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Abstract The mechanistic aspects of the hetero Diels–Alder reactions between

strongly electrophilic (E)-2-aryl-1-cyano-1-nitroethenes and ethyl vinyl ether have

been analyzed on the basis of kinetic experimental results as well as quantum

chemical simulations of reaction paths. These reactions may theoretically proceed

via one step or stepwise, zwitterionic mechanism. It was found that the conversion

of addends into adducts carried out via polar, but not zwitterionic mechanism. This

is confirmed by kinetic substituent and solvent effects. Subsequently, a detailed

analysis of internal reaction coordinate trajectories shows that the title reac-

tions should be considered as examples of ‘‘two-stage one-step’’ cycloaddi-

tions according to Domingo terminology.

Keywords Diels–Alder reaction � Mechanism � DFT calculations �
Solvent effect � Electrophilicity

Introduction

Nitronates are very useful precursors in organic synthesis [1–5]. The general, most

universal method of the preparation of six-membered cyclic nitronates is a hetero
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Diels–Alder (HDA) reaction between conjugated nitroalkenes (CNA) as heterodi-

enes and ethylenic dienophiles [3–6]. Most of these reactions follow the one-step

[4 ? 2] cycloaddition mechanism. However, in the case of reactions between

strongly electrophilic CNA and p-electron-rich ethylenes as dienophiles, the one-

step mechanism may compete with the two-step, zwitterionic mechanism [7]. For

example, HDA reactions between (E)-3,3,3-trifluor-1-nitroprop-1-ene and enamines

take place via zwitterionic intermediates [8, 9]. A similar mechanism (1a-f 1
2 ? 5/6a-f ? 3/4a-f) is very likely in the case of HDA reaction of (E)-2-aryl-1-

cyano-1-nitroethenes (global electrophilicity x[ 3 eV [10]) with ethyl vinyl ether

Scheme (1)

These reactions were examined experimentally by Fringuelli et al. [11].

Unfortunately, the authors analyzed only the reaction products. In the light of this

experimental support, it is very difficult to determine a reaction mechanism. In this

work, we decided to resolve this problem on the basis of an experimental kinetic

study as well as quantum chemical considerations. In particular, we performed:

(i) analysis of the nature of addends interactions with respect to the recently strongly

developed [12–15] application of the reactivity indices defined within the

conceptual DFT, (ii) study about kinetic substituent effects, (iii) study about kinetic

solvent effects, (iv) quantum chemical simulations of reaction paths. In our study,

we used a series of (E)-2-aryl-1-cyano-1-nitroethenes nitroalkenes (1a-f) containing

substituents with different electronic properties (Scheme 2). We hope that this

comprehensive research will resolve the above mentioned mechanistic problem,

which is important both from theoretical and practical point of view.

Experimental procedure

Reagents and equipment

All solvents employed for the kinetic measurements were purified by standard

methods [16]. Commercially available (Aldrich) ethyl vinyl ether was used. Just

before use, it was distilled under atmospheric pressure, using 25 cm Vigreux

column. (E)-2-aryl-1-cyano-1-nitroethenes 1a-f was obtained by the condensation

of appropriate aromatic aldehydes with nitroacetonitrile [17], according to a

reported procedure [18]. The purity was confirmed by HPLC and 1H NMR analyses.

Kinetic experiments were carried out in a glass reactor supplied with a

thermostatically controlled jacket, magnetic stirrer, thermometer, reflux condenser

and sampling device. Liquid chromatography (HPLC) was done using a Knauer

apparatus, equipped with a UV–vis detector (k = 205 nm). For monitoring of the

reaction progress, a LiChrospher 100RP 3 lm column (4 9 240 mm) was used,

and, 75 % methanol at flow rate 0.6 mL min-1 was applied as the eluent.

