS/HZSM-5
mediated reaction, high temperature was avoided motiobromination was carried out
smoothly at room temperature in high yields (83-98%ynthetic utility of sulfonic acid-
mediated silica was examined by exploring possiedi of monobromination gf-cresol using
several other heterogeneous catalysts e.g, Silica chloride, NaHSESIO,, H,S0,.SIO,, wet
CISG;H.SIO,, p-TSA.SIO,, Amberlyst-15, sulfated zirconia and HGISIO, in MeCN-EtO at
room temperature. But a mixture of mono and dibrat@d products was obtained. Various
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deactivated aryl and heteroaryl amines were momoimated regioselectively using this protocol
within a short period of time (Scheme 18).

NR, NR;

AN
el ) _re[ e

(@)
O>SiM803H
O/

NMe MeCN-Et,0, rt, 83-98% NMe

X X
A N

N N

(R =H; Ry = p-Br; 0-, p-NO,; p-Cl; 0-COMe; 0-COPh
(R = Me; Ry = p-CHO)
Scheme 18.

Das et al. employed catalytic amount of ammonium acetateh MBS in acetonitrile for
regioselective monobromination [28]. NBS reactshwitH,OAc to produce acetic acid and HBr
which facilitates rapid generation of Bon for nuclear bromination. The effect of MPAc was
examined by carrying out bromination in its absendeere mixture of products was obtained.
Using this reagent system, several deactivatedsaylheteroaryl amines were monobrominated
in high yields (90-99%) (Scheme 19).

"\lRZ NR2
NBS, NH,OAc X
Ry~ Ry~ —Br
MeCN, rt, 97-99% =

(R = H; Ry = p-Br; p-NO,; p-COMe)
(R = Me; Ry = p-CHO)

‘ xR NBS, NH,0Ac  Bf ‘ xR
~ - 0, ~
N/\NHZ MeCN, rt, 90-98% N/\NHZ
(R =H, Me)
Scheme 19.

[11. Chlorination

The methods of bromination and chlorination aresely related with each other. The common
conditions for nuclear chlorination involve the wgemolecular chlorine in acetic acid or in non-
polar solvent like carbon tetrachloride. Reactivity molecular chlorine can be increased by
addition of Lewis acid such as AlCIFeCk which assist CI-Cl bond polarization. The attagkin
entity may be Cl formed due to the polarization by catalyst. Cinlation of aromatic amines
proceeds viaN-chloramines. The mechanism involves heterolyteachage of N-Cl bond that
occurs via a transition state which loses chloraigon and generates phenylnitrenium ion
(anilenium ion) (Figure 2) [29].

221
www.scholarsresearchlibrary.com



Hari N. Pati et al Der Pharma Chemica, 2010, 2 (5):212-241

R. .H R. .Cl R. .+ R.,..H R_ _H
N N |‘\1
N Cl
|
=
Cl
Figure 2.

The charge on nitrogen atom is delocalized intcatfoenatic ring as shown in Figure 3.

+ R R
R\N \‘N \‘N
+
- -~
+

Figure3.
TN _ACH Ch 100 \J c
NG 33% N~
[N\l i. Cl,, CCl,, 40 °C, 67% [N\IC'
~ i 0,
N7 “cH, I SO:Clz, DMF, 29% N CH,
cl Cl
|
N, so.cl, © N cl S
— — + .
N Cl N N
N/
\ |
S SO,Cl;
A 15%

Cl

Scheme 20.
Presence of electron-withdrawing substituents @sa® the amount of charge delocalized into
aromatic nucleus, which results in decrease inréte of thermal rearrangement and gradual
increase in the amount of starting amine. A widgeta of reagents are available for aromatic
chlorination e.g. molecular chlorine, sulfuryl chitte, alkyl and acyl hypochlorites, inorganic
chlorides, KCIm-CPBA/18-crown-6, KCI/NaB@NaWO,, KCI/H,O,/NH,VO3,  N-
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chlorosuccinimide, benzyl trimethylammonium tetracbiodate, dichlorine monoxideN-
chloraminesN-chloramides, anéll-chlorosulfonamides. But, there appears to be fenethods
reported in the literature for nuclear chlorinatioh deactivated amines. Many chlorinating
reagents fail to chlorinate deactivated aromaB€s. |

Chloroarenes are generally prepared by using mialecchlorine and sulfuryl chloride.
Deactivated aryl and heteroaryl amines were chédeith using these reagents (Scheme 20) [31].

There are many disadvantages associated with matechiorine and sulfuryl chloride such as
toxicity, poor regioselectivity, operational hazardnd violent reactions. Okale al. have
studied chlorination of methyl anthranilate using(QCl), [32]. Earlier this compound was
prepared by chlorinating anthranilic acid with sujfl chloride in 49% yield [33]. To avoid large
guantities of S@and HCI, they tried the chlorination witlrchlorosuccinimide in acetonitrile,
but failed to get the desired product. The reactias also carried out at lower temperature (0
°C) in agueous acetone, but complex mixture was ddrimnd product could not be isolated.
Finally, dichloromethane-water biphasic system Yeamd to be suitable for chlorination to get
methyl 5-chloroanthranilate in 61% yield (Schemg 21

NH> Ca(OCl),, AcOH NH;
OCHz  cH,Clp, water, 0°C ¢ OCH;
o 61% o
Scheme 21.

Zankaet al. developed large scale monochlorination processAfaminoacetophenone using
iodobenzene dichloride [34]. lodobenzene dichlondas prepared by passing chlorine gas
through a solution of iodobenzene in dichlorome¢hand collected as a precipitated solid. The
reaction was carried out on 20 kg scale. 4-amirtopbenone was monochlorinated to 4-amino-
3-chloroacetophenone using iodobenzene dichlond&€HF-pyridine mixture at OC in 87%

yield (Scheme 22).

l‘\le NH,
. . . Cl
iodobenzene dichloride
THF-pyridine, 0 °C, 87%
0" CHs O~ "CHj
Scheme 22.

Lithio-heterocycles, which act as nucleophiles haveved to be useful for halogenation of
heterocycles. They can be prepared by either dimetallation or by metal-halogen exchange
reaction. Normally lithiations are carried out walkyl lithiums or lithium amidesn-BulLi, s
BuLi, and t-BuLi are generally used. Lithium diisopropyl amifleDA) is widely used but
lithium 2,2,6,6-tetramethylpiperidide (LITMP) whicls more basic and less nucleophilic, has
found particular use in metallation of heterocycl&oga et al. have reported selective
electrophilic chlorination of heterocycles to prep&-chloroheterocycles using metal-halogen
exchange mechanism [35]. These heterocycles westecbnverted to the 2-lithioheterocycles
with n-BuLi and then by trapping 2-lithioheterocycles twitrichloroacetyl chloride or ethyl
trichloroacetate or trichloroacetic anhydride gawehloroheterocycles (Scheme 23).
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N i. n-BuLi. THF, -70 °C (N
Ly [ Sg

ii. CI,CCOR

(Z=S, O, N-Me; R = Cl, OEt, OCOCCly)
Scheme 23.
Better yields were obtained with ethyl trichlorotate as compared to trichloroacetyl chloride as
later leads to involve formation of dichloroketeméhich reduces the yield. Similarly,
tetrabromo- or tetrachloromethane and 2-lithioleetgeles produce the corresponding 2-bromo-
or 2-chloroheterocycles in high yields (65-90%)tigh a metal-halogen exchange mechanism

(Scheme 24) [36].
N i. n-BuLi. THF, -70 °C / N
) {5~

ii. CX,

(Z=S, 0, N-Me; X =Cl, Br)
Scheme 24.

