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Abstract

1,3-Dipolar cycloaddition reactions of nitrile imines are a powerful tool for the construction
of spirocyclic frameworks, yet controlling chemoselectivity remains challenging when
dipolarophiles contain multiple reactive sites. In this study, we investigated the cycloaddi-
tion of nitrile imines with 5-arylmethylene-2-methylthiohydantoins, which possess both
exocyclic C=C and endocyclic C=N bonds. Nitrile imines were generated from hydra-
zonoyl chlorides under basic conditions and reacted with the thiohydantoin substrates
under optimized reaction conditions. The cycloaddition proceeded smoothly, affording
spiro-fused thiohydantoin—pyrazoline derivatives. In all cases, the reaction occurred se-
lectively at the exocyclic C=C bond, while the C=N bond remained unreactive even in the
presence of excess dipole. This chemoselectivity is attributed to the greater steric acces-
sibility of the exocyclic double bond. These results clarify key factors governing nitrile
imine chemoselectivity and provide a reliable approach to structurally complex spirocyclic
thiohydantoin derivatives.

Keywords: nitrile imines; 1,3-dipolar cycloaddition; thiohydantoin; spirocycles; imidazolones

1. Introduction

The discovery of biologically active molecules remains one of the central challenges in
modern organic and medicinal chemistry. Incorporation of spirocyclic motifs into molecular
frameworks is known to enhance conformational rigidity, often improving the binding
affinity and selectivity of small molecules toward biological targets [1-3]. In this context,
1,3-dipolar cycloaddition reactions represent an efficient and atom-economical strategy for
the construction of spiro-fused molecular architectures [4-6]. Among available 1,3-dipoles,
nitrile imines are particularly attractive due to their high reactivity and their ability to
introduce pyrazole or pyrazoline fragments into complex molecular frameworks [7].

The use of dipolarophiles bearing exocyclic carbon—carbon or carbon-heteroatom
multiple bonds enables efficient access to structurally diverse spirocyclic heterocycles.
Nitrile imines readily undergo cycloaddition with C=C bonds of varying substitution
patterns as well as with carbon-heteroatom double bonds [7,8]. Notably, these dipoles
exhibit especially high reactivity toward C=S bonds [9,10], followed by C=N bonds [7,11],
whereas cycloaddition to C=O bonds is generally the least favorable [7,12,13]. Importantly,
the electronic nature of nitrile imine substituents strongly influences both reactivity and
chemoselectivity, particularly in dipolarophiles containing multiple competing reaction
sites [14,15].
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Compounds incorporating the imidazolidine-2,4-dione (hydantoin) scaffold display a
wide range of biological activities [16], and comparable levels of interest have been directed
toward their thioanalogues [17-19]. Hydantoins offer five potential substitution sites, in-
cluding two hydrogen-bond donors and two acceptors, and are readily accessible through
established cyclization reactions, enabling facile structural diversification. Previous studies
have demonstrated that thiohydantoins are highly promising substrates in 1,3-dipolar
cycloaddition reactions for the synthesis of biologically active compounds, including po-
tential anticancer agents. In particular, thiohydantoin-based dispiroindolinone derivatives
have shown potent anticancer activity in both in vitro and in vivo models [20-22].

Hassaneen and co-workers conducted a detailed investigation of the regioselectiv-
ity of the cycloaddition of nitrile imine to imidazolinone derivatives [23] (Scheme 1a).
The examined dipolarophile contains both an exocyclic C=C bond and an endocyclic
C=N bond. Using equimolar amounts of the reactants, the authors observed complete
regioselectivity, involving an attack of the nitrile imine nitrogen terminus at the more
sterically hindered carbon of the exocyclic C=C bond. However, the possibility of cycload-
dition at the endocyclic C=N bond upon increasing the concentration of the nitrile imine
remains unexplored.

\ J N
Clu_N + > L
‘ Z N\ MeCN, rt, 3 h

N
Et;N
/>—Ph _
7N PhH, reflux

Cle N Et3N
DCM Ar
rt, 24 h

Scheme 1. 1,3-Dipolar Cycloaddition of Nitrile Imines to Imidazolinone Derivatives (a) [23] and
Arylidenethiohydantoins (b) [24].
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Yavari and co-workers reported that cycloaddition of nitrile imines to 5-arylidene-
1-methyl-2-thiohydantoins proceeds competitively across both C=S and C=C bonds
(Scheme 1b). While the C=S adduct typically predominates, the use of nitrile imines
bearing electron-withdrawing nitro substituents results exclusively in cycloaddition at the
C=S bond [24].

