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A Bronsted acid-mediated insertion of thioureas/thioamides into sulfox-
onium ylides to synthesise 40 thiazoles (34—95% yields) under mild,
metal-free conditions is described. This process is scalable, substrate-
tolerant (including both a-substituted and heterocyclic ylides/groups)
and was successfully applied to the late-stage functionalisation of the
complex chemical probe molecule (+)-JQ1.

Thiazoles are an important class of biologically active scaffold.'™
They are highly versatile motifs forming the core of many pharmac-
euticals®® and have recently been identified as a potential rigid exit
vector in the growing field of VHL-based PROTACS.’ Historically,
these motifs were prepared via the Hantzsch thiazole synthesis, a
condensation reaction between an orhalo ketone and thiourea.'
Despite this method’s prevalence, it suffers from significant limita-
tions, most notably associated with the stability, toxicity and avail-
ability of the o-halo ketone precursor.'** To circumvent the need for
a-halo carbonyls, novel synthetic strategies have been developed to
replace these groups, including the use of diazo compounds,'***
copper-catalysed condensations of oximes with anhydrides and
KSCN," base-mediated cyclisations of substituted isocyanides with
o-oxodithioesters,'® and more recently the use of sulfoxonium
ylides.11'17'18

Since their discovery in the 1930s," sulfoxonium ylides have
proven to be highly versatile intermediates in organic synthesis.
Traditionally, these reagents are utilised in the construction of
small ring systems, such as cyclopropanes, aziridines and epoxi-
des.?**! In 1993, pioneering work in the Baldwin group demon-
strated sulfoxonium ylides potential as metal carbenoid precursors,
enabling their formal insertion into N-H bonds.>* Since this report,
sulfoxonium ylides have seen increased use as replacements for
problematic diazo compounds, owing to their inherent stability,
ease of synthesis and amenability to industrial-scale use.** >
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However, despite these recent advances, sulfoxonium ylide
chemistry remains under-explored.

Previously, both our and the Wu group, reported novel
routes to thiazoles vig iridium or rhodium-catalysed carbenoid
insertion of sulfoxonium ylides with thioureas (Fig. 1A).""® In
both cases, the major limitations were the use of high loadings
of expensive/precious metal catalysts and elevated reaction
temperatures. To improve sustainability, reduce costs, and
increase the substrate scope, the development of a mild
metal-free synthesis of thiazoles from sulfoxonium ylides is
highly desirable.?®

Bronsted acids have been reported as alternatives to transition
metal catalysts for the activation of sulfoxonium ylides. The Nugent
and Burtoloso groups demonstrated this reactivity for the acid-
mediated insertions of chloride and thiols respectively.'**” More
recently, Pandey et al. published the synthesis of a-thiocyanoketones
from the reaction between ammonium thiocyanate and sulfoxonium
ylides." In this study, Pandey et al. also prepared a small subset of 2-
aminothiazoles from the reaction of amines with a thiocyanoketone
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Fig. 1 Previous selected strategies (A and B) to access thiazole motifs
from sulfoxonium ylides and our work.
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intermediate under metal-free conditions, albeit using high tem-
peratures (110 °C) with limited amine/ylide scope (Fig. 1B). We
envisaged that an acid-mediated ylide activation, followed by the
insertion/cyclisation of a thiourea/thioamide nucleophile, would
provide a mild method to access a diverse set of thiazole products.
Reported herein is a convenient, widely tolerant, scalable, method
that achieves this goal (Fig. 1).

We began our investigations by exploring the reactions of
the ylide 1a with the model thioamide/thiourea substrates
thioacetamide and N-benzylthiourea (Table 1). Initially, we
screened the previously reported conditions for the acid-
mediated insertion of chloride (entry 1)*” or thiols (entry 2)"
in our model reaction with thioacetamide. Both reactions were
moderately successful, giving the desired thiazole 3a in 14%
and 33% yields respectively. Now confident in the viability of
our system, we carried out a full solvent, acid, and temperature
screen (also see ESIf). From our initial solvent/temperature
screening, we identified that dichloromethane (DCM) at 40 °C
gave the best conversion to thiazole 3a with diphenyl phosphate
(DPP) as the acid (59%, entry 3). No starting ylide conversion
was observed in the absence of DPP (entry 4). This suggests the
reaction occurs via previously proposed ylide protonation and
subsequent nucleophilic attack (see ESIt)."> Surprisingly,
increasing the reaction temperature in DCE reduced conversion
to 3a (42%) (entry 5). Next, we evaluated the performance of
different acids (entries 6-8) (also see ESI). We found that
replacing DPP with TFA gave a similar yield of 64% (entry 9)

