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A series of new stable halogenated carbenes, 1-tert-butyl-3,4-diaryl-1,2,4-triazol-5-ylidenes, has been
synthesized. According to quantum chemical calculations, 4-(2,3,4-trifluorophenyl)-substituted 1-tert-
butyl-3,4-diaryl-1,2,4-triazol-5-ylidene is the least basic in comparison with the known sterically open
stable heteroaromatic carbenes. Upon heating in organic solvents these carbenes undergo a tandem
The
benzylidenemalononitrile, propanesultone and phenyl isothiocyanate results in zwitterionic compounds

induced reaction thereby forming 5-amidino-1,2,4-triazoles. interaction of carbenes with
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difluorophenyl)-1,2,4-triazol-5-ylidene, its protonated salt, complex with copper(l) iodide, related
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Introduction

The properties of heteroaromatic singlet carbenes have been
studied for a long time using in situ procedures (without isola-
tion of individual compounds)." The discovery of the first stable
carbenes by Bertrand (A) and Arduengo et al. (B, R = 1-Ad, Alk,
Ar) (Scheme 1) at the turn of the ‘90s >* gave a powerful impetus
to the development of chemistry of these unique divalent
carbon compounds. New classes of these compounds have been
synthesized, for example, the first 1,2,4-triazolylidene* C (R, R/,
R” = Ph) and benzimidazol-2-ylidenes D (R = 1-Ad, neo-
pentyl)*”, acyclic diaminocarbenes E (R = i-Pr)® and later many
others (for reviews, see, e.g.>'°). In addition to the interesting
fundamental results a lot of data of applied importance were
found: in catalysis, medicine, fluorescent polymer chemistry,
etc. (see, e.g."'™).

Halogen- and especially fluorine-containing heterocyclic
singlet carbenes are promising reagents for the synthesis of new
drugs. Known haloaromatic compounds have long been
included to the arsenal of the most important biologically active
compounds, Ze. drugs for medicine and preparations for
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tert-butyl-3-phenyl-4-(4-bromophenyl)-1,2,4-triazol-5-ylidene and propansultone are given.

agriculture (pesticides, growth regulators, etc). The fluoro-
aromatic compounds, which compared to other halogenated
analogues are not prone to significant metabolism, often
exhibit increased biological activities (for reviews, see, e.g. >*%).

However, the carbene derivatives with fluorine atoms have
not been studied sufficiently. The fluorinated compounds of the
phosphanyl aryl carbene series F were generated by Bertrand
et al.>* However, they appeared to be mostly labile and converted
into dimers and elimination products even at —70 °C. The most
stable derivatives of acyclic carbenes phosphanyl-o,o-di(tri-
fluoromethyl)phenylcarbene decomposes at 80 °C for several
hours and, besides, little accessible. Derivatives of imidazol-2-
ylidenes of type B with fluorine-containing alkyl groups [R =
CH,CgFs, CH,CH,CgFs, CF3(CF,),n(CH,),, CF30(CF,CF,0),CF,-
CH,, m = 5, 7; n = 1, 2; CH,CH,C;F,;, CH(Me)CF, ], in which
the influence of fluorine on the carbene moiety atoms cannot be
significant, were described in a series of papers.”*° Fluorine-
containing imidazolylidenes can be generated from the precur-
sors G, H of two types obtained on the basis of 2,4-xylidine and
hexafluoroacetone (Scheme 2).** The formation of a fused carbe-
noid imidazolinium salt H occurred as a side process.

The development of new halogen-containing heterocyclic
carbene reagents could expand the possibilities of creating new
biologically active compounds.
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Scheme 1 First isolated carbenes.
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Scheme 2 Some known fluoro-containing carbenes (F) and precur-
sors (G, H), free triazolylidenes synthesized by the authors (I-L) and
a general structure of carbenes synthesized in this work (M).

We set a goal to obtain halogenaromatic, including fluoro-
aromatic, derivatives of 1,2,4-triazol-5-ylidenes.

