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The thermolysis of 1,2,3,7a-tetrahydroimidazo[1,2-b]isoxazole derivatives results in intra-
molecular rearrangements by two main pathways. One rearrangement affords azomethine ylide
derivatives. Another rearrangement leads to the migration of the substituent from position 7a to
the nitrogen atom. The rate constants of these reactions were determined. Quantum chemical
calculations by the DFT method were carried out. Based on the data for the migration of the
substituent, the concerted mechanism was proposed.
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X-ray diffraction study.

Previously, we have shown! that the thermolysis of
1,2,3,7a-tetrahydroimidazo[1,2-b]isoxazole derivatives 1,
which were synthesized by the 1,3-dipolar cycloaddi-
tion of nitrones of the 2-imidazoline series with alkynes
(Scheme 1), results in their rearrangement into ylides 3
(path @) and/or the migration of the substituent from po-
sition 7a of compound 1 to the nitrogen atom N(4) to
form imidazolidines 4 (path b). Previously, the formation
of azomethine ylides has been observed for a wide range of
2,3-dihydroisoxazole derivatives,2~7 or these compounds
were assumed to be intermediates in the formation of ox-
azole and pyrrole derivatives and in other rearrangements
of 2,3-dihydroisoxazoles. The hydrogen migration is the
well-known transformation of bicyclic 2,3-dihydroisox-
azole derivatives.3—11 However, the migration of the sub-
stituent containing the sp3-hybridized!213 or sp2-hybrid-
ized1415 carbon atom was observed only for a few substan-
tially structurally different compounds. Hence, it was im-
possible to draw a conclusion about the mechanism of this
reaction. We revealed for the first time the general charac-
ter of this process in the study of 2,2,3,3-tetramethyl-7a-
R-1,2,3,7a-tetrahydroimidazo[1,2-b]isoxazole derivatives
1 and synthesized a series of migration products of the
substituent R (the structure of one of these products, 4k,
was confirmed by X-ray diffraction, Fig. 1).! The aim of
the present study was to reveal the kinetic features of the

reaction and elucidate the mechanism of the rearrange-
ment (see Scheme 1) following the path b with the use of
DFT calculations.

The rectification of the kinetic curves in the Ink—¢
coordinates (k is the reaction rate constant, and ¢ is the
reaction time) showed that the reactions a and b (see
Scheme 1) are first order with respect to the reagent. The
concentrations of the components were determined by 'H
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Fig. 1. Molecular structure of compound 4k (thermal ellipsoids
are drawn at the 30% probability level). The hydrogen atoms are
not shown.

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 9, pp. 1769—1777, September, 2010.
1066-5285/10/5909-1817 © 2010 Springer Science+Business Media, Inc.



1818  Russ.Chem.Bull., Int.Ed., Vol. 59, No. 9, September, 2010 Chukanov et al.
Scheme 1
0
f
N
A\ R2
N O. .Y X 0
’
R 1,>@/£4Y
N N®
Y L X B 5: \> 2’ R2
R2 4 3
Il N N
} 1 } 1
¥ R R
2 3a—e,g,k,m
0 Y
/
Na |5 |
7a R2 Y R2
X Iy, /
N1 R2 N N
\ b TN
1 L= > 5 (0] _ - 2 8 X
R 4 -MeOH 3 /=7
3’ 1= N
1a—m N R 6
\R1 Y= COzMe > \O
4g—i,k—m 0
5d—f,j
1 R1 R? X Y 1 R1 R2 X Y
a H Me CO,Me  CO,Me h Me Ph CO,Me  CO,Me
b H But CO,Me  CO,Me i Me 4-MeO-CgH, CO,Me  CO,Me
c H 4-NO2'C6H4 002Me C02Me j H —CH=CH—Ph CO2M€ 002Me
d H Ph 002Me COzMe k H 4-Me2N-CGH4 CO2M€ Ph
e H 4-MeO-CgH,  CO,Me  CO,Me 1 H 4-Me,N-CgHy COMe Ph
f H 4-Me,N-CgH,  COo,Me  CO,Me m H 4-Me,N-CgHy CN Ph
g Me 4-NO2'C6H4 002Me C02Me

NMR spectroscopy of the reaction mixtures based on the
integrated intensities of the signals of the reaction prod-
ucts and the reagent. The rate constants &, and k,, for the
parallel reactions were calculated by the equations (1) and
(2), respectively.

kﬂ

A — B
(1

ky= kB/(B+C),

where k =k, + k, = (1/0)In[A/(A + B + C)].
A 2, ¢

- (2)

ky = kC/(B+C)

A, B, and C are the integrated intensities of compounds 1, 3, and
4 (5), respectively, and t is the reaction time.

