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Metal-free cascade reaction of NH-1,2,3-triazoles with one-carbon
electrophiles, such as thiophosgene and triphosgene, led to
N-vinylated ring cleavage products. Using this approach the syn-
thesis of N-vinylisothiocyanates from NH-triazoles and thiophos-
gene was achieved. A variety of multifunctional compounds, such
as N-vinylcarbamates, unsymmetrical vinylureas, carbamothioates,
etc. was prepared by a one-pot method from NH-triazoles, tri-
phosgene and nucleophiles.

1,2,3-Triazoles are versatile building blocks for the synthesis of
functionalized heterocycles." For example, metal-catalyzed
transannulation of N-sulfonyl® and N-fluoroalkyl-® 1,2,3-tri-
azoles is a useful and well-established methodology, providing
access to various, often bioactive, nitrogen-containing hetero-
cycles and carbocycles. Furthermore, cleavage of N-substituted
1,2,3-triazoles with Brgnsted* and Lewis® acids was studied as
an alternative to metal-catalyzed transformations. However,
much less attention was devoted to the ring cleavage chemistry
of NH-1,2,3-triazoles.® In comparison to N-sulfonyl and
N-fluoroalkyl triazoles, which require multiple synthetic steps,
NH-1,2,3-triazoles are easily accessible in one step from simple
azide sources (NaN; or TMSN;) and commercial alkynes,” or
aldehydes and nitroalkanes.® It is known that the ring cleavage
of 1,2,3-triazole is synthetically useful in the presence of an
electron-withdrawing group at N1,” fused triazole derivatives’
and specific substrates with more reactive centres.'® Thus, for
a long time NH-1,2,3-triazoles were not considered as building
blocks in ring cleavage chemistry. Only very recently, NH-1,2,3-
triazoles were successfully used in ring transformations, which
was made possible by N-acylation followed by in situ cleavage
of unstable N-acyltriazoles."'* Cleavage of NH-1,2,3-triazoles
with acyl halides led to p-haloenamides,'* while reactions with
fluoroalkylated acid anhydrides provides routes to fluoroalky-
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lated oxazoles or 2-acylaminoketones (Scheme 1)."> Thus, util-
ization of NH-1,23-triazoles as building blocks is a highly
promising area in organic chemistry.

N-Alkenyl compounds are attractive synthetic targets, which
are widely used in polymer chemistry, including the synthesis
of biocompatible copolymers used in pharmaceutical indus-
try."®> While unsubstituted vinylamides can be prepared by
direct vinylation of amides with acetylene,'* the synthesis of
substituted vinylamides and more complex N-vinyl compounds
(vinyl carbamates, vinylureas, vinylazoles) is a more challen-
ging task. In the recent two decades, the most common
methods to access complex N-alkenyl compounds were based
on Ru-catalyzed addition of amides to alkynes," as well as
Cu-'® and Pd-catalyzed'” cross-coupling reactions. Among the
variety of N-alkenyl compounds, vinyl isothiocyanates deserve
a special attention."® The vinyl isothiocyanate moiety is
present in natural products, such as in Sinapigladioside,
which exhibits high antifungal and antibacterial activity
(Fig. 1)."®'° Despite very promising biological activities, vinyl
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Scheme 1 Ring cleavage transformations of NH-1,2,3-triazoles.
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Fig. 1 Vinyl isothiocyanates in natural products.

isothiocyanates are difficult to obtain synthetically. While reac-
tions of amines and anilines with thiophosgene is an estab-
lished route to prepare alkyl and aryl isothiocyanates, analo-
gous synthesis of vinyl isothiocyanates is apparently limited.>°
Thus, a new method to access complex N-alkenyl compounds,
including isothiocyanates, is highly desirable. Herein, we
report the metal-free synthesis of vinyl isothiocyanates and
other N-alkenyl compounds from NH-1,2,3-triazoles and easily
available one-carbon electrophiles, such as thiophosgene and
triphosgene.

