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a b s t r a c t

Fluorination of select 2,5-diarylthiazoles using the N–F reagent N-fluorobenzenesulfonimide (NFSI) has
led to the formation of both the anticipated 4-fluorothiazole as well as a unique 4,4,5-trifluorothiazole.
Selective monofluorination is best achieved using bromobenzene as solvent at 155 �C, while trifluorina-
tion is best achieved by performing the reaction without solvent at 135–140 �C. An X-ray crystal structure
has been obtained on one of the trifluorinated products.

� 2012 Elsevier Ltd. All rights reserved.
Introduction

The direct fluorination of aromatic compounds using N–F re-
agents (Fig. 1) has become increasingly common in recent
years.1–4 Due to the relative ease of handling and often improved
chemoselectivity offered by N–F reagents, especially compared to
elemental fluorine, many such reagents have been developed and
their general reactivity toward aromatic compounds has been
demonstrated.5–12 However, the majority of work in this area has
focused largely on the fluorination of benzene, or other carbocyclic,
derivatives. In contrast, there have been fewer examples involving
the direct fluorination of heteroaromatic compounds with N–F re-
agents.13–17 These few examples have also shown variable success,
with incomplete conversion to fluorinated product and/or low
mass recovery often being observed, especially with nitrogen het-
erocycles, which may undergo N-fluorination or ring oxidation as a
competing side reaction.16,17 The application of this chemistry to
heteroaromatics thus remains somewhat limited in scope.

To date, there have been only a few reports of the direct fluo-
rination of thiazoles with N–F reagents. 2-Acetamidothiazole, an
activated thiazole derivative, has been fluorinated at the 5-posi-
tion in 48% yield using Selectfluor (1), although this reaction
could not be driven to completion.18 Similarly, a 2-amino-4-aryl-
thiazole has also been fluorinated at the 5-position in 42% yield
using Selectfluor (1).19 However, a recent attempt to fluorinate a
ll rights reserved.

: +1 706 434 5597.
.

less activated 2-alkyl-4-arylthiazole at the 5-position reportedly
failed (although the fluorination reagent used in this case was
not disclosed).20

Previously, we have described the direct fluorination of some
2,4-diarylthiazoles at the 5-position by reaction with Accufluor
(2).21 That reaction proceeded rather selectively, but provided
low to modest yields of the monofluorinated products (19–43%)
due to incomplete consumption of starting material. In another
study aimed at the direct fluorination of 3,5-diarylisoxazoles using
Selectfluor (1), we obtained not only the anticipated 4-fluoroisox-
azole derivatives, but also a unique 4,4,5-trifluoroisoxazole as a
minor byproduct, which was shown to be formed by formal addi-
tion of F2 to the monofluorothiazole.22

We have now explored the direct fluorination of some
2,5-diarylthiazoles, also using N–F reagents. As with the 3,5-diary-
lisoxazoles, but in contrast to our observations with the isomeric
2,4-diarylthiazoles, we have found that the 2,5-diarylthiazoles,
depending on the aryl substituents, also undergo the unique
4,4,5-trifluorination reaction in addition to monofluorination.23

Unfortunately, these mono- and trifluorinated thiazole products
have proven quite difficult to separate by chromatography, which
dramatically limits the isolated yield potential for each product.
We have thus tried to optimize the reaction conditions with the
goal of forming each product in a more selective manner, and this
has led to modest improvements in both the mono- and trifluori-
nation of the parent 2,5-diphenylthiazole. Herein, we wish to
describe these results.24 We also present a crystal structure of
one of the unique 4,4,5-trifluorothiazole products.
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Figure 1. Structures of commonly used N–F reagents.
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Results

Initially, we investigated the reaction of the parent 2,5-diphe-
nylthiazole25 (4a) with either Selectfluor (1) or Accufluor (2)
(1.1 equiv), conditions we used successfully in our previous stud-
ies. Reaction with either of these N–F reagents in refluxing aceto-
nitrile for several hours to overnight led to only minimal
amounts of the 4-fluorothiazole according to TLC, with a large
amount of starting material remaining unconsumed and some
decomposition (Scheme 1). On the other hand, increasing the reac-
tion temperature by heating in sulfolane21 at various temperatures
(100–140 �C) led to a complex mixture of the 4-fluorothiazole (5a),
the 4,4,5-trifluorothiazole (6a), and unreacted starting material
(Scheme 1). Thus, as with the 3,5-diarylisoxazoles,22 trifluorination
of the heterocyclic ring to give a non-aromatic product was ob-
served. Since isolation of analytically pure products from this com-
plex mixture using flash silica gel column chromatography was
quite difficult, we did not determine isolated yields for these pre-
liminary reactions. Instead, we pursued the development of other
reaction conditions with the goal of improving the reaction
selectivity.

The reaction was next attempted using N-fluorobenzenesulfoni-
mide (NFSI) (3), a less reactive fluorinating reagent that is most often
used to fluorinate carbanions,26 but which has also been used to
fluorinate neutral aromatics.14 Upon reaction of the parent
2,5-diphenylthiazole (4a) with NFSI (1.1 equiv) in sulfolane (at
140–150 �C), improved results were observed by TLC which
included increased conversion of starting material and less decom-
position. However, we were still left with a mixture of both mono-
and trifluorinated products, along with unreacted starting material.
Attempts to consume the starting material by using more equivalent
of NFSI led to formation of more of the trifluorination product.
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Considering that NFSI has good solubility in less polar solvents,
we next tried refluxing toluene (bp 111 �C) as solvent. With this
change, and by performing the reaction at relatively high dilution
(�15 mL of solvent per mmole of thiazole), the reaction was quite
selective for monofluorination, although a small amount of the tri-
fluorinated product was still formed. However, the reaction ap-
peared slow under these conditions. With a change of solvent to
refluxing chlorobenzene (bp 132 �C), the reaction appeared faster,
but still required several hours for maximum conversion according
to TLC. With bromobenzene (bp 156 �C) as solvent, still under fairly
dilute conditions, the reaction remained fairly selective for mono-
fluorination and reached maximum conversion after about 3 h at
155 �C (Scheme 2). Considering this outcome was the best we
had observed, we performed the reaction on preparative scale
and obtained the 4-fluorothiazole 5a in 21% isolated yield after
flash column chromatography to remove residual starting material
and minor traces of the trifluorinated product.27