Building on our ongoing interest in nitrile imine cycloadditions with dipolarophiles
containing multiple unsaturated functionalities [15,25,26], we report herein the use of
5-arylmethylene-2-methylthiohydantoins 5 as dipolarophiles for the construction of spiro-
fused frameworks incorporating both thiohydantoin and pyrazoline fragments. These
substrates contain two potentially reactive sites—C=C and C=N bonds—rendering them
well suited for probing chemoselectivity in nitrile imine cycloaddition reactions (Scheme 1).
In addition, the presence of a methylthio substituent provides a handle for further
postsynthetic modification, as the S-Me group can be transformed into carbonyl [21],
selenocarbonyl [27] functionalities or glycocyamidines [28,29].

2. Materials and Methods
2.1. General Methods

All solvents were purified and dried according to established procedures described
previously in [30]. Commercially available reagents were used as received and were
obtained from Sigma-Aldrich (St. Louis, MO, USA), ABCR (Karlsruhe, Germany), and
AKSci (Burlington, VI, USA). Reaction progress was routinely monitored by thin-layer
chromatography on silica gel plates containing a fluorescent indicator (254 nm), with
visualization under UV light, unless stated otherwise.

'H and 3C{'H} NMR spectra were recorded on a BrukerAvance (Bruker BioSpin,
Billerica, MA, USA) and Agilent 400-MR (Agilent Technologies, Santa Clara, CA, USA)
spectrometers operating at 400 MHz for 'H and 101 MHz for 3C{'H}. Chemical
shifts (5) are reported in ppm relative to residual solvent signals ['H NMR: CDCl,
(7.27), DMSO-dg (2.50); 3C{'H} NMR: CDCl3 (77.16), DMSO-dg (39.52)]. Coupling
constants (J) are given in Hertz (Hz). Signal multiplicities are denoted as s = singlet,
d = doublet, dd = doublet of doublets, t = triplet, q = quartet, hept = heptet, m = multiplet,
br = broad signal.

High-resolution mass spectra were acquired on a TripleTOF 5600+ quadrupole time-
of-flight mass spectrometer (AB Sciex, Concord, Vaughan, ON, Canada) equipped with a
DuoSpray ion source, using electrospray ionization in positive-ion mode. Typical acquisi-
tion parameters included a capillary voltage of 5.5 kV, nebulizer and curtain gas pressures
of 15 and 25 psi, respectively, an ambient source temperature, a declustering potential of
20V, and an m/z range of 100-1200. Elemental compositions were assigned based on accu-
rate mass measurements and isotopic pattern analysis using PeakView software version
2.2 with Formula Finder module (SCIEX, Framingham, MA, USA), with a mass accuracy
tolerance of +5 ppm.

Infrared (IR) spectra were recorded on a Thermo Scientific Nicolet iS5 FT-IR spectrome-
ter (Thermo Fisher Scientific, Waltham, MA, USA) equipped with iD1 transmission and/or
iD7 ATR accessories. Samples were prepared as solids directly on the ATR diamond crystal
or as thin films between NaCl plates for transmission mode, with spectra acquired in the
range of 4000-400 cm ! at a resolution of 4 cm 1.

Experimental procedures and characteristic data for all synthesized compounds are
given in the Supplementary Information [25,30-37].

https:/ /doi.org/10.3390/0rg7010007


https://doi.org/10.3390/org7010007

Organics 2026, 7,7

40f12

2.2. The 1,3-Dipolar Cycloaddition Reaction of Nitrile Imines with
5-Arylmethylene-2-methylthiohydantoins 5

General procedure: To a solution of hydrazonoyl chloride 2 (2.20 equiv.) and
5-arylmethylene-2-methylthiohydantoin 5 (1.00 equiv.) in 28 mL/1 mmol of DCM un-
der an inert atmosphere, triethylamine (4.40 equiv.) in 21 mL/1 mmol of DCM was added
dropwise while stirring for 15-20 min. After the addition, the reaction mixture was stirred
for 24 h. Upon completion of the reaction, as monitored by TLC, the solvent was removed
under reduced pressure. The crude mixture was then purified by column chromatography
on silica gel using CH,Cl, /petroleum ether (1:1)—CH,Cl, or CHCl3/petroleum ether
(1:1)—CHClI3/MeOH (100:1) as the eluent to obtain the pure product.