The formation of azomethine ylides 3 is associated
with the rearrangement presented in Scheme 1 (path a),
which apparently occurs through the initial formation of
aziridine 2 followed by its cleavage. According to the pub-
lished data, the concerted!® or non-concerted biradicall’
pathways of the formation of the aziridine ring are the
most probable mechanisms. The absence of signals of acyl-

aziridine 2 in the 'H NMR spectra of the reaction mix-
tures indicates that the formation of this compound is the
rate-limiting step (assuming that the reaction actually oc-
curs through this compound). It was shown that the po-
larity of the solvent (Table 1) and the nature of the substit-
uent R? (Table 2, see Scheme 1) have an insignificant
effect on the rate of the reaction a.

The above-considered data do not contradict both the
concerted and biradical pathways of the formation of acyl-
aziridine. However, these data are inconsistent with the
reaction proceeding via the zwitterion; otherwise, the po-
larity of the solvent would substantially influence the re-
action rate.

Table 1. Dependence of the rate constant &, of the
reaction a for compound 1d on the nature of the
solvent at 105 °C

Solvent e ky+100/57!
cCl, 2.28 3.0£0.4
Toluene 2.38 9.3+0.9
Acetone 20.7 5.620.5
DMSO 49 7.610.6

* ¢ is the dielectric permeability.
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Table 2. Dependence of the rate constant k, of the
reaction a on the nature of the substituent R for com-
pounds la—e in toluene

R? kg 105/s7!

131 °C 105 °C
Me — 0.55+0.02
But — 1.5£0.05
p-NO,—C¢H, 7.4%0.1 —
Ph 11.840.2 0.93+0.09
p-MeO—C¢H, 14.0+0.2 —

It should be noted that the thermolysis of compound 11
affords the migration product of the substituent 4l along
with ylide 31; however, the latter compound undergoes the
ketone cleavage to form ylide 31" in the course of the
isolation (Scheme 2). The structure of 31" was confirmed
by 'H and 13C NMR spectroscopy, in particular, by the
absence of the signals of the acetyl group and the presence
of the signal for H(2) at &y 4.91, as well as by the high-
resolution mass spectrum.

Scheme 2
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Table 3 presents the kinetic data on the influence of
the polarity of the solvent on the rate constant of the mi-

gration of the substituent in compounds 1d, le, and 1f
(reaction b, see Scheme 1).

The rate of this rearrangement substantially increases
with an increase in the polarity of the solvent, which is
indicative of the high polarity of the transition state of the
reaction.

The data on the influence of the substituents R! and R?
on the reaction rate at different temperatures are present-
ed in Table 4. The Gibbs energies (AG*55), the enthalpies
(AH*,9g), and the entropies (AS*,9g) of activation were
calculated by the Eyring equation (Ink = In(x7/h) —
— (AG*33/RT)).

It was found that an increase in the n-donor ability of
the substituent R? leads to an increase in the rate of its
migration. The influence of the substituent Z in the para
position of the phenyl ring (Scheme 3) correlates with the
Hammett constants ¢*,18 which provides an estimate of
the sensitivity of the reaction (p) in two reaction series,
which are =32 (Rl = H, X =Y = CO,Me) and 2.3
(R'=Me,X=Y= CO,Me), respectively (Fig. 2).

It is worthy of note that the activation barrier for the
migration of the styryl group (R2= —CH=CH—Ph, 1j) in
position 7a is 3 kcal mol~! lower than that for the phenyl
group (R% = Ph, 1d) (see Table 4).

The ease of the migration of the substituent R? sub-
stantially depends also on the nature of the substituent R!.
Thus, the introduction of the methyl group at the nitrogen
atom N(1) (1h, 1i) leads to a decrease in the activation
barrier by approximately 2 kcal mol~! compared to the
N-unsubstituted compounds (1d, 1e).

There are the following three most probable mecha-
nisms of the rearrangement: the non-concerted pathway
either through biradical intermediate 6 (see Scheme 3,
path a) or through zwitterionic intermediate 7 (path b)
and the concerted pathway through transition state 8
(Scheme 4).

As a rule, the polarity of the solvent has no substantial
effect on radical reactions, whereas the rate of these reac-
tions substantially increases when nonpolar CCly is re-
placed by DMSO (see Table 3). In addition, the substitu-
ents Z of any nature in the para position of the phenyl
moiety R? should facilitate the formation of biradical in-

Table 3. Dependence of the rate constant k;, of the reaction b for compounds 1d, le, and 1f on

the nature of the solvent

Solvent 3 ky-10%/571
1d le 1f
131°C 20°C

105°C 131°C ( ) ( )
ccly, 2.28 (0.5+0.1)- 1072 — — (7.6+0.5)- 103
Toluene  2.38 (1.6+£0.1)- 1072 (2.020.1)- 10! 2.3+0.2 (3.240.2)- 1072
Acetone  20.7 (2.240.3)- 102 — — (1.3%0.1)- 107!
DMSO 49 (14.0£0.3)- 1072 1742 2142 1.0£0.1
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Table 4. Dependence of the rate constant &, of the reaction b on
the nature of the substituents R! and R? at different temperatures
for compounds 1d—j in toluene