Our study was initiated by the investigation of reactions
between NH-1,2,3-triazoles and one-carbon dielectrophiles
such as triphosgene and thiophosgene (Scheme 2). We envi-
sioned the formation of N-vinylcarbamoyl chloride 2 or
N-vinylthiocarbamoyl chloride 2' via acylated triazole inter-
mediates and further transformations. In the case of 2’ we
expected the formation of 2-chlorothiazole 3 due to a high
nucleophilicity of the sulfur atom, which could facilitate intra-
molecular cyclization. To our surprise, heating the mixture of
model NH-1,2,3-triazole 1 and thiophosgene at 70 °C led to
the formation of vinyl isothiocyanate 4 in moderate yield as
E/Z mixture, while no intermediate 2' or cyclization product 3
were detected. In contrast to the reaction with thiophosgene,
the application of triphosgene led to the exclusive formation
of N-vinylcarbamoyl chloride 2 with small amount (<10%) of
vinyl isocyanate 4'.

Screening of reaction conditions for the synthesis of vinyl
isothiocyanate 4a was performed (Table 1). We found that the
reaction proceeds more efficiently with electron-rich triazoles,
thus, 4-methoxyphenyl-substituted triazole 1a was chosen as a
model substrate. Survey of solvents revealed that non-polar
toluene (entry 2) afforded slower reaction than chlorinated sol-

N CSCl, ‘HClI ol
N=N (2 equiv.) N=N S H
NH ————= N — | AN
Ar)*/ DCE, 70 °C Ar)§/ _/<CI Nz A T
S
1, Ar = p-Tol 2', not detected

o X ‘
cl -HCI
CI3COJ\OCCI3 A cl

DCE, 70 °C JN —

HCL Ar Ar N=C=S
N=" 3, not detected 4, 36% (NMR)

0
N
Af)w 40 cl cl
Ar)\/n\[(m + Ar)\r,N=c=o

2 O

sensitive to hydrolysis 4', traces

Scheme 2 |Initial findings in reactions of NH-1,2,3-triazole.
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Table 1 Optimization of the reaction conditions?

=N, CSClp 2 equiv.)  Cl
N NH > (2eq

A 70°C A’ N=C=S
1a, An = 4-methoxyphenyl 4a
Entry Solvent Conc. (M) Time (h) Yield of 4a” (%)
1 DCE 0.1 12 46
2 CHCl, 0.1 12 45
3 PhMe 0.1 42 45
4 MeCN 0.1 0.5 40
5¢ DCE 0.1 12 52
67 DCE 0.1 12 41
7¢ DCE 0.1 18 34
8 DCE 0.05 12 51
9 DCE 0.2 12 42
10 DCE 0.033 12 70
11° DCE 0.033 18 70 (65)"
128 DCE 0.033 30 49
13" DCE 0.033 5 61

“Reaction conditions: 1a (0.1 mmol) and CSCl, (0.2 mmol) in solvent

heated to 70 °C. ?Yields were determined by 'H NMR with methyl

4-nitrobenzoate as an internal standard. © CSCl, (1.5 equiv.). “ CSCl, (3

Squiv.). ©CSCl, (1.0 equiv.). fIsolated yield in parentheses. 50 °C.
80 °C.

vents DCE and CHCIl; (entries 1 and 3). On the contrary, the
reaction proceeded quickly in more polar acetonitrile (entry 4).
The yields in different solvents were similar. Decrease of CSCl,
amount to 1.5 equiv. led to slight improvement of the yield
(entry 5), while increase to 3 equiv. afforded lower yield (entry
6). However, further decrease of CSCl, amount to 1.0 equiv.
resulted in drop of yield (entry 7). Studying the effect of con-
centration revealed that in more diluted (0.05 M) solution the
yield was increased (entry 8), while in more concentrated (0.2
M) solution the reaction was less efficient (entry 9). Further
dilution to 0.033 M afforded good 70% NMR yield of the target
isothiocyanate 4a (entry 10). Thus, performing the reaction in
diluted solution with 1.5 equiv. of CSCl, was considered
optimal (entry 11). Neither reducing nor increasing the temp-
erature did not improve the yield (entries 12 and 13).