(4R 5R)-4-(4-chlorophenyl)-8-(4-ethoxyphenyl)-7-(methylthio)-1,3-diphenyl-1,2,6,8-tetraaza
spiro[4.4]nona-2,6-dien-9-one (6a)

Compound 6a was prepared from hydrazonoyl chloride 2a (0.081 g, 0.35 mmol),
5-arylmethylene-2-methylthiohydantoin 5a (0.060 g, 0.16 mmol) and TEA (0.098 mL,
0.7 mmol). Yield 0.053 g (59%). White solid.

Diastereomer 7a could be obtained only as a mixture with diastereomer 6a, and its
yield was determined by 'H NMR analysis of the resulting mixture. Yield 7a 3%.

Chromatography: CHCIl3 /petroleum ether (3:1), R¢ 0.55.

'H NMR (400 MHz, DMSO-dg) & 7.61-7.54 (m, 2H), 7.43-7.31 (m, 7H), 7.21 (d,
J =81 Hz, 2H), 7.16 (d, ] = 9.0 Hz, 2H), 7.09 (d, ] = 89 Hz, 2H), 7.04 (d, ] = 7.9 Hz,
2H), 6.96 (t, ] = 7.4 Hz, 1H), 5.54 (s, 1H), 4.08 (q, ] = 7.0 Hz, 2H), 2.00 (s, 3H), 1.35 (t,
J=7.0Hz, 3H).

I3C{TH} NMR (101 MHz, DMSO-dg) 6 177.74, 159.42, 149.18, 143.19, 132.53, 132.15,
131.84, 130.74, 129.40, 129.14, 128.99, 128.60, 128.05, 126.79, 123.59, 121.36, 115.38, 114.66,
91.02, 63.58, 61.94, 14.55, 12.46.

HRMS (ESI): calcd for C3;HpyCIN4O,S (M+Na) 589.1436, found 589.1439.

IR (em™1): 1742 (C=0), 1597, 1564, 1509 (C=N, C=C arom.).

Mp 211-214 °C.

(4R,5R)-4-(4-chlorophenyl)-8-(4-ethoxyphenyl)-3-(4-methoxyphenyl)-7-(methylthio)-1-phen
yl-1,2,6,8-tetraazaspiro[4.4]nona-2,6-dien-9-one (6b)

Compound 6b was prepared from hydrazonoyl chloride 2¢ (0.133 g, 0.51 mmol),
5-arylmethylene-2-methylthiohydantoin 5a (0.086 g, 0.23 mmol) and TEA (0.142 mL,
1.02 mmol). Yield 0.080 g (56%). White solid.

Chromatography: CHCl3 /petroleum ether (3:1), R¢ 0.35.

'H NMR (400 MHz, CDCl3) § 7.47 (d, ] = 8.9 Hz, 2H), 7.31-7.26 (m, 4H), 7.18-7.12 (m,
4H), 7.04-6.93 (m, 5H), 6.80 (d, | = 9.0 Hz, 2H), 5.19 (s, 1H), 4.06 (q, ] = 7.0 Hz, 2H), 3.79 (s,
3H), 2.06 (s, 3H), 1.44 (t, ] = 7.0 Hz, 3H).

I3C{'H} NMR (600 MHz, CDCl3) & 178.92, 164.34, 160.21, 159.96, 148.44, 143.83, 134.08,
131.74,131.04, 129.11, 128.68, 128.63, 128.35, 124.13, 123.96, 121.96, 116.38, 115.48, 113.93,
92.20, 64.00, 63.86, 55.39, 14.87, 13.00.

HRMS (ESI): caled for C33HpoCIN4O3S (M+Na) 619.1541, found 619.1546.

IR (cm™1): 1752 (C=0), 1599, 1564 (C=N, C=C arom.).

Mp 170-171 °C.

(4R,5R)-3-(4-bromophenyl)-8-(3-chloro-4-fluorophenyl)-4-(4-methoxyphenyl)-7-(methylthi
0)-1-phenyl-1,2,6,8-tetraazaspiro[4.4]Jnona-2,6-dien-9-one (6¢)

Compound 6¢ was prepared from hydrazonoyl chloride 2d (0.090 g, 0.29 mmol),
5-arylmethylene-2-methylthiohydantoin 5b (0.050 g, 0.13 mmol) and TEA (0.081 mL,
0.58 mmol). Yield 0.054 g (63%). White solid.
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Diastereomer 7c could be obtained only as a mixture with diastereomer 6c¢, and its
yield was determined by 'H NMR analysis of the resulting mixture. Yield 7c 2%.