Kinetic procedure

The overall rate constants (ktotal) were determined by monitoring the decrease of the

HPLC peak area (A) corresponding to ethyl vinyl ether. The kinetic experiments
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were carried out at 25 �C up to 70–80 % completion, using in each case the

equimolar quantities of substrates. At determined time intervals, 250 ll samples

were taken out of the reactor with a microsyringe and analyzed immediately by

HPLC. In this way, 11 series of measurements were completed. The regression

analysis was carried out using MATCAD 07. It showed excellent linear

relationships (r [ 0.99) between 1/A and time t for all kinetic runs, using the

second-order kinetic equation of the form:

1=A ¼ �ktotal � t þ const

The second-order rate constants (ktotal) obtained by this method, are summarized

in Table 1.

Theoretical exploration of reaction paths

The quantum chemical calculations were performed on a SGI-Altix-3700 computer

in the Cracow Computing Center ‘‘CYFRONET’’. The hybrid B3LYP functional

and the 6-31G(d) basis set included within the Gaussian 09 software [19] were

applied. Reports published recently show that the same theoretical level was used

e.g. for the exploration of reaction pathways of several DA reactions involving CNA

[10, 20–22]. In particular, the B3LYP/6-31G(d) calculations illustrate well the

structure of transition states (TS) in cycloadditions between cyclopentadiene and
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CNA. This has been confirmed previously by the compilation of deuterium

secondary kinetic isotope effects (SKIE) and results of quantum chemical

calculations for polar Diels–Alder (P-DA [23] ) reaction between cyclopentadiene

and (E)-2-phenylnitroethene [24]. The critical structures on the reaction paths were

localized as in the case of the previously analysed reaction of (E)-2-phenyl-1-cyano-

1-nitroethene with cyclopentadiene [22]. For the simulations of dielectric medium

presence (methanol e = 32.63; diethyl ether e = 4.34), the PCM algorithm of

Tomasi et al. [25] was used. The same solvation model was used recently

successfully in exploring DA reactions paths between (E)-2-phenylnitroethene and

cyclopentadiene [21, 26], 3-nitro-1-(p-toluenesulfonyl)-indole and cyclopentadiene

[27] as well as in many other similar cases [28–30].

All calculations were performed for T = 298 K and p = 1 atm. The results are

shown in Tables 2 and 3. The letters LM and TS denote the pre-reaction complex,

and transition state, respectively, and a subscript is added to denote the reaction path.

Results and discussion

Electronic interactions of addents

To investigate reactions between (E)-2-aryl-1-cyano-1-nitroethenes 1a-f and ethyl

vinyl ether 2 before beginning experimental study, we analyzed the electronic

interactions of addents using the theory of DFT reactivity indices [13, 14, 32]

(Table 4). Indices of global electrophilicity (x) [33], global nucleophilicity (N) [34]

as well as local descriptors xk, Nk required for this purpose were calculated by using

the Parr functions [32] and the equations recommended by Domingo et al. [13, 15].

In particular:

Table 1 Results of kinetic measurements for DA reactions between (E)-2-aryl-1-cyano-1-nitroethenes

1a–f and ethyl vinyl ether 2

Nitroalkene Solvent (ES(30)) k 9 102 (L mol-1 s-1)

Nr R rp [35] x (eV) [21]

1a CH3O -0.27 3.14 Methanol (55.4) 1.34

1b CH3 -0.17 3.31 Methanol (55.4) 2.93

1c H 0.0 3.42 Methanol (55.4) 5.32

1d F 0.06 3.50 Methanol (55.4) 5.85

1e Cl 0.23 3.68 Methanol (55.4) 8.95

1f COOCH3 0.45 3.80 Diethyl ether (34.7) 0.70

1f COOCH3 0.45 3.80 MEK (41.3) 3.64

1f COOCH3 0.45 3.80 2-Propanol (48.6) 5.84

1f COOCH3 0.45 3.80 1-Propanol (50.7) 5.54

1f COOCH3 0.45 3.80 Ethanol (51.9) 6.21

1f COOCH3 0.45 3.80 Methanol (55.4) 9.34
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x ¼ l2=2g

Here, l is the electronic chemical potential, and g is the chemical hardness of the

substrates

N ¼ EHOMOð2Þ � EHOMOðtetracyanoethyleneÞ

xk ¼ Pþk � x; Nk ¼ P�k � N

Here, Pk
?, and, Pk

-, are electrophilic and nucleophilic Parr functions based on the

spin density distribution at the radical anion and at the radical cation of a neutral

molecule.

