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Mechanism of formation and monomolecular decomposition
of aci-nitromethanes: a quantum-chemical study
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A quantum-chemical study of the reactions of formation of aci-nitromethane (aci-NM)
and aci-dinitromethane (aci-DNM) and their decomposition with elimination of water was
carried out. The methods employed were the ab initio RHF method with inclusion of electron
correlation at the MP2 level of theory and the Dunning—Hay double zeta basis set augmented
with polarization d-functions on heavy-element atoms, the DFT approach at the B3LYP level,
and the semiempirical PM3 method. The formation of aci-NM and aci-DNM was found to be
the limiting stage of the mechanism under study. For DNM, the barrier to reaction is
substantially lower than for NM. The estimates of the heights of the barriers to formation
found from density functional calculations at the B3LYP/6-311++G(df,p) level (258 kJ mol™!
for aci-NM and 218.5 kJ mol™! for aci-DNM) are thought to be the most reliable.
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Studies of tautomeric transformations are of consid-
erable interest to gain a deeper insight into general
relationships between the reactivities of aliphatic nitro
compounds.1=3 In this case, processes involving various
transformations of nitronic acids in, e.g., thermal de-
composition of nitroalkanes4—¢ play an important role.
It is known’ that liquid-phase decomposition of
nitromethane (NM) and nitroethane as well as gas-
phase decomposition of NM under supercritical condi-
tions#8 (at high pressures and temperatures of 600 to
800 °C) proceed via the corresponding aci-forms. How-
ever, the kinetics and mechanisms of the reactions of
nitronic acids have been poorly studied as yet. This
precludes establishment of general regularities of pro-
ceeding the reactions of liquid-phase thermal decompo-
sition of C-nitro compounds.4® Previously,® a mecha-
nism of thermal decomposition of dinitromethane
(DNM) was proposed. The mechanism involves elimi-
nation of water from aci-DNM and provides an expla-
nation for low thermal stability of DNM. However, the
enthalpies of formation of NM, DNM, aci-NM, and
aci-DNM obtained from MINDO/3 calculations were
found to be incorrect. For the last two compounds, they
appeared to be unrealistic (too low),? even lower than
for NM and DNM. The activation barriers to the
formation of aci-NM obtained from the MINDO/3 and
ab initio MP2/6-31G(d) calculations differ substantially
(227 vs. 314 kJ mol™!, respectively).1® Taking into
account that the above-mentioned mechanism? not only
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does provide an explanation for "DNM anomaly", but is
also of considerable interest for understanding of regu-
larities of monomolecular decomposition of nitro com-
pounds both in the gas phase and in the condensed
phase, in this work we carried out a detailed quantum-
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Table 1. Selected geometric parameters (r) of the molecules under study and TS of
reactions (1) and (2) obtained from ab initio and semiempirical PM3 (given in

parentheses) calculations

Structure r/pm

C—N N—-O C—H O—H
1 148.4 (151.4) 119.7 (121.4) 107.8 (110.1) —
2 149.8 (143.0) 127.2 (130.6) 152.9 (159.5) 115.7 (121.8)
3 126.9 (130.7) 135.2 (144.1) 106.8 (108.7) 95.4 (95.6)
4 123.1 (123.1) 220.9 (187.5) 115.4 (137.5) 149.0 (141.6)
5+H,0 113.1 (116.6) 121.6 (121.1) 105.8 (107.0) 94.7 (95.2)
6 148.5 (154.8) 119.1 (120.7) 107.4 (111.7) —
7 151.5 (146.2) 126.3 (129.2) 148.5 (110.9) 118.2 (130.7)
8 128.9 (133.3) 134.7 (142.6) 106.5 (110.9) 95.6 (95.7)
9 125.8 (125.3) 194.7 (182.1) 126.4 (142.0) 130.6 (138.4)
10+H,0 113.0 (117.6) 119.6 (120.7) — 94.7 (95.1)

chemical study of this process. The methods employed
were the semiempirical PM3 method, the ab initio RHF
method, and the density functional theory. Reactions
(1) and (2) proceed involving elimination of water from
aci-NM and aci-DNM and were taken as examples.