Table 1 Optimisation of thioamide/thiourea insertion and cyclisation
to thiazoles

S

3 3 LA

J 8 _mNTR
Ph ™ Acid (X eq.) )ws
1a Solvent, A Ph
(¥ ea) SR Mo
NMR
Acid Ylide conversion®
Entry  Solvent  Acid (Xeq) (Yeq) R (%)
1? THF MsOH 0.2 1.0 Me 14
2¢ MeCN DPP 0.2 1.0 Me 33
3¢ DCM DPP 0.2 1.0 Me 59
4° DCM DPP 0.0 1.0 Me 0
54 DCE DPP 0.2 1.0 Me 12
6° DCM MsOH 0.2 1.0 Me 45
7¢ DCM HNO; 0.2 1.0 Me 47
8° DCM AcOH 0.2 1.0 Me 6
9° DCM TFA 0.2 1.0 Me 64
10° DCM TFA 1.0 1.0 Me 69
11¢ DCM DPP 1.0 1.0 Me 70
12°¢ DCM DPP 0.5 1.0 Me 77
13¢ DCM DPP 0.5 1.0 NBn 73
14° DCM DPP 1.0 1.0 NBn 79
15" DCM DPP 0.5 1.25 Me 82
16" DCM DPP 1.0 1.25 NBn 88

¢ Calculated relative to an internal 1,3,5-trimethoxybenzene standard.
Reaction conditions: ? THF (1.0 M), 70 °C, thioacetamide (1.5 eq.), 24 h.
¢ Solvent (1.0 M), 40 °C, thioacetamide (1.5 eq.), 16 h. ¢ Solvent (1.0 M),
80 °C, thioacetamide (1.5 eq.), 16 h. * DCM (0.2 M), 40 °C, nucleophile
(1.5 eq.), 16 h./ DCM (0.2 M), 40 °C, nucleophile (1.0 eq.), 16 h.
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compared to 59% (entry 3). Further increases in conversion
were observed upon diluting the reaction mixture (1.0 M to
0.2 M) and increasing the equivalents of acid (from 0.2 eq.)
(entries 10-12). Pleasingly, the more benign DPP gave improved
conversions relative to TFA, with 0.5 eq. being the optimal
loading (entry 12). Next, we explored the suitability of these
conditions for the synthesis of 2-aminothiazole 2a using
N-benzylthiourea (entries 13 and 14). Good transferability of
the reaction conditions was observed, although, one equivalent
of acid was required to give higher conversions (79%) to the
thiazole 2a (entry 14). Finally, we found that using a slight
excess of the ylide led to higher conversions, affording the
thiazoles 3a and 2a in excellent 82% and 88% yields respec-
tively (entries 15 and 16).

With optimised reaction conditions in hand, we first inves-
tigated the scope of thioureas for this reaction (Scheme 1A).
The reaction conditions tolerated a broad range of functional
groups, enabling access to thiazoles containing a range of
aromatic 2b, 2d, 2e (73-82%), alkene 2g (75%), free amine
2m (81% vs. 72% on gram-scale), phenolic 2¢ (49%), alkyl 2a, 2j,
21 (68-78%) and heteroaromatic 2h, 2k (76-95%) substituents
in good to excellent yields. Of note, we also synthesised the
anti-inflammatory drug fanetizole (2f) in a high 84% yield,
comparable to our previously reported iridium route (83%)."*

Pleasingly, we found the use of selenourea under our
optimised conditions was well tolerated, giving selenazole 2n
in 65% yield.