R2  T/K ky/s™! AGrs  ky(298)7
/kcal mol~! /571
1d 378 (1.6+0.1)-107° 32.1% 2.5-10°11

394 (7.4£0.2)- 100
404 (2.0£0.1)- 105
413 (4.6£0.2)-10-5
423 (9.7£0.7)- 105

le 358 (3.6£0.1)- 106 29.4 2.1-1079 . . . . !
378 2.0+0.2)-1073 "
P 22.&0.23.1074 16 12 —08 —04 0 s
e 293 (3.240.2)- 106 24.6 5.6-10-6
333 (1.940.1)-10~4 logkx/kn
353 (1.140.1)- 1073 20k
1j 358 (9.540.5)- 106 29.0 421079
378 (6.740.7) - 1073 L5
404 (7.4+0.2)-10~4 1.0
1g 378 (1.4+0.1)-10-6 32.1 2.5-10-1
404 (2.0£0.2)-10-5 0.5
423 (1.12£0.1)- 10~ 0
1h 358 (2.3+0.1)- 106 29.9 9.4.10-10
378 (3.940.2)- 1073 -0.5
404 (4.940.5)-10~4 10
1i 333 (4.3+0.2)-10-6 27.6 424108 ’
353 (3.740.2) - 103 -1.5
378 (4.840.2)-10~4 ! . s .

-0.4 0 0.4 0.8 ot
4 The rate constants are reduced to the temperature of 298 K.

b AH* 594 = 30.8 kcal mol~!, AS#,9 = —4.4 cal mol~! K. Fig. 2. Sensitivity of the reaction (p) to the substituent Z for
¢ In deuteriotoluene. compounds 1d—f and 1g—i at 25 °C.
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Scheme 4
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termediate 6”, which is inconsistent with the experimen-
tal data. The N—O bond cleavage is not the rate-limiting
step of the reaction; otherwise, the nature of the substitu-
ent Z would have no effect on the reaction rate. Hence,
the path a (see Scheme 3) is unlikely to occur.

Since the signals of intermediate 7 are absent in the
I'H NMR spectra of the reaction mixtures, it is necessary
to analyze the following two alternative situations for the
evaluation of the possibility of the zwitterion mechanism
(see Scheme 3, path b): (1) the N—O bond cleavage giving
intermediate 7 is the rate-limiting step (k;) and (2) the
migration of the substituent is the rate-limiting step (k,).
In the former case (k| < k;), the n-donor effect of the
substituent RZ on the reaction rate would be insignificant,
which is inconsistent with the experimental data (see
Table 4). The second step involves the aromatic electro-
philic substitution (electrophilic amination). The relatively
low magnitudes of p (from ca. —2 to —3) compared to the
known sensitivities of the electrophilic substitution in the
aromatic series (p from ca. —6 to —12)18:19 indicate that
the transition state is earlier than that observed in usual
electrophilic substitution reactions, and the degree of the
positive charge transfer to the "o complex” is lower. These
values are also smaller than the sensitivity of the electro-
philic amination by the reagents R,NOX; in the case of
phenylhydroxylamine, p = —5.2.2% It should be noted that

4
q#
— N CO,Me
N CO,Me
R O
4

the formation of intermediate 7 can be accompanied by
the generation of acylaziridines 2 in the competitive reac-
tion, and in this case the reaction rate of the formation of
the latter compounds would depend on the polarity of the
solvent, which is inconsistent with the above-considered
experimental data.

Therefore, the one-step reaction occurring through
polar transition state 8 (see Scheme 4) seems to be the
most probable process. In this transition state, the partial
positive charge is delocalized on the N(4) and C(7a) at-
oms and the aromatic ring, and the negative charge is
delocalized on the & system of the leaving group of acti-
vated complex 8. This structure of the activated complex
may be responsible for an increase in the reaction rate in
polar solvents.

In terms of the polar transition state, the influence of
the substituent R? can be explained as follows. Substitu-
ents with stronger donor properties in the aromatic ring
(Z = OMe or NMe,) stabilize the "o complex” in the
transition state, thus decreasing the activation energy and
increasing the reaction rate. On the contrary, the strong
acceptor (Z = NO,) destabilizes this complex, thus de-
creasing the reaction rate.

The migration of the styryl group in the transition state
should afford the analog of the benzyl cation 9 (Scheme 5),
which is obviously energetically more favorable than the

Scheme 5
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partial disturbance of the aromaticity in the route to "o
complex" 8 containing R?2 = Ph and is, apparently, re-
sponsible for an increase in the rate of migration in the
case of compound 1j compared to 1d.

