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DFT and ab initio calculations up to the MP2 level have been performed to study the pyrolysis of 2-azidoacetic
acid (N3CH2COOH). Several molecular properties, such as conformational equilibrium, optimal geometry,
ionization energies, and vibrational frequencies, have been computed for this acid. Other species involved in
its pyrolysis were also fully optimized and corrected for zero-point energies. In all cases, the calculated
properties agree quite well with the observed experimental data. Two types of mechanisms were analyzed for
the decomposition of N3CH2COOH. The first analyzed mechanism is a multistep process analogous to the
one traditionally proposed for alkyl azides. First, either the imine NHCHCOOH or the nitrene NCH2COOH
is formed by the release of molecular N2. Then, from these species, ejection of CO2 will produce methanimine
(NHCH2), although other reaction channels may be expected. The second mechanism involves, after an initial
distortion of the N3CH2COOH minimum geometry, a concerted dissociation step where N2 and CO2 are
simultaneously ejected, yielding directly the imine NHCH2. Accordingly to the present calculations, the second
mechanism is the most favorable one, in clear agreement with recent experimental work (J. Am. Chem. Soc.
1997, 119, 6883).

Introduction

Organic azides have been known since the last century, but
their study has gathered lately a renewed interest. In fact, azides
due to their strong reactivity play a crucial role in organic
synthesis1 and do have important biological, pharmaceutical,
and industrial applications (for an overview see refs 2-5). They
are applied in the treatment of AIDS, as inhibitors of human
carbonic anhydrase, or in photoaffinity labeling biological
methods. Other applications include, for instance, the preparation
of semiconductor materials and their use as energetic additives
for solid propellants.

The mechanisms for the decomposition of azide compounds
are especially attractive for various reasons. Normally, these
decompositions start with the release of molecular nitrogen and,
as often admitted, generate a singlet nitrene.6-8 The singlet
nitrene may undergo further reactions, including intersystem
crossing to its triplet ground state, thus leading to a great variety
of products.

In particular, a number of experimental studies have focused
on the decomposition of simple alkyl azides such as N3CR3 (R
) H or CH3).7-9 Milligan et al.,9 for example, have identified
methanimine (NHCH2) and not methylnitrene (NCH3) as the
major product upon photolysis of methyl azide (N3CH3).
Darwent and co-workers7 suggested, however, that both the
photolysis and pyrolysis of methyl azide should occur via the
nitrene intermediate. Later, Bock and Dammel8 have studied
systematically the pyrolysis of many alkyl azides under identical
conditions. They found a rather similar pyrolysis behavior for
all azides, i.e.: imines (NRCR2) were the unique products
formed upon initial extrusion of N2. Further heating yielded final
products such as H2, alkanes, and the corresponding nitriles (e.g.,
HCN).

Since the work of Bock and Dammel,8 it is now generally
accepted that the pyrolysis of alkyl azides should proceed in a
concerted way, via coupled N2 extrusion and 1,2-R shift from
C to N to give the respective imines (eq 1)

thus turning down a stepwise channel where the initial N2

splitoff yields a nitrene. Imines then rearrange through intramo-
lecular 1,2-shift to more stable isomers such as nitriles.

According to the semiempirical calculations performed by
these authors, the concerted and stepwise channels have similar
activation energies, but they justify the preference for the
concerted channel on the basis of the observed temperature
dependence of their experimental results. They also considered
that both the thermal formation of nitrene and its consecutive
reactions should occur on a singlet potential energy surface,
being therefore spin-allowed processes. This raises however
other questions.

Singlet nitrenes are expected to be quite unstable species that
immediately decompose or rearrange.10 Thus, they would be
rather difficult to observe under the conditions of Bock and
Dammel’s experiments.8 Indeed the authors8 even pointed out
that these short-lived species could only be detected under
special measurement conditions such as an in inert gas matrix
at low temperatures. Noteworthy here is that singlet methylni-
trene has been recently observed by photodetachment spectros-
copy of the parent CH3N- ion.11 Finally, crossings between
singlet and triplet potential surfaces may occur and give rise to
other possible decomposition mechanisms involving spin-
forbidden processes.6,7