We next turned our attention to maximizing the formation of
the unique 4,4,5-trifluorothiazole product 6a. We initially reacted
the parent 2,5-diphenylthiazole (4a) with 3 equiv of NFSI in either
ortho-dichlorobenzene or nitrobenzene at about 170–180 �C.
Although these high-temperature conditions provided a larger
amount of trifluoro product compared to monofluoro product
according to TLC analysis, we eventually found that we could ob-
tain a similar outcome by performing the reaction without solvent.
This was possible since the melting point of NFSI is 110 �C, and
thus a liquefied melt of the 2,5-diphenylthiazole 4a and NFSI could
be obtained upon heating the two reactants together at about
135 �C. After just 45 min at this temperature, a 37% isolated yield
of the parent 4,4,5-trifluorothiazole 6a was obtained following
flash chromatography (Scheme 2).28 Although still a fairly low
yield, we were nonetheless pleased to be able to prepare a pure
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Scheme 2. Reagents and conditions: (a) NFSI (1 equiv), bromobenzene (15 mL per mmole of thiazole), 155 �C, 3 h; (b) NFSI (3 equiv), 135–140 �C, 45 min, no solvent.

Figure 2. X-ray crystal structure of compound 6b.
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sample of the trifluorinated product. We were also pleased to find
that NFSI is quite amenable to solvent-free fluorination reactions.29

To gain further insight into the unique trifluorination of the thi-
azole ring, we have briefly explored the effect of adding substituents
to the phenyl rings of parent diphenylthiazole. Reaction of thiazole
4b (R = Cl) with 3 equiv of NFSI in the absence of solvent (as with 4a)
led to the formation of trifluorinated product 6b in 23% isolated
yield (Scheme 2). However, when thiazole 4c (R = CF3) was sub-
jected to these same conditions, only a small 7.4% isolated yield of
monofluorinated product 5c was obtained,30 with no trifluorinated
product being observed by TLC (a large amount of starting material
remained). The lower reactivity of 4c is attributed to the strong elec-
tron withdrawing effects of the two CF3 substituents. Such a deacti-
vating effect for the CF3 group was also seen in our study on the
fluorination of 3,5-diarylisoxazoles.22

Products in Scheme 2 have been characterized by mp, 1H, 13C
and 19F NMR, as well as HRMS.27,28,30 As expected, the 19F NMR
of the monofluoro thiazoles (5a and 5c) each showed one singlet
for the lone fluorine, while the 19F NMR of the trifluorothiazoles
(6a–b) each showed three doublet of doublets (2JFF = �210 Hz;
3JFF = �9 Hz) due to coupling of the three non-equivalent fluorines.
The 13C NMR spectra each revealed extended 13C–19F coupling. As
for the fluorine-containing carbons, C-4 of the monofluoro thia-
zoles appeared as a doublet with a large coupling constant
(1JFC = �250 Hz), while C-4 and C-5 of the trifluorinated thiazoles
each appeared as a triplet of doublets, with both large and smaller
coupling constants (1JFC = �235–255 Hz; 2JFC = �25–45 Hz). In
addition to spectral analysis, a crystal structure on trifluorothiazole
6b was also obtained (Fig. 2).31
Conclusion

In conclusion, direct fluorination of 2,5-diphenylthiazole using
N-fluorobenzenesulfonimide (NFSI) gives both the 4-fluorothiazole
and the non-aromatic 4,4,5-trifluorothiazole upon heating. After
some optimization of conditions, selective monofluorination was
achieved in 21% isolated yield using bromobenzene as solvent at
155 �C under fairly dilute conditions, while trifluorination was
achieved in 37% isolated yield by performing the reaction without
solvent at 135–140 �C. Using the solvent-free fluorination condi-
tions, the slightly deactivated 2,5-bis(4-chlorophenyl)thiazole
was also trifluorinated in 23% isolated yield, however the more
strongly deactivated 2,5-bis(4-trifluoromethylphenyl)thiazole
was only monofluorinated in very low yield (7.4%). To our knowl-
edge, this work represents the first example of the direct fluorina-
tion of thiazoles with NFSI. This work also illustrates the use of
bromobenzene for high temperature reactions using NFSI, as well
as the use of NFSI for solvent-free fluorinations.
Note added in proof

During the preparation of this Letter, a patent document from
another group appeared online detailing the synthesis and



1028 J. M. Hatfield et al. / Tetrahedron Letters 54 (2013) 1025–1028
anti-cancer properties of some similar 4,5,5-trifluorothiazoles.32

Those compounds were synthesized by direct fluorination of the
thiazole ring with Selectfluor (2.4 equiv) in refluxing acetonitrile
(3 h) in yields of 20–30%. Thus, the methodology we describe here
for 4,5,5-trifluorination of the thiazole ring using NFSI without sol-
vent represents an alternative synthetic method for the potential
synthesis of these unique compounds.
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