Chromatography: CHCIl3 /petroleum ether (3:1), R¢ 0.59.

H NMR (400 MHz, DMSO-dg) 5 7.70-7.62 (m, 2H), 7.59-7.47 (m, 4H), 7.39-7.29 (m,
3H), 7.11 (d, ] = 8.2 Hz, 2H), 7.07-7.01 (m, 2H), 6.96 (tt, ] = 7.3, 1.1 Hz, 1H), 6.92-6.86 (m,
2H), 5.45 (s, 1H), 3.72 (s, 3H), 2.04 (s, 3H).

13C{TH} NMR (101 MHz, DMSO-dg) & 177.35, 162.51, 158.97, 156.55, 148.68, 143.02,
131.57, 131.23, 130.19, 129.90, 129.52, 128.73, 128.65, 128.43 (d, | = 3.6 Hz), 124.34, 122 41,
121.39, 120.71 (d, | = 19.0 Hz), 118.22 (d, | = 22.6 Hz), 114.69, 113.53, 91.39, 62.43,
55.10, 12.65.

HRMS (ESI): calcd for C31H,3BrCIFN4O,S (M+Na) 671.0290, found 671.0285.

IR (cm™1): 1753 (C=0), 1596, 1564 (C=N, C=C arom.).

Mp 179-180 °C.

(4R,5R)-8-(3-chloro-4-fluorophenyl)-3,4-bis(4-chlorophenyl)-7-(methylthio)-1-phenyl-1,2,6,
8-tetraazaspiro[4.4]nona-2,6-dien-9-one (6d)

Compound 6d was prepared from hydrazonoyl chloride 2b (0.118 g, 0.44 mmol),
5-arylmethylene-2-methylthiohydantoin 5¢ (0.077 g, 0.20 mmol) and TEA (0.123 mL,
0.88 mmol). Yield 0.096 g (78%). White solid.

Chromatography: CHCl3 /petroleum ether (3:1), R¢ 0.47.

'H NMR (400 MHz, CDCl3) § 7.49-7.43 (m, 2H), 7.34-7.26 (m, 4H), 7.26-7.21 (m, 3H),
7.18 (dd, ] = 6.3, 2.6 Hz, 1H), 7.15-7.10 (m, 4H), 7.06-6.97 (m, 2H), 5.17 (s, 1H), 2.10 (s, 3H).

13C{1H} NMR (101 MHz, CDCl3) 5 178.13, 163.11, 159.96, 157.44, 147.69, 143.32, 134.93,
134.53, 131.57, 131.04, 129.66 (d, | = 4.5 Hz), 129.26, 128.79, 128.62, 128.30, 127.24 (d,
J =79 Hz), 122.89, 122.60, 117.83, 117.60, 116.94, 92.50, 63.45, 13.12.

HRMS (ESI): calcd for C39H,oCI3FN4OS (M+Na) 631.0300, found 631.0298.

IR (cm~1): 1752 (C=0), 1597, 1564 (C=N, C=C arom.).

Mp 160-161 °C.

(4R,5R)-4-(4-chlorophenyl)-8-(4-ethoxyphenyl)-7-(methylthio)-3-(4-nitrophenyl)-1-phenyl-
1,2,6,8-tetraazaspiro[4.4]Jnona-2,6-dien-9-one (6e)

Synthesis of the compound 6e was carried out according to general procedure from
hydrazonoyl chloride 2e (0.161 g, 0.58 mmol), 5-arylmethylene-2-methylthiohydantoin 5a
(0.099 g, 0.27 mmol) and TEA (0.162 mL, 1.16 mmol). Among the reaction mixture the target
compound was not found.
(4R,5R)-4-(4-chlorophenyl)-8-(4-ethoxyphenyl)-7-(methylthio)-1-(4-nitrophenyl)-3-phenyl-
1,2,6,8-tetraazaspiro[4.4]Jnona-2,6-dien-9-one (6f)

Compound 6f was prepared from hydrazonoyl chloride 2f (0.166 g, 0.60 mmol),
5-arylmethylene-2-methylthiohydantoin 5a (0.102 g, 0.27 mmol) and TEA (0.167 mL,
1.20 mmol). Owing to the very similar R¢ values of the starting material 5a and the spiro
adduct 6e, the latter could be isolated only as a mixture with 5a. As a result, we were able
to isolate only traces (<5%) of the target compound 6f.