Next, the reaction scope was investigated applying opti-
mized conditions (Scheme 3). 4-Substituted triazoles with
various aryl groups were tested. Importantly, the reaction pro-
ceeded efficiently with triazoles bearing electron-donating
groups. Thus, good yields were obtained for 4-methoxyphenyl-
(4a), 3,4,5-trimethoxyphenyl (4c) and 4-phenoxyphenyl- (4d)
substituted isothiocyanates. In the case of alkyl-substituted
aromatic ring, moderate yield of 4b was obtained.
Trifluoromethoxy-substituted triazole also afforded the
product 4e in moderate yield. However, in the case of phenyl
group without electron-donating substituents, only 22% yield
of isothiocyanate was obtained. This is attributed to the for-
mation of side-products, arising from low stability of vinyl iso-
thiocyanates without electron-rich groups on the aryl ring.
Moderate yields could be obtained for sterically demanding
a-naphthyl- (4g) and 2-thienyl-substituted examples (4h), when
milder conditions (45 °C, 24 h) were applied to avoid side reac-

This journal is © The Royal Society of Chemistry 2023
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Scheme 3 The scope of vinyl isothiocyanate synthesis from NH-1,2,3-
triazoles. Reaction conditions: 1 (0.2 mmol), CSCL, (0.3-0.4 mmol), DCE
(6 ml), 70 °C, 12-24 h. ?Isolated yields. ?Yield on 1 mmol scale. “Heating
at 45 °C for 24 h.

tions. Apart from monosubstituted 1,2,3-NH-triazoles, 4,5-di-
substituted substrates bearing one electron-rich aryl group and
alkyl group were also found applicable for isothiocyanate syn-
thesis. High yield was obtained for methyl-substituted product
4i, while the reaction was less efficient for ethyl-substituted 4;j.
Unfortunately, triazoles with electron-deficient aryl substitu-
ents were not applicable for this transformation due to their
low reactivity under reaction conditions and propensity of
forming products of side reactions. Unsubstituted 1,2,3-NH-tri-
azole underwent cleavage with CSCl, to form 1,2-dichloroethyl
isothiocyanate 5 in good yield. Compound 5 is clearly a
product of HCIl addition to intermediately formed vinyl
isothiocyanate.

The developed method was found to be easily scalable as
exemplified by the synthesis of isothiocyanate 4a on 1 mmol
(175 mg) scale in 71% yield (Scheme 3). The investigation of
reactivity of vinyl isothiocyanates, as well as biological activity
and applications are attractive future tasks for organic and
medicinal chemists.

According to 'H-"H ROESY NMR analysis, products 4 were
obtained as mixtures of E- and Z-isomers, with the preference
for E-isomers. This contrasts with literature reports on 1,2,3-
triazole cleavage with Brensted and Lewis acids,»” where the
stereoselective formation of Z-isomers was confirmed. To
explain the above-mentioned observations, the following
mechanism of CSCl,-mediated triazole ring cleavage was pro-
posed (Scheme 4). Thioacylation of 1,2,3-NH-triazole with
CSCl, can lead to both N1- and N2-thioacyl triazoles.
Reversible interconversion between regioisomers is possible in
the presence of acid, which can explain successful ring clea-

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 Proposed mechanism of CSCl,-mediated triazole ring
cleavage.

vage reactions even for 4,5-disubstituted triazoles. N1-
Thioacyl-1,2,3-triazole 1A undergoes ring cleavage in the pres-
ence of HCI to form diazo compound followed by nitrogen
elimination to vinyl cation, which recombines with chloride
anion to form thiocarbamoyl chloride 2'. It undergoes elimin-
ation of HCI to Z-isomer of vinyl isothiocyanate 4. However, in
the presence of HCI protonation of the double bond can take
place to form cations 4A and 4B. Their deprotonation (for R =
Ar) leads to isomeric mixtures of vinyl isothiocyanates 4, while
recombination of cation 4B with chloride anion affords 1,2-
dichloroethyl isothiocyanate 5.

Next, cleavage of NH-1,2,3-triazoles with triphosgene was
investigated. Since almost quantitative formation of
N-vinylcarbamoyl chloride 2 was obtained under similar con-
ditions (60 °C, 30 min), further transformations of 2 were
studied without optimization of the first step. Moreover, pre-
liminary results revealed the reaction with triphosgene to be
insensitive to concentration, in comparison to synthesis of
vinyl isothiocyanates. Thus, 0.2 M concentration was used.
Despite low stability of N-vinylcarbamoyl chlorides 2, their
electrophilic nature makes them attractive precursors of
N-vinylated compounds by the treatment with various nucleo-
philes. Thus, a one-pot synthesis of N-vinyl compounds start-
ing directly from NH-triazoles and triphosgene was developed
(Scheme 5).