So, the global electrophilicity of the nitroalkenes confirms its strongly

electrophilic nature [13]. In particular, (E)-2-(4-methoxyphenyl)-1-cyano-1-nitro-

ethene (1a, x = 3.14 eV [10] ) is the weakest electrophile in the series of

nitroalkenes studied, while (E)-2-(4-carbomethoxyphenyl)-1-cyano-1-nitroethene

Table 2 Eyring parameters of DA reactions between (E)-2-aryl-1-cyano-1-nitroethenes 1a,f and ethyl

vinyl ether 2 according to B3LYP/6-31G(d) (PCM) calculations (T = 298 K; DH and DG values are in

kcal mol-1; DS values are in cal mol-1 K-1)

Solvent (e) Transition DH DG DS

Diethyl ether (4.34) 1a 1 2 ? LMA -0.6 8.1 -29.4

1a 1 2 ? TSA 11.7 25.1 -44.9

1a 1 2 ? 3a -12.7 0.9 -45.9

1a 1 2 ? LMB -1.2 5.6 -23.0

1a 1 2 ? TSB 14.0 26.4 -41.9

1a 1 2 ? 4a -14.7 -1.0 -46.0

1f 1 2 ? LMA -1.0 7.7 -29.3

1f 1 2 ? TSA 8.3 21.9 -45.7

1f 1 2 ? 3f -17.2 -3.0 -47.7

1f 1 2 ? LMB -1.5 5.7 -24.3

1f 1 2 ? TSB 10.5 22.9 -41.5

1f 1 2 ? 4f -19.4 -5.1 -47.8

Methanol (32.63) 1a 1 2 ? LMA -0.7 9.6 -34.6

1a 1 2 ? TSA 10.4 25.7 -51.4

1a 1 2 ? 3a -12.9 2.9 -53.1

1a 1 2 ? LMB -1.1 8.1 -31.2

1a 1 2 ? TSB 12.5 27.0 -48.5

1a 1 2 ? 4a -15.0 1.0 -53.7

1f 1 2 ? LMA -1.0 10.3 -38.0

1f 1 2 ? TSA 6.8 22.5 -52.7

1f 1 2 ? 3f -17.8 -1.1 -55.9

1f 1 2 ? LMB -1.3 8.5 -32.8

1f 1 2 ? TSB 8.9 23.8 -50.0

1f 1 2 ? 4f -20.0 -3.2 -56.5
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(1f, x = 3.80 eV [10] ) is the strongest one. On the other hand, ethyl vinyl ether 2,

which is a weak electrophile (x = 0.41 eV), can be considered as a strong

nucleophile (N = 3.24 eV). The large difference in the electrophilicity (Dx[ 2.7 eV)

of the substrates indicates that reactions 1a-f ? 2 should be considered as P-DA

reactions on the basis of Domingo terminology [23].

We also performed an analysis of local interactions. It was found that the coruse

of the 1a-f ? 2 reaction should be determined by a nucleophilic attack from the

terminal, one position of ethyl vinyl ether 2 (NC1 = 2.27 eV) to the b-position of

nitroalkene (xb = 1.29–1.58 eV [10] ). Such attack favors reaction channels

Table 3 Selected physical properties for critical structures of DA reactions between (E)-2-aryl-1-cyano-

1-nitroethenes 1a,f and ethyl vinyl ether 2 according to B3LYP/6-31G(d) (PCM) calculations

Solvent (e) Nitroalkene

(x [eV])

Path Structure Interatomic distances DI l [D] t [e]b

C4–C5 OI–C6

r (Å) Ia r (Å) Ia

Diethyl ether

(4.34)