Chromatography: CHCl3/petroleum ether (3:1), R¢ 0.43.

HRMS (ESI): calcd for C3;HpsCIN5O4S (M+Na) 634.1286, found 634.1281.

3. Results and Discussion

Hydrazonoyl chlorides served as nitrile imine precursors in this work and were
prepared according to literature procedures [32] (Scheme 2).
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= Synthesis of Hydrazonoyl Chlorides

COOH SOCl,

Cl

H H
cocl _N Pyrldlne Ph3P CCly ~ N
7 . + HyN N~
A, 2-3h THF MeCN rt, 16 h

0°Ctort, 16 h
1a—e, 77-98% 2a—e, 60-83%

Ar1 = Ph, 4-C|—CBH4, 4-BT-CGH4, 4-N02-C6H4

AI‘2 = Ph, 4-N02-C6H4

= Synthesis of S-methylated thiohydantoins

Scheme 2. Synthesis of hydrazonoyl chlorides 2a—e.

Hydrazonoyl chlorides are convenient preparative precursors for the in situ generation
of nitrile imines via base-promoted dehydrohalogenation. A series of hydrazonoyl chlorides
2a-e was synthesized from commercially available benzoic acids and phenylhydrazines
(Scheme 2). Following a reported protocol [32], phenylhydrazines were acylated with
benzoyl chlorides to afford acylhydrazides 1a—e, which were subsequently chlorinated
using PPh3 /CCly in anhydrous MeCN, providing nitrile imine precursors 2a—e in good to
excellent overall yields (see Supplementary Information, pp. S3-S5).

5-Arylmethylene-2-methylthiohydantoins were used as dipolarophiles in the 1,3-
dipolar cycloaddition reactions and were prepared according to a reported method [34].
Condensation of thioureas 3a—c [21] with aromatic aldehydes in 2% KOH/EtOH, fol-
lowed by acidification, afforded 5-arylmethylene-2-thiohydantoins 4a—c. Subsequent S-
methylation under basic conditions yielded dipolarophiles 5a—c in good to excellent yields
(Scheme 3; see Supplementary Information, pp. S5-510).

OGN, O\ N,

M
Ox 1. 3 equiv. KOH — N e
EtOH, 2-3 h, rt 1.50 equiv. Mel /
Q. Jl\ AN + > 2N ~ <N
N N CO,Et 2.1.00 M HCI H 2.00% KOH/EtOH
H H .
7-10 min, rt
3a-c
4a-c, 81-85% 5a-c, 81-99%

O =4-CI-CgHy4, 4-OMe-CgHy4

Ar = 4-0Et-CGH4, 3-C|-4-F-CGH3

Scheme 3. Synthesis of 5-arylmethylene-2-methylthiohydantoins 5a—c.

Next, the reaction conditions for the 1,3-dipolar cycloaddition of nitrile imines with
5-arylmethylene-2-methylthiohydantoins were optimized. Hydrazonoyl chloride 2a and
5-arylmethylene-2-methylthiohydantoin 5a were selected as model substrates. According
to a previously reported protocol [25], hydrazonoyl chloride 2a and dipolarophile 5a were
dissolved in dichloromethane (DCM), followed by dropwise addition of a triethylamine
solution in DCM over 10-15 min under an inert atmosphere. The reaction mixture was
then stirred at room temperature for 24 h (Figure 1).

A series of experiments demonstrated that altering the hydrazonoyl chloride 2a/Et;N
ratio (entries 1-6) significantly influenced the reaction outcome. Increasing the nitrile imine
concentration led to higher yields of 6a, with optimal results achieved using 2.2 equiv. of 2a
and 4.4 equiv. of EtzN (entry 4). Under these conditions, however, a diastereomeric mixture
of 6a (94%) and 7a (4%) was formed. Sequential addition of two equivalents of nitrile imine
(entry 5), as well as further increases in its amount (entry 6), resulted in a higher proportion
of diastereomer 7a.
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= Reaction optimization

C|\|/©
| base

0NN Me
» + HoyN >
7N solvent
inert atmosphere
rt, 24 h
Cl
6a 7a
Sa 2a major diastereomer minor diastereomer
. i Yield?
Entry Solvent Base 2a, equiv. Base, equiv.
6a 7a