Only a few theoretical studies have been performed on the
pyrolysis of alkyl azides. Nguyen et al.12 studied the decomposi-
tion of methyl azide by ab initio calculations including electronic
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correlation effects. They found that N3CH3 dissociates, in its
singlet state, into NHCH2 and N2 through the concerted channel
referred to above. However, in contrast with the predictions of
Bock and Dammel,8 singlet NHCH2 should then decompose via
a 1,1-H2 elimination to give HNC that rapidly isomerizes to
HCN.12 Later, Arenas et al.13a examined the pyrolysis of both
methyl and ethyl azides, using similar ab initio methods and
density functional techniques. Again, the concerted singlet
channel was found to be preferred for the rate-limiting step of
both reactions. More recently Arenas et al.13b reexamined the
pyrolysis of methyl azide, using multiconfigurational ab initio
methods, and predicted that it should follow a multistep channel
via a nitrene intermediate. Moreover, N2 extrusion is the rate-
limiting step and may proceed through two (isoenergetic)
competitive channels: a spin-forbidden path and a spin-allowed
one.

Unfortunately, there is no definite experimental evidence to
date that indicates clearly which is the favored mechanism for
these reactions. Also, for more complex azides, such as the
2-azidoacetic acid or azidoacetone, different pathways might
be expected, such as the one-step process recently proposed by
Dyke et al.14

Dyke et al.14astudied the gas-phase pyrolysis of 2-azidoacetic
(N3CH2COOH) by matrix isolation infrared spectroscopy (IR)
and ultraviolet photoelectron spectroscopy (PE). They have
observed simultaneous formation of NHCH2, CO2, and N2 upon
initial decomposition of N3CH2COOH above 650 K. Moreover,
no evidence was found for the presence of intermediates such
as the nitrene NCH2COOH or the imine NHCHCOOH. At
higher temperatures (T > 900 K), formation of HCN was
detected, indicating the decomposition of NHCH2.

By analogy with the previous work on the decomposition of
alkyl azides, stepwise reaction mechanisms of the type shown
below might be envisaged (Scheme 1).

On the basis provided by the experimental results, Dyke et
al.14a argued, however, that the initial pyrolysis of azidoacetic
acid should occur via a concerted pathway involving the
formation of a five-membered ring transition state (Scheme 2).

This work attempts to clarify the mechanism of the gas-phase
pyrolysis of the 2-azidoacetic acid from a computational point
of view. The two schemes above depicted will be analyzed and
compared to establish the most probable mechanism. No
quantum calculations seem to have yet been reported for this
pyrolysis.

Computational Details

To discuss the importance of electronic correlation effects
and to assess the dependence of the results on the basis set, the
molecular properties of the azidoacetic acid have been computed
with several quantum models and basis sets. Namely, calcula-
tions have been carried out at the Hartree-Fock (HF) level, at
the second-order Møller-Plesset perturbation level of theory
(MP2), and by density functional theory (DFT), using the
standard 6-31G** and the 6-311G** basis sets. In the DFT
calculations, the Lee, Yang, and Parr15 correlation functional
was used together with either the Becke16 (BLYP) or the Becke’s
three parameter17 (B3LYP) exchange functionals. The confor-
mational equilibrium, optimal structure, ionization energies, and
vibrational spectrum of the azidoacetic acid are reported and
discussed within these methods.

Equilibrium geometries for the reactions’ products considered
(NHCHCOOH, NHCH2, HNC, H2, N2, and CO2) and transition
state structures were obtained using the B3LYP/6-31G**
method. Vibrational frequencies and zero-point energies (ZPE)

for all optimized species were computed analytically with the
B3LYP/6-31G** method. In some selected cases, geometries
of the species were reoptimized and their corresponding ZPE
computed at the MP2/6-31G** level. Unless otherwise stated,
discussions of the relative energies of the relevant stationary
points that follow refer to energies calculated at the B3LYP/
6-31G**+ZPE level.

All reactant and products have been identified as true minima
by the absence of imaginary frequencies. Transition state (TS)
structures, on the other hand, were identified by the presence
of one single imaginary frequency. In addition, transition states
were always checked by intrinsic reaction coordinate (IRC)
calculations.18 This allowed us to verify that we have the correct
structures for the various examined reactions.

All theoretical calculations were performed using the GAUSS-
IAN 9819 program.