The first individual aromatic carbene of the 1,2,4-triazole
series (1,3,4-triphenyl substituted C) was synthesized by Enders
et al.* A series of stable derivatives of 1,2,4-triazol-5-ylidenes was
extended to their 1-alkyl-3,4-diaryl- (I) and 1,3,4-triaryl
substituted compounds (J), bis-1,2,4-triazol-5-ylidenes (K,
L).**>=7 Two first representatives of stable fluorinated 1,2,4-tri-
azolylidenes of type I with one fluorine atom in the molecule
were characterized in the work.?®

In this paper we describe:

(1) Synthesis of stable halogen-containing, preferably fluoro-
aromatic substituted carbenes of a series of 1-tert-butyl-3,4-
diaryl-1,2,4-triazol-5-ylidenes, including the least basic hetero-
aromatic singlet stable carbene 1-tert-butyl-3-phenyl-4-(2,3,4-
trifluorophenyl)-1,2,4-triazol-5-ylidene; (2) synthesis of new
derivatives of halogenated carbenes of a series of 1,2,4-triazole
(including zwitterionic) via the reaction of carbenes with elec-
trophiles; (3) the results of X-ray diffraction study of 1-tert-butyl-
3-phenyl-4-(2,4-difluorophenyl)-ylidene, its protonated salt,
complex with copper(i) iodide, related complex of 1-tert-butyl-3-
phenyl-4-(2-trifluoromethylphenyl)-1,2,4-triazol-5-ylidene,
adduct of 1-tert-butyl-3-phenyl-4-(4-bromophenyl)-1,2,4-triazol-
5-ylidene and propanesultone.

Synthesis of haloaryl-containing 1,2,4-
triazol-5-ylidenes

For the synthesis of haloaromatic derivatives of 1,2,4-triazol-5-
ylidenes and their non-halogenated analogues, we used the

30842 | RSC Adv, 2021, 11, 30841-30848
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method previously described by us,***?* including: (1) the
preparation of 3,4-diaryl-1,2,4-triazoles 2c-k by recyclization of
2-aryl-1,3,4-oxadiazoles 1a,b with arylamines in o-dichloroben-
zene in the presence of trifluoroacetic acid;*>*° (2) subsequent
quaternization of triazoles 2c-k with tert-butyl iodide in acetic
acid, and (3) deprotonation of the resulting salts 3c-k with
potassium tert-butoxide in a mixture of toluene and isopropanol
thus forming carbenes 4c-k (Scheme 3). Compounds 2a,b, 3a,b
and 4a,b, described earlier,®*?® are used in this work for
discussion, calculations and transformations.
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AdBr, CH3;COOH; (2) NaClOy; (iii) #BuOK; i-PrOH, PhMe.

1 Ar = Ph (a); Ar = 2-CIC¢H, (b); 2-4 Ar = Ph, Ar’ = 4-Br-C¢H,
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CeH, (K); 2 Ar = 2-Cl-C¢H,, Ar' = 2,3,4-F;-C¢H, (1); Ar = 2-Cl-
CeHy, Ar' = 4-CI-CgH, (m); Ar = 2-CI-CgH,, Ar' = 3,5-Cl,~C¢H; (n);
Ar = 2-Cl-C¢H,, Ar' = 3,4-Cl,-C¢Hj; (0); Ar = 2-CI-CgH,, Ar' = 2,3-
Cl,~CgHj (p); Ar = 2-CI-CgH,, AY = 2,6-Cl,-C¢H; (q); 3,4a-k R = t-
Bu; 3,4r R = 1-Ad; 2-4r: Ar = 2,6-i-Pr,-C¢Hj; 3a-k,r X = ClO,.

The reaction of oxadiazoles 1 with pentafluoroaniline failed
because of insufficient reactivity of the latter.
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Scheme 3 Synthesis of halogen-containing and related 1-alkyl-3,4-
diaryl-1,2,4-triazol-5-ylidenes 4c—k, their structures and yields of
carbenes from 1,2,4-triazoles 2 and from oxadiazoles 1 (in brackets).
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The structure of the obtained compounds was confirmed by
"H and ’C NMR methods, purity - by mass spectrometry and
thin layer chromatography, composition - by elemental analysis
(see Experimental section in ESIT).