These reactions can proceed in nitro compounds
containing two or three H atoms in o-position relative
to the nitro group and cannot proceed in trinitromethane
(TNM) or tetranitromethane.®

Calculation procedure

Ab initio calculations were carried out using the Dun-
ning—Hay double zeta basis set!! augmented with polarization
d-functions on heavy-element atoms (hereafter, DZV-1d). Full
optimization of geometric parameters was performed by the
RHF method and followed by inclusion of electron correlation
at the second-order level of Meller—Plesset perturbation theory
(MP2).12 No zero-point vibrational energy corrections were
introduced. Additionally, we estimated the effect of higher-
order corrections of perturbation theory (MP3, MP4(DQ))
taking reaction (1) as an example and compared all the results
obtained in this work with those found previously by the
coupled clusters method with inclusion of double substitutions
(CCD).18 Density functional (DFT) calculations with the three-
parameter B3LYP functionall3 were carried out in the 6-31G(d)
and 6-311++G(df,p) basis sets with inclusion of zero-point
vibrational energy corrections. Stationary points were identified
by analyzing the Hesse matrices. The correspondence between
the transition states (TS) located and reactions studied was
additionally proved by moving from the saddle points to the
neighboring critical points corresponding to the reaction prod-
ucts. All calculations were carried out using the GAMESS14
and GAUSSIAN-94 15 program packages.

Results and Discussion

Selected geometric parameters of the reaction cen-
ters of initial compounds, products of the reactions (1)
and (2), and the corresponding TS are listed in Table 1.
The energies of structures 1—10 are listed in Table 2
and the relative energies of the processes studied are
listed in Table 3.

Geometric parameters of initial compounds, TS of
the reactions of formation of aci-NM and aci-DNM,
and reaction products obtained from both semiempirical
(PM3) and ab initio calculations are close. Main dis-
tinctions between the results obtained by different meth-
ods are as follows. According to PM3 calculations, the
C—NO, bond in DNM is appreciably longer than in
NM. This is consistent with the main trends of changes
in the geometric parameters of nitroalkanes.16:18 How-
ever, ab initio calculations predict nearly equal » (C—N)
distances in the NM and DNM molecules and substan-
tial shortening of the » (N—QO) distances owing to accu-
mulation of nitro groups in the latter molecule.
Semiempirical PM3 calculations also revealed a short-
ening of the r(N—O) distance, but it is less pro-
nounced. For the TS of reactions (1) and (2) both
computational methods predict that the C—H and N—O
bond lengths change to the greatest extent, whereas the
r(C—NO,) distances appear to be only slightly length-
ened according to ab initio and only slightly shortened
according to semiempirical calculations.

Thus, the geometric parameters of the TS of reac-
tions (1) and (2) obtained from ab initio calculations are

Table 2. Enthalpies of formation of structures 1—10 calculated
by the PM3 and MINDO/3 methods and the total energies of
the corresponding stationary points obtained from ab initio
calculations

Structure AHg/KJ mol™! E/au

PM3 MINDO/3 HF/DZV-1d MP2/DZV-1d
1 —66.68 —44.00 —243.7183165 —244.3811414
2 201.53 182.50 —243.5847085 —244.2606494
3 —16.05 —45.50 —243.6876754 —244.3475762
4 164.92 101.00 —243.5544207 —244.2432007
5 —105.57 —192.50 —243.7055519 —244.3696817
6 —49.98 —72.00 —247.2135503 —448.4124691
7 140.93 84.50 —447.1004550 —448.3097009
8 —47.27 —144.00 —447.1836414 —448.3829176
9 128.48 —30.00 —447.0408109 —448.2889181
10 —138.40 —347.00 —447.1704994 —448.3778192
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Table 3. Relative energies (in kJ mol™!) of processes studied

Method AH|H/AE ) AH)3/AE;3 AH34/AEs 4 AH35/AE3s AHg7/AEq; AHgg/AEgy AHgo/AEg g AHg 10/AEg 19
Nitromethane Dinitromethane

PM3 268.21 50.63 180.98 —89.14 191.91 2.72 175.74 —91.01
MINDO/3 8 227.0 —1.50 146.50 —147.0 156.5 —=72.0 104.0 —203.0
RHF/DZV-1d 350.78 80.44 349.95 —46.94 296.92 76.10 375.0 34.50
MP2/RHF/DZV-1d 316.35 88.24 274.00 —46.94 269.81 77.21 238.43 13.38
MP3 317.82 69.45 311.33 —34.14