Results and Discussion

Molecular Properties of Azidoacetic Acid. Structure.To
begin with, a conformational study of the acid N3CH2COOH
has been performed to have an idea of the minimum energy
structure of this molecule. Figure 1 shows the rotational potential
V(φ) obtained by varying the N-N-C-C dihedral angle (φ),
using several theoretical methods and the same basis set (6-
31G**).

Some interesting features concerningV(φ) should be com-
mented on. HF energy values are in general higher than the
other values, and this method is quite poor for dealing with the
molecular structure aroundφ ) 0°. By comparing the HF and
MP2 results, it can be seen that the inclusion of electronic
correlation effects reduces the energy barriers between the
conformers, the largest difference being the barrier between the
conformersφ ) 0° and φ ) 180° (0.7 kcal/mol). The DFT
methods have a behavior very similar to that of the MP2 method
but provide lower energy values than this method. Energy
differences that amount to about 0.8 kcal/mol may be inferred.

However, the most stable structure of azidoacetic acid is
predicted by all methods to be a gauche-like conformer (HF,φ

) 70°; MP2, BLYP, and B3LYP,φ ) 60°). A full optimization
of the (singlet) ground state of this conformer has thus been
carried out.

Figure 2 shows the equilibrium geometry of the azidoacetic
acid (AA ) optimized at the B3LYP/6-31G** level and gives
the labeling of the atoms. Table 1 lists some of the optimized
geometric parameters obtained for this acid at the various levels
of theory. For simplicity, results from HF, BLYP, and B3LYP

Figure 1. Rotational potential of the azidoacetic acid as a function of
the NNCC dihedral angle.
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calculations using the larger 6-311G** basis set are not shown,
as they had the same behavior as those of the MP2 method.

In general, bond lengths decrease slightly as the basis set is
expanded from 6-31G** to 6-311G**. However, the largest
changes in bond lengths do not exceed ca. 0.01 Å. Changes in
valence and dihedral angles are also quite smallsthe largest
changes amount to about 1-2°.

DFT and MP2 geometries closely resemble each other, in
particular the geometric parameters of B3LYP/6-31G** and
MP2/6-311G*. HF structures show, however, some differences
with respect to those predicted by the MP2 method that can be
attributed to electronic correlation effects. To be noticed are its
smaller NN and CO bond lengths and, especially, its larger NNN
valence angle. Previous theoretical studies on other azides have
also shown that electronic correlation effects tend to increase
the NNN bending.22

Nevertheless, all methods give a rather similar picture overall
for the optimal geometry of azidoacetic acid. They show that
the molecule has a slightly distorted gauche conformation with
the NNN chain skewed in relation to the CCOO moiety; the
NNN chain is not linear and the two NN bonds lengths are quite
different from each other.

To our knowledge there is no experimental data for the
structure of azidoacetic acid. However the present results may

be compared with experimental data for other azides. For
instance, as shown in Table 1, the predicted bond lengths and
valence angles are in good agreement with the experimental
values for methyl azide and azidobuthyne.

Ionization Energies.The first nine ionization energies based
on Koopmans’ theorem are presented in Table 2 and compared
with the most recent PE experimental data. In some cases, the
adiabatic first ionization energy has been computed, and the
results obtained are also reported in this table.

As expected, Koopmans’ calculated ionization energies are
higher than the experimental PE values, but good agreement is
seen, except for the B3LYP method. In fact, DFT methods are
known to strongly underestimate the ionization energies,22b

although some improvement is reached when the B3 functional
is used. The results in Table 2 also show that the Koopmans’
energies do not quite depend on the basis set or on the
correlation effects. In fact, even the HF/6-31G** values, when
scaled by the well-known 0.9 factor,23 agree pretty well with
the PE measured energies.

Adiabatic first ionization energies are also in reasonable
agreement with the experimental data, the HF method being
the method that gives poor results. In addition, inclusion of ZPE
corrections practically does not affect the adiabatic ionization
energies.