Atkins et al. used same strategy to prepare 2-chlorooxazolg®aa-to-moderate yields (61-
88%) by trapping 2-lithiooxazoles with hexachloteaie (Scheme 25) [37]. Yields were
improved to the extent of 5-10% by running the tieas for longer time. This method is a
modification of their previous method where 2-ldtbxazoles were generated using borane
complexation [38]. Lazaaet al. have also reported preparation of chloro- an@-atkrivatives
of unprotected pyridine carboxylic acid derivativessng directed lithiation approach [61].

i. base, -78 °C, THF

/(S ii. hexachloroethane, rt [E\
EtOOC EtOOC e} Cl

@) 67%

(base = n-BuLi, LIHMDS)
Scheme 25.
N-Chlorosuccinimide (NCS) has been found to be ditra reagent for the chlorination of
aromatic nuclei. Like NBS, it can be used alonsuitable polar and non-polar solvents or in the
presence of catalysts. Chlorination using NCS im-polar solvents results in a mixture of
products and lower yield. But these problems cdwdeasily bypassed using NCS in protic
solvents. It can be used in inorganic and orgaoidsa proving the ability of the reagent to
chlorinate activated aromatics. Nicksah al. have reported a convenient procedure for
monochlorination of deactivated aniline derivatiusing NCS in acetonitrile (Scheme 26) [39].

NH2 NH2

X NCS, MeCN, reflux AN
Ry | re[ rcl
A 57-91% &

R Ry

(Rl =H, Me; R, = CO,Me, CN, NO,, CF3)
Scheme 26.
This above procedure was improved by Zaekal. by replacing acetonitrile with isopropyl
alcohol. The combination is suitable for large-saathlorination of deactivated aryl amines. The
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reaction pathway involves in situ formation of 2pyl hypochlorite from NCS and isopropanol
which acts as a chlorinating agent (Scheme 27) [40]

NH, NH,

NCS, i-PrOH, reflux X
R- R —cl
40-96% P

(R =0-, p-CN; 0-, p-CO,Me; 0-, p-NO,; p-COMe)

Scheme 27.
Using this method, monochlorinated products weitaiabd with excellent selectivity and yields
(40-96%). The reaction of 4-aminoacetophenone ¢gawver yield due to the formation of side
chain chlorinated products in both acetonitrile aupropanol as well.

V. Fluorination

Introduction of fluorine atom in the aromatic rinfactive drugs is the subject of wide interest in
pharmaceutical industry. The most commonly employexthods used for the preparation of
fluoroaromatics are fluorodediazotization of anylines Balz-Schiemann reaction), exchange of
halogens using fluoride source, electrochemicabrihation and electrophilic NF fluorinating
agents. Molecular fluorine can be used for aromatibstitution but with limitations due to
extreme toxicity, uncontrolled reaction and forraatof polyfluorinated compounds. Its utility is
improved by diluting fluorine with nitrogen 10:90 6:95 (v/v mixture). Solubility of fluorine is
important to carry out the reactions in homogeneoaisditions. Gambarettet al. studied
solubility of fluorine in different solvents suchs aCFC}, CFCLCFR,CIl, CRCOOH and
CRCH,OH. They reported that those solvents and the igddihaving —OH group are able to
increase the solubility of fluorine due to the fation of —OF i.e. hypofluorite [41].

Conteet al. investigated fluorination of benzene, tolueneergit and benzoic acid in various
solvents [42]. Higher vyields were obtained with thee of protic solvents like 2,2,2-
trifluoroethanol and trifluoroacetic acid. Fluortien can be carried out using aprotic solvents
and yields can be improved using additives sucR,4&dinitrophenol and GEOOH. Use of
KOH, NaOH in methanol or water has a positive intpac yield due to the formation of
hypofluorite. In addition, trifluoromethanesulforécid [43], 98% formic acid and concentrated
sulfuric acid [44] are excellent reaction mediaaichieve high degree electrophilic aromatic
fluorination.

Chambers and co-workers have systematically stutliednation of 1,4-disubstituted aromatic
compounds using elemental fluorine [45]. The stueyealed that the aromatic compounds
bearing powerful deactivating group f@ra position to an activating group can be selectively
fluorinated using Fin strong polar medium (98%,80, or HCQH). Thus, 4-nitroacetanilide
and 4-cyanoacetanilide were fluorinated to theesponding fluoro derivatives in 60-66% yield
using R/N,at 10°C in HCOH (Scheme 28).
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l‘\IHCOCH3 NHCOCH; NHCOCH;
‘ N F,, HCO,H, 10 °C ‘ N
+
=
©F F ‘/ F
R R R
(R = NO,, CN)

conversion = 86-100%

yield = 60-66%
Scheme 28.
Alric et al. studied electrophilic fluorination of aniline deatives with fluorine in HSO, and
CRSGOsH (Scheme 29) [46]. Strong acidic medium protonat@tine and thus prevents it from
oxidation. Due to electron-withdrawing effect of @wnium substituentmeta fluorinated
products were obtained. Triflic acid was found ® ore effective than sulfuric acid to get
higher meta-regioselectivity. Selectivity was further improveg the use of Lewis acid catalyst
such as antimony pentafluoride, presumably duadrease in acidity of the medium. Mole ratio
of fluorine is also important. Better conversiordaelectivity was obtained with the use of 1.2
equivalents of fluorine. Presence aftho-para-directing group apara position to the amino
group further improved the selectivity wkfluorinated anilines.

NH ) NH
2 F, (1.2 equiv) 2
F»/N, : 10/90

CF3SO3H, rt

(R=CI, F; 2,4-F))
conversion = 30-59%;
selectivity = 28-78%
Scheme 29.

Direct fluorination of nitrogen containing heteratgs can be achieved using elemental fluorine.
Chamberset al. reported fluorination of quinoline derivatives twifluorine in concentrated
sulfuric acid. Solvents like formic acid and aceétigle produced tarry mass and therefore
avoided. In all quinoline derivatives, selectiveeatophilic attack of fluorine occurs on
benzenoid ring of quinoline (at -5 and -8 positjodae to the deactivation of heterocyclic ring
towards electrophilic attack by protonation of ogen atom in acidic medium (Scheme 30) [47].

C{\ 10% F,/N, | X
N/) conc. H,S0,, 5°C X N/)

F

(R; = NO,, Me, Cl, OMe; R, = CHO, Cl, Me)
Scheme 30.
Van der Puy carried out direct fluorination of mmes bearing alkyl, halogen, ester, or ketone
functionalities in trichlorotrifluoroethane to pme the corresponding 2-fluoro-substituted
pyridines. (Scheme 31) [48].
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‘ N F2/N2, CF2C|CFC|2 ‘ N
Rl R

— - 0 - 0, —
N 25°C, 25-61% N F

(R = 4-Me, 4-Et, 4-i-Pr, 4-Bn, 4-CO,Me, 4-COMe;
3-Me, 3-CO,Me; 3,5-Mey; 3,5-Cly)
Scheme 31.
The reaction involves formation of pyridine diflide (PyFF) which decomposes to 2-
fluoropyridines due to attack of fluoride ion on2(@) of the N-fluoropyridinium cation,
followed by loss of HF.

