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A general and efficient method to prepare 2,4-di- and
trisubstituted thiazoles via p-TsOH - H,O-catalyzed cycli-
zation of trisubstituted propargylic alcohols with thioa-
mides is described. The reaction was accomplished in
moderate to excellent product yields under mild condi-
tions that did not require the exclusion of air and moisture
and offers an operationally simplistic and convenient
route to this synthetically useful aromatic heterocycle.

Thiazoles are important structural moieties found in many
natural products and compounds of current biological and
material interest as well as versatile building blocks in
organic synthesis.'~* Among the myriad reactions devoted
to the construction of this aromatic heterocycle,! ™ the most
often relied upon synthetic method is the Hantzsch thiazole
synthesis,” which makes use of a-halo ketones and thioa-
mides as the substrates. While recent efforts have led to a
number of advances made in the development of this
reaction,’* the establishment of more versatile and flexible
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methodologies to functionalized thiazoles with selective
control of substitution patterns are still needed. This is all
the more so if it can be accomplished with low cost and
readily available starting materials and catalysts that follow
the principles of atom economy.” One such synthetic strategy
has been to replace the electrophile in these reactions with a
propargylic alcohol in the presence of a Lewis acid catalyst.“’6
According to the seminal reports by the groups of Zhan**
and Yoshimatsu,*® these catalytic systems are thought
to proceed via either an allenic or propargylic cationic
species that underwent the [3 + 2] cycloaddition process.
Although shown to be efficient, producing H,O as poten-
tially the only byproduct, this was countered by the like-
lihood of forming metal impurities that lessened the poten-
tial of this approach for scale-up applications. Added to this
is a substrate scope that is limited to ones containing func-
tional groups that cannot take part in strong metal co-
ordination. In this regard, we reasoned that these drawbacks
could be readdressed by developing a Brensted acid-cata-
lyzed version of this regioselective thiazole forming reac-
tion. An inexpensive and commercially available reagent
class that has a high tolerance to air and moisture, Bronsted
acids have been shown to mediate a wide variety of organic
transformations in an efficient and selective manner.””
Recently, this has included stereoselective C—X (X = C,
N, O, S) bond formation strategies that combine the use of
Bronsted acid catalysis with alcohol pro-electrophiles such
as allylic, benzylic, and propargylic alcohols.®” For example,
we recently reported TfOH to be a highly efficient catalyst
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SCHEME 1. p-TsOH -H,0-Catalyzed Formation of 2,4-Di-
and Trisubstituted Thiazoles from Propargylic Alcohols and
Thioamides
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for the regioselective formation of conjugated enynes based
on nucleophilic ring-opening of 1-cyclopropyl-2-propyn-1-
ols with alcohols.®® As part of an ongoing program exploring
the utility of alcohol pro-electrophiles in organic synthesis,*>’
we report herein p-TsOH-H,O-catalyzed cyclization of
trisubstituted propargylic alcohols with thioamides that
did not require air- and moisture-free conditions (Scheme 1).
The 2,4-di- and trisubstituted thiazole products were ob-
tained as a single regioisomer in moderate to excellent yields
comparable to those noted for the closely related metal-
promoted approaches to this aromatic heterocycle.* To our
knowledge, a synthetic approach to thiazoles from trisub-
stituted propargylic alcohols catalyzed by a Brensted acid is
not known.

We began by choosing 1,1,3-triphenylprop-2-yn-1-ol 1a
and thioacetamide 2a as the model substrates to establish the
reaction conditions (Table 1). This initially revealed that
subjecting 1 equiv of 1a and 2 equiv of 2a to 10 mol % of p-
TsOH -H,O in 1,2-dichloroethane at 100 °C for 5 h gave the
best result (entry 1). Under these conditions, 4-benzhydryl-2-
methyl-5-phenylthiazole 3a was afforded in 90% yield, com-
parable to those obtained for the closely related Sc- and Ag-
catalyzed reactions.* The structure and regiochemistry of
the thiazole product were determined on the basis of 'H
NMR measurements and X-ray crystallographic analysis (see
Figure S33 in the Supporting Information).'® A slightly lower
product yield of 86% was obtained on decreasing the catalyst
loading from 10 to 5 mol % (entry 2). In contrast, lower pro-
duct yields were found when the reaction was repeated with
10 mol % of p-TsOH - H,O at room temperature or on chan-
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TABLE 1.  Optimization of the Reaction Conditions”
Ph
Ph OH S catalyst (10 mol%) Ph Ph
S + e —
Ph SX\p,  Me” "Nz gqvent, air, 100°C SYN
5h Me
1a 2a 3a
entry catalyst solvent yield (%)
1 p-TsOH-H,0 (CH,Cl), 90
2 p-TsOH-H,0" (CH,CI), 86
3¢ p-TsOH-H,O (CH,Cl), 39
4 p-TsOH-H,0 MeNO, 81
5 p-TsOH-H,0 MeCN 87
6 p-TsOH-H,0 1,4-dioxane 25
7 p-TsOH-H,0 PhMe 86
8 TfOH MeNO, 73
9 TFA MeNO, 70
10 H;PO,? MeNO, 59