To further explore the scope of our reaction, we next
investigated changing the ylide precursor (Scheme 1A). Aro-
matic ylides bearing both electron-donating 20, 2t, 2p, 2v (4-Me,
2-OMe, 4-OMe, 1,3-benzodioxole) and electron-withdrawing
2q-2s (4-Cl, 4-NO,, 4-CF3) groups were well tolerated under
the reaction conditions. The thiazole scaffolds containing the
‘Cl’ and ‘NO,’ handles offer the potential for further elabora-
tion.™ Furthermore, alkyl ylides were also tolerated delivering
methyl 2u (61%), cyclopropyl 2a’ (69%) and cyclobutyl 2b’
(61%) thiazoles. Notably, styrene-derived thiazole 2y was
obtained in a high 83% yield exclusively as the more thermo-
dynamically stable E-isomer, as determined by 'H NMR
spectroscopy (*Juy = 15.6 Hz). Moreover, excellent compatibility
was observed for the thiophene-derived ylide, giving 2x in 78%
yield. Surprisingly, the presence of basic centres in both the
ylide (2w, 2z) and thiourea (2i) were tolerated, albeit requiring
elevated temperatures. We propose this is due to the formation
of nitrogen salts which are solubilised at 80 °C. In the case of
piperidine (2z) an extra equivalent of acid was required due to
the increased basicity. Finally, we are pleased to report the first
examples of the synthesis of trisubstituted thiazoles 2¢’-2f
directly from o-substituted sulfoxonium ylides. Despite con-
cerns about the steric environment, the reactions proceeded
smoothly in 39-74% yield under the standard reaction
conditions.

Following the successful exploration of synthesising 2-am-
inothiazole derivatives, we revisited the insertion of thioamide
nucleophiles (Scheme 1B). Outside of the model substrate 3a,
we found that significant increases in yield were observed upon

This journal is © The Royal Society of Chemistry 2024
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3b, R2=H, 64%
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3a, R?=H, 69%*
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3c In DCM at 40 °C = 25%
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C) Functionalisation of Bioactive Molecules
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NH,
/N\
\f N N7 s
N—7 —
S
Q ‘
=N
cl

4b*

Y

54%
From BET bromodomain inhibitor (+)-JQ1

Scheme 1 Synthesis of thiazoles from the acid-mediated cyclisation of thioureas and thioamides with sulfoxonium ylides.

raising the reaction temperature to 80 °C (see 3b and 3c), likely ~Despite this, the insertion of thioamides afforded thiazoles in
due to their reduced nucleophilicity relative to thioureas. moderate yields ranging from 36-69% (3a-3f). In addition to
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the formation of the desired thiazole, we surprisingly observed
the formation of methylthioether side products (3a’-3f).

Thiomethylated thiazole 3a’ was isolated in 10% yield, with the
site of SMe incorporation confirmed by comparison with spectro-
scopic data in the literature.”® In all thioamide cases, significant
thiomethylation was observed, ranging between 7-14% by LCMS.
This could account for the lower yields of the thioamide-derived
thiazoles relative to the thiourea examples.

Finally, we attempted the late-stage introduction of a thia-
zole to (rac)-ibuprofen and the BET bromodomain inhibitor
(+)JQ1 (Scheme 1C).*° Gratifyingly, under our optimised con-
ditions, we obtained the free 2-aminothiazoles derivatives of
ibuprofen (2g’, 54%) and (+)-JQ1 (4b, 54%) without racemisa-
tion of the stereogenic centre. This was confirmed via "H NMR
spectroscopy utilising Pirkle’s alcohol as a chiral solvating
agent, in comparison to the racemate (see ESIT). The introduc-
tion of the NH,-thiazole is of interest in medicinal chemistry,
for example providing a rigid handle/linker for the synthesis of
PROTACs.”**!

In summary, we have developed a scalable, mild, metal-free
method to access diverse thiazole scaffolds from the insertion of
thioamide/thioureas into sulfoxonium ylide precursors. This meth-
odology proved particularly effective for obtaining 2-aminothiazoles
and was successfully applied to the functionalisation of the highly
complex probe molecule (+)-JQ1. Whilst exploring the insertion of
thioamides, we were surprised to observe the formation of thio-
methylated side products. Detailed mechanistic investigations
probing SMe incorporation are currently ongoing in our lab and
may enable novel access to thiomethylated derivatives, which could
serve as trisubstituted cores for further elaboration.

We would also like to acknowledge and thank Prof. John
Spencer and Dr Barnaby W. Greenland for their input and
guidance, as well as Dr Graham Marsh of Tocris Biotechne for
providing the racemic sample of JQ1. We would finally also like
to thank the University of Sussex for funding this project.
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