In another communication, Chambeats al. reported selective fluorination of pyridine and
guinoline derivatives using fluorine-iodine mixtaren the presence of @EICFCL [49]. The
reaction of fluorine-iodine mixture causessitu formation of IF, which is the source of both
iodonium and fluoride ion. lodonium ion forms complwith sg hybridized nitrogen atom
which activates adjacent carbon to facilitate &tt@om fluoride ion. Subsequent elimination of
hydrogen iodide yields fluoro substituted compogfidure 4).

F-3|+ |
N N F N -HI N
e e

H
Figure4.
A a A
R | —— R 14-30%
—
N N~ F
(R = Et, Br, Cl)

R
X a S
R~ | JRe — Rr | /J\ 49-90%
N N~ °F

(Rl = CI, CF3, R2 = Me, Br, Cl)

é
— —
N N~ °F

N N N F
N a N N
_ [ - + -
N N F N F
(R=H, Me, Cl)
a. Fz, |2, Et3N, Ccmlchlz, 0°C

Scheme 32.
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Derivatives of pyridine, quinoline, and quinoxalimere selectively monofluorinated using this
method. However 6-nitroquinoxaline, 6,7-dichloratpialine, pyrazine, pyrimidine and
pyridazine were unable to give any fluorinated picid. Chamber®t al. reported that the
addition of tertiary amine such as triethylaminethb@® system promotes the elimination of
hydrogen iodide and results in improved yield ($88632). Fluorination was also carried out in
hexafluorobenzene but lower conversion was obse@#ter solvents such as dichloromethane,
THF, DMF and nitromethane were found to be unsietétr this reaction due to insolubility of
iodine.

Extreme reactivity and corrosive nature of elemieiitarine further stimulated development of
efficient fluorinating agents, which include xendifluoride (XeR), perchloryl fluoride (FCIG),
acetyl hypofluorite (AcOF) and trifluoromethyl hyjhaorite (CROF). Lerman and co-workers
have introduced AcOF for electrophilic fluorinatioh aromatics [50]. It is a mild fluorinating
agent compared to,FCROF, CRCR,0OF and CECOOF and can be applied to both activated
and deactivated aromatics. Selective fluorinatibarenes takes place according to the electron
density of various sites in the aromatic ring. lie tase of activated aromatics such as anisole,
unusually highortho/para ratio was observed. This can be well explainechgusaaddition-
elimination hypothesis, which includes the 1,2 #ddi of acetyl hypofluorite across high
electron density region betwegrso andortho positions followed by elimination of acetic acid
to yield ortho fluorinated arenes. 6-Methoxyquinoline in whiclé Hond is electron rich, was
fluorinated using AcOF to give 5-fluoro-6-methoxyapline in 75% yield (Scheme 33).

F

/Om ACOF, CH,Cl,/CFCl;  ~© NS
— 0,
\ 75% N

Scheme 33.
Aryl amine derivatives were protected prior to fhurination to avoid the formation of unstable
N-F compounds. Acetanilide, with electron-donatiegbstituents onortho position gave
undefined products because easy elimination ofi@eeid was not possible. With electron-
donating groups present ometa or para position, mixture of monofluoro and difluoro
derivatives was obtained. Less activated or deateit’compounds such agp-bromoacetanilide
and o,p-(trifluoromethyl)acetanilide gave selectively mdooro compounds. m-
Bromoacetanilide andn-(trifluoromethyl)acetanilide yielded two possibbefluoro isomers in
1:1 ratio (Scheme 34).

Fifolt et al. used fluoroxytrifluoromethane (FTM) and bis(fluoyddifluoromethane (BDM) for
fluorination of a variety of aromatic substrateg][5These gaseous reagents are relatively stable
and can be stored for a longer time period witfelilecomposition. It has been demonstrated
that both reagents react with aromatic substrayearbelectrophilic substitution mechanism.
With activated aromatics, mixture of products wasrfed. With deactivated aromatics, FTM
and BDM react slowlyOrtho substitution is favored in non-polar solvents gacha substitution

is favored in protic solvents. 2-Fluoro-4-(triflwonethyl)aniline was synthesized on 20 g scale
(overall yield 57%) using this method. The samectiea sequence was followed for the other
deactivating groups like chloro, nitro or cyanccl{@me 35).
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NHAc NHAc
©/R F R
_a o
NHAc NHAc
F
: _a . [ :]
R R
NHAc NHAc NHAc
a
.« o "
R R R
(R = CF3, Br)
a. AcOF, CH2C|2, CFC|3
Scheme 34.
(@] (0]

NH, HN)kCHg HN)kCHg NH,
Ac,0 CF4OF P hal F
EtOH
R R R R

(R = CFg3, Cl, NO,, CN)

Scheme 35.
Due to difficulties associated with the conventidih#orinating reagents, novel electrophilic N-F
fluorinating reagents are being developed anda@ued to be efficient for fluorination and at the
same time, safe for handling and storage. Theserifiating reagents are either neutral
compounds or quaternary ammonium salts in whicloriihe binds with organonitrogen
compounds, which behaves as a good leaving groupnhance the reactivity of fluorine.
Electrophilic fluorine-transfer takes place eith®y nucleophilic displacement at fluorine or
single electron transfer involving a radical catispecies.N-Fluoropyridinium salts,N-
fluorobenzenesulfonimide (NFSi)N-fluoroperfluoroN-(4-pyridyl)-N-methanesulfonyllamide,
NFBF;, (CRSO,).NF, 1-(chloromethyl)-4-fluoro-1,4-diazoniabicyckhP.2]octane-bis-
tetrafluoroborate or Selectfludr (F-TEDA-BF,), Accufluo® or 1-fluoro-4-hydroxy-1,4-
diazoniabicyclo[2.2.2]octane-bis(tetrafluoroborat&tc. are the common reagents used for
electrophilic fluorination [52]. But, there appedmsbe a few examples of direct electrophilic
aromatic fluorination using N-F fluorinating agents

2-Fluoropyridines were prepared by base inducedrdposition ofN-fluoropyridinium salts
with BF,;, SbFk or PR, at room temperature [53]. Good-to-moderate yi¢6580%) have been
obtained using bases such as triethyl amine, myidind tetran-butylammonium fluoride
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(TBAF). The method was successfully applied to udibpyridine derivatives possessing
electron-withdrawing and donating substituents. HRois, N-fluoropyridimium salts were
prepared from pyridines by using molecular fluoramel a metal salt of strong acid or Lewis acid.
(Scheme 36).

‘ AN base (10 equiv) ‘ AN
R-|I R-|I
— H _ 0, —~
N+ N rt, 5 min, 7-91% N
F

(X = BF,, SbFg, PFg; base = EtzN, Py, n-Bu,'F)

[R = 2-Cl; 2-OMe; 2-CN; 3-CO,Et; 3-CN;
3,5-Mey; 3,5-Cly; 3,5-bis(CF5);
4-Me; 4-t-Bu; 4-Ph; 4-CO,Me; 4-NO5]
Scheme 36.
O’Neill and co-workers employedl-fluorobenzenesulfonimide (NFSi) to prepare 5-ftu6r
methoxy-8-nitroquinoline  from  6-methoxy-8-nitroqoime  (Scheme 37) [54]. N-

Fluoropyridinium triflate (NFPT) failed to give arfyiorinated product.
F

O Xy NFSi, 130 °C

— 0, =
N 38% N

N02 NOZ

/O X

Scheme 37.