MP4(DQ) 318.23 72.17 307.19 —39.50

CCD 319.41 71.79 306.85 —41.09

Table 4. Geometric parameters of nitromethanes obtained from
DFT calculations at the B3LYP/6-31G(d) level and experi-
mental values (Ref. 16)

Com- r/pm Angle/deg
pound C-N N-O C—H H-C—-NO-N-O
NM 150.0 122.6 109.1 107.2 126.0
(148.9%5) (122.445)(108.8+£1) (107.2) (125.3)
DNM 150.7 122.2 108.8 108.2 127.5
TNM 151.7 122.0 108.5 109.4 128.8
(105.5£5) (121.9%3) (128.6%1.0)
Tetranitro- 154.1 121.5 — — 129.3
methane (152.6%6) (121.8%2) — —  (129.3%£1.0)

closer to those of aci-NM and aci-DNM, respectively.
Therefore, the ab initio estimates of the heights of the
barriers to these reactions are substantially higher (by
60—80 kJ mol~!) than those found by the PM3 method.
On the other hand, comparison of changes in the main
bond lengths in the TS of reaction (2) relative to those
in the initial molecules shows that they are much less
than analogous changes for the TS of reaction (1). This
can be responsible for a decrease of 46.5 (ab initio) and
76.3 kJ mol~! (PM3) in the barrier to the reaction.

The data listed in Table 3 suggest that the formation
of aci-NM and aci-DNM is the limiting stage of reac-
tions (1) and (2), respectively. The barrier to the second
stage, viz., elimination of water, is much lower and
remains virtually unchanged with accumulation of nitro
groups in the molecule.

The barrier to formation of aci-TNM calculated by
the PM3 method is 142.5 kJ mol™!, which is nearly
50 kJ mol~! lower than for aci-DNM. Hence, the
decrease in the barriers to the reactions of formation
of aci-NM, aci-DNM, and aci-TNM (a total of

125.5 kJ mol™! according to PM3 calculations) is sub-
stantially larger than the decrease in the C—N bond
dissociation energies, D(C—N), for the same molecules
(a total of 57 to 71 kJ mol™! according to different
experimental estimates4).

If the heights of the barriers to reactions of isomer-
ization and monomolecular decomposition of aliphatic
C-nitro compounds are estimated both semiempirically
and using ab initio calculations with inclusion of elec-
tron correlation at the MPn (n = 2—4) level of theory,
the results obtained can differ substantially from the
experimental values. Recently,!® we studied transition
states of the reactions of B-elimination of nitrous
acid from nitroethane and n-nitropropane by the
MP2/6-31G(d) method and showed that the calculated
enthalpies of activation were nearly 60 kJ mol~! higher
than the experimental activation energies of gas-phase
decomposition. It was found2? that the MP2/6-31G(d)
method substantially overestimates the barrier to nitro-
nitrous rearrangement in the NM molecule. This sug-
gests that the barriers to reactions (1) and (2) obtained
from ab initio calculations should be regarded as upper
bounds.

To obtain additional information on the energies of
monomolecular decomposition of NM, DNM, and TNM,
we studied the key stage of the reaction mechanism, viz.,
the formation of aci-NM, aci-DNM, and aci-TNM,
using the density functional theory (DFT) with the
three-parameter B3LYP functional and the 6-31G(d)
basis set. Recently,2! it was shown that the barrier to
reaction of elimination of HNO, from nitroethane esti-
mated by this method is nearly equal to the experimental
value (188.3 and 190.3 kJ mol~!, respectively). Density
functional calculations can also be used for correct
prediction of the activation energies of gas-phase radical
decomposition of aliphatic nitro compounds.22

Table 5. Geometric parameters of aci-NM, aci-DNM, and aci-TNM obtained from DFT calculations at the