The substituents in positions 6 and 7 in molecule 1
should also influence the energetics of the transition state
(and the reaction rate). Thus, the electron-withdrawing
groups should stabilize the partial negative charge in the
transition state and lead to an increase in the reaction rate.
In the case of compound 1k containing the substituent
with weaker electron-withdrawing properties (phenyl
group, Y = Ph) in position 6, the isomerization occurs
approximately three orders of magnitude more slowly com-
pared to compound 1f (Y = CO,Me). Substituents with
stronger electron-withdrawing properties in position 7 in
compounds 1l,m (X = COMe or CN) increase the reac-
tion rate of the rearrangement by a factor of 2—3 com-
pared to compound 1k (X = CO,Me).

To explain the observed features of the migration of
the substituent (see Scheme 1, reaction b) and to consider
the reaction mechanism in detail, we performed quantum
mechanical calculations for this process. The DFT calcu-
lations at the PBE level of theory with the 3z basis set gave
the energy surface of the reaction (Fig. 3) in the coordi-
nates of the breaking N—O bond (d) and the RZ—C—N
bond angle (@) (Fig. 4). The bond length d(N—O) and the
bond angle 9(R2—C—N) in the starting compound 1 were
taken as the zero point.

The absence of local minima on the potential energy
surface indicates that the concerted pathway is the ener-

Fig. 3. Energy surface of the rearrangement of 1d into 4d in the
bond length d (N—O)—bond angle ¢(R2—C—N) coordinates.

R2 CO,Me
1 = ¢(R2—C—N)

Fig. 4. Reaction coordinates: the d(N—QO) bond length and the
¢(R2—C—N) bond angle.

getically most favorable in the gas phase (see Fig. 3),
which, in particular, casts doubt on the possibility of the
formation of zwitterionic intermediate 8 in polar solvents
in the route to products 4 as a result of the migration of the
substituent.

The structures of the transition states of the rearrange-
ments of 1c—j into 4c—j, respectively, were determined
with the use of standard calculation methods (Fig. 5).

The geometric characteristics of the transition states,
the calculated activation barriers (AG*595),* and the cal-
culated free energies of the reactions (AG,°,9g) are given in
Table 5.

The AG,°,9g values indicate that this reaction is ther-
modynamically favorable and, consequently, irreversible.
According to the Hammond postulate, exothermic reac-
tions proceed through early transition states, which is in
complete agreement with the above-described model.
A comparison of the calculated and experimental AG*,gq
values shows that these values are in good quantitative
agreement in the series of N-unsubstituted (1d—f) and
N-methyl-substituted (1g—i) derivatives (Fig. 6). How-
ever, the difference in the calculated and experimental
AG*9g values is 10 kcal mol~!, which can be attributed to
the fact that the experimentally observed solvent effect

* Ex = AG*,95 on the assumption of the isobaric-isothermal
process.

Fig. 5. Structure of the transition state of the rearrangement of
compound 1d into compound 4d.
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Table 5. Calculated activation barriers (AG*5qg), free ener-
gies of the reactions (AG;°,9g), and geometric characteristics
(Ad, Ag) of the transitions states of the rearrangements for
compounds lc—j

Com- AG#zgg AGrozgg Ad(N—O) A(p(Al'—C—N)
pound /kcal mol~! ()

1c 24.60 —47.76 0.953 32.443

1d 22.58 —48.20 0.960 32.052

le 20.26 —48.09 0.964 31.514

1f 16.90 —48.57 0.966 30.14

1j 17.74 —50.38 — —

1g 21.58 —48.55 0.932 30.051

1h 19.61 —47.87 0.930 29.617

1i 17.34  —51.06 0.926 28.898

Note. AG* yo3 = Ef* — E{f, where E;is the energy of the forma-
tion, AGrozgg = Achzggp — AGfozggr; Ad = d* — dl" Ap =
= ¢" — ¢*; the superscripts r, p, and # refer to the reagents,
the products, and the transition state, respectively.

was not taken into account in the calculations. The calcu-
lated sensitivities of the reaction p (calculated by the for-
mula p = [(AG*398)7 — (AG*398)11/[2.30367]) are —1.4
(R!' = H) and —1.3 (R! = Me) in the two reaction series
under consideration, whereas the experimental p values
are —3.2 and —2.3, respectively, i.e., the calculations pre-
dicted the earlier transition state with the smaller charge
separation and, consequently, with the lower sensitivity
compared to the experimental value.

The overall situation is indicative of the correctness of
the quantum mechanical model, which can be used for
the quantitative estimation of experimental data in parti-
cular reaction series.

According to the results of calculations, the structure
of the transition state is characterized by the longer break-

AG, /kcal mol~!

23k wR'=H -

eRI=H Ph u
22F AR'=Me o
21 b 77 7 CgHy—NO,

CeH,;—OMe o~ -~
20 RS
R

19 |
18 [CgH—NMe, .~~~ o CH=CH—Ph
17y T CeH—OMe
16 F ’

23 24 25 26 27 28 29 30 AG,**? /kcal mol~!

Fig. 6. Comparison of the experimental and calculated activa-
tion free energies AG, for the reaction b (see Scheme 1) of com-
pounds lc—j.