Firstly, when methanol or ethanol were used as nucleo-
philes, N-vinylcarbamates 6a-6b were obtained in good yields.
Using butylamine unsymmetrical vinylurea 6¢ was prepared.
The method also worked efficiently for a secondary amine
(morpholine) as the nucleophile, leading to product 6d in high
yield. Sulfur nucleophiles, such as methanthiolate and 4-chlor-
othiophenol, proved to be competent in this transformation to
give carbamothioates 6e and 6f, respectively. In the case of
sodium azide the corresponding carbamoyl azide 6g was pre-
pared, albeit in 32% yield, probably, due to its low stability
and propensity to decomposition via carbamoyl nitrene.

Regarding the scope of 1,2,3-triazoles, the triphosgene
method was successfully applied to 4-phenoxysubstituted tri-
azole, as well as to 4-tolyl, phenyl and 1-naphthyl-substituted

Org. Biomol. Chem., 2023, 21, 143-1147 | 1145
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Scheme 5 One-pot three-component assembly of N-alkenyl com-
pounds from NH-1,2,3-triazoles, triphosgene, and nucleophiles.
Reaction conditions: 1 (0.1 mmol), triphosgene (0.1 mmol), DCE (0.5 ml),
60 °C, 30 min, then nucleophile was added (see ESI} for detailed pro-
cedures). An = 4-methoxyphenyl. ?Isolated yields. °70 °C, 30 min for the
first step. 70 °C, 20 h for the first step.

triazoles to afford products 6h-6k. Importantly, alkenyl-substi-
tuted moiety on the triazole part was also tolerated to give
product 61 in 73% yield. For 4,5-disubstituted triazole
(Scheme 5, bottom) alcoholysis and hydrolysis of C-N bond
rather than only C-Cl bond took place, which led to known
a-methoxyketone 7. Importantly, in the case of triphosgene,
intermediates vinylcarbamoyl chlorides 2 did not undergo HCI
elimination, thus, their treatment with nucleophiles resulted
in complete retention of Z-configuration in compounds 6 with
the only exception of carbamoyl azide 6g.

To investigate the scalability of the three-component syn-
thesis of N-alkenyl compounds 5, a 3 mmol scale reaction to
synthesize vinylurea 5d was attempted. Indeed, the process
was found to be easily scalable as the product was obtained
without significant loss of the yield (Scheme 6). Inexpensive
triethylamine was used as a sacrificial base to remove HCI
demonstrating that using excess of nucleophile is not necess-
ary. Thus, complex N-vinylated compounds can be accessed
with high atom-economy.

When sodium triflate was added to the reaction mixture in
the first step, the present methodology allowed a one-pot four-
component assembly of carbamate 8a or unsymmetrical vinyl-
urea 8b with the triflate group (Scheme 7). Changing the
solvent to chloroform was crucial for efficient transformation.
It is interesting to note that the compound 8b was obtained as
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Scheme 7 Four-component synthesis of functionalized p-enamido
triflates.

1:1 mixture of E- and Z-isomers, in contrast to stereoselective
formation of Z-isomer of carbamoyl triflate 8a. This difference
in configurational stability might be caused by lower double
bond isomerization barrier for more electron-rich vinylurea
derivative, which makes spontaneous isomerization possible.
Since B-enamido triflates are bench stable and synthetically
useful building blocks amenable to cross-coupling reactions,>'
the development of new routes for their synthesis is sought
after.

In conclusion, N-vinyl isothiocyanates were prepared by the
cleavage of NH-1,2,3-triazoles with thiophosgene. A one-pot
method to access multifunctionalized N-alkenyl compounds
from NH-1,2,3-triazoles, triphosgene and various nucleophiles
was developed. The main advantages of the methodology are
readily available starting materials, atom economy and short
reaction times. The methods can be useful for the preparation
of natural products with vinyl isothiocyanate moieties, as well
as for the synthesis of complex and multifunctional N-alkenyl
compounds.
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