The "H NMR spectra of triazoles 2a-q (in DMSO-d,) show the
characteristic downfield signals of aromatic protons CHN of the
triazole ring (6 8.5-9.1 ppm). The similar "H NMR signals of
salts 3a-k in DMSO-d¢ are shifted downfield (6 10.61-10.81
ppm) due to the electron withdrawing influence of azolium
nuclei.

In the mass spectra of compounds 3d-f, peaks of the
respective [M]" ions are observed, due to the dissociation of the
salt into the corresponding 1,2,4-triazolium cation and
perchlorate anion. The spectrum of salt 3g shows three peaks
that can be identified as triazolium cation, mono- and dipro-
tonated forms of triazole 2g. Note for comparison that mass
spectra of the corresponding salts by electrospray ionization
refer to the corresponding 1,2,4-triazoles.**

The C NMR spectra of carbenes 4c-k in C¢Dg are charac-
terized by signals from the carbene carbon atom at 202.6-
211.8 ppm. For carbenes 4c-f, i-k containing fluorine atoms in
the phenyl ring the '*C NMR spectra show the splitting signals
of carbon atoms by fluorine atoms. For example, in the spec-
trum of difluoro-substituted carbene 4e, the phenyl ring gives
the following group of signals: each of the carbon atoms linked
to fluorine atoms (2 and 4, respectively) is observed in two groups
of signals, respectively, 6 157.0 ppm. (J 12.5 Hz) and 158.5 ppm. (J
12.5 Hz) (for the carbon atom in position 2) and 6 161.1 ppm. (J
10.6 Hz) and 163.5 ppm. (J/ 10.6 Hz) (for the carbon atom in
position 4). Resonance at 104.8 ppm and the spin-spin coupling
constants J;> 23.4 Hz and J,> 18.7 Hz corresponds to the carbon
atom in position 3 of the nucleus; signal at ¢ 111.5 ppm with
constants J* 22.5 Hz and J° 3.9 Hz for carbon atoms 5 and 6;
resonance with ¢ 130.4 ppm and the J constant of 8.3 Hz refers to
the ipso signal of CAN (the carbon atom directly bonded to the
nitrogen atom of the triazole rings). Spectra for related fluorine-
containing carbenes 4c-f,i-k are shown in ESL.}

The transformation of salts 3i-k into carbenes 4i-k proceeds
also smoothly but the contents of free carbenes are somewhat
less than those for compounds 4c-h. Nevertheless, resonances
of carbene nuclei were found at 202.6-208.8 ppm (see the ESIT).

Compounds 4c-h are stable when stored in a solid state at
room temperature for at least 3-4 months in the absence of
light, oxygen and moisture to which they are sensitive.

Of particular interest is the effect of fluorine atoms on the
properties of carbenes, especially proton affinities associated
with their basicities.*? It is known that halogen atoms, especially
fluorine, exhibit a significant electron-donating effect through
the m-conjugation chain (for fluorine, og —0.31) and an even
stronger electron-withdrawing effect through o-bonds (oy 0.50).
The location of fluorine atoms in different positions from the
carbene center makes their overall effect on the properties of
carbene unobvious.

The calculations of the molecular structures of trifluoro- (4f),
hypothetical pentafluoro substituted carbenes N and the
unsubstituted analogue 4a by DFT method (B3LYP5, 6-311G,
RHF in gas phase) showed that the geometric parameters of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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compounds with substitution of hydrogen atoms with fluorine
undergo some changes (Scheme 4).

Thus, for fluorine compounds 4f, N the lengths of the N4-Ar,
N1-C5 and N2=C3 bonds are somewhat shortened, while the
N4-C5, N4-C3, N1-N2 bonds are lengthened, the angles of
rotation of C3 and N4-aromatic nuclei are noticeably increased
relative to plane of the triazole ring (the numbering of atoms
corresponds to the names of the compounds, see ESIT).
Changes in the electronic states of compounds lead to
a decrease in the proton affinities of compounds (from PA 258.1
for 4a to 249.6 kcal mol " for 4f and finally to 245.5 kcal mol "
for a related hypothetical pentafluoro-substituted carbene N),
which indicates a pronounced electron-withdrawing effect of
fluorine atoms on the carbene center. For difluoro substituted
compound 4e PA is 253.5 kcal mol ', for 2-CFs-substituted 4j
256.5 keal mol %, and for 4-CF;-compound 4k 253.9 kecal mol .
Many of the values for 4e,f,j,N are substantially less than those
for 1,3-dimesitylimidazol-2-ylidene O (267.7 kcal mol~"), and
even less than for electron depleted 5.5-dimethyl-4,6-
dioxopyrimidin-2-ylidene P (254.2 kcal mol '). Probably, the
influence of fluorine atoms to the carbene centre is carried out
by dominating electron withdrawing —I effect of fluorine atoms
(leading to a significant depletion of electron density of the
nuclei) compared to the fluorine +M effect via the conjugation
chain. The enthalpies of dimerization of compounds 4e,f are
significantly positive (8.8 and 11.0 kcal mol ™", respectively at
the level of B3LYP5, 6-31G, RHF), which indicates the impos-
sibility of their dimerization. Nevertheless, they are closer to the
instability limit compared to the unsubstituted analogue 4a
(12.4 kecal mol ™ 1).%

According to quantum chemical calculations, an increase in
the electron donation effect in nucleophilic carbenes leads to an
increase in their dimerization energies (electronic and steric
parameters, ESP).***¢ Therefore, the demonstration of the
stability of carbenes with low PA is unusual. The properties of
carbenes 4e,f,j feature that having close values of PA compared
to the sterically open carbenes (e.g:, of benzothiazole and thia-
zole series Q, R), they are stable and, unlike the latters, do not
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1315/ 361

N—
1315/ 1357 1313 N a5
2100,8° + 100,6° ) 100,5°
1.4 1467
1415307 N 1.400 16?;09 N 1404 1411N 1.405

1.417
A 1.439 0-30.4° 1. 425 0433 £
o
0107.9 5056 F 992‘; F
PA 258,1 Kcal/mol 2496 Kcal/mol 245,5 Kcal/mol
4a 4f N
Me
1
N— N
E> > > [> I> s
N< N
\
Mes Mes Me
PA 267,7 Kcallmol 254 7 Kcanol 247 3 Keallmol ~ 244,2 Kcalimol ~ 241,4 Kealimol ~ 229,4 Kcalimol
o P Q R ) T

Scheme 4 Bond lengths (A), some internal and dihedral angles (4) and
proton affinities for carbenes 4f, N compared with those for carbene
4a and a series of carbene analogues (O-T) according to calculations
by the DFT, B3LYP5, 6-311G, RHF method.
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Fig. 1 X-ray structures of salt 3e and carbene 4e.

dimerize. Note, that the sterically shielded 3-(2,6-diisopropyl)-4,5-
dimethylthiazol-2-ylidene isolated by Arduengo et al* has PA
256.8 kecal mol . The sterically shielded nonaromatic carbene S,
generated in the work® and the hypothetical tetrazol-5-ylidene T
exhibit the least proton affinities (PA 241.4 and 229.4 keal mol ",
respectively) compared with the synthesized heteroaromatic car-
benes. However, the first carbene was not isolated due to its
dimerization, and the second (like its derivatives) is inaccessible
due to the decomposition of the tetrazolylidene ring (into carbo-
diimide and nitrogen) under the action of nucleophiles.>™ A
number of fused 1,2,4-triazol-5-ylidenes with the lowest PA values
(up to 241.8 kecal mol ') have been studied by determining the gas
phase acidity of the corresponding salt precursors.” However,
these compounds have not yet been isolated.

Thus, the synthesis of di- and trifluorinated 1,2,4-triazol-5-
ylidenes 4e,f is a novel step in the study of low basic carbenes.

The X-ray diffraction study results for carbene 4e and their
precursor 3e are presented below.

Difluorinated triazolium perchlorate 3e is a protonated carbene
4e (Fig. 1). The crystals of the salt were grown from acetonitrile.
According to X-ray diffraction data, the structure of the cation is
aromatic, planar with close to double C5-N1 and C3-N2 bonds
(Table 1). The angle at the carbenoid atom C5 106.9° is far from the
carbene one (100-102°). The C3 aromatic nucleus is located at an
angle of 23.4° (C3-C18 bond order 1.345), the N4 nucleus - at an
angle of 71.6° (N4-C10 bond order 1.224).