Fig. 7. Highest occupied molecular orbital of the transition state
of the rearrangement of 1d into 4d.

ing C(7a)—C(i) bond (1.669 A) and the newly formed
C(i)—N(4) bond (1.940 A) (see Fig. 5). The typical bond
lengths for the sp3-hybridized centers!® are 1.537 A and
1.472 A, respectively. Therefore, the transition states of
the reactions b can be considered as ¢ complex 8 in the
early step of its formation.

The calculated activation barriers for N-methyl-sub-
stituted derivatives 1g—i are, on the average, 3 kcal mol~!
lower than those of the corresponding N-unsubstituted
compounds 1c—e (see Table 5). This result is in agree-
ment with the observed effect of this substituent (see Table 4).
The observed increase in the rate of migration upon the
introduction of the methyl group can be explained by con-
sidering the frontier orbitals of the transition state. The
DFT calculations showed that the lone pair of the nitro-
gen atom N(1) makes a considerable contribution to
HOMO of the transition state (Fig. 7), thus stabilizing
the structure. The introduction of the methyl group R!
increases the electron-releasing ability of the nitrogen
atom N(1), resulting in the observed increase in the reac-
tion rate.

In summary, we evaluated the influence of the polarity
of the solvent and the structural factors on the rate of the
rearrangement into 1,2,3,7a-tetrahydroimidazo|1,2-b]-
isoxazole derivatives 1. Based on the experimental data
and the results of DFT calculations for the rearrangement
associated with the migration of the substituent and the
formation of dimethyl 2-ox0-3-(4,4,5,5-tetramethyl-1-
arylimidazolidin-2-ylidene)succinate derivatives, the me-
chanism of the concerted process through the polar tran-
sition state was proposed.

Experimental

The 'H NMR spectra were recorded on Bruker AM-400 and
Bruker AV-300 spectrometers with the use of the signal of the
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solvent as the internal standard. The '3C NMR spectra were
measured with complete decoupling from the constants Jcy.
The IR spectra were recorded on a Bruker Vector-22 spectrome-
ter in KBr pellets. The melting points were measured on a Boet-
ius hot-stage apparatus. The elemental analysis of the compounds
was carried out in the Laboratory of Microanalysis of the N. N.
Vorozhtsov Novosibirsk Institute of Organic Chemistry of the
Siberian Branch of the Russian Academy of Sciences. The course
of the reactions was monitored by TLC on Silufol UV-254 plates
and aluminum oxide/TLC cards (Fluka) with the use of chloro-
form, a chloroform—methanol mixture, and a hexane—ethyl
acetate mixture as the eluents. The compounds were isolated by
column chromatography on silica gel (Merck, Silica gel 60) or
aluminum oxide (analytical grade, neutral, for chromatography).
Chloroform of technical purity was dried over CaCl, and dis-
tilled. Hexane, ethyl acetate, and diethyl ether (high-purity
grade) were used without additional purification. In all cases,
the solutions were concentrated in a water-jet pump vacuum.

Quantum chemical calculations of the energies of the for-
mation, the geometry, and the dipole moments for reagents 1e—j
and the transition states of their rearrangements into 4c—j were
carried out by the DFT method at the PBE level of theory?! with
the 3z basis set using the Priroda program.22

Compounds 1a—j have been synthesized previously.23:24
Compounds 1k—m were synthesized in a similar way by the 1,3-di-
polar cycloaddition of the nitrone 2-[(4-dimethylaminophenyl)]-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole 1-oxide with
alkynes. The syntheses of 2-[(4-dimethylaminophenyl)]-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazole 1-oxide?4 and com-
pounds 3a—e,g, 4g—i, and 5d—f,j have been described previous-
ly.! Alkynes, viz., methyl 3-phenylprop-2-ynoate 11k,25 4-phe-
nylbut-3-yn-2-one 111,26 and 3-phenylprop-2-ynenitrile 11m,2’
were synthesized according to procedures described in the
literature.

Methyl 7a-(4-dimethylaminophenyl)-2,2,3,3-tetramethyl-6-
phenyl-1,2,3,7a-tetrahydroimidazo[ 1,2-b]isoxazole-7-carboxy-
late (1k). A solution of 2-[(4-dimethylaminophenyl)]-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazole 1-oxide (0.071 g,
0.27 mmol) and methyl 3-phenylprop-2-ynoate (0.050 g,
0.33 mmol) in CHCI; (1 mL) was refluxed for 6 h. The solvent was
evaporated, and the residue was purified by chromatography on
alumina with the use of chloroform as the eluent. The product
was recrystallized from a hexane—ethyl acetate mixture. The
yield was 0.082 g (74%), m.p. 124—125 °C (heptane). Found (%):
C, 71.23; H, 7.33; N, 9.94. C,5H;;N;05. Calculated (%):
C, 71.23; H, 7.41; N, 9.97. 'H NMR (CDCl,), &: 0.98, 1.12,
1.24,and 1.34 (alls, 3 H, C(2)Me, C(3)Me); 2.92 (s, 6 H, NMe,);
3.48 (s, 3 H, CO,Me); 6.66 (d, 2 H, CH arom., 3J = 9.0 Hz);
7.35—7.43 (m, 3 H, CH arom.); 7.56 (d, 2 H, CH arom.,
3J=9.0 Hz); 7.62—7.65 (m, 2 H, CH arom.). IR (KBr), v/cm~!:
3345, 3063, 2980, 2945, 2805, 1702, 1643, 1611, 1522, 1437,
1340, 1165, 1117, 1070.

