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Abstract Kinetic measurements show that despite their polar nature, cycloaddi-
tion reactions of (E)-3,3,3-trichloro-1-nitroprop-1-ene with ketonitrones take place
according to a mechanism that proceeds without intervention of zwitterionic in-
termediate. This is indicated by the values of activation parameters (activation
enthalpy, activation entropy) and the nature of the kinetic solvent effect.
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Introduction

The mechanistic aspects of [342] cycloaddition reactions have recently drawn ever
greater attention from organic chemists [1-10]. It turned out that in the case of
reactions including strongly electrophilic dipolarophiles, a stepwise, zwitterionic
mechanism may compete with a classical one-step mechanism. In recent years, it
has been proven that such a mechanism takes place e.g. in the case of [3+2]
cycloadditions between N-methylnitrone and fluorinated alkenes [6] as well as
between azomethine ylides and dialkyl-2,3-dicyanobut-2-enedioates [10]. The
stepwise, zwitterionic mechanism of [3+2] cycloaddition may also be enforced by
the presence of ionic liquids in the reaction medium [3].

This work is a continuation of our complex studies [3, 5, 11-14] on the
stereochemistry and mechanistic aspects of [3+2] cycloaddition reactions. We have
previously [11] determined that reactions of (E)-3,3,3,-trichloro-1-nitroprop-1-ene
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(1) with ketonitrones take place under relatively mild conditions and lead to adducts
with a nitro group at position C4 of the isoxazolidine ring (Scheme 1).

However, the matter of the mechanism of these reactions remains to be solved.
On the one hand, we have shown that these reactions take place with retention of the
original substituents configuration in the dipolarophile molecule. This is rather
characteristic of one-step cycloaddition reactions [15, 16]. On the other hand, it is
probable that this process takes place according to a stepwise mechanism, but
products with 4,5-cis configuration are not created because the rotation barrier
within the zwitterionic intermediate (path B) is significantly higher than the energy
required to close the ring with retention of the original substituents configuration
(path A) (Scheme 2).

Of importance is also the fact that because of the large steric crowding of
substituents at the C4 and C5 atoms, steric factors do not favor the thermodynamic
stability of compounds I* and 4. On the other hand, an analysis of electrophile—
nucleophile interactions performed on the basis of the analysis of the conceptual
DFT indices (extensively developed in recent years [17-22]) showed [11] that the
studied processes are of a clearly polar nature and electronic factors favor fast bond
formation between the nitrone oxygen atom and the B-carbon atom of the
dipolarophile. In addition, DFT simulations [11] of reaction paths indicate an
extremely asynchronous nature of transition states (TSs). Thus, the determination of
the mechanism of the analyzed reactions as well as diagnosing factors stimulating
their course requires the performance of further, more thorough experimental
studies. Taking the above into account, we have undertaken kinetic studies of model
reactions using (E)-3,3,3-trichloro-1-nitroprop-1-ene (1), C,C,N-triphenylnitrone
(2a) and C-fluorene-N-phenylnitrone (2b) as a part of this work In particular, we
have decided to: (i) perform activation parameters measurements, and (ii) study
kinetic solvent effects.

Experimental procedure

The rates of cycloaddition were followed by measuring the area of HPLC peak of the
nitrone. The reactions were initiated by introducing a weighed quantity of nitrone to
the stirred and thermostated solution (50 mL) of the nitroalkene in a suitable solvent.
The initial concentration of the former was 0.007 mol L_l, whereas the latter was

Scheme 1 Reaction course of the 1,3-dipolar cycloaddition between (E)-3,3,3-trichloro-1-nitroprop-1-
ene (1) and ketonitrones 2a,b
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Scheme 2 Hypothetical stepwise mechanism for [342] cycloaddition between (E)-3,3,3-trichloro-1-
nitroprop-1-ene (1) and ketonitrones 2a,b

always in 12-fold molar excess. The kinetic runs were carried out at temperatures as
indicated in Table 1 up to 80 % completion. In this way, pseudo-first order rate
constants were measured according to the following equation:

dN]

oo KN

In this equation, [N] is the nitrone concentration, k* is the pseudo-first order rate
constant.

