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The protonation of acrylonitrile (1) and of Z- and E-3-aminoacrylonitrile (5 and 9) was studied
with the Gaussian-2 method. Ammoniumacrylonitrile ion formation is not important. Nitrilium
ion formation is preferred in all cases, and the proton affinities are about 80 kJ/mol higher for
aminoacrylonitrile. Remarkably, it is found that C2-protonation of 3-aminoacrylonitriles to
form iminium ions can compete with nitrilium ion formation. f-Aminoacrylonitriles thus show
propinquity to both acrylonitriles and enamines, and mechanistic and toxicological implications

are discussed.

Introduction

The toxicities of acrylonitrile (AN) and of acrylamide
(AM) are documented in the NIOSH registry (1); both
alkenes are carcinogens in animal models while there is
inadequate evidence for their carcinogenicity in humans
(2). AN and AM are group 2B and 2A carcinogens,
respectively, and AN is possibly and AM is probably
carcinogenic in humans. AN forms 2-cyanoethyl adducts
with amino acids, such as valine (3), and AN adducts with
hemoglobin are well-explored (4). Cysteine derivatives
react with AN to form thioethers RS—CH,;—CH,—CN (5).
DNA damage occurs via cytochrome P450 (6) oxidation
of AN to acrylonitrile epoxide (7), which forms adenine
N1- and cytosine N3—CH;—CH(OH)CN and guanine
N7-CH,;—CHO adducts (8). The chemistry of AM is
similar and was reviewed recently (9). AM has been in
the public eye because of its occurrence in fried foods (10).
AM has been discussed as a precursor to AN, but clear
in vivo evidence is lacking (11).

In the course of our studies on DNA base deamination
(12), we argued for the formation of 3-aminoacrylonitrile
in nitrosative cytosine deamination (12a) by way of
nitrosation, dediazoniation, pyrimidine ring opening,
hydration, and decarboxylation as outlined in Scheme 2.
The chemistry of -aminoacrylonitriles is employed for
the synthesis of a wide variety of heterocyclic compounds
(13, 14). Yet, despite this biomedical and industrial
importance, the reaction mechanisms have not been
studied in detail and the toxicology of -aminoacrylo-
nitriles is not known. Here, we report on the regio-
preferences for the protonation of AN and 3-amino-AN.
This information is essential to compare the reactivities
and to clarify the mode of the addition to the alkene.
While C2-protonation has been discussed for some -al-
kylamino-S-phenylacrylonitriles (15), a study of 3,5-bis-
(dialkylamino)-o-phenylacrylonitriles (16) provided evi-
dence for nitrilium ion formation.
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Scheme 1. Chemical Toxicology of AN and AM
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Materials and Methods

The proton affinity is the negative enthalpy of the process B
+ H™ — BHT, and its determination requires the knowledge of
the enthalphies H of B and BH". The Gaussian-2 theoretical
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Figure 1. Molecular models of the MP2(full)/6-31G* optimized structures.

Scheme 2. Postulated Production of
p-Aminoacrylonitrile in Nitrosative Cytosine
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model reproduces proton affinities consistently within 10 kd/
mol of experimental values (17), and we computed the enthalpies
with this G2 method. The MP2(full)/6-31G* structures of 1—12
(Scheme 3) are shown in Figure 1, and Z-preference energies
and proton affinities (Hags) are reported in Tables 1 and 2.

Results

In addition to the protonation of 1 to form the nitrilium
ion 2 (18), we also considered the formations of the C2-
ium ion (19) 3 and of the C3-ium ion 4, respectively (20).
The computed PA = 784 kJ/mol of 2 agrees well with the
experimental value (794 kd/mol) (21). C2-Protonation to
3 is greatly disadvantaged by 243 kdJ/mol, and even the
proton affinity for C3-protonation to 4 is still 177.38 kdJ/
mol lower than that of N-protonation (Table 2).

Scheme 3. AN (1), Z-3-Aminoacrylonitrile (5), and
E-3-Aminoacrylonitrile (9) and Protonated
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Table 1. Z-Preference Energies (kJ/mol)
E, Hogs Gaos
E-9vsZ-5 7.96 8.28 8.35
E-10vs Z-6 —12.56 -12.26 —12.33
E-11vs Z-7 20.76 21.26 19.09
E-12vs Z-8 17.74 18.23 17.92

The Z-isomer 5 of 3-amino-AN is more stable than the
E-isomer 9, with a computed Z-preference energy of AHggg
= 8.3 kJ/mol (Table 1), and this preference has been
attributed by intramolecular H-bonding in the Z-isomer
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Table 2. Proton Affinities® (kJ/mol)
reaction PA APA? reaction PA  APA?