“Unless stated otherwise, all reactions were performed at 100 °C for
5 h with a catalyst/1a/2a ratio of 1:10:20. *Reaction conducted with
5 mol % of p-TsOH-H,0. ‘Reaction conducted at room temperature.
4Used as a 80% solution in H,O.

ging the solvent from 1,2-dichloroethane to MeNO,, MeCN,
1,4-dioxane, or toluene (entries 3—7). A similar outcome was
found when stronger Bronsted acid catalysts in place of
p-TsOH -H,O were examined (entries 8—10). In these latter
reactions, the use of 10 mol % of TFOH, TFA, and H3PO, in
MeNO, gave 3a in lower yields of 59—73%. On the basis
of these studies, reaction of 1a with 2a in the presence of
5 mol % of p-TsOH-H,0 in 1,2-dichloroethane at 100 °C
for 5 h was deemed to provide the optimal conditions. By
applying these conditions, we were pleased to find that a
product yield of 927 mg (77%) could be afforded when the
reaction was repeated on a large scale with 1 g (3.52 mmol) of
1a and 0.53 g (7.04 mmol) of 2a.

To define the generality of the present procedure, we next
examined a series of propargylic alcohols 1b—w and thioa-
mides 2a—h (Table 2). Reactions of propargylic alcohols
bearing either an electron-withdrawing or electron-donating
group on the carbinol or alkyne carbon with 2a gave the
corresponding thiazoles in good to excellent yields (entries
1—13). Similarly, the analogous cyclizations with starting
alcohols containing either an alkyl functional group at R' or
R? or a terminal alkyne moiety afforded 30—q in 54—79%
yield, albeit requiring a catalyst loading of 30 mol % (entries
14, 15, and 17). In contrast, recovery of both the propargylic
alcohol and thioamide was found when both substituents on
the carbinol carbon of the alcohol substrate were an alkyl
functional group as in 1q (entry 16). A propargylic alcohol
containing an acid-sensitive acetylenic ketone moiety was
also examined under the standard conditions but was found
to give a mixture of decomposition products that could not
be identified by "H NMR analysis of the crude mixture
(entry 22). On the other hand, propargylic alcohols bearing
a nitrile, thiophene, or carboxamide moiety were found to
proceed well under the present conditions and give the corre-
sponding thiazoles 3e, 3r, and 3s (at a catalyst loading of
30 mol %) in excellent yields (entries 4, 18, and 19). Addi-
tionally, reactions of starting alcohols 1a and 1¢ with other
thioamide nucleophiles were found to give the corresponding
thiazoles in moderate to excellent yields (entries 23—29). This
included one example of a cyclic thioamide (2b) that gave 3t
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TABLE 2.  Synthesis of Substituted Thiazoles 3b—z Catalyzed by
p-TsOH-H,0“

R2

s
3 1
» OH s p-TSOH.H,0 (5 mol%) R>:2\R A
* )J\ or Me

R2 re R NM2 o (chc, air, 100°C SYN RRz T
1.5-24 h R4 R3
1 2 3 4

yield

entry 1, R'/RYR? 2, R? 3 (%)
1 1b, 4-FC¢H4/Ph/Ph 2a, Me 3b 96
2 1c, 4-CIC¢H,4/Ph/Ph 2a 3¢ 98
3 1d, 4-BrC¢H,/Ph/Ph 2a 3d 93
4 1le,4-CNC¢H,/Ph/Ph 2a 3¢ 98
5 1f, 4-MeCgH,/Ph/Ph 2a 79
6  1g, 4-FC¢H,/4-FC¢H,/Ph 2a 3g 94
7 1h, 4-CIC4H,/4-CIC¢H,4/Ph 2a 3h 85
8 1i, 4-BrCgHy4/4-BrCqH,y/Ph 2a i 88
9 1j, 4-MeCgH,/4-MeCgH,/Ph 2a 3 74
10 1k, Ph/Ph/4-FCsH, 2a 3k 86
11 11, Ph/Ph/4-CIC¢H, 2a 3187
12 1m, Ph/Ph/4-MeC¢H, 2a 3m 89
13 1n, Ph/Ph/4-MeOCgH, 2a 3n 69
14 1o, i-Pr/Ph/Ph 2a 30 76
15 1p, Ph/Ph/n-Bu 2a 3p 79
16  1q, Me/Me/Ph 2a ¢
17° 1r, Ph/Ph/H 2a 3qg 54
18 1s,4-CICgHy4/4-CICgH,/2-thienyl 2a Ir 9
19”  1t, Ph/Ph/(CH,),CONHPh 2a 3 78
20 1u, H/Ph/Ph 2a 4 75
21 1v, H/4-FC¢H,/4-BrCgH, 2a 4 72
22 1w, Ph/Ph/COC=CPh 2a d
23 1la 2b, —(CH,CH,)— 3t 30
24 e 2¢, Ph 3u 91
25 e 2d, 4-FC¢H, v 92
26 1c 2e, 4-CIC¢H, 3w 90
27 e 2f, 2-CICH, 3x 93
28 lc 2g, 4-BrCqH,y 3y 93
29 e 2h, 4-MeOC¢H, 3z 97