1 DCM EtzN 1 1 28% -
2 DCM EtzN 1 2 36% -
3 DCM EtzN 1.1 2.2 42% -
4 DCM Et;N 2.2 4.4 94% 4%
5P DCM EtsN 22 44 91% 7%
6 DCM EtzN 3 6 85% 14%

CHCI3 EtzN 2.2 4.4 97% -

MeCN EtzN 2.2 4.4 58% -

MeOH EtzN 2.2 4.4 36% 8%
10 Acetone EtzN 2.2 4.4 18% -
1" Toluene Et;N 2.2 4.4 16% -
12 DCM DIPEA 2.2 4.4 97% -

Figure 1. Optimization of cycloaddition reaction conditions of hydrazonoyl chloride 2a with
5-arylmethylene-2-methylthiohydantoin 5a. Unless otherwise noted, reactions were carried out
at room temperature under an argon atmosphere using 5-arylmethylene-2-methylthiohydantoin 5a
(0.071 mmol, 0.026 g) and the corresponding hydrazonoyl chloride 2a in 3.5 mL of solvent for 24 h.
a Product yields were determined by 'H NMR analysis of the crude reaction mixtures using CH,Br,
as an internal standard. P Initially, 1.1 equiv. of hydrazonoyl chloride 2a and 2.2 equiv of Et3N were
added and the mixture was stirred for 6 h; a second portion of 2a (1.1 equiv) and Et3N (2.2 equiv)
was then introduced, followed by stirring for an additional 6 h.

Solvent screening (entries 7-11) showed that the highest yields were obtained in
DCM and CHCl; (entries 4 and 7). In contrast, the use of more polar solvents—MeCN
(entry 8), MeOH (entry 9), acetone (entry 10), as well as toluene (entry 11)—led to decreased
yields of cycloaddition product 6a, likely due to the limited solubility of 5a in these me-
dia. Substitution of Et;N with DIPEA had no significant effect on the reaction outcome
(entry 12).

Thus, the cycloaddition of nitrile imines to 5-arylmethylene-2-methylthiohydantoin
5a proceeds chemoselectively at the exocyclic C=C bond, while the endocyclic C=N bond
remains unreactive, even in the presence of excess nitrile imine (entry 6). The observed
chemoselectivity can be attributed to the higher steric accessibility of the exocyclic double
bond. Both outcomes—selective cycloaddition at an exocyclic C=C bond in the presence of
an endocyclic C=N bond [23,38,39], as well as the reverse selectivity [40,41]—have been
reported previously, indicating that chemoselectivity in nitrile imine cycloadditions is
highly substrate- and substituent-dependent. In particular, nitrile imines bearing electron-
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withdrawing ethoxycarbonyl substituents favor cycloaddition at C=N bonds, whereas
diaryl-substituted nitrile imines exhibit strict chemoselectivity toward C=C bonds [42].

Formation of a diastereomeric mixture is likely associated with partial E/Z isomer-
ization of the exocyclic C=C bond of the starting dipolarophile under reaction conditions.
Indeed, the 'H NMR spectrum of 5a recorded in CDCl; shows partial signal doubling,
indicating an isomeric mixture, whereas a single set of signals is observed in DMSO-dg.
Accordingly, under reaction conditions in DCM or CHCI3, partial isomerization of the
initial (Z)-5a to the E-isomer occurs, leading to formation of diastereomers 6a and 7a.

Using the optimized conditions, a series of compounds 6a—f was synthesized
(Scheme 4). In some cases, diastereomers 7a and 7c were detected but they could be
isolated only as mixtures with the major diastereomers 6. In contrast, cycloaddition prod-
ucts 6b and 6d were formed as single diastereomers. For compounds 6a and 7a, the reaction
was also carried out using an alternative procedure described earlier (Figure 1, entry 5), in
which 1.1 equiv of hydrazonoyl chloride 2a and 2.2 equiv of EtsN were initially added and
the mixture was stirred for 2 days. A second portion of 2a (1.1 equiv) and Et;N (2.2 equiv)
was then introduced, followed by stirring for an additional 3 days. Under these conditions,
an increased proportion of the minor diastereomer 7a (16%) was observed, accompanied
by a decrease in the yield of the major diastereomer 6a (36%).