To have an idea of the atomic charges distribution of the
neutral N3CH2COOH and its single ionized form, Mulliken
population analyses were performed. The results (not shown
here24) were seen to depend remarkably on the basis set used
and on the consideration of electronic correlation. For instance,
the charge of the middle nitrogen atom of the azido chain (N2)
is decreased by∼20% on going from the HF level to the MP2
level. Nevertheless, all methods predict the same charge
distribution for the azido chain, i.e.: N1

--N2
+-N3

--X+. Also,
comparison between the atomic charges of the neutral N3CH2-
COOH and its parent ion revealed an important charge
redistribution along the azido chain. But this ought to be
expected, as the highest occupied molecular orbital of N3CH2-
COOH was found to be essentially a pπ nonbonding N3 orbital.
These results mimic the ones previously obtained for other
similar azides.22

Here, it should be remarked that the MP2 method predicts,
in relation to the other methods, a quite different trend for the
charges of the azido chain of the ion and the strength of its NN
bonds. The N1-N2 bond of N3CH2COOH+, in particular, was
found to be stronger than that of the neutral species and the
correspondingν(NtN) frequency higher (3640 cm-1 vs 2365

TABLE 1: Selected Geometrical Parameters of 2-Azidoacetic Acid

coordinatea HF/6-31G**
MP2/

6-31G**
MP2/

6-311G**
BLYP/

6-31G**
B3LYP/
6-31G** exptl

r(N1-N2) 1.098 1.161 1.153 1.158 1.139 1.14b(1.11)c

r(N2-N3) 1.238 1.250 1.243 1.253 1.241 1.23b (1.24)c

r(N3-C4) 1.450 1.459 1.459 1.473 1.460 1.48b (1.47)c

r(C4-C7) 1.514 1.518 1.521 1.539 1.525
r(C7-O8) 1.185 1.215 1.204 1.219 1.207
r(C7-O9) 1.326 1.355 1.351 1.371 1.351
r(O9-H10) 0.949 0.972 0.968 0.984 0.973
∠(N1-N2-N3) 173.9 171.2 171.5 170.0 171.3 173b (174)c

∠(N2-N3-C4) 114.0 115.4 115.2 116.6 116.2 114b (116)c

∠(N3-C4-H5) 106.7 106.7 106.9 106.5 106.8 107b

∠(N3-C4-C7) 113.7 112.7 112.7 113.6 113.5 114c

∠(O8-C7-O9) 123.6 124.4 124.5 124.2 124.1
∠(N1-N2-N3-C4) 172.2 175.1 174.8 173.5 173.4
∠(N2-N3-C4-C7) 66.1 62.4 64.2 63.3 62.7
∠(N3-C4-C7-O8) 17.0 18.2 17.4 18.0 16.2

a Bond lengths are in Å and angles in degrees.b From ref 20 for methyl azide.c From ref 21 for azidobuthyne.

Figure 2. B3LYP/6-31G**-optimized geometries of the azidoacetic
acid (AA ) and the transition state (TS1) for N2 elimination (Scheme
1). Distances are in Å and angles (bold format) in degrees. MP2/6-
31G** values are given in parentheses.
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cm-1). However, the ionization of N3CH2COOH was expected
to result in a weaker N1-N2 bond and, indeed, such was the
case for the calculations carried out with the B3LYP method.
A likely explanation is that, at the MP2 level, the nitrogen p
orbitals delocalize more on the ion and increase the triple N1-
N2 bond character. On the other hand, it should be stressed that
some test calculations performed with a more accurate method,
such as the quadratic configuration interaction method QCISD/
6-31G**, showed the same trend for the strength of the NN
bonds as the ones gathered from the B3LYP calculations. Taking
into account these results, we believe that the MP2 method has
a different behavior in predicting the strength of the NN bonds
and frequencies that involve the NNN stretching, and in fact,
this has already been pointed out by other authors.13a

Vibrational Frequencies.Vibrational frequencies calculated
for the optimized structure of azidoacetic acid are summarized
in Table 3 and compared to some characteristic vibrational
modes of analogous azides.

Frequencies computed at the HF level are higher than the
experimental frequencies, but scaling by the usual 0.9 factor
affords a much better agreement with the experimental values.
MP2, BLYP, and B3LYP frequency values closely resemble
each other and show an even better agreement with experimental
data. Overall, DFT methods are the ones that best reproduce
the experimental vibrational frequencies, particularly those
concerning the torsion modeτ(NtN) and the stretching modes
ν(NC), ν(NdN), ν(CdO), ν(NtN), andνas(CH).

Finally, it should be said that all of the above results and
comparisons suggested that DFT methods using the 6-31G**
basis set were, as a compromise between computational speed
and accuracy, the best choice for the present study. Considering
that and taking into account other theoretical work on similar
azide reactions,6d,13athe present study mostly relies on the less
demanding B3LYP/6-31G** method.