1a (3.14) A LMA 3.552 0.708 3.227 0.206 0.50

TSA 2.001 2.647 10.40 0.40

3a 1.549 1.475 7.98 0.39

B LMB 4.177 0.671 3.476 0.233 0.44 10.75 0.00

TSB 2.021 2.586 12.19 0.40

4a 1.521 1.463 8.55 0.39

1f (3.80) A LMA 3.398 0.685 3.206 0.178 0.51 7.37 0.00

TSA 2.038 2.689 9.90 0.41

3f 1.549 1.476 8.20 0.41

B LMB 4.022 0.661 3.467 0.201 0.46 8.59 0.00

TSB 2.060 2.634 11.78 0.40

4f 1.539 1.464 8.96 0.40

Methanol

(32.63)

1a (3.14) A LMA 3.544 0.685 3.256 0.165 0.52 11.13 0.00

TSA 2.036 2.719 11.60 0.41

3a 1.549 1.482 8.80 0.41

B LMB 4.158 0.660 3.535 0.194 0.47 11.89 0.02

TSB 2.060 2.654 13.19 0.41

4a 1.538 1.470 9.34 0.41

1f (3.80) A LMA 3.380 0.653 3.239 0.134 0.52 8.30 0.02

TSA 2.087 2.767 10.88 0.41

3f 1.549 1.482 9.11 0.43

B LMB 4.038 0.631 3.504 0.161 0.47 9.34 0.03

TSB 2.107 2.704 12.66 0.40

4f 1.539 1.471 9.79 0.42

a IX�Y ¼ I � rTS
X�Y
�rP

X�Y

rP
X�Y

where rTS
X�Y is the distance between the reaction centers X and Y at the transition

structure and rP
X�Y is the same distance at the corresponding product [22]

b Charge transfer t was calculated according to the expression given by Leroy et al. [31]
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leading to nitronates three and four, which—as confirmed experimentally [11]—

actually formed during the reaction analyzed.

Kinetic substituent effects

First, we have investigated the influence of the nature of the substituent on the

reaction kinetics. It was found [35] that in the case of two-step cycloadditions EWG/

EDG, substituents influence the intermediate stability, and, in consequence the

values of rate constants.

Our study about kinetic substituent effects (Table 1) showed that the rate constants

of P-DA reactions 1a-f ? 2 increase with the CNA electrophilicity. In particular, the

rate constant for the reactions involving the weakest electrophilic (E)-2-(4-methoxy-

phenyl)-1-cyano-1-nitroethene 1a is equal to 1.34 9 10-2 L mol-1 s-1, whereas a

similar reaction involving most electrophilic (E)-2-(4-carbomethoxyphenyl)-1-cyano-

1-nitroethene 1f—features the value 9.34 9 10-2 L mol-1 s-1. To obtain a quan-

titative description of the substituent effect on the reaction rate, we studied

correlations between substrate reactivity (log k) and CNA electrophilicity (x). It was

found that there is a good linear correlation (R = 0.953) between log k and x values

(Fig. 1).

log k ¼ 1:27x� 5:76 ð1Þ

A similar correlation (R = 0.915) was obtained for the relations between log k and

Hammett constants of substituents in CNA phenyl rings (Fig. 2).

log k ¼ 1:20rp � 1:39 ð2Þ

This proves that the substituent effect is transferred into reaction sites via both

resonance and induction effects. The absolute value of the q constant confirmed that

the reactions tested here are of polar nature [36]. However, the q values are outside

the range typical for zwitterionic reactions [35].