1-[7a-(4-Dimethylaminophenyl)-2,2,3,3-tetramethyl-6-
phenyl-1,2,3,7a-tetrahydroimidazo[ 1,2-b]isoxazol-7-yl]ethanone
(11). A solution of 2-[(4-dimethylaminophenyl)]-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazole 1-oxide (0.110 g, 0.42 mmol)
and 4-phenylbut-3-yn-2-one (0.073 g, 0.51 mmol) in toluene
(1 mL) was stirred at room temperature for 12 h. The solvent was
evaporated, and the residue was chromatographed on alumina
with the use of chloroform as the eluent. The product was
recrystallized from hexane. The yield was 0.11 g (65%), m.p.

127—128 °C (heptane). Found (%): C, 74.09; H, 8.03; N, 10.44.
C,5H3;N30,. Calculated (%): C, 74.04; H, 7.70; N, 10.36.
'H NMR (CDCl,), &: 0.99, 1.13, 1.24, and 1.32 (all s, 3 H,
C(2)Me, C(3)Me); 1.78 (s, 3 H, COMe); 2.91 (s, 6 H, NMe,);
6.66 (d, 2 H, CH arom., 3J = 8.9 Hz); 7.40—7.47 (m, 3 H,
CH arom.); 7.51—7.54 (m, 2 H, CH arom.); 7.56 (d, 2 H,
CH arom., 3/ = 8.9 Hz). 3C NMR (CDCl,), &: 18.6, 24.4, 25.2,
25.8, 29.4, 40.1, 63.1, 71.6, 93.2, 111.2, 119.7, 126.8, 128.2,
128.6, 130.3,133.1, 149.1, 161.2, 193.8. IR (KBr), v/cm™!: 3357,
2975, 2804, 1676, 1610, 1522, 1491, 1445, 1366, 1333, 1229,
1160, 1101, 1064, 1032.

7a-(4-Dimethylaminophenyl)-2,2,3,3-tetramethyl-6-phenyl-
1,2,3,7a-tetrahydroimidazo[ 1,2-b]isoxazole-7-carbonitrile (1m).
A solution of 2-[(4-dimethylaminophenyl)]-4,4,5,5-tetrameth-
yl-4,5-dihydro-1H-imidazole 1-oxide (0.085 g, 0.33 mmol) and
3-phenylprop-2-ynenitrile (0.034 g, 0.27 mmol) in a mixture of
toluene (2.5 mL) and CHClI; (2.5 mL) was heated at 65 °C for
3 h. The solvent was evaporated, and the product was purified by
chromatography on alumina with the use of a hexane—ethyl
acetate mixture (4 : 1) as the eluent. The reaction product crys-
tallized after the addition of hexane, and the precipitate was
filtered off. The yield was 0.028 g (28%), m.p. 148—150 °C (hep-
tane). Found (%): C, 74.73; H, 7.47; N, 14.40. C,4,H»N,O.
Calculated (%): C, 74.20; H, 7.26; N, 14.42. 'H NMR (CDCl,),
8:1.01, 1.11, 1.18, and 1.46 (all s, 3 H, C(2)Me, C(3)Me); 2.94
(s, 6 H, NMe,); 6.72 (d, 2 H, CH arom., 3/ = 9.09 Hz);
7.38—7.45 (m, 3 H, CH arom.); 7.56 (d, 2 H, CH arom.,
3] = 9.0 Hz); 7.83—7.86 (m, 2 H, CH arom.). 13C NMR
(CDCly), &: 18.9, 24.6, 24.9, 25.4, 40.1, 63.9, 72.5, 94.0, 111.9,
115.9, 125.5, 125.9, 126.5, 128.4, 130.9, 131.2, 149.8, 160.5. IR
(KBr), v/em~1: 3324, 3005, 2975, 2931, 2809, 2207, 1646, 1611,
1525, 1494, 1447, 1369, 1332, 1232, 1196, 1161.

Thermolysis of tetrahydroimidazoisoxazoles 1k—m (general
procedure). A solution of compound 1 (0.1—0.2 mmol) in tolu-
ene (1—3 mL) was heated in a sealed tube. Then the solvent was
concentrated. Products 4 and 5 were purified by chromatography
and/or recrystallization.