“All reactions were performed at 100 °C for 1.5—24 h with
p-TsOH-H,0/1/2 ratio = 1:20:40."" *Reaction conducted at 30 mol %
catalyst loading. “No reaction based on TLC and '"H NMR analysis of the
crude mixture after a reaction time of 24 h. “Mixture of side products obtained
that could not be identified by "H NMR analysis of the crude mixture.

and the structure of which was confirmed by X-ray crystal-
lography (entry 23 and Figure S34 in Supporting Information-
).!% In our hands, reactions of secondary alcohols 1u and 1v were
the only instances where the corresponding N-propargylation
products 4a and 4b were preferentially obtained as the sole
product in 75 and 72% yield, respectively (entries 20—21). This
contrasts markedly to a recent work reporting p-TsOH - H,O to
catalyze the reaction of a closely related secondary propargylic
alcohol and thioamide in chlorobenzene giving the correspond-
ing thiazole in 12% yield.**

We tentatively propose the mechanism of the present
reaction to proceed in a manner similar to that described
for the analogous metal-catalyzed cyclizations of di- and
trisubstituted propargylic alcohols with thioamides.* As
depicted in Scheme 2, this could involve Brensted acid-
mediated dehydration of 1 to deliver alkynyl cation species
B and its allenic resonance form C. Subsequent attack by the
thioamide at the sterically less hindered acetylenic carbon
center of B or allenic carbcation center C when followed by
S-exo-trig cyclization of the newly formed intermediate D
would then provide the thiazole product. It might be antici-
pated that trapping at the sterically less hindered carbon
center of B or C when R' and/or R? = aryl would limit any
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SCHEME 2. Tentative Mechanism for p-TsOH - H,O-Cata-
lyzed Cyclization of 1 with 2

®
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unfavorable steric interactions between the incoming nu-
cleophile and these substituents of the cationic species.'?
Indeed, our earlier findings showing the exclusive formation
of the N-propargylation adduct in cases where less sterically
demanding secondary alcohols were examined would be
consistent with the influence of such steric interactions on
the regioselectivities found (entries 20 and 21 in Table 2). We
surmise the origin of the chloro-substituted thiazole 3t could
be due to ring-opening of the iminium cation D’ by a chloride
anion generated in situ from the 1,2-dichloroethane solvent
under the acidic conditions.

In summary, we have developed a Bronsted acid-catalyzed
method for the cyclization of tertiary propargylic alcohols
with thioamides as an efficient approach to 2,4-di- and tri-
substituted thiazoles under conditions that did not require
the exclusion of air and moisture. The reaction was shown
to be applicable to a broad substrate scope that compliments
the metal-mediated versions of this transformation.* More-
over, the possibility of the present operationally simplistic
method as a potential regioselective scale-up strategy for thi-
azole synthesis was exemplified by the large-scale prepara-
tion of one example in excellent yield. This is notable given
the recent demand for more rapid and direct atom economic-
al chemical processes that can make use of low cost and
readily available reagents and catalysts.

Experimental Section

Representative Procedure for p-TsOH - HO-Catalyzed Synth-
esis of 2,4-Di- and Trisubstituted Thiazoles 3. To a 5 mL round-
bottom flask containing 1,2-dichloroethane (3 mL) were successively
added 1a (0.25 mmol), 2a (0.5 mmol) and p-TsOH - H,O (12.5 umol).
The resultant reaction mixture was heated to 100 °C and stirred for

(11) See the Supporting Information for the reaction times.
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Zhou, X. G. J. Org. Chem. 2008, 73, 1586. (b) Ishikawa, T.; Aikawa, T.;
Mori, Y.; Saito, S. Org. Lett. 2003, 5, 51. (c) Ishikawa, T.; Okano, M.;
Aikawa, T.; Saito, S. J. Org. Chem. 2001, 66, 4635. (d) Edens, M.; Boerner,
D.; Chase, C. R.; Nass, D.; Schiavelli, M. D. J. Org. Chem. 1977, 42, 3403.
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5 h. On cooling to room temperature, the reaction mixture was
concentrated under reduced pressure, and the residue obtained was
directly purified by flash column chromatography on silica gel
(eluent: n-hexane/EtOAc = 8:1) to give the title compound.

4-Benzhydryl-2-methyl-5-phenylthiazole (3a): white solid; mp
163—164 °C; "TH NMR (CDCls, 400 MHz) 8y 2.65 (s, 3H), 5.51
(s, 1H), 7.17=7.19 (m, 2H), 7.20—7.27 (m, 8H), 7.36—7.37 (m,
5H); '*C NMR (CDCls, 100 MHz) 8¢ 19.5, 50.0, 126.4, 128.1,
128.3, 128.7, 129.2, 129.9, 132.0, 133.3, 143.4, 151.6, 163.9; IR
(neat) 3019, 1599, 1533, 1493, 1215, 1074, 1030, 669, 634, 617,
584,507 cm™'; MS (ESI) m/z 342 [M + H]*; HRMS (ESI) calcd
for Co3H,oNS 342.1316, found 342.1316.
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