Stephenset al. synthesized a series of 3,5-diaryl-4-fluoroisamtas via electrophilic
fluorination using Selectflu6r[55]. Fluorination proceeded out effectively in amétrile and
nitromethane while in acetic acid and methanol lnorination occurred. Other N-F reagents
such asN-fluorobenzenesulfonimide (NFSiN-fluoropyridinium triflate (NFPT), and more
reactive N-fluoro-2,6-dichloropyridinium triflate were testdaut no reaction occurred. Good
results were obtained in sulfolane compared to DMFDMSO at high temperature when
deactivated substituents were present on the rimgyever, a small amount of 4,4,5-
trifluoroisooxazoline was formed in the reactiorcti&me 36).

_a Fp
/@JEN
(@)
R

/ a. Selectfluor®, MeCN, reflux, 28-34%
+ \N b. Selectfluor®, sulfolane, 130 °C, 30-39%
O (R = H, Me, OMe, Br, CF3)
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Scheme 38.

Briner et al. reported large-scale synthesis of 2-amino-5-6ittoazole hydrochloride from 2-
aminothiazole [56]. They used F-TEDA and/or NFSfltmrinate 2-aminothiazole selectively at
5-position using metal-halogen exchange method rumdaction conditions are shown in Table

2 (Scheme 39).
N . N
/ conditions [
re L D, — o L e

S
Scheme 39.
Table 2. Reaction conditions for fluorination of 2-aminothiazole
Qubstrate Conditions Yield (%)
R;=Br; R=CRKCO i.n-BuLi, THF, -78°C:; ii. NFSi 40
Ri=H; R =CHCO F-TEDA, MeCN, reflux 48
R:=H; R =Boc i.t-BuLi, THF, -50°C; ii. NFSi 36

Campbellet al. reported selective nuclear fluorination of aeeif 2,4-diarylthiazoles using N-
F fluorinating agents [57]. Regents likeN-difluoro-2,2-bipyridinium-bis(tetrafluoroboratehd
1-fluoro-2,6-dichloropyridinium triflate failed téluorinate these thiazoles appreciably. On the
other hand, Accufludt was found to be efficient reagent for nuclear fination. Selectflud?
was found to be less efficient, as it gave tracewrhof 5-chlorothiazole which was difficult to
remove from main product (Scheme 40).

Ar Ar\
N Accufluor® N
Z/ \ [ \

MeCN, reflux or rt

19-43%
Ar Ar Ar.
N ® N N
Z/ \ Selectfluor I\ I\
S)\Ph F S%Ph T cl S)\Ph
MeCN, reflux

(Ar = CgHs, 4-BrCgH,, 4-MeCgHy, 4-OMeCgHy, 4-NOzc6H4)
Scheme 40.

V. lodination:

Unlike chlorination and bromination, electrophilaromatic iodination is more difficult to
proceed. Elemental iodine is the most general agsetl in the synthesis of iodoaromatic
compounds. However, direct iodination byid affected by the formation of hydroiodic acid,
which causes proteolytic cleavage of sensitive tional groups. Due to weak electrophilicity of
iodine, certain activation is necessary to coniagline into better electrophile. Oxidizing agents
such as HI@Q HNOs; SG;, CHCOsH, H,O,, etc. are generally used to oxidize iodine into a
better electrophile [58]. lodination can be ach@évesing iodine monochloride, iodine
monofluoride, benzyl trimethylammonium dichloroieelaCHCO,l and CRCO,l as iodinating
reagents. Addition of Lewis acid to the iodinati@action increases the rate by generatinasl
an attacking species. Peracetic acid generate€GMH while SQ or HIO; generatesf as an

231
www.scholarsresearchlibrary.com



Hari N. Pati et al Der Pharma Chemica, 2010, 2 (5):212-241

attacking species [59]. Several combinations e/gql NaOH, #H,O, and b/ceric ammonium
nitrate have been used to iodinate various hetelocgmines (Scheme 41) [60].

| |
['QL l,/aq. NaOH I& Na,SOs %'}L
N~ CHs I~ N\~ ~CHs N~ “CHs
H H H

R, | R2
/4_\< I, H,O5, H,0O, 1t ] \N
R3 N/N R3 l}]/
Ry Ry

(Ry = H, Me, Ph, Bn, p-tolyl; R, = R; = Me, NH,)

R, R, |
I\ I,, CAN, MeCN [
N\ R N\ \ R
N 3 rt or reflux, 80-98% N 3
Rl Rl

i Rl = H, R2 = R3: COzEt

ii. Rl = R2 = R3: H

Scheme 41.

Lazaaret al. prepared iodo derivatives of unprotected pyridoaeboxylic acids using direct
lithiation strategy [61]. The metallation of picait acid, nicotinic acid and isonicotinic acid was
carried out using 3 equivalents of lithium 2,2,&6amethylpiperidide (LITMP) in
tetrahydrofuran (THF). The lithio derivatives thiesmed were treated with a solution of iodine
in THF to afford iodopyridinecarboxylic acids inapbyields (Scheme 42).

i. 1 equiv n-BulLi, 3 equiv LiTMP,
THF, -75 to 0 °C, 30 min

ii. 3eq.l,, -25 °C, 15 min Amberlyst, MeOH,
| X thenrt, 1 h | ! rt, 3115 min | N
Nl 65% N oM 55% N
(0] 0] (0]

i. 1 equiv n-BulLi, 3 equiv LiTMP,

o) THF, -75 to -55 °C, 30 min | o I 0
ii. 3 eq. I, -55 °C, 30 min Amberlyst, MeOH,
| A OH thenrt, 1 h | AN OLi rt, 15 min | AN OH
unstable

i. 1 equiv n-BulLi, 3 equiv LiTMP,

Oy OH  THF, -75to -25 °C, 30 min Oy, -Oui Ox,-OH
ii. 3 equiv I, -25 °C, 15 min Amberlyst, MeOH,
| S\ thenrt, 1 h | ! rt, 15 min | !
—
N 65% N 45% N
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Scheme 42.

Vedejset al. reported a method for direct iodination of oxasoht C-4 via 2-lithiated oxazole
[62]. Generally electrophilic halogen sources reath oxazoles at C-2 and C-5, but 4-
iodooxazole was obtained in high yield using 2iited oxazole. The reaction proceeds through
the dominant acyclic enolate. Addition of iodinethe lithiated oxazole gave mixtures of cyclic
products including the 4-iodo- and 2-iodooxazoleithw2,4-diiodooxazole product (Scheme
43a). Bases including LIHMDS ana-butyllithium were used to convert oxazole to the 2
lithiated oxazole. 4-lodooxazole was obtained ghhyield using LIHMDS in THF. It was found
that addition of DMPU to the reaction pritw the addition of base (LIHMDS) results in high
yield of 4-iodooxazole (73% isolated) together wilitlle amount of the diiodo derivative
(Scheme 43b). Alternatively, 2-iodo isomer was oitgd exclusively (>90% vyield) by using 1,2-
diiodoethane as the electrophile (no DMPU addedh€8ie 43c).

| H |
LIHMDS/THF N N IN
Ig RJO%H + R/Z/»O»\I R

-78°C, I,
Scheme 43a.