Mechanisms for the Pyrolysis of Azidoacetic Acid

Initial Decomposition of N3CH2COOH. To study the
pyrolysis of the azidoacetic acid according to the multistep
reactions of Scheme 1, B3LYP/6-31G** calculations have been
performed starting from the optimized geometry of this acid
(Figure 2). A potential energy surface (PES) was generated by
assigning fixed values to the coordinatesr(N2-N3) and∠(N3-
C4-H5) and optimizing all other coordinates.

On the singlet PES a transition state was localized that
connects the acid N3CH2COOH with the imine NHCHCOOH
and N2. The geometry of this transition state optimized at the
B3LYP/6-31G** and MP2/6-31G** levels (TS1) is displayed
in Figure 2. By comparingTS1 with the reactant (AA ), it may
be seen that it has a much shorter N3-H5 distance (1.70 Å vs
2.06 Å), a much larger N2-N3 bond length (2.12 Å vs 1.24 Å),
and a decreased∠(N3-C4-H5) bond angle (86° vs 107°). This
clearly indicates that H5 transfer from C4 to N3 and breaking of
the N2-N3 bond are taking place concertedly. A IRC calculation
beginning at theTS1 transition state confirmed that, when the
forward direction is followed, the H5 atom is in fact being
transferred to the N3 atom, and thus, the ending products are
NHCHCOOH and N2.

The normal vibrational mode that corresponds to the imagi-
nary frequency ofTS1 is mainly related to the stretching of the
N2-N3 bond that is breaking. Also, in agreement with other
similar reaction studies on methyl azide,13aa substantial decrease
in the torsionτ(NdN) and bendingδ(NNN) modes and a great
increase in the stretchingν(NtN) mode are observed.

TABLE 2: Comparison of Experimental and Computed Vertical Ionization Energies of Azidoacetic Acida

exptlb methodc

band (MO) value HF/6-31G** HF/6-311G** MP2/6-31G** MP2/6-311G** B3LYP/6-31G**

1 (26) 9.95 10.4 (8.9)d 10.5 (9.1)d 10.4 (10.3;10.3)d 10.5 7.1 (9.4;9.5)d

2 (25) 11.17 12.2 12.3 12.1 12.1 8.1
3 (24) 11.79 13.0 13.0 13.1 13.1 8.6
4 (23) 12.38 13.6 13.7 13.6 13.7 9.3
5 (22) 14.31 15.9 15.9 15.9 15.9 11.3
6 (21) 14.65 16.3 16.4 16.3 16.4 11.4
7 (20) 15.16 17.7 17.8 17.5 17.6 12.2
8 (19) 15.96 18.4 18.5 18.1 18.2 13.0
9 (18) 17.15 18.7 18.8 18.5 18.6 13.3

a Values in eV.b Reference 14a.c Ionization energies based on Koopmans’ theorem.d Computed as the difference between the ground state
energies of the optimized structures of the singly ionized (N3CH2COOH+) and neutral (N3CH2COOH) forms of azidoacetic acid. Values in bold
format include ZPE corrections.

TABLE 3: Selected Vibrational Frequencies of Azidoacetic Acid

frequenciesa

assignment HF/6-31G** MP2/6-31G** BLYP/6-31G** B3LYP/6-31G** exptl

δ(NNC) 304 284 273 283 245b

τ(NdN) 657 547 532 570 564c

δ(NNN) 799 740 696 727 657c

ν(NC) 1036 978 915 967 910b

ν(NdN) 1422 1350 1293 1354 1285d (1280b)
ν(CdO) 2021 1861 1778 1862 1742d (1746e)
ν(NN) 2478 2365 2156 2274 2117d (2121f)
νas(CH) 3148 3115 2939 3023 2921d

ν(OH) 4078 3808 3586 3750 3500d

a Frequencies in cm-1. b From ref 21 for azidoethane.c From ref 25 for methyl azide.d From ref 14a for azidoacetic acid.e From ref 26 for
formaldehyde.f From ref 1a for azidoacetone.

SCHEME 1. Multistep Process
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Relative energies for all the species that might be involved
on this stepwise process are shown in Figure 3. Formation of
imine is exothermic and requires a high activation energy. The
vertical triplet excited state of azidoacetic acid lies 90-100 kcal/
mol above its ground state and is not a true stationary point as,
when relaxed, ejection of N2 proceeds without any energy
barrier. These results are analogous to the results previously
obtained for the decomposition of simpler alkyl azides, using
similar DFT and MP2 methods.12,13a

One should also notice the clearly poor performance of the
HF method for describing this reaction (cf. Figure 3).

It should be emphasized here that systematic scans of the
system’s PES showed that no transition state corresponding to
the formation of the nitrene NCH2COOH exists for either the
B3LYP or the MP2 method. In fact, all geometry optimizations
performed with (singlet) nitrene-like structures always converged
to the structure ofTS1.

The nitrene NCH2COOH has a triplet ground state, and full
optimization of its geometry has been successfully attained with
the present methods. Using the B3LYP method, we were also
able to locate a stationary point ofCs symmetry for the singlet
excited nitrene state, lying ca. 43 kcal/mol above the triplet state
(Notice that Travers et al.11 found a value of ca. 31.2( 0.25
kcal/mol for the triplet/singlet splitting of methyl azide.).
However, by checking the analytical force constants we found
that it did not correspond to a genuine stationary point. And
again, upon relaxing any geometry constrains, it optimizes to
the imine NHCHCOOH. This leads us to conclude that more
advanced methods would be required to achieve precisely the
minimum energy structure of the singlet nitrene. Identical
conclusions have already been pointed out for other theoretical
studies of azides.10d,13b,27

Recently, Arenas et al.,13b using multiconfigurational ab initio
(MC-SCF) methods, have found that the rate-limiting step of
the decomposition of methyl azide is a nonconcerted process
that produces methylnitrene and N2. Spin-allowed and spin-
forbidden paths for this process were found to be isoenergetic,
thereby being competitive. No evidence for a concerted N2

splitoff and H shift from C to N, i.e. a process similar to the
one observed here, has been found by that group.

They have also concluded that both MP2 and DFT methods
are unable to locate the singlet methylnitrene, since this lowest
(closed-shell) state of methylnitrene must be described by a two-
configuration model. It thus seems worthwhile to perform MC-
SCF calculations for the closed-shell and open-shell excited
singlet states of NCH2COOH nitrene, as well as for its triplet
ground state, to discuss their relative stability and possible
interplay in the N3CH2COOH pyrolysis.

The MC-SCF calculations were performed within the
complete active space self-consistent field (CAS-SCF) method,
using the 6-31G** basis set. The active space chosen comprises
the NCH2COOH molecular orbitals with the greatest contribu-
tion from the in-plane and out-plane 2p orbitals on nitrogen
atom, thus including three orbitals and four electrons.

Starting from the singlet B3LYP/6-31G** minimum found
for NCH2COOH (Cs symmetry), full geometry optimizations
enabled us to locate the closed-shell singlet (1A′ symmetry) and
the open-shell singlet (1A′′ symmetry) nitrene states. Closed-
sell 1A′ rather than the open-shell1A′′ was found to be the lowest
excited state of nitrene. However, the energy difference between
the two states is predicted to be very small [∆E(1A′ ∠ 1A′′) )
0.73 kcal/mol]. Full optimization of the triplet ground state of
nitrene at this level of theory showed us that the triplet state
lies about 40 kcal/mol below the1A′ state.

It is possible that the lowest (closed-shell) singlet state of
NCH2COOH will take part in the pyrolysis of N3CH2COOH,
just as suggested by Arenas et al.13b in the case of the pyrolysis
of methyl azide. They13b have also checked that the conversion
between methylnitrene and methanimine is practically a barrier-
free process. Accordingly to them that is the reason methanimine
is the only observed product of the pyrolysis of methyl azide.
Similarly, for the present pyrolysis, the singlet nitrene NCH2-
COOH intermediate should rapidly isomerize into the imine
NHCHCOOH. Thus, although the singlet or the triplet nitrene
may be difficult to observe experimentally, there is no reason
for not detecting the imine NHCHCOOH. Nevertheless, further
work on the reactions of this scheme is certainly needed and
will be deferred for a latter study.

Decomposition of NHCHCOOH. No evidence that could
possibly be associated with the imine NHCHCOOH was

Figure 3. Relative energies (in kcal/mol) for the pyrