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Microwave assisted cycloaddition
of benzonitrile oxides to 1-iodobuta-1,3-diynes
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The microwave-assisted cycloaddition of 2,6-disubstituted
benzonitrile oxides to 1-iodobuta-1,3-diynes occurs at the
iodo-substituted triple bond giving predominantly
5-alkynyl-4-iodo-1,2,3-isoxazoles. The Suzuki-Miyaura and
Sonogashira cross-coupling reactions were used for the
modification of the thus obtained 4-iodoisoxazoles.
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Isoxazoles are of increased interest due to a wide range of their
biological properties.t=> A number of isoxazole derivatives have
valuable photophysical properties.®® lodoisoxazoles are
convenient starting compounds for the introducing various
substituents into the isoxazole ring®! and find application in the
synthesis of biologically active substances.!?-16 At the same
time, isoxazole derivatives containing conjugated alkynyl
substituents exhibit valuable pharmacological properties, in
particular, antibacterial activity.”18 One of the most effective
methods for the synthesis of such compounds is the 1,3-dipolar
cycloaddition reaction of nitrile oxides to terminal acetylenes.1%-2
The presence of an ethynyl fragment and an iodine atom as
substituents in this five-membered heterocycle can provide
additional opportunities for modifying the isoxazole structure
and creating compounds with potential useful properties.
However, synthesis of such compounds using iodination of
ethynyltriazoles is difficult due to the lability of the triple bond.
lodobuta-1,3-diynes appear to be promising substrates for the
[3+2] cycloaddition reactions, allowing the formation of five-
membered heterocycles containing iodine and ethynyl derivatives
as substituents. For these unsaturated compounds only Cu-
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catalyzed [3+2] cycloadditions of azides are described
(Scheme 1).22-25 The regioselectivity, usual for monoacetylene
analogues,?® in this case can be different depending on
substitution type in azides: the formation of only 5-iodotriazoles
was observed for alkyl azides, and isomeric mixtures of 4-iodo-
and 5-iodotriazoles were obtained for aryl azides.?” The
subsequent modification of iodo cycloadducts by the Suzuki-
Miyaura and Sonogashira reactions can afford compounds with
valuable photophysical properties that are of interest for use in
bioimaging. It is known that replacing the triazole ring with an
isoxazole one leads to a change in the Stokes shift values and
quantum yields.?829

Reactions of iodo monoacetylenes with nitrile oxides have
been reported as a convergent, efficient and selective method for
the synthesis of iodoisoxazoles (Scheme 2).3%31 Moreover, the
high reactivity of nitrile oxides in most cases allows cycloaddition
reactions to be carried out without the use of catalysts.3? As far
as we know, cycloaddition of iodo diacetylenes to nitrile oxides
has not been described. In this paper, we present the results of the
study of the cycloaddition reactions between nitrile oxides and
iodobuta-1,3-diynes and the possibility of modifying cyclo-
adducts in the cross-coupling reactions (see Scheme 1).

Essentially stable 2,6-disubstituted benzonitrile oxide 2a and
1-iodobutadiyne l1a were chosen for initial experiments. An
attempt to use the Cul(PPhs)s/lutidine catalytic system which
was the most effective in reactions with azides??2* led to a
mixture of cycloaddition products 3a and 3'a, which is
presumably regioisomer of 3a based on the NMR spectra, in
only low yield (see Scheme 2, Table 1, entry 1). In addition, the
reaction was accompanied by a protodeiodination process, as
evidenced by the formation of product 4. However, in the absence
of catalysts it was possible to improve preparative total yield
of compounds 3a and 3'a up to 44% (entry 2). Raising the
temperature reduced the reaction time, however led to a decrease
in the yield of cycloadducts (entry 3). Attempts to use excess of
nitrile oxide resulted in the formation of a complex mixture of
products that could not be separated by chromatography.
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Scheme 2 Reagents and conditions: see Table 1.

Table 1 Optimization of the cycloaddition between 1-iodo-1,3-butadiyne
laand nitrile oxide 2a.2

Entry Catalyst Solvent  T/°C t/h :)sfoéegid:a};e(!;))
1 Cul(PPhg);, - ~20 20 28P
lutidine
2 - Toluene  ~20 100 44¢
3 - Toluene 60 24 41
4 - DMF 60 24 10
5 - DME 120 (MW) 1 45

aAt 1a/2amolar ratio of 1: 1. PAlong with compound 4. °When 1a/2a molar
ratio 1:1.5 was used, complex mixture was formed.

Carrying out the reaction in 1,2-dimethoxyethane (DME) using
a microwave heating by analogy with published work?° led to a
slight increase in the yield, but made it possible to significantly
reduce the reaction time (entry 5). To determine the yields,
products 3a+3'a were isolated as a mixture by column
chromatography. The isomer ratio 3a/3'a was approximately
10:1 in all cases.

Microwave heating conditions were applied for further
investigation of the reaction of iodo diacetylenes la—e with
stable nitrile oxides 2a,b. The reaction was shown to proceed
with high regioselectivity giving 5-alkynyl-4-iodo-1,2,3-
isoxazoles 3a—g predominantly in moderate to good yields. In
addition to cycloadducts, we observed the formation of mixtures
of products presumably containing nitrile oxide dimers whose
formation was revealed in our previous work.?! We carried out
the reaction with nitrile oxides 2a,b containing either electron-
withdrawing (CI) or electron-donating (MeO) substituents. No
significant effect of these substituents on the rate, selectivity, or
yield of the reactions was observed. At the same time, electron-
withdrawing substituents in the aryl ring of 4-aryl-1-iodobuta-
1,3-diynes la and 1d lead to a slight decrease in the yield of
cycloadducts (3a,d) compared to other iodo diynes (Scheme 3).
To confirm the structure of the obtained adducts, X-ray diffraction
was performed for compound 3f (Figure 1). The appropriated
crystals were grown from chloroform/hexane mixture. '

To explain the regioselectivity of the cycloaddition, we
carried out the quantum chemical calculations. The global
electrophilicity and nucleophilicity indices and Fukui functions3?

were calculated for the model structures 1b, 2a and 2b
(Table 2). Geometry optimization for all studied species was
performed at the b3lyp/(6-31g**, def2TZVP for 1) level of
theory. The optimized geometries were used for the subsequent
electron density calculations that were performed at the
b3lyp/(6-311++g**, def2TZVP for 1) level of theory. From the
calculated data it is clear that all compounds are good
nucleophiles and relatively good electrophiles. At the same time,
it can be assumed that 1b is more inclined to act in reactions with
2a as a nucleophile, and in reactions with 2b as an electrophile.
From considering the values of the Fukui functions it follows
that the reaction in both cases should proceed with the formation
of 5-iodoisoxazole regioisomer, which is not actually observed.
Accordingly, it may be assumed that the regioselectivity is ruled
by steric factors.

Next, we investigated the modification of the resulting
cycloadducts in the Suzuki—Miyaura reaction with arylboronic
acids (Scheme 4). We used the catalytic system Pd(PPhs),/
K3P0O,,% which was previously successfully used for analogous
modification of 4-ethynyl-5-iodo-1,2,3-triazoles.?® It is note-
worthy that products 6a,b exhibited the ability to luminesce
when irradiated with a wavelength of 366 nm. In the case of
prolonged processing with arylboronic acid 5b, the formation of
hydrodeiodination product 4 (25%) was also observed. When
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Scheme 3 Reagents and conditions: i, DME, 120 °C, MW, 1 h.

T Crystal data for 3f. C;gH;3NOSCII (M = 465.65), monoclinic, space
group P2;/n at 100.0K; a=7.40100(10), b=14.3259(2) and
¢ =16.9061(2) A, & = 90°, 4 = 95.3010(10)°,y = 90°,V = 1784.82(4) A3,
Z=4, d=1.733gcm™3, p=15.630 mm=, F(000)=912.0. Total of
13275 reflections were collected (3371 independent reflections,
Rt =0.0501) and used in the refinement, which converged to
WR, =0.0844, GOOF=1.083 for all independent reflections
[R; = 0.0318 was calculated for 13275 reflections with | >20(1)].

X-ray diffraction study of 3f was performed at 100(2) K on a Rigaku
XtaLAB Synergy-S diffractometer (HyPix-6000HE type detector) using
Cu Ko (A=154184 A) radiation. The structure was solved with the
ShelXT34 structure solution program using Intrinsic Phasing and refined
with the ShelXL3® refinement package incorporated in the OLEX2
program package® using Least Squares minimization. Empirical
absorption correction was applied in CrysAlisPro®” program complex
using spherical harmonics, implemented in SCALE3 ABSPACK scaling
algorithm. The hydrogen atom positions were fixed geometrically at
calculated distances and allowed to ride on the parent atoms.

CCDC 2341764 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.
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Table 2 Theoretically calculated Fukui functions f(+) and f (=), global electrophilicity (w) and nucleophilicity (N) indexes for optimized equilibrium model
structures in dimethoxyethane [B3LYP/(6-311++G**, | Def2TZVP)//B3LYP/(6-31g**, | Def2TZVP)], Eyjomo, Tone = —9.12* eV at the B3LYP/6-31G(d).

Structure  Fukui function C1abor O C2bor Ce C3 C4 HOMO/eV LUMO/eV wleV N/eV

1b f(-) 0.16 0.02 0.14 0.09 -6.22 -1.78 1.80 2.90
f(+) 0.15 -0.01 0.13 0.10

2a f(-) 0.11 0.06 -6.90 -2.02 2.04 2.22
f(+) 0.25 0.15

2b e 0.10 0.07 -6.18 -1.37 1.48 2.94
f(+) 0.22 0.09

aC1 is the first carbon atom next to iodine. PFor structure 1b. ¢For structures 2a,b.

cl
ArB(OH),
i
5ab cl 25%)
a Ar = 4-MeOCgHy, 50%
3a— G b Ar = 2-naphthyl, 47%

6, 48%

Scheme 4 Reagentsand conditions: i, Pd(PPhs),, K5PO,, dioxane, 100 °C,
4-16 h; ii, Pd(PPhg),, Cul, Pr;NH, DMF, 40 °C, 30 h.

arylboronic acid with electron-donating substituent was
employed, shorter heating (4 h) was required to achieve complete
conversion of the starting isoxazole.

Next, we attempted to introduce iodoisoxazole 3a in the
Sonogashira cross-coupling (see Scheme 4). Under conditions
previously used for iodotriazoles,??2* the formation of a cross-
coupling product was not observed and the starting isoxazole
predominantly remained in the reaction mixture. However,
carrying out the reaction in DMF using diisopropylamine as a
base allowed us to obtain product 6 in 48% yield (see Scheme 4).

In summary, iodobutadiynes are capable of reacting with
2,6-disubstituted benzonitrile oxides without using catalysts
affording 5-ethynyl-4-iodo-1,2,3-isoxazoles in moderate to good
yields. The use of microwave activation made it possible to
suggest easily implementable and fast experimental procedure.
The regioselectivity of the reaction is probably due to steric
factors. The resulting cycloadducts can be modified in the
Suzuki—Miyaura and Sonogashira cross-coupling reactions.

The studies were carried out using the equipment of the
resource centers of Saint Petersburg State University ‘Magnetic
Resonance Research Centre’, ‘Chemical Analysis and Materials

Research Centre’, ‘Centre for X-ray Diffraction Studies’. The
study was financially supported by the Russian Science
Foundation (grant no. 19-73-10077-11).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.06.022.

References

1 X.Wiang, Q. Hu, H. Tang and X. Pan, Pharmaceuticals, 2023, 16, 228.

2 C. P. Pandhurnekar, H. C. Pandhurnekar, A. J. Mungole, S. S. Butoliya
and B. G. Yadao, J. Heterocycl. Chem., 2023, 60, 537.

3 A.Thakur, M. Verma, R. Bharti and R. Sharma, Tetrahedron, 2022, 119,
132813.

4 ). Zhu, J. Mo, H.-Z. Lin, Y. Chen and H.-P. Sun, Bioorg. Med. Chem.,,
2018, 26, 3065.

5 V. V. Spiridonov, K. S. Sadovnikov, D. A. Vasilenko, K. N. Sedenkova,
A. R. Lukmanova, A. A. Markova, A. V. Shibaeva, A. V. Bolshakova,
S. S. Karlov, E. B. Averina and A. A. Yaroslavov, Mendeleev Commun.,
2022, 32, 591.

6 Y.Ono, T. Hirao, T. Ikeda and T. Haino, J. Org. Chem., 2021, 86, 5499.

7 S. Sahoo and S. Pal, J. Org. Chem,, 2021, 86, 4081.

8 Y. Tian, X. Li and D. Yin, Chem. Commun., 2019, 55, 12865.

9 H. Kromann, F. A. Slgk, T. N. Johansen and P. Krogsgaard-Larsen,
Tetrahedron, 2001, 57, 2195.

10 S.S. Labadie, Synth. Commun., 1994, 24, 709.

11 T. Morita, S. Fuse and H. Nakamura, Angew. Chem.,, Int. Ed., 2016, 55,
13580.

12 O. Mirguet, Y. Lamotte, F. Donche, J. Toum, F. Gellibert, A. Bouillot,
R. Gosmini, V.-L. Nguyen, D. Delannée, J. Seal, F. Blandel,
A.-B. Boullay, E. Boursier, S. Martin, J.-M. Brusg, G. Krysa, A. Riou,
R. Tellier, A. Costaz, P. Huet, Y. Dudit, L. Trottet, J. Kirilovsky and
E. Nicodeme, Bioorg. Med. Chem. Lett., 2012, 22, 2963.

13 P. Bamborough, H. Diallo, J. D. Goodacre, L. Gordon, A. Lewis,
J. T. Seal, D. M. Wilson, M. D. Woodrow and C. Chung, J. Med. Chem.,
2012, 55, 587.

14 B. Frolund, A. T. Jorgensen, L. Tagmose, T. B. Stenshal,
H. T. Vestergaard, C. Engblom, U. Kristiansen, C. Sanchez,
P. Krogsgaard-Larsen and T. Liljefors, J. Med. Chem., 2002, 45, 2454.

15 B. Frolund, L. S. Jensen, S. I. Storustovu, T. B. Stensbgl, B. Ebert,
J. Kehler, P. Krogsgaard-Larsen and T. Liljefors, J. Med. Chem., 2007,
50, 1988.

16 J. P. Waldo and R. C. Larock, J. Org. Chem., 2007, 72, 9643.

17 Y. Yamada, H. Takashima, D. L. Walmsley, F. Ushiyama, Y. Matsuda,
H. Kanazawa, T. Yamaguchi-Sasaki, N. Tanaka-Yamamoto,
J. Yamagishi, R. Kurimoto-Tsuruta, Y. Ogata, N. Ohtake, H. Angove,
L. Baker, R. Harris, A. Macias, A. Robertson, A. Surgenor, H. Watanabe,
K. Nakano, M. Mima, K. lwamoto, A. Okada, |. Takata, K. Hitaka,
A. Tanaka, K. Fujita, H. Sugiyama and R. E. Hubbard, J. Med. Chem,,
2020, 63, 14805.

18 F. Ushiyama, H. Takashima and H. Sugiyama, Bioorg. Meg. Chem.,
2021, 30, 115964.

19 L. B. Sokolov, L. K. Vagina, V. N. Chistokletov and A. A. Petrov,
Zh. Org. Khim,, 1966, 2, 615 (in Russian).

20 G. Himbert, D. Faul and M. Bars, Z. Naturforsch., B: Chem. ci., 1991,
46, 955.

21 M. M. Efremova, A. M. Rumyantsev, E. S. Babitova, T. M. lanshina and
A. |. Govdi, Russ. Chem. Bull., 2023, 72, 1717.

22 A. 1. Govdi, N. A. Danilkina, A. V. Ponomarev and I. A. Balova, J. Org.
Chem.,, 2019, 84, 1925.

- 538 -



Mendeleev Commun., 2024, 34, 536-539

23 M. M. Efremova, A. I. Govdi, V. V. Frolova, A. M. Rumyantsev and 31 J. S. Oakdale, R. K. Sit and V. V. Fokin, Chem. — Eur. J., 2014, 20,
I. A. Balova, Molecules, 2021, 26, 2801. 11101.

24 A. 1. Govdi, P. V. Tokareva, A. M. Rumyantsev, M. S. Panov, 32 D. X.Ducand V. C. Dung, Curr. Org. Chem., 2021, 25, 2938.
J. Stellmacher, U. Alexiev, N. A. Danilkina and I. A. Balova, Molecules, 33 R. R. Contreras, P. Fuentealba, M. Galvan and P. Pérez, Chem. Phys.

2022, 27, 3191. Lett., 1999, 304, 405.

25 A. I. Govdi, S. O. Anisimov, N. A. Danilkina, A. S. Bunev and 34 G. M. Sheldrick, Acta Crystallogr., 2015, A71, 3.
I. A. Balova, Mendeleev Commun., 2023, 33, 328. 35 G. M. Sheldrick, Acta Crystallogr., 2015, C71, 3.

26 J. E. Hein, J. C. Tripp, L. B. Krasnova, K. B. Sharpless and V. V. Fokin, 36 O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and
Angew. Chem.,, Int. Ed., 2009, 48, 8018. H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339.

27 A. I. Govdi, N. A. Danilkina, A. A. Shtyrov, M. N. Ryazantsev, 37 CrysAlisPro 1.171.41.103a, Rigaku Oxford Diffraction, 2021.
M. D. Kim, M. A. Kryukova and I. A. Balova, New J. Chem., 2024, 48, 38 D. Goyard, A. S. Chajistamatiou, A. . Sotiropoulou, E. D. Chrysina,
4831. J. P. Praly and S. Vidal, Chem. — Eur. J., 2014, 20, 5423.
28 K. I. Lugovik, A. Kanaa, E. Benassi and N. P. Belskaya, Asian J. Org.
Chem,, 2021, 10, 400.
29 H. Gallardo, G. Conte, P. A. Tuzimoto, B. Behramand, F. Molin,
J. Eccher and I. H. Bechtold, Lig. Cryst., 2012, 39, 1099.
30 J.A. Crossley and D. L. Browne, J. Org. Chem., 2010, 75, 5414. Received: 1st April 2024; Com. 24/7442

- 539 -