N H H I
[» LIHMDS/THF [% R%,\] THFDMPU g\ R
R™0” — agec Li & noasc T Ng
OLi 0

acyclic
enolate J

4-iodooxazole

Scheme 43b.
H |
/Z& LIHMDS/THF, -78 °C [g\ IE\
.
R™ o~ H ICH,CH,| R™ ~o” R™ o
>90% 5%
Scheme 43c.

Like NBS and NCSN-iodosuccinimide (NIS) has been the reagent of aghdor aromatic
nuclear iodination. Excellent halogenating progsrtof NBS and NCS can be extended further
to NIS. Reactivity of the reagent is influenced gylarity of the reaction medium. Non-polar
solvents such as CQteduce its reactivity whereas polar solvents agiMeCN, THF enhance
its reactivity. NIS is activated by protic acidsdalrewis acids and it has been demonstrated that
the deactivated aromatics readily react in the gmes of trifluoromethanesulfonic acid,
BFs.ELO, In(OTf);, acetic acid, trifluoroacetic acig:-toluene sulfonic acid and sulfuric acid,
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etc. [63]. It is a superior iodinating agent toirate deactivated aromatics including electron-
poor heterocyclic substrates (Scheme 44) [64].

Me
N H
NIS, CH,ClI
V /N 2 2
—N 91%
X
| ~N NIS, AcOH
/\N 75-86%
Y
X=0,S:

Y = Me, Ph, 4-MeCgHy, 4'-CICgHy, 4-BrCgH,

N/O N/O
D ol NIS, CFsCOOH oy al
O MW, 150 °C, 10 min -
5 cl | cl

85% o
Ph Ph
,\‘,/N NIS, CHsCOOH ,\‘,/N
K/) MW, 150 °C, 10 min K/g
83% |
o NH; - NH;
| NIS, In(OTf) |
= =
Cl MeCN, rt, 8 h Cl l
93%
o o
\O/[K[N) NIS, In(OT) o | N
/ MeCN, rt, 8 h /
86% |
Br I, Br
>4 NIS/MeCN N4
R JOH 05w R i 2
N N
Scheme 44.

Similarly, 1,3-diiodo-5,5-dimethylhydantoin (DIDMHhas been used in acetone to iodinate
electron poor heterocyclic amines in good-to-moteygelds (Scheme 45) (Table 3) [65].
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O

|
\NJ<
#N—I
Mé Me
N-Heteroarene lodo N-Heteroarene

acetone, reflux

Scheme 45.

Table 3. Nuclear iodination of heterocyclic amineswith DIDMH

Entry Heteroaryl amine lodinated heteroaryl amine Yield (%)
: 4-iodo-3,5-dimethyl-H-

1 3,5-dimethyl-H-pyrazole oyrazole 96

2 N-(4-methyl-thiazol-2-yl)- N-(5-iodo-4-methyl-thiazol-2yl)- 85
acetamide acetamide

3 4, 6-dimethyl-pyrimidin-2-yl | 5-iodo-4, 6-dimethyl-pyrimidin- 50
amine 2-yl amine

4 2, 6-dimethyl-pyrimidin-4-yl | 5-iodo-2, 6-dimethyl-pyrimidin- 50
amine 4-yl amine

lodine monochloride (ICI) is an interhalogen compault is a versatile and effective iodinating
reagent to iodinate variety of organic substraiege to the electronegativity difference between
chlorine and iodine, ICl is highly polar and behses an iodinating reagent. lodination is
usually carried out in polar solvents such as meghawater and acids, such as AcOH,
CRCOOH, aqueous HCI, sulfuric acid, etc. in whichenelytic dissociation of ICI facilitates
elecrophilic attack of iodine. This reagent is coenamlly available and can be employed as
such or generatead situ by mixing iodine and Lewis acids [66].

Recently Johnsson and co-workers introduced the bowation of ICI and indium
trifluoromethanesulfonate [In(OT)in acetonitrile to iodinate deactivated anili{@sheme 46).
Other Lewis acids such as Hg(OZ8nd AgOTf have also been found to be effectivg.[67

NH, NH,
ICI, In(OTf)3 N
R- R -
MeCN =
70-80%
(R =m-Br; p-NO,)
Scheme 46.

In an efficient method, Khansoét al. selectively iodinated deactivated aniline derixed using
pyridinium iodochloride (PyICl) in refluxing methahwith higher yields (75-92%) (Scheme 47)
[68].
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NH, NH,
Rl AN PyICl, MeOH, reflux Rl AN
L~ 75-92% O

(R = NO,, COOH, Cl) '

Scheme 47.

Emmanuvelet al. developed a selective monoiodination methodolaging NalQ/KI/NaCl
reagent system in aqueous acetic acid at ambiemitems [69]. The reagent system was
selected after screening several combinations @faots e.g. Nal@) KIO;, KBrOs, Oxoné,
HIO,4, V,0s, mCPBA and additives e.g., NaCl, LiBr, NaF aNethlorosuccinimide along with
iodine source Nal/Kl for iodination of 2-nitroam&. It was observed that the addition of NaCl
substantially improved the yield and reactivity.eTiteaction pathway involves situ formation

of ICIl as a result of the oxidation of KI and Na@i NalQ, in acidic medium, which acts as a
source of 1 species. Several deactivated aniline derivativesevgelectively monoiodinated in
excellent yield (89-98%) using this protocol (Scleef®).

NH, |‘\1H2
NalOy4, KlI, NaCl X
R- R I
AcOH-H,0, rt =
89-98%
(R =0-, p-I; 0-NO,; 0-, p-Cl; 0-COOH, )
Scheme 48.

Listaet al. introduced NaClg@Nal/HCI reagent system for the iodination of ardimaubstrates
(Scheme 49) [70]. The reaction involvessitu generation of ICl due to the oxidation of iodine
by NaCIlQ, This reagent system is capable of iodinating deaietd aromatic amines including
nitrogen containing heterocyclic substrates. Usthig reagent systemp-nitroaniline was
selectively iodinated in 95% vyield. Deactivated énetyclic amines like, imidazole, 5-
nitroindole, and 8-hydroxyquinoline were iodinated the respective iodoarenes in good-to-
moderate yields (45-98%) (Table 4). The same rdagystem was found capable of iodinating
indole derivatives without protecting indole nitesg Thus 5,6-diacetoxy-2,3-diiodo indole, a
novel derivative, was prepared using this protac@xcellent yield.

Aryl amine or NaClO,, Nal, HCI lodo aryl amine
N-Heteroarene MeOH-water, rt or lodo N-Heteroarene
Scheme 49.

Table 4. Nuclear bromination using NaClO,/Nal/HCI

Entry Substrate Product Yield (%)
1 4-nitroaniline 2-iodo-4-nitroaniline 95
2 5-nitroindole 3-iodo-5-nitroindole 75
3 8-hydroxyquinoline 8-hydroxy-5,7-diiodoquinoling 98
4 Imidazole 2,4,5-triiodoimidazole 45
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Acid-mediated iodination methods are widely used &bectrophilic aromatic iodination.
Presence of an acid increases the rate of iodmaimd such methods are successful with
deactivated aromatic compounds too. Barluenga anglozkers reported an aromatic iodination
protocol using bis(pyridine)iodonium(l)tetrafluomiate (IPyBF,) [71] by treating a mixture of
IPy.BF; and an aromatic compound with an acid in dichletiane at room temperature to
furnish monoiodinated product in good yield. Thagent has been tested on both activated and
deactivated aromatics as well as with€8;H and HBR andCRSO;H was found to be better
than HBR for deactivated aromatics. Using this method Bsaitiline gave monoiodinated
product in 83% yield (Scheme 50).

NH, NH,
©/N02 IPy,BF,, CF5SO5H NO2
CH,Cl,, rt; 83%
|
Scheme 50.

For most of the aromatics, powerful iodinating ageare required. lodination is usually carried
out by using the combination of an iodine source am oxidizing agent. Edgar and co-workers
have described a rapid iodination method using comimleach (sodium hypochlorite) as an
oxidizing agent and Nal as an iodine source in agsealcohols [72]. Using this method
deactivated phenols and electron poor 2-hydroxg- Zxhydroxypyridines were iodinated to the
corresponding iodosubstrates in moderate yields/648) (Scheme 51). This reagent system has
been found to be superior in terms of yield aneédality than other reagent systems such as
ICI/t-BuOCI, Nalt-BuOCI and Nal/Chloramine T (sodiuNtchlorop-toluenesulfonamide).

i X NaOCI, Nal _I/\\_

HOT HO—| |

N/ aqueous methanol, 0 °C L
48-75% N

Scheme 51.

Beinker et al. achieved the oxidative iodination of a seriesdeéctivated aromatic amides in
acetic acid by employing sodium perborate (NgB&@ H,O, as oxidants in the presence of a
catalytic amount of sodium tungstate §M&D,) and Kl as an iodine source [73]. Little amount
of sulfuric acid was found to facilitate the iodilmm process because it inhibits the

decomposition of oxidants used in the reaction €8 52).
NHAC NH,

N3803 or H202, Kl
@ cat Na2WO4, Hzo ©
R- R I
H2804, ACOH, ACZO =
50 °C, 38-45%

(R = 0-, p-NO5; 0-CO,Me)
Scheme 52.

Iskraet al. developed a nonmetal catalyzed oxidative iodimathethod for arenes by using 30%
H20,, KI and HSQ, in methanol [74]. SO, promotes iodination process by inhibiting the
decomposition of BD, due to the formation of hydroxide formed during ffrocess. Using this
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reagent system, iodination of 4-nitroaniline anatilsoromethylaniline was successfully carried
out with very good isolated yields. (90-98%) (Scleesl).

NH, NH,
KI/H,0,/H,S0, '
MeOH, 60 °C
90-98%
R R
(R =p-NOy; p-CF3)
Scheme 53.

Narenderet al. introduced ammonium iodide-hydrogen peroxide odiiation method, which is
especially applicable for the deactivated aromstiostrates (Scheme 54) [75]. Best results were
obtained with acetic acid as a solvent than£CHCkL, CH,Cl,, MeOH, and MeCN, because
acetic acid generates @EO,l which facilitates easy generation 6f |

NH, NH,

| XX NHy4l, H,O, H\

R ———— Ry

= AcOH A

(R = 0-, m-, p-Cl; 0-CN; p-F)
Scheme 54.

Lulinski et al. developed an eco-friendly oxidative monoiodinatioathod for the deactivated
aryl amines and anilides using molecular iodine andhmercially available urea-hydrogen
peroxide (UHP) as an oxidant (Scheme 55) [76].

NH, NH,

- @ I, 98% UHP H\
T R—+ I
= EtOAC or v

AcOH-Ac,0
55-80%
(R = p-I; p-Cl; p-COOH)

Scheme 55.

Adimurthy et al. have used the combination of potassium iodidéagsoum iodate in dilute

hydrochloric acid in the aqueous methanol for modmation of aromatics. Using this
combination, 4-nitroaniline was iodinated to fumia-iodo-4-nitroaniline in 96% yield (Scheme
56) [77].

NH, NH,
KI/KIOg, H* |
ag. methanol
NO, NO,
Scheme 56.
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Low reactivity of iodine can be overcome by usinganium equivalents. An excellent reagent
system usingqueous solution of potassium dichloroiodate (KI@6 an iodinating agent for the
iodination of heteroarenes has been described bye@et al. (Table 5) [78].

Table 5. Nuclear iodination using KICl,

Entry Substrate Product Yield (%)
1 8-hydroxyquinoline 8-hydroxy-5,7-diiodoquinoling 94-97
2 imidazole 4,5-diiodoimidazole 91
3 2-phenyl imidazole 2-phenyl-4,5-diiodoimidazole 98
4 2-methyl imidazole 2-methyl-4,5-diiodoimidazole 97
5 pyrazole 4-iodopyrazole 95

Other reagent systems such as benzyl triethylammordichloroiodate in the presence of
NaHCQ; (applicable to large-scale quantities), lor KI/NalOJ/H,SQs, and bis-
(trifluoroacetoxy)iodobenzeng/imay be applied for efficient iodination of anilirderivatives
[79].

CONCLUSION

Halogenated aryl and heteroaryl amino compounds cérdnigh practical utility, and are
ubiquitous target molecules in the field of synihetganic chemistry. The widespread utility of
these intermediates necessitates versatile ancen@nt methods for their preparation. In spite
of considerable efforts from scientists all ovee thorld, the direct nuclear halogenation of
deactivated aromatic amines still remains a chgifentask. The correct and updated citation
and literature is absolutely vital for researchterind pioneering ideas and relevant information
on progress and development in this important afeaynthetic chemistry. We hope and
anticipate that the present review would providsib#o advance information pertaining to this
very important area and encourage researcherssitfi¢ld to develop newer methodologies and
reagent systems to overcome this challenge in @gnamd environmentally benign manner.

Acknowledgement
We thank the Advinus Therapeutics, Bangalore fowioling the facility to pursue this work.

REFERENCES

[1] (&) Corbet, J.-P.; Mignani, GChem. Rev., 2006, 106, 2651. (b) Miyayura, N.; Suzuki, A.
Chem. Rev., 1995, 95, 2457.

[2] Seevers, R.H.; Counsell, R.Ehem. Rev., 1982, 82, 575.

[3] (@) March, JAdvanced Organic Chemistry: Reactions, Mechanisms and Sructure, 4" Ed.;
John Wiley & Sons; New Yorkl999. (b) Lowry, T. H.; Richardson, K. $4echanism and
Theory in Organic Chemistry 3¢ Ed; Addison-Wesley Longman Inc; Reading, Massaettsis
1998. (c) Joule, J. A.; Mills. K.; Smith, G. FHeterocyclic Chemistry, 3¢ Ed; Stanley
Thornes, Ltd., Cheltenham, U.KL.998.

[4] Laue, T.; Plagens, A. INamed Organic Reactions; 2" Ed; John Wiley & Sons: New York,
2005; pp. 248-250.

239
www.scholarsresearchlibrary.com



Hari N. Pati et al Der Pharma Chemica, 2010, 2 (5):212-241

[5] Kress, T. J.; Costantino, S. Nl.Heterocycl. Chem., 1973, 10, 409.

[6] Smith, M.B.; Guo L.C.; Okeyo, S.; Stenzel,¥anella J.; LaChapelle Exg. Lett., 2002, 4,
2321.

[7] Chrétien, J.-M.; Zammattio, F.; Grognec, E.PRaris, M.; Cahingt, B.; Montavon, G.;
Quintard, J.-PJ. Org. Chem. 2005, 70, 2870.

[8] Zhao, J.; Jia, X.; Zhai, Hletrahedron Lett., 2003, 44, 9371.

[9] Meana, A.; Rodriguez, J. F.; Sanz-Tejedor, M. @arcia-Ruano, J. lSynlett, 2003, 1678.

[10] Menzel, K.; Fisher, E. L.; DiMichele, L.; Frem D. E.; Nelson, T. D.; Kress, M. H. Org.
Chem., 2006, 71, 2188.

[11] Adimurthy, S.; Ramachandraiah, G.; BedekarVA.Ghosh, S.; Ranu, B. C.; Ghosh, P. K.
Green Chem. 2006, 8, 916.

[12] Muathen, H. AJ. Org. Chem., 1992, 57, 2740.

[13] Kavala, V.; Naik, S.; Patel, B. K. Org. Chem., 2005, 70, 4267.

[14] Singhal, S; Jain, S. L.; Sain, 8.Mol. Catal. A: Chem. 2006, 258, 198.

[15] Heravi, M. M.; Abdolhosseini, N.; Oskooie, M. Tetrahedron Lett., 2005, 46, 8959.

[16] Le, Z.-G.; Chen, Z.-C.; Hu, Y.; Zheng, Q.-§nthesis, 2004, 2809.

[17] Choudary, B. M.; Sudha, Y.; Reddy, P.®ynlett, 1994, 450.

[18] Roche, D; Prasad, K.; Repic, O.; BlacklockJITetrahedron Lett., 2000, 41, 2083.

[19] Lee, K.-J.; Cho, H. K.; Song, C.-Bull. Korean Chem. Soc. 2002, 23, 773.

[20] Adibi, H.; Hajipour, A. R.; Hashemi, Mletrahedron Lett., 2007, 48, 1255.

[21] Tajik, H.; Shirini, F.; Hassan-zadeh, P.; Rasladi, H. RSynth. Commun., 2005, 35, 1947.

[22] Vyas, P. V.; Bhatt, A. K.; Ramachandraiah, Bedekar, A. VTetrahedron Lett., 2003, 44,
4085.

[23] Kim, D.-K.; Chung, W.-J.; Lee, Y.-Synlett, 2005, 279.

[24] (a) Surya Prakash, G. K.; Mathew, T.; Hoole, Esteves, P. M.; Wang, Q.; Rasul, G.; Olah,
G. A.J. Am. Chem. Soc. 2004, 126, 15770. (b) Ganguly, N. C.; De, P.; DuttaSgithesis,
2005, 1103.

[25] Chhattise, P. K.; Ramaswamy, A. V.; WaghmdsleB. Tetrahedron Lett., 2008, 49, 189.

[26] Paul, V.; Sudalai, A.; Daniel, T.; Srinivasa,V. Tetrahedron Lett., 1994, 35, 7055.

[27] Das, B.; Venkateswarlu, K; Krishnaiah, M.; lglH. Tetrahedron Lett., 2006, 47, 8693.

[28] Das, B.; Venkateswarlu, K; Majhi, A; Siddaia¥,; Reddy, K. RJ. Mol. Catal. A: Chem.
2007, 267, 30.

[29] (a) Gassman, P. G.; Campbell, G.JAAmM. Chem. Soc., 1972, 94, 3891. (b) Gassman, P. G.;
Campbell, G. AJ. Am. Chem. Soc., 1971, 93, 2567. (c) Haberfield, P.; Paul, D. Am.
Chem. Soc., 1965, 87, 5502. (d) Neale, R. S.; Schepers, R. G.; WalshkRM. Org. Chem,,
1964, 29, 3390.

[30] Narender, N.; Srinivasu, P.; Kulkarni, S. Raghavan, K. VSynth. Commun., 2002, 32,
279.

[31](a) Joule, J. A.; Mills. K.; Smith, G. F. IHeterocyclic Chemistry; 39 Ed; Stanley Thornes:
Cheltenham, U.K.1998; pp. 79 and 193. (b) Pizey, J. S. $gnthetic reagents; Ellis
Horwood Publishers: Chichester, U.K981; Vol. 4, pp. 384-385.

[32] Okabe, M.; Sun, R.-Cetrahedron, 1995, 51, 1861.

[33] Endicott, M. M.; Alden, B. W.; Sherrill, M. [.J. Am. Chem. Soc., 1946, 68, 1303.

[34] Zanka, A.; Takeuchi, H.; Kubota, @rg. Proc. Res. Dev., 1998, 2, 270.

[35] Boga, C.; Del Vecchio, E.; Forlani, L.; MilasieL.; Todesco, P. El. Organomet. Chem.,
1999, 588, 155.

240
www.scholarsresearchlibrary.com



Hari N. Pati et al Der Pharma Chemica, 2010, 2 (5):212-241

[36] Boga, C.; Del Vecchio, E.; Forlani, L.; Todes®. E.J. Organomet. Chem., 2000, 601, 233.

[37] Atkins, J. M.; Vedejs, EOrg. Lett., 2005, 7, 3351.

[38] Vedejs, E.; Monahan, S. D.Org. Chem,, 1996, 61, 5192.

[39] Nickson, T. E.; Roche-Dolson, C. 8ynthesis, 1985, 669.

[40] Zanka, A.; Kubota, ASynlett, 1999, 1984.

[41] Gambaretto, G. P.; Conte, L.; Napoli, M.; Lagn, E.; Carlini, F. MJ. Fluorine Chem.,
1993, 60, 19.

[42] Conte, L.; Gambaretto, G. P.; Napoli, M.; Frao, C.; Legnaro, EJ. Fluorine Chem.,
1995, 70, 175.

[43] Coe, P. L.; Stuart, A. M.; Moody D.J.Chem. Soc., Perkin Trans. 1, 1998, 1807.

[44] (&) Chambers, R. D.; Skinner, C. J.; Hutchmsd.; Thomson, 1. Chem. Soc., Perkin
Trans. 1, 1996, 605. (b) Chambers, R. D.; Skinner, C. J.; ThomsgonHutchinson, 10.
Chem. Soc., Chem. Commun., 1995, 17.

[45] Chambers, R. D.; Hutchinson, J.; SparrowhaWwk, E.; Sandford, G.; Moilliet, J. S.;
Thomson, JJ. Fluorine Chem., 2000, 102, 169.

[46] Alric, J. P.; Marquet, B.; Billard, T.; Langg B. R.J. Fluorine Chem., 2005, 126, 661.

[47] (a) Chambers, R. D.; Holling, D.; Sandford,; ®uschmann, H.; Howard, J. A. K.
Fluorine Chem., 2002, 117, 99. (b) Chambers, R. D.; Holling, D.; Sandford; Batsanov,
A. S.; Howard, J. A. KJ. Fluorine Chem., 2004, 125, 661.

[48] Van Der Puy, MTetrahedron Lett., 1987, 28, 255.

[49] Chambers, R.D.; Parsons, M.; Sandford, G.n&i, C. J.; Atherton, M. J.; Moailliet, J. &.
Chem. Soc., Perkin Trans. 1, 1999, 803.

[50] Lerman, O.; Tor, Y.; Hebel, D.; Rozen,B50rg. Chem., 1984, 49, 806.

[51] Fifolt, M. J.; Olczak, R. T.; Mundhenke, R.F¥.Org. Chem., 1985, 50, 4576.

[52] (a) Lal, G. S.; Pez, G. P.; Syvret, R. Ghem. Rev., 1996, 96, 1737. (b) Taylor, S. D.;
Kotoris, C. C.; Hum, GTetrahedron, 1999, 55, 12431. (c) Borodkin, G. I.; Zaikin, P. A.;
Shubin, V. GTetrahedron Lett., 2006, 47, 2639.

[53] Umemoto, T.; Tomizawa, Q. Org. Chem., 1989, 54, 1726.

[54] O'Neill, P. M.; Tingle, M. D.; Mahmud, R.; Stig R. C.; Ward, S. A.; Park, B. Kioorg.
Med. Chem. Lett., 1995, 5, 2309.

[55] Stephens, C. E.; Blake, J. A.Fluorine Chem., 2004, 125, 1939.

[56] Briner, P. H.; Fyfe, M. C. T.; Martin, P.; My, P. J.; Naud, F.; Procter, M.Qtg. Proc.
Res. Dev., 2006, 10, 346.

[57] Campbell, T. F.; Stephens, C.EFluorine Chem., 2006, 127, 1591.

[58] March, J. InAdvanced Organic Chemistry: Reactions, Mechanisms and Sructure; 4" Ed.;
John Wiley & Sons: New Yorki999; pp. 531-532.

[59] Mohanakrishnan, A. K.; Prakash, C.; RameshTd.ahedron, 2006, 62, 3242.

[60] (a) Matthew D. Cliff, M. D.; Pyne, S. Gynthesis, 1994, 681. (b) Rodri"guez-Franco, M. |,;
Dorronsoro, I.; Herna'ndez-Higueras, A. |.; Antegués. Tetrahedron Lett., 2001, 42, 863.
(c) Kim, M. M.; Ruck, R. T.; Zhao, D.; Huffman, M. Tetrahedron Lett., 2008, 49, 4026.

[61] Lazaar, J.; Rebstock, A.—S.; Mongin, F.; Galda.; Tre’court, F.; Marsais, F.; Que guiner,
G. Tetrahedron, 2002, 58, 6723.

[62] Vedejs, E.; Luchetta, L. Ml. Org. Chem., 1999, 64, 1011.

[63] (a) Carreiio, M. C.; Ruano, J. G.; Sanz, Gledo, M. A.; Urbano, ATetrahedron Lett.,
1996, 37, 4081. (b) Olah, G. A.; Wang, Q.; Sandford, G.ry@uPrakash, G.KJ. Org.
Chem., 1993, 58, 3194. (c) Surya Prakash, G. K.; Mathew, T.; Hp@le Esteves, P. M.;

241
www.scholarsresearchlibrary.com



Hari N. Pati et al Der Pharma Chemica, 2010, 2 (5):212-241

Wang, Q.; Rasul, G.; Olah, G. A.Am. Chem. Soc.,2004, 126, 15770. (d) Castanet, A.-S.;
Colobert, F.; Broutin, P.-ETetrahedron Lett., 2002, 43, 5047. (e) Bovonsombat, P.;
Leykajarakul, J.; Khan, C.; Pla-on, K.; M. Kraudd, M.; Khanthapura, P.; Ali, R.;

Doowa, N.Tetrahedron Lett., 2009, 50, 2664. (f) Kraszkiewicz, L. Sosnowski, M.; Skulski
L. Tetrahedron, 2004, 60, 9113.

[64] (a) Brandt, T. A.; Caron, S.; Damon, D. B.;Bbdino, J.; Ghosh, A.; Griffith, D. A.; Kedia,
S.; Ragan, J. A.; Rose, P. R.; Vanderplas, B. @i, W Tetrahedron, 2009, 65, 3292. (b)
Rao, K. V. P.; Sundaramurthy, \.0Org.Chem., 1992, 57, 2737. (c) Li, G.; Kakarla, R.;
Gerritz, S. W.Tetrahedron Lett., 2007, 48, 4595. (d) Zhou, C.-Y.; Li, J.; Peddibhotla, S.;
Romo, D.Org. Lett., 2010, 12, 2104. (e) Meana, A.; Rodriguez, J. F.; Sanz-Tajell. A.;
Garcia-Ruano, J. LSynlett, 2003, 1678.

[65] Orazi, O. O.; Corral, R. A.; Bertorello, H. EOrg.Chem., 1965, 30, 1101.

[66] Pizey, J. S. '®ynthetic reagents; Ellis Horwood Publishers: Chichester, U.K983; Vol. 5,
pp. 90-97.

[67] Johnsson, R.; Meijer, A.; Ellervik, Oetrahedron, 2005, 61, 11657.

[68] Khansole, S. V.; Junne, S. B.; Sayyed, M. YAbhute, Y. B.Synth. Commun., 2008, 38,
1792.

[69] Emmanuvel, L.; Shukla, R.K.; Sudalai, A.; Goath S.; Sivaram, Sletrahedron Lett.,
2006, 47, 4793.

[70] Lista, L.; Pezzella, A.; Napolitano, A.; d’'ls&, M. Tetrahedron, 2008, 64, 234.

[71] Barluenga, J.; Gonzalez, J. M.; Garcia-MartM, A.; Campos, P. J.; Asensio, G.
J.Org.Chem,, 1993, 58, 2058.

[72] Edgar, K.J.; Falling, S.NL.Org.Chem., 1990, 55, 5287.

[73] Beinker, P.; Hanson, J. R.; Meindl, N.; MediheC. R.J.Chem.Research (S), 1998, 204.

[74] Iskra, J.; Stavber, S.; Zupan, Bynthesis, 2004, 1869.

[75] Narender, N.; Reddy, K. S. K.; Krishna Moh&n,V. V.; Kulkarni, S. J.Tetrahedron Lett.,
2007, 48, 6124.

[76] Lulinski, P.; Kryska, A.; Sosnowski, M.; SklisL. Synthesis, 2004, 441.

[77] Adimurthy, S.; Ramachandraiah, G.; Ghosh, PBédekar, A.V.Tetrahedron Lett., 2003,
44, 5099.

[78] Garden, S. J.; Torres, J. C.; de Souza Meld;.SLima, A. S.; Pinto, A. C.; Lima, E. L.
Tetrahedron Lett., 2001, 42, 2089.

[79] (a) Kosynkin, D. V.; Tour, J. MOrg. Lett., 2001, 3, 991. (b) Kraszkiewicz, L.; Sosnowski,
M.; Skulski, L. Synthesis, 2006, 1195. (c) Benhida, R.; Blanchard, P.; Fourreyl..J.
Tetrahedron Lett., 1998, 39, 6849.

242
www.scholarsresearchlibrary.com