B3LYP/6-31G(d) level

Compound r/pm Angle N—O—H
C—N C=N N=0 N—O N—OH O—H /deg
aci-NM — 130.0 — 124.1 142.3 97.7 100.0
aci-DNM 142.8 131.8 1228, 123.7 1222 141.6 97.9 100.9
aci-TNM 146.7, 147.2132.7 122.4,123.0  122.5 138.0 98.1 109.3
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Table 6. Atomic charges (¢) and dipole moments (u) of nitromethanes and aci-NM, aci-DNM, and aci-TNM

obtained from DFT calculations at the B3LYP/6-31G(d) level

Compound q/e u/D
C N (0] O(H) H H(O)
NM —0.334 0.454 —0.370 —0.369 0.208 0.203 3.47
DNM —0.056 0.470 —0.350 —0.339 0.246 0.247 3.18
TNM 0.213 0.489 —0.335 —0.314 — 0.269 2.23
aci-NM —0.196 0.381 —0.479 —0.500 0.187 0.416 1.42
aci-DNM 0.185 0.339 —0.385 —0.473 0.236 0.431 4.62
aci-TNM 0.693 0.416 —0.382 —0.449 — 0.443 4.27

Tables 4—6 present selected geometric parameters
and characteristics of the electronic structure of NM,
DNM, TNM, aci-NM, aci-DNM, and aci-TNM. The
geometries of the TS of reactions (1) and (2) are shown
in Fig. 1.
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Fig. 1. Transition state geometries of the reactions of formation
of aci-NM (a), aci-DNM (b), and aci-TNM (c) molecules (the
bond lengths are given in pm).

Analysis of the results obtained in this work shows
that the B3LYP/6-31G(d) method correctly reproduces
the molecular geometries of the NM, DNM, and TNM
molecules (see Table 4). To get a deeper insight into the
problem, we also present information on the geometry
of the C—NO, group in the tetranitromethane mol-
ecule. A comparison of the calculated and experimental
bond lengths in the four molecules shows that they are
close. The maximum difference does not exceed 1.5 pm
(for the C—NO, bond length in tetranitromethane mol-
ecule). The differences between the calculated and ex-
perimental C—H and N—O bond lengths are no larger
than 0.3 pm. For the O—N—O angles, the differences
between the calculated and experimental values lie within
the limits of experimental error. It should be noted that
the method employed correctly reproduces the experi-
mentally observed character of changes in the geometric
parameters of the molecules under study. In particular,
accumulation of the NO, groups leads to appreciable
lengthening of the C—NO, bond and to substantial
shortening of the IN—Q) and nC—H) distances. This
can be thought to be correlated with the corresponding
decrease in the C—NO, bond strength, an increase in
the C—H bond strengths,4 and an increase in the
O—N—O angle. The aforesaid suggests that the
B3LYP/6-31G(d) method reproduces the geometry of
aliphatic C-nitro compounds much more correctly than
the MP2/DZV-1d method.

From the data listed in Table 5 it follows that
accumulation of NO, groups in the aci-NM, aci-DNM,
and aci-TNM molecules leads to substantial lengthen-
ing of the C=N bonds and the corresponding shortening
of the r (N—OH) distances. On the other hand, changes
in the OH bond lengths are very small, though a ten-
dency has been toward lengthening of the r(O—H)
distance in the molecules studied. The r(C—N) dis-
tances in aci-DNM and aci-TNM are much shorter
than in DNM and TNM, respectively.