The crystals of carbene 4e were grown from hexane.
According to X-ray diffraction study, the structure of carbene 4e
is aromatic, planar with close to the double bond C2-N3 and
some longer C1-N2 bonds (Fig. 1 and Table 2).

Table 1 Bond lengths and angles in the X-ray structure of salt 3e

View Article Online

Bond Bond length, A Bond order” Angle Angle value, °
C5-N1  1.300(5) 2.000 N1C5N4 106.9(3)
C5-N4  1.351(5) 1.707 N2C3N4 109.4(3)
C3-N2  1.313(5) 1.925 NIN2C3N4  0.1(4)

C3-N4  1.380(5) 1.540 C6NIN2C3  176.3(6)
N1-N2  1.365(4) 1.431 C18C3N2N1  —178.6(3)
C3-C18  1.466(5) 1.345 C19C18C3N2  156.6(4)
N4-C10 1.435(5) 1.224 C11C10N4C5 108.4(4)
C6-N1  1.502(5) 0.839 — —

¢ Calculated from the linear dependence of bond orders and the X-ray
bond lengths of simple model compounds.**°

30844 | RSC Adv, 2021, 11, 30841-30848
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Table 2 Bond lengths and angles in the X-ray structure of carbene 4e
Bond Bond length, A Bond order Angle Angle value, °
C1-N2  1.346(3) 1.736 N1C1N2 100.14(17)
C1-N1 1.390(3) 1.483 N1C2N3 109.82(17)
C2-N3  1.313(2) 1.925 N1CIN2N3  —0.7(2)
C3-N4  1.383(3) 1.523 N2N3C2N1  1.0(2)
N1-N2  1.393(2) 1.287 N2N3C2C13 —178.05(19)
N2-C9 1.494(3) 0.885 N1C2C13C14 33.6(3)
C2-C13  1.476(3) 1.294 C2N1C3C4  76.9(3)
C3-N1  1.436(3) 1.218 — —

The C1-N2 bond order (1.746) indicates the presence of
about 74% of the ylide form. The angle at the carbene atom is
100.1°. The C2-aromatic nucleus is located at an angle of 33.6°
to the plane of the triazole ring (C2-C13 bond order 1.294), the
N1 nucleus - at an angle of 76.9° (N1-C3 bond order 1.218).

Thus, we first synthesized a series of stable carbenes
including fluorine containing heteroaromatic compounds 4e,f
having the reduced proton affinities.

Transformations of haloaryl-containing
1,2,4-triazol-5-ylidenes

Earlier, the authors of this article found that 1-alkyl-3,4-diaryl-
substituted 1,2,4-triazol-5-ylidenes undergo tandem (cascade)
reaction upon heating to form 5-amidino-1,2,4-triazoles.*
However, the reaction of carbenes containing fluorine atoms in
aromatic nuclei has not yet been studied.

To establish the possibility of the reaction for halogenated car-
benes, compounds 4b,d,h,i or a related tolyl-substituted compound
4g, were heated with a gradual increase in temperature to 130-
170 °C in decane. As a result, tandem induced transformation
(Scheme 5) proceeds through intermediate carbodiimides 4A and
zwitterionic compounds 4B thereby forming 5-amidino-1,2,4-
triazoles 5a-e, including fluorinated compounds 5a,b,d.

4b, 5a Ar = C¢H,Cl-2, Ar' = C¢H,F-4; 4d, 5b Ar = C4H,CI-2,
Ar = CgH,F-3; 4h, 5¢ Ar = CgH;, Ar' = CgH,Cl-4; 4i, 5d Ar =
CeHs, Ar' = C¢H,4-CF;-3; 4g, 5e Ar = CgHs, Ar' = CgH, Me-4.

The easier transformation of the fluorinated carbenes 4b,d,i
compared with the methyl-substituted analogue 4g should be
noted. A rapid increase in temperature and heating at 130-
170 °C increases the yield of conversion products of carbene,
carbodiimide, and benzonitrile (in this case, carbene has little
time to react with carbodiimide).

Bu ,tBu fBu tBu 1-Bu
N N -N NH
JN£N> 110-170°C g 4 jl£N\ j\ll\ N <
-ArCN | > < Me,C=
" "{ r /;\l A N\ \ R Me,C=CH, Ar I\{ '|\‘
Ar' Ar' Ar /!\r' Ar' Ar'
4b,d,g,h,i 4A 4B 5a-e

Scheme 5 Tandem induced reaction of 1-tert-butyl-3,4-diaryl-1,2,4-
triazol-5-ylidenes 4b,d,g,h,i.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The composition and structure of 5-amidino-1,2,4-triazoles
5a-e were confirmed by elemental analysis, 'H and *C NMR
spectroscopy, mass-spectrometry (see ESIT). Earlier, the struc-
ture of their analogue (R = C¢Hs, R'= p-C¢H,Br) was established
by X-ray diffraction study.*

The "H NMR spectra of compounds 5a-e show the proton
signals of tert-butyl groups that are shifted upfield (6 1.56-1.67
ppm) relative to the salt ones, characteristic signals of NH
protons observed in the range of 6 6.6-6.9 ppm (in the spectra of
compounds 5a,c,d they are superimposed on the signals of
aromatic protons). The resonances of tert-butyl group in the **C
NMR spectra are detected in the range of 28.0-28.5 and 52.7-
58.7 ppm. The signals of amidine carbon atoms are observed at
134.4-138.9 ppm.

The mass spectra of amidinotriazoles 5a,e contain molecular
ions characteristic of the given structures.

Thus, the reaction of chloro and fluoro substituted 1-tert-
butyl-3,4-diaryl-1,2,4-triazol-5-ylidenes 4b,c,d,h,i proceeds quite
efficiently, leading to chlorinated and fluorinated amidino-
triazoles 5a-d (up to 6 fluorine atoms in a 5d molecule) prom-
ising for biological research.

From the standpoint of the synthesis of new types of
heterocyclic compounds the study of carbene reactions with
compounds containing activated multiple bonds and cyclic
ether groups is of particular interest. To assess the synthetic
possibilities of halogenated heterocyclic carbenes, their reac-
tions with benzylidenemalononitrile, propanesultone, and
phenylisothiocyanate were carried out.

As a result of the transformation of carbene 4a with benzy-
lidenemalononitrile a zwitterionic compound 6 was isolated
(Scheme 6), which undergoes changes upon storage (with
darkening of the substance).

4a, 6, 7a Ar = 4-Br-C¢Hy; 4h, 7b Ar = 4-CIC¢H,; 4a, 8a R = ¢-
Bu, Ar =4-Br-C¢H,; 4e, 8b R = ¢-Bu, Ar = 2,4-F,-C¢Hj; 4r, 8¢ R, Ar
= 1-Ad, 2,6-i-Pr,-C¢Hs

Nevertheless, it was possible to record 'H-NMR spectra of
compound 6, in which specific signals of the protons of tert-butyl
group (6 1.72 ppm) and proton CHPh (6 5.94 ppm) were detected.

The reaction of carbenes 4a,h with propanesultone proceeds
through ring opening, thereby forming zwitterionic compounds
7a,b (Scheme 6).

The "H NMR spectrum of compound 7a revealed charac-
teristic signals of the tert-butyl group (6 1.84 ppm), the

Scheme 6 Reactions of carbenes 4a,h with benzylidenemalononitrile,
propanesultone and phenylisothiocyanate.
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Fig. 2 X-ray structure of zwitterion 7a.

methylene group directly bonded to the triazole ring (6 3.29
ppm), central methylene groups of the propanesulfonate
fragment (6 2.08 ppm) and a group associated with a sulfur
atom (6 2.36 ppm). In the *C NMR spectrum of compound 7b
(in solid state), the signals are identified as follows: tert-butyl
group with 6 30.3, 31.3 ppm, for carbon atoms of methyl
groups and 6 67.2, 67.6 ppm, for ipso-carbon atom, respec-
tively. The resonance of the carbon atom of the propane-
sulfonate group bound to the triazole ring is observed at
0 25.3-36.9 ppm. The carbon atom associated with sulfur
shows signals at § 50.6, 50.8 ppm, and the central carbon
atom gives a signal at 6 23.8, 25.5 ppm. The resonances of the
triazole ring are detected at é 136.2, 137.2 ppm (C3), and
152.3, 153.3 ppm (C5), respectively.

The crystals of compound 7a were grown from acetonitrile.
The structure of the molecule is shown in Fig. 2 and Table 3.
According to these data the triazole ring is planar, aromatic
nuclei are turned around at 38.5° (C3-C17 bond order 1.376)
and 77° (N4-C23 bond order 1.149), respectively. The ring
bonds are strongly conjugated (bond orders 1.983, 1.851, 1.701,
1.552).

The reaction with phenyl isothiocyanate proceeds simi-
larly. Previously the transformation was carried out in situ
(see, for example'). At the level of individual carbenes it was
studied by Enders et al. for 1,3,4-triphenyl-1,3,4-triazol-5-
ylidene.** Later Bielawski et al. showed that the more steri-
cally protected 1,3-dimesitylimidazol-2-ylidene also readily
reacts with phenylisothiocyanate to form a zwitterion.**

Table 3 Bond lengths and angles in the X-ray structure of zwitterion
7a

Bond Bond length A Bond order Angle Angle value, °
C5-N1  1.326(4) 1.851 N1C5N4 105.7(3)
C5-N4  1.352(4) 1.701 CIN1C2 109.7(3)
C3-N4  1.378(4) 1.552 C5N1IN2C3  0.4(4)
C3-N2  1.303(4) 1.983 NIN2C3N4  —1.4(4)
N1-N2 1.374(4) 1.385 N4C5N1C6 176.4(3)
N4-C23  1.448(4) 1.149 C5N4C23C24  —77.0(4)
N1-C6  1.509(4) 0.851 N2C3C17C22  —38.5(5)
C3-C17  1.460(5) 1.376 — —
C5-C10  1.493(4) 1.208 — —
$13-014 1.460(3) — — —
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Scheme 7 Reaction of carbenes 4e,j with Cul

However, the transformation of sterically strongly shielded
and fluorinated systems with reduced basicities has not yet
been studied.

For comparison, two directions of the transformation of
carbene were observed with related carbodiimides: into zwit-
terionic compounds (reagent ratio 1 : 1) and spirocyclic systems
(1:2)*

We found that bromo-
azolylidenes 4a,e and sterically shielded 1-adamantyl-3-phenyl-
4-(2,6-diisopropylphenyl)-1,2,4-triazol-5-ylidene 4r (synthesized
in the work®) readily reacts with phenyl isothiocyanate to form
the corresponding zwitterions 8a-c (Scheme 6).

The structures of compounds 8a-c¢ were confirmed by 'H and
BC NMR spectroscopy (see ESIT). The most characteristic
signals in the *C NMR spectrum of the synthesized zwitterions
are carbon signals of the N=C-S fragment (165.6-166.5 ppm).

Thus, halogen-containing 1,2,4-triazol-5-ylidenes react with
electrophilic benzylidenemalononitrile, phenylisothiocyanate
and propanesultone, thereby forming halogenated zwitterionic
compounds 6-8.

and difluoro-substituted tri-

A
‘.\
Fig. 3 X-Ray structures of carbene complexes 9a,b.
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Table 4 Bond lengths and angles in the structure of complex 9a

Bond Bond length, A Bond order  Angle Value, °
C1-N1 1.381(5) 1.534 N1CIN2 102.7(3)
C1-N2 1.329(5) 1.833 C1N1C2 109.3(3)
C2-N3 1.307(5) 1.960 C1N1C2N3 0.0(5)
C2-N1 1.380(5) 1.540 C1N2N3C2 —1.3(4)
C3-N1 1.432(5) 1.241 C15N2CIN1  176.1(3)
C15-N2  1.500(5) 0.851 N3C2C9C10  34.6(6)
C9-C2 1.473(6) 1.310 C2N1C3C4 61.7(6)
N2-N3 1.391(5) 1.297 — —
C1-Cul  1.936(4) — — —
Cul-I1  2.5553(6) — — —

The formation of complexes with copper(i) iodide 9a,b is
exemplified by the reactions of fluorinated carbenes 4e,j
(Scheme 7). These complexes are also obtained under the
interaction of salts 3e,j with copper(1) iodide in the presence of
potassium carbonate in acetonitrile.

The "*C NMR spectra revealed signals of carbenoid carbon
atoms in the range of 184-185 ppm.

The crystals of complexes 9a,b were grown from acetonitrile.

According to X-ray diffraction data, the molecule of complex
9a has a dimeric state with an interaction between the metal
iodide fragments of two monomeric fragments and a trans-
configuration. The structure of the azole rings in the complex is
planar (Fig. 3), the order of the C5-N1 bond (1.833) indicates
a high content of the ylide form of the carbene in the complex
(83%) (Table 4).

The angle at the carbene atom (102.7°) is close to that for free
carbene 4e (100.1°). The C2-aromatic nucleus is located at an
angle of 34.6° (C2-C9 bond order 1.310), the N1 bond - at an
angle of 61.7° (N1-C3 bond order 1.241). The C1-Cul bond
length (1.936 A) is closer to the sum of the radii of covalent
atoms (2.05 A) than to the sum of the covalent radius of a carbon
atom and the ionic radius of copper (1.47 A). The Cu1-I1 bond
length (2.555 A) is closer to the sum of the ionic radii of copper
and iodine (2.66 A) than to the sum of the covalent radii (2.75 A).

The molecule of complex 9b has also a dimer state but, on
the contrary to 9a, a cis-configuration (Fig. 3). In addition to the
configuration, the difference between structures 9a,b lies in the

Table 5 Bond lengths and angles in the structure of complex 9b
Bond Bond length, A Bond order  Angle Vvalue, °
C1-N1 1.367(8) 1.615 N1C1iN2 101.5(6)
C1-N2 1.339(8) 1.776 C1N1C2 109.8(6)
C2-N3 1.292(8) 2.046 C1N1C2N3 1.4(8)
C2-N1 1.383(8) 1.523 C1N2N3C2 —0.8(8)
N2-N3 1.360(7) 1.456 N1C1N2C10 174.9(6)
C3-N1 1.451(8) 1.132 N3C2C14C15  144.3(8)
C10-N2  1.503(9) 0.833 C2N1C3C4 83.2(8)
C14-C2  1.471(9) 1.320 — —
C1-Cul  1.933(7) — — —
Cul-I1  2.5580(10) — — —

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lower order of the C1-N2 bond (1.776) in 9b, which indicates
a lower content of the ylidic form (78%) (Table 5).

The angle at the carbene atom (101.5°) is close to that for free
carbene. The C2 aromatic nucleus is located at an angle of 35.7°
(C2-C14 bond order 1.320), the N1 nucleus - at an angle of 83.2°
(N1-C3 bond order 1.132). The bond length C1-Cu1 (1.933 A)
and Cul-I1 (2.558 A) are close to those for complex 9a.

Conclusion

As a result of this study, nine new individual halogen-
containing derivatives of 1,2,4-triazol-5-ylidene, including
fluorine-containing compounds, were synthesized. The most
fluorinated in the aromatic ring carbene 1-tert-butyl-3-phenyl-4-
(2,3,4-trifluorophenyl)-1,2,4-triazol-5-ylidene 4f is the least basic
according to theoretical data (PA 249.6 kcal mol ") in compar-
ison with known derivatives of stable isolable carbenes. Thus,
the lower limit of the basic properties of stable individual car-
benes has been extended. Some of the properties of these
compounds have been studied. The halogenated derivatives of
1,2,4-triazol-5-ylidenes undergo a tandem induced reaction into
5-amidino-1,2,4-triazoles, and afford halogenated heterocyclic
zwitterionic compounds with electrophiles (benzylidenemalo-
nonitrile, propanesultone and phenyl isothiocyanate). The car-
bene complexes with copper(r) iodide have been prepared
starting from the individual carbenes or in situ reactions. These
reactions have opened up new possibilities for the synthesis of
halogenated heterocyclic compounds for biological tests and
other purposes.
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