Table 4 Global and local electronic properties of (E)-2-aryl-1-cyano-1-nitroethenes 1a-f and ethyl vinyl

ether 2

Global properties Local properties

l (a.u.) g
(a.u.)

x
(eV)

N

(eV)

PC1
- PC2

- NC1

(eV)

NC2

(eV)

Pa
? Pb

? xa

(eV)

xb

(eV)

1a -0.1771 0.1360 3.14 2.45 0.01 0.45 0.03 1.41

1b -0.1877 0.1448 3.31 2.04 0.01 0.45 0.03 1.49

1c -0.1939 0.1496 3.42 1.81 0.02 0.45 0.07 1.54

1d -0.1941 0.1464 3.50 1.85 0.01 0.45 0.04 1.58

1e -0.1970 0.1433 3.68 1.81 0.02 0.43 0.07 1.58

1f -0.2019 0.1459 3.80 1.64 0.06 0.34 0.23 1.29

2 -0.0880 0.2565 0.41 3.24 0.70 0.06 2.27 0.19
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Kinetic solvent effects

The nature of kinetic substituent effect suggests polar, but one-step mechanism for the

reactions between 1a-f and 2. In order to explain the problem of existence of the

hypothetical zwitterionic intermediate, we studied the kinetics of DA reaction

involving most electrophilic CNA 1f in several solvents with different polarity. It was

found that the rate constants for the reactions in weakly polar diethyl ether (e = 4.34,

ES(30) = 34.7) is equal to 0.7 9 10-2 L mol-1 s-1, whereas in the case of the same

reaction in strongly polar methanol, the value is 9.34 9 10-2 L mol-1 s-1.

Fig. 1 Plot of log k versus
global electrophilicity index x
for DA reactions between (E)-2-
aryl-1-cyano-1-nitroethenes 1a-f
and ethyl vinyl ether 2

Fig. 2 Plot of log k versus
Hammett constants rp for for
DA reactions between (E)-2-
aryl-1-cyano-1-nitroethenes 1a-f
and ethyl vinyl ether 2

340 Reac Kinet Mech Cat (2014) 113:333–345

123



We examined the kinetic solvent effect on the reaction quantitatively using

classical correlation analysis, seeking the best match between log k and the values

of constants which characterized solvents polarity. The best linear correlations

(R = 0.939) were obtained with the Reichardt–Dimroth constants ES(30) [36]

(Fig. 3).

log k ¼ 0:049ETð30Þ � 3:68 ð3Þ

These data prove that the sensitivity constants in Eq. 3 did exceed 0.1 and are

beyond the typical range observed for ionic reactions [35].

Quantum chemical exploration of reaction paths

The experimental results exclude a stepwise mechanism of P-DA reactions between

ether 2 and CNA 1a-f. Unfortunately, they do not provide precise information about

nature of critical structures, which exist on the reaction profile. Therefore, in the

next step of our investigations, we decided to realize quantum chemical simulations

of the reaction channels leading to adducts three and four. In this study, we have

performed for P-DA reactions involving more electrophilic (1f) and less electro-

philic (1a) CNA. The simulations included the presence of a more polar (methanol)

as well as a less polar (diethyl ether) solvent, which were tested during the

experimental study.

Reaction profiles

B3LYP/6-31g(d) calculations prove that the energy profiles of 1a ? 2 and 1f ? 2
reactions in a weakly polar medium are similar (Fig. 4). Only one TS, preceded by a

shallow trough related to the pre-reaction complex (LM), was located between the

minima corresponding to individual addents and products in all cases. All attempts

Fig. 3 Plot of log k versus
Dimroth ET(30) constants for for
DA reactions between (E)-2-(4-
carbomethoxyphenyl)-1-cyano-
1-nitroethene 1f and ethyl vinyl
ether 2
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to find pathways leading from addents to products through hypothetical interme-

diates 5 and 6 were unsuccessful.

Interactions between the addents in the first stage lead to LM complexes. This

involves the enthalpy of the reaction system reduced by 0.6–1.5 kcal mol-1. The

energy minima related to the LMs are purely enthalpic, because DG [ 0. Therefore,

they may not exist as stable intermediates.

Further movement of the reaction system leads to the TS. For reactions involving

much less electrophilic CNA 1a, this involves an increase in activation enthalpy by

more than 25 kcal mol-1, while for reactions with more electrophilic CNA 1f, the

increase is lower (approximately 22 kcal mol-1). Therefore, B3LYP/6-31g(d) cal-

culations suggest an identical nature of the substituent effect as experimental kinetic

studies performed earlier (see ‘‘Kinetic procedure’’). This generally means that the

reaction kinetics is determined by the strength of polar electrophile–nucleophile

interactions (see ‘‘Reagents and equipment’’).