Methyl 2-[1-(4-dimethylaminophenyl)-4,4,5,5-tetrameth-
ylimidazolidin-2-ylidene]-3-oxo-3-phenylpropanoate (4k) was
synthesized from 1k (0.020 g) at 150 °C during 6 h and purified
by recrystallization from hexane; the yield was 0.010 g (50%),
m.p. 156—158 °C (hexane). Found (%): C, 71.23; H, 7.33;
N, 9.94. C,5H3;N;05. Calculated (%): C, 70.91; H, 7.37; N,
10.23. TH NMR (CDCl,), &: 1.10and 1.31 (boths, 6 H, C(4)Me,
C(5)Me); 2.86 (s, 6 H, NMe,); 2.98 (s, 3 H, CO,Me); 6.47
(d, 2 H, CH arom., 3J = 8.9 Hz); 6.78 (d, 2 H, CH arom.,
3J=8.9Hz);7.18—7.21 (m,3H, CH arom.); 7.32—7.34 (m, 2 H,
CH arom.); 9.80 (br.s, 1 H, NH). IR (KBr), v/cm~!: 3196, 3046,
2973, 2942, 2806, 1711, 1611, 1569, 1510, 1477, 1445, 1391,
1361, 1266, 1230, 1191, 1158, 1087.

X-ray diffraction study. Single crystals of compound 4k suit-
able for the X-ray diffraction study were obtained by recrystalli-
zation from hexane. The measurements were carried out on an
Oxford Diffraction KM4 single-crystal diffractometer equipped
with a CCD detector (Mo-Ko: radiation, A =0.71073 A, graphite
monochromator, ®w-scanning technique) at room temperature.
The empirical multiscan absorption correction was applied based
on equivalent reflections (7, = 0.902, T, = 0.996). The
X-ray diffraction data were collected and processed with the use
of the CrysAlisPro program package.?8 Crystallographic data and
the structure refinement statistics for compound 4k are given in
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Table 6. The structure was solved by direct methods and refined
by the full-matrix least-squares method with the use of the
SHELX-97 program package?® and the WinGX software pack-
age.30 All nonhydrogen atoms were refined with anisotropic dis-
placement parameters. The hydrogen atoms were positioned geo-
metrically and refined using a riding model. The C—C distances
were not sufficiently accurately refined because of the relatively
high temperature factors of the carbon atoms of one of the phe-
nyl rings (C(7)—C(8)—C(9)—C(10)—C(11)—C(12)), the geo-
metry of this ring was fixed (the distances were 1.39 A; the angles
were 120°), and only the thermal parameters of the carbon atoms
were refined. The structure was deposited with the Cambridge
Crystallographic Data Centre (CCDC 748018) and can be ob-
tained, free of charge, on application to www.ccdc.cam.ac.uk/
data_request/cif.

2-[1-(4-Dimethylaminophenyl)-4,4,5,5-tetramethylimidazol-
idin-2-ylidene]-1-phenylbutane-1,3-dione (41) and 2-[4,4,5,5-
tetramethyl-2-(4-dimethylaminophenyl)-1-phenyl-4,5-dihydro-
1H-3-A-5-imidazol-3-ylidene]ethanone (31”) were synthesized
from 11 (0.031 g) at 131 °C during 6.5 h and purified by chroma-
tography on silica gel with the use of a CHCl;—MeOH mixture
(100 : 1) as the eluent followed by recrystallization from hexane.
The yields of 41 (m.p. 161—163 °C) and 31" (m.p. 213—215 °C)
were 0.015 g (50%) and 0.007 g (25%), respectively.

Compound 41. Found m/z405.2413 [M]*. C,sH;3,N;0,. Cal-
culated M =405.2411. "H NMR (CDCl,), 8:0.97 and 1.27 (bothss,
6 H, C(4)Me, C(5)Me); 2.15 (s, 3 H, COMe); 2.86 (s, 6 H,
NMe,); 6.21 (d, 2 H, CH arom., 3J = 9.0 Hz); 6.27 (d, 2 H,
CH arom., 3/ = 9.0 Hz); 7.14—7.17 (m, 2 H, CH arom.);
7.22—7.25 (m, 2 H, CH arom.); 7.30—7.34 (m, 1 H, CH arom.);
10.73 (br.s, 1 H, NH). 3C NMR (CDCls, 50.32 MHz), &: 21.1,
23.2, 28.2, 40.1, 62.5, 67.5, 95.9, 111.7, 125.6, 127.1, 128.3,
128.6, 130.9, 140.9, 148.6, 163.2, 193.3, 194.3.

Table 6. Crystallographic parameters and the X-ray dif-
fraction data collection and structure refinement statistics

Molecular formula C,5H3N303
Molecular weight 421.53
Crystal system Triclinic
Space group Pl
a/A 10.7797(11)
b/A 11.0239(11)
c/A 12.3057(12)
o/deg 114.583(10)
B/deg 101.122(9)
y/deg 107.597(9)
V/A3 1178.8(2)
Z 2
dep1e/g cm™3 1.188
p/cm~! 0.079
6-Scan range/deg 3.16—25.35
Number of measured reflections 8141
Number of independent reflections 4194
(Ripe =0.0611)
Number of reflections with 7> 26(1) 1229
Number of refined parameters 275
R\(F? > 26(F?)) 0.0564
WwR,(F?) based on all reflections 0.1622

Compound 31". Found m/z 363.2301 [M]*. C,3HyyN;0. Cal-
culated M = 363.2305. 'H NMR (CDCl;), &: 1.11 and 1.32
(both s, 6 H, C(4)Me, C(5)Me); 3.00 (s, 6 H, NMe,); 4.91
(s, 1 H, H(2)); 6.7 (d, 2 H, CH arom., 3J = 8.9 Hz)); 7.04
(d,2 H, CH arom., 3/=8.9 Hz); 7.25—7.28 (m, 3 H, CH arom.);
7.66—7.69 (m, 2 H, CH arom.); 9.63 (br.s, 1 H, NH). 3C NMR
(CDCl;, 50.32 MHz), 8: 21.1, 23.7 40.5, 62.2, 67.5, 74.9, 112.3,
124.3, 126.7, 127.8, 129.5, 131.1, 141.6, 150.0, 162.9, 185.1. IR
(KBr), v/em—1: 2977, 2887, 2805, 1607, 1593, 1572, 1524, 1446,
1404, 1367, 1291, 1211, 1186, 1155, 1134.

2-[1-(4-Dimethylaminophenyl)-4,4,5,5-tetramethylimidazol-
idin-2-ylidene]-3-o0xo0-3-phenylpropanenitrile (4m) and 2-[2-(4-
dimethylaminophenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-3-\-
5-imidazol-3-ylidene]-3-0xo0-3-phenylpropanenitrile (3m) were
synthesized according to the general procedure from 1m (0.031 g)
at 131 °C during 7.5 h. The product was purified by column
chromatography on silica gel. Compound 4m, CHCl;—MeOH
(80 : 1) asthe eluent, the yield was 0.017 g (55%), m.p. 280—282 °C.
Compound 3m, CHCl;—MeOH (10 : 1) as the eluent, the yield
was 0.007 g (23%), m.p. 298—300 °C.

Compound 4m. Found m/z 388.2251 [M]*. CyH,sN,O.
Calculated M = 388.2258. 'H NMR (CDCl,), &: 1.15 and 1.35
(both s, 6 H, C(4)Me, C(5)Me); 2.96 (s, 6 H, NMe,); 6.67
(d, 2 H, CH arom., 3J = 9.0 Hz); 7.04 (d, 2 H, CH arom.,
3J=9.0 Hz); 7.25—7.31 (m, 3 H, CH arom.); 7.60—7.62 (m, 2 H,
CH arom.); 10.23 (br.s, 1 H, NH). 3C NMR (CDCl;, 50.32
MHz), &: 20.8, 23.3, 39.9, 62.4, 68.5, 66.9, 111.4, 119.3, 122.4,
125.6, 127.2, 127.5, 130.8, 129.7, 139.9, 150.4, 162.4, 192.2. IR
(KBr), v/em—1: 3225, 2985, 2918, 2817, 2191, 1611, 1589, 1539,
1524, 1479, 1447, 1368, 1345, 1290, 1175, 1153, 1128, 702.

Compound 3m. Found m/z 388.2254 [M]*. Cy,H,gN,O.
Calculated M = 388.2258. 'H NMR (CDCl,), &: 0.77 and 1.20
(boths, 3 H, C(4)Me, C(5)Me); 1.26 (s, 6 H, C(4)Me, C(5)Me);
2.94 (s, 6 H, NMe,); 6.44 (d, 2 H, CH arom., 3J = 9.1 Hz);
7.14—7.18 (m, 3 H, CH arom.); 7.35—7.37 (m, 2 H, CH arom.);
7.78 (d, 2 H, CH arom., 3/ =9.0 Hz); 10.93 (br.s, 1 H, NH). IR
(KBr), v/em~1: 2976, 2923, 2732, 2161, 1611, 1576, 1539, 1512
1437, 1385, 1299, 1205, 1174, 1141.

Determination of the reaction rate constant (general proce-
dure). A solution of compound 1 (5—50 mg) in a solvent (0.5 mL)
was placed in a sealed glass tube (in the case of a deuterated
solvent, in a carefully sealed NMR tube) and kept at 20—150 °C.
The reaction time was varied from 1 to 80 h. Then the tube was
broken, the solvent was evaporated (except the cases of the deu-
terated solvents), and the 'H NMR spectra of the mixtures were
recorded. The rate constants k, and k, were evaluated by the
equations (1) and (2). These operations were repeated 2—4 times
at one temperature and at different reaction times.
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