),

M€ 220 equiv. EtsN _ §_/N> Me . NN Me
Ll R/, Y,
Z~N DCM, Ar N N
rt, 24 h \ N -
b ) | ) )
2.20 equiv. 1.00 equiv. . 6af _ TaAf
2a-e 5a-c major diastereomer minor diastereomer
scope
OEt OEt

6a, 62% de, 90% 6b, 56% de, 100% 6¢c, 65% de, 94%

OEt OEt

6e, not formed 6f, traces CCDC: 2519065

Scheme 4. Cycloaddition of hydrazonoyl chlorides 2 to 5-arylmethylene-2-methylthiohydantoins 5
in the presence of Et3N and the reaction scope.
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The use of halogen-substituted hydrazonoyl chlorides 2b and 2d, unsubstituted 2a,
and the electron-donating methoxy-substituted analog 2c¢ afforded the corresponding
cycloaddition products in good yields (56-78%). In contrast, reactions involving nitrile
imines bearing electron-withdrawing substituents resulted in significantly lower yields
of spiroimidazolones. Thus, when hydrazonoyl chloride 2e was employed, cycloaddition
product 6e could not be isolated, and incomplete reagents conversion was observed, with
starting materials recovered from the reaction mixture. In the case of hydrazonoyl chloride
2f, incomplete conversion of the starting 5-arylmethylene-2-methylthiohydantoin 5a also
took place. Owing to the very similar R; values of the starting material 5a and the spiro
adduct 6f, the latter could be isolated only as a mixture with 5a in trace amounts (<5%).

The observed decrease in reactivity upon introduction of more electron-withdrawing
substituents into the nitrile imine structure is consistent with literature reports indicating
that such substituents reduce the reactivity of 1,3-dipoles toward the exocyclic C=C bond at
the 5-position of thiohydantoin derivatives [15,24]. Although the introduction of electron-
withdrawing substituents into the nitrile imine structure, as in the cases of compounds 6e
and 6f, might be expected to alter the chemoselectivity of the cycloaddition toward addition
at the C=N bond, as reported in related systems [42], no such cycloaddition products were
observed in the present study.

Product structures were confirmed by 'H and '3C NMR spectroscopy and HRMS,
while the structure of compound 6d was unambiguously established by single-crystal X-ray
diffraction (see Supplementary Information, pp. S15-516).

Overall, the results demonstrate that, regardless of the electronic nature of the nitrile
imine, the 1,3-dipolar cycloaddition with 5-arylmethylene-2-methylthiohydantoins 5 pro-
ceeds regioselectively, with the N-terminus of the C-N-N fragment adding to the more
sterically hindered carbon atom of the exocyclic C=C bond, in agreement with literature
precedents [7,23]. In all cases, the reaction also remains chemoselective for the C=C bond.

4. Conclusions

In summary, we have demonstrated that 5-arylmethylene-2-methylthiohydantoins
are effective dipolarophiles in the 1,3-dipolar cycloaddition of nitrile imines, despite the
presence of multiple potentially reactive sites. Nitrile imines, generated in situ from hy-
drazonoyl chlorides, undergo cycloaddition in a highly chemo- and regioselective manner,
reacting exclusively at the exocyclic C=C bond, while the endocyclic C=N bond remains
inert even under conditions of excess dipole. Systematic optimization of the reaction
conditions enabled the synthesis of a series of spiro-fused thiohydantoin—-pyrazoline deriva-
tives, with the observed diastereoselectivity explained by partial E/Z isomerization of the
dipolarophile in the reaction conditions.

The dependence of reaction efficiency on the electronic nature of the nitrile imine
substituents is consistent with known trends in nitrile imine reactivity and further supports
the proposed selectivity rationale. Structural assignments were confirmed by spectroscopic
methods and single-crystal X-ray diffraction.

Overall, this study expands the understanding of nitrile imine chemoselectivity toward
multifunctional dipolarophiles and highlights 5-arylmethylene-2-methylthiohydantoins
as versatile building blocks for the construction of structurally complex spirocyclic
frameworks. The presence of a methylthio substituent additionally provides oppor-
tunities for postsynthetic modification, further enhancing the synthetic utility of the
developed methodology.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/0rg7010007/s1. Figure S1: X-ray structure of compound 6d; Table S1:
Crystal data and structure refinement for 6d. Experimental procedures and characteristic data for all
synthesized compounds are given in the Supplementary Information [25,30-37].
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