It is noted by analyzing the activation parameters barriers of competing reaction

pathways leading to adducts three and four that the former cycloaddition is always

favored irrespective of the substituent. This is perfectly consistent with the

stereoselectivity observed experimentally [11].

Fig. 4 Enthalpy profiles for DA reactions between (E)-2-aryl-1-cyano-1-nitroethenes 1a,f and ethyl
vinyl ether 2 in diethyl ether according to B3LYP/6-31G(d) (PCM) calculations (298 K)
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When diethyl ether is replaced by a more polar methanol, the reaction energy

profiles do not change; it is only the quantitative description of the respective

critical points that changes. In particular, for the 1a ? 2 and 1f ? 2 reactions, the

activation barriers are considerably reduced. This is perfectly consistent with the

results of our experimental kinetic studies (see ‘‘Theoretical exploration of reaction

paths’’).

It should be noted at this point that in all cases, profiles of relationship between

intrinsic reaction coordinate and reaction force constant is different as in the case

one-stage one-step reaction, and similar to that in the case of two-stage one-step

reaction [37].

Geometries and electronic properties of critical structures

Distances between the reaction centers within the LMs are still higher than the

range typical for the TS r-bonds (Fig. 5). At this stage, the reaction centers have yet

to adopt orientations found later in TSs. Therefore, they are not orientation

complexes (OC). They are not charge transfer complexes (CT), either, because

electron transfer within them does not occur (see t indexes in Table 3). Medium

polarity does not generally affect the character of LMs.

The natures of all the located TS are similar. They all have biplanar structures,

typical of TS in HDA reactions (Fig. 5). Within the TS’s two new r bonds always

form. Their degree of advancement, however, is different. That is, while the

formation of the C4–C5 bond is more advanced, the formation of C6–O1 bond is

Fig. 5 Views of transitions states for HDA reactions between (E)-2-(4-carbomethoxy)-1-cyano-1-
nitroethenes 1f and ethyl vinyl ether 2 in methanol according to B3LYP/6-31G(d) (PCM) calculations
(298 K)
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more delayed. This is justified by the nature of local nucleophile-electrophile

interactions. TS asymmetry may be to some extent increased by increasing the

polarity of the reaction medium. The extent, however, is insufficient to force the

change of a two-stage one-step mechanism [23] to a stepwise mechanism.

It is noted that all attempts to optimize the hypothetical zwitterions five and six as

stable structures were unsuccessful.

Conclusions

The compilation of quantum chemical computations and experimental kinetic

measurements proves it beyond any doubt that the mechanism of (E)-2-aryl-1-

cyano-1-nitroethenes reactions with ethyl vinyl ether is polar. Both their regiose-

lectivity and the character of the substituent effect can be interpreted quite

accurately according to the theory of electrophilicity and nucleophilicity indexes.

The reactions in question proceed through polar, asymmetric transition

complexes. Their asymmetry, however, is insufficient to encourage a zwitterionic

mechanism. Detailed analysis of IRC trajectories of the TS proved that according to

Domingo’s terminology [23], the reactions may be considered ‘‘two-stage one-step

cycloadditions’’.

Acknowledgments The generous allocation of computing time by the regional computer center

‘‘Cyfronet’’ in Cracow (Grant Number MNiSW/Zeus_lokalnie/PK/009/2013) and financial support from

the Polish Ministry of Science and Higher Education (Grant Number C-2/63/2013/DS) are gratefully

acknowledged. Ewa Dresler is a recipient of a Ph.D. scholarship under a project funded by the European

Social Fund.

Open Access This article is distributed under the terms of the Creative Commons Attribution License

which permits any use, distribution, and reproduction in any medium, provided the original author(s) and

the source are credited.

Refereneces

1. Namboothiri INN, Tastogi N (2008) Synthesis of heterocycles via cycloadditions. Springer,

Heidelberg
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