Analysis of the electron density distribution reveals
substantial differences in the atomic charges of carbon
atoms in NM, DNM, and TNM and the corresponding
aci-forms. According to calculations, the negative charge
on the C atom of aci-NM is much smaller than in NM,
whereas carbons in aci-DNM and aci-TNM carry rather
large positive charges (see Table 6). These compounds
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(especially, aci-TNM) must be highly reactive in the
reactions of nucleophilic substitution and elimination.
The differences between the negative atomic charges
of oxygens in the N—O and O—H groups are relatively
small. On the other hand, an appreciable decrease in the
negative atomic charge of the O atom of the N—O
group on going from aci-NM to aci-DNM should be
noted. The magnitude of this charge remains virtually
unchanged with accumulation of NO, groups (in
aci-TNM). A tendency for a decrease in the negative
atomic charges of oxygens in the OH groups on going
from aci-NM to aci-DNM is much less pronounced.
The atomic charges of hydrogen atoms of the OH groups
in the compounds under study are larger than those on
the H atoms bound to the C atom. Yet another feature
of the electronic structure is a dramatic increase in the
dipole moment of aci-DNM as compared to aci-NM.
The above-mentioned features of the effect of accu-
mulation of nitro groups on changes in the reaction
center geometry are supported by analyzing the TS
geometry of the formation reaction of aci-NM. The
C—H bond length in the TS changes to the greatest
extent as compared to the initial molecule. Taking into
account this fact, one would assume that the reaction
under study begins with intramolecular hydrogen trans-
fer to an O atom of the NO, group. On the other hand,
other geometric parameters of the reaction center (C—N
and N—O bond lengths) also significantly change in the
course of the reaction. We found that the Ar (C—H)*
values for the reactions of NM, DNM, and TNM (40.2,
41.5, and 42 pm, respectively) increase only slightly.
This seemingly should lead to an increase in the en-
thalpy of activation of the reaction (or the barrier to
reaction). However, the calculations predict the reverse,
namely, a substantial decrease in the barrier heights
(Table 7). This contradicts the assumption that the
mechanism of formation of aci-NM, aci-DNM, and
aci-TNM involves intramolecular hydrogen transfer.
Therefore, the reactivity can be thought to be due to
changes in other geometric parameters. Indeed, the
absolute values of Ar(C—N) for the reactions of NM,
DNM, and TNM (7.7, 4.0, and 0.9 pm, respectively)
decrease substantially. The Ar(N—Q) values for the
reactions of NM, DNM, and TNM (10.6, 9.6, and
8.9 pm, respectively) also follow this pattern, though the
tendency is less pronounced. The results of analysis of
the bond dissociation energies and force constants of
different bonds in the reaction center suggest that op-
posing changes in the Ar(N—O) and Ar (C—H) values
for these reactions nearly cancel each other. Therefore,
a decrease in the heights of the barriers to reactions of
formation of aci-NM, aci-DNM, and aci-TNM with
accumulation of NO, groups should mainly be associ-
ated with a decrease in the Ar(C—NO,) differences
between the TS and initial molecules. In this case, the

* Hereafter Ar denotes the change in the length of a particular
bond in the TS relative to that in the initial molecule.

Table 7. Enthalpies of formation and barriers to reactions of
formation (in kJ mol™!) of aci-NM, aci-DNM, and aci-TNM

Compound AHP AH*
Expt23 PM3  B3LYP PM3 B3LYP
/6-31G(d) /6-31G(d)
NM —74.6, —43.9 —67.8  269.5 270.0
—80.8
DNM —59.8 —28.9 —32.7 192.0 227.8
TNM —0.8 —30.1 29.2 142.7 201.7

mechanism of formation of aci-NM seems to involve a
synchronous elimination of hydrogen, thus leading to
significant changes in several geometric parameters
(r (C—H), r (C—N) and r (N—Q)) rather than intramo-
lecular hydrogen transfer. This is also consistent with
the results of semiempirical PM3 and ab initio MP2
calculations (see Table 1).

Thus, accumulation of nitro groups leads to substan-
tial decrease in the heights of the barriers to formation
of aci-NM, aci-DNM, and aci-TNM. It should be
noted that extension of the basis set leads to a decrease
in the activation barriers to these reactions. The esti-
mates of the barrier heights obtained from density func-
tional B3LYP/6-311++G(df,p) calculations are thought
to be the most reliable. Their values for the reactions of
NM and DNM are 258.1 and 218.5 kJ mol~!, respec-
tively, which is close to the thermochemical estimates
of D(C—N) values (253.3 kJ mol™! for NM and
225.5 kJ mol~! for DNM).23

On the other hand, high barriers to the reactions of
NM, DNM, and TNM studied in this work prevent
them from proceeding during monomolecular gas-phase
decomposition of these compounds, especially having
regard to the pre-exponential factors of gas-phase radi-
cal decomposition reactions that are much larger than
those of any competing molecular reactions.45 On the
other hand, it is known that the activation energy of the
primary act of liquid-phase thermal decomposition of
NM is substantially lower (by 80—100 kJ mol~1)4—6
than that of the gas-phase decomposition of this com-
pound. As mentioned above, liquid-phase decomposi-
tion of NM involves the formation of aci-NM as inter-
mediate. Therefore, the processes studied in this work
can be of interest for the development of our under-
standing of relationships of the liquid-phase decomposi-
tion of nitromethanes and for rationalization of abnor-
mally low stability of DNM.

This work was carried out with the financial support
of the Russian Foundation for Basic Research (Project
No. 00-03-33039).
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