1—2+H' 783.99 0.00 5—8+H" 796.44 —44.69
1—3+H' 540.98 —243.01 9—10 + H* 861.67 0.00
1—4+H' 606.61 —177.38 9— 11 + H" 825.03 —36.63
5—6+H" 841.13 0.00 9— 12 + H" 786.48 —75.18
5—7+H" 838.01 —3.12

@ PA = —AH = —[AH{(BH") — AH{(B) — AH{H") + ApV)] =
—[H(BH™') — H(B)] — (5/2)RT, where H is the enthalpy obtained
from the calculation and 2.5-RT includes A(pV) for an ideal gas
and the translational energy of the proton. ® Relative data with
respect to the preferred protonation of the same molecule or
isomer.

(22). The synthesis of 3-amino-AN results in a 1:1
mixture of Z-5 and E-9 (for kinetic reasons), and the ratio
increases during distillation (for thermodynamic reasons)
until pure Z-5 is obtained (23). Our own attempts to
separate the isomers by alternative means also failed
(12a), and this observation is consistent with the known
facile isomerzation of push—pull alkenes (24).

For the Z- and E-isomers 5 and 9, respectively, we
considered N-protonation to 6 and 10, C2-protonation to
7 and 11, and the formations of the ammoniumacrylo-
nitrile ions 8 and 12, respectively (Scheme 3). The data
in Tables 1 and 2 show that the ammoniumacrylonitrile
ions 8 and 12 are not important and the discussion
focuses on the N- and C2-protonation.

As with 1, nitrilium ion formation is preferred. In fact,
the proton affinity of 862 kJ/mol for the protonation of 9
to form 10 is 78 kd/mol higher than for 1 and indicates
a much higher reactivity of 3-amino-AN as compared to
AN. N-protonation destroys the opportunity for H-bond-
ing and reverses the isomer preference (Table 1) favoring
the E-isomer 10 by 12.3 kJ/mol over Z-6.

In contrast to 1, C2-protonation leads to iminium ions
7 and 11 (see Scheme 3). The contribution of the iminium
ion resonance structure is clearly manifested by the short
C—N bond lengths of 1.29 A in 7 and 11. The proton
affinity of vinylamine is about 920 kd/mol (25), and it is
much larger for the cyano-substituted derivatives. Nev-
ertheless, the amino effect remains pronounced and
allows C2-protonation to compete with nitrilium ion
formation. The disadvantage of C2-protonation is dimin-
ished by 50% for the E-isomers; compare PA (9) to form
10 and 11. For the Z-isomer, the disadvantage essentially
vanishes and C2-protonation competes with N-protona-
tion. Nevertheless, for Z-5, the proton affinity at C2 is
only 3.1 kd/mol lower than for the formation of the
nitrilium ion 6! Considering the preference of 8.3 kJ/mol
for Z-5 over E-9, the formation of the best protonated
E-isomer 10 is only 12.2 kd/mol preferred over the
formation of the best protonated Z-isomer 6.

While Z-6 is favored over E-10, the other tautomers of
protonated 5 maintain intramolecular H-bonding and, in
fact, the neighbor group interaction is enhanced because
the positive charge strengthens the H-bond and because
of stabilization gained because of charge-induced polar-
ization. Thus, the Z-preferences are 21.3 kJ/mol for the
2-ium ion and 18.2 kJ/mol for the ammonium ion (Table
1).

Discussion

An overview of addition chemistry to ANs is provided
in Scheme 4. Base catalysis can lead to Michael additions
via carbanions (5, 9), enzymatic catalysis can lead to
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Scheme 4. Mechanisms of 1,2- and 1,4-Additions
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additions via keteneimides stabilized in an oxyanion hole
(26), and acid catalysis is most common in the addition
chemistry. Catalysis by Lewis acids affords C=C 1,2-
addition (27), and we are interested in the catalysis by
protonation. The results show that AN and 3-amino-AN
differ not merely quantitatively but there are significant
qualitative differences. An addition to the alkene moiety
of AN proceeds by 1,4-addition to form the keteneimine
and its subsequent tautomerization. This analogous path
remains possible for the 3-amino-substituted derivative.
Yet, instead of reacting just like AN, 3-amino-AN also
can behave like an enamine by way of C2-protonation
and direct C=C 1,2-addition. No matter which path is
taken, the magnitudes of the proton affinities demon-
strate that 3-amino-AN will be more reactive than AN.
Our results imply that 3-amino-AN could form protein
adducts in analogy to AN and AM. In addition, the higher
reactivity might allow adduct formation with the nucleo-
bases C, A, and G without prior epoxidation. Because of
the propinquity of 3-aminoacrylonitrile with ANs as well
as enamines, the toxicology of 3-aminoacrylonitriles
might parallel the known toxicology of other iminium ion
progenitors (28). Hence, it is prudent to consider 3-amino-
AN as a potential carcinogen and the appropriate care
should be exercised when handling this compound.
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