The second order rate constants (k) were obtained from the quotient of k* and
initial concentration of nitroalkene ([A]):

Table 1 Kinetic measurements for [3+2] cycloaddition between (E)-3,3,3-trichloro-1-nitroprop-1-ene
(1) and ketonitrones 2a,b

Reaction t (°C) Solvent [Er30) (kJ mol™)] k x 10* (L mol~!' s71)
1+2a 25 Tetrachloromethane (136.1) 79.10
1+2a 15 Toluene (141.9) 38.23
1+2a 25 Toluene (141.9) 73.74
1+2a 35 Toluene (141.9) 128.51
1+2a 25 Chlorobenzene (157.0) 62.67
1+2a 25 1,2-Dichloroethane (175.4) 57.36
1+2a 25 Nitromethane (193.8) 52.16
1+2b 60 Toluene (141.9) 4.51
1+2b 70 Toluene (141.9) 8.78
1+2b 80 Toluene (141.9) 14.46
1+2b 70 Benzene (144.4) 8.96
1+2b 70 Chlorobenzene (157.0) 11.81
1+2b 70 1,2-Dichloroethane (175.4) 10.11
1+2b 70 Nitromethane (193.8) 11.40
542a 25 Toluene (141.9) 25.04
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k* =k [A]

For reaction testing, a Knauer apparatus equipped with UV-VIS detector, and
Lichrospher 100-10 RP18 column (4 x 250) was applied. Methanol-water mixtures
(70:30 v/v) were used as eluent at the flow rate 1.2 mL min~"'. The results of kinetic
measurements are collected in Table 1. On the basis of the rate constants measured
at different temperatures, the activation enthalpy and activation entropy were
calculated, using the Eyring equation [16]:

AS7 AH7
4,576  4,576T

k
log—= =10, 319
ogT , +

Standard errors has been calculated according to approach proposed by Lente
et al. [23, 24].

Nitroalkene and nitrones were prepared according to the methods described in the
literature: 1—[25, 26], 2a,b—[27].

Results and discussion

As can be concluded from the measurements, the reaction of E-3,3,3-trichloro-1-
nitroprop-1-ene 1 with triphenylnitrone 2a in a toluene solution takes place
relatively fast, already at room temperature (k = 73.74 L mol ! s_l). For com-
parison, we have performed a test of a similar reaction using nitroethene (5), under
identical conditions. It turned out, surprisingly, that this process takes place almost
three times more slowly. It can be concluded from the above that not steric, but
electronic factors have the decisive influence on the course of these reactions.
Nitroethene has a significantly less strongly shielded C=C bond, but at the same
time it has clearly lower global electrophilicity (o = 2.61 eV [17], in comparison to
3.43 eV in case of E-3,3,3-trichloro-1-nitroprop-1-ene [14] ).

However, detailed tests of the reaction using nitrone 2b have shown that in order
to achieve a similar order of magnitude of the reaction constant, it is necessary to
increase the temperature up to 70 °C. The phenomenon of relatively lower reactivity
of fluorenonitrone 2b in comparison with triphenylnitrone 2a, however, may be
explained. The 2b molecule shows a tendency to retain the sp” configuration of the
carbon atom of the >C=N(O)- group caused by the conjugation of the p, orbital of
this atom with p, orbitals of the fluorene system. They lie in the same plane and such
interactions are fully possible. In the case of triphenylnitrone, there are no similar,
stabilizing interactions, thus the sp’~sp> rehybridization may progress much faster
in the course of the reaction.

Next, we have performed a series of measurements for a 14+2a and 1+42b
reactions at various temperatures. On the basis of these measurements, we have
determined activation parameters, using the Eyring equation.

It turned out that activation enthalpies of the analysed reactions do not exceed
tens kJ mol " (respectively, 42.26 & 1.05 and 54.15 + 1.62 kJ mol " for reactions
1 + 2a and 1 + 2b). For comparison, in the case of the one-step cycloaddition of
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(2)-C,N-diphenylnitrone with dimethyl fumarate, the activation enthalpy is
54.4 kJ mol ' [28].

In turn, activation entropies have large, negative values (—144.11 &+ 3.6 and
—147.11 + 4.4 J mol~! K~ ! for reactions 1 + 2a and 1 + 2b). This is, in turn,
characteristic of reactions taking place via strongly stiffened transition states. Thus,
e.g., in the case of the evidently one-step cycloaddition of 1-aza-1-cyclooctene-1-
oxide with methyl acrylate, the activation entropy is —131 J mol~' K™, whilst in the
case of a similar reaction with methyl methacrylate, it is —148 J mol ™' K~ [29].

This means that measurements of activation parameters indicate a rather strongly
ordered nature of the transition states, thus also rather a one-step mechanism of the
studied cycloaddition reactions. In order to clearly determine whether zwitterionic
intermediates will appear in the reaction medium, we have performed studies on
solvent influence on reaction kinetics.

Thus, it turned out that the reaction of E-3,3,3-trichloro-1-nitroprop-1-ene 1 with
triphenylnitrone 2a in weakly polar solvents takes place faster than in strongly polar
solvents (Table 1). In particular, this reaction constant in CCly is about 50 % higher
than in nitromethane. A correlation analysis showed the existence of a linear
relationship between log k values and values of Dimroth—Reinchardt constants [30]
(Fig. 1). This relationship is quantitatively described using the following correlation
equation:

log k = —0.013 x Er—1.695 (R = 0.963)

The minus sign in the equation means that the transition state of the reaction is
less polar than the substrates (the mass of which is dominated by the polar

log k
ILmol's’]
-2.00
-2.10 Q
-2.20 -
-2.30 O
-2.40 Erz) [
12 14 16 18 20 mol]

Fig. 1 Plot of log k vs Dimroth Er(, constants for [34-2] cycloaddition between (E)-3,3,3-trichloro-1-
nitroprop-1-ene (1) and C,C,N-triphenylnitrone 2a (25 °C)
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Fig. 2 Plot of log k versus Dimroth Er(39) constants for [3+2] cycloaddition between (E)-3,3,3-trichloro-
1-nitroprop-1-ene (1) and C-fluorene-N-phenylnitrone 2b (70 °C)

nitroalkene). The relatively low absolute value of the reaction constant means that
the sensitivity of the process to medium polarity is rather weak and characteristic of
processes that proceed without intervention of zwitterionic intermediate.

We have also performed similar studies for cycloaddition reaction of E-3,3,3-
trichloro-1-nitroprop-1-ene 1 with nitrone 2b. It turned out that in this case, the
value of the reaction constant increases as polarity of reaction medium increases. It
is quantitatively described by the correlation equation:

log k = 0.008 x Er—3.328 (R*>=0.911)

The small absolute value of reaction constant also indicates a mechanism that
proceeds without the intervention of a zwitterionic intermediate. However, the
positive sign of this constant proves that the transitions state of this reaction has a
much stronger polar nature than the substrates (Fig. 2).

Conclusions

Despite the fact that the nature of interaction between E-3,3,3-trichloro- 1 -nitroprop-
1-ene with ketonitrones does not raise doubts, kinetic studies indicate that the
aforementioned cycloadditions do take place according to mechanism. The small
absolute value of the rate constant indicates a mechanism that proceeds without the
intervention of a zwitterionic intermediate. This is confirmed by the values of
activation parameters and the influence of solvent polarity on process kinetics.
These studies also indicate that the more asynchronous and clearly more polar
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nature will be found in cycloaddition using C-fluorenonitrone, in the molecules of
which electronic factors slow the rehybridization process on the carbon atom of the
>C=N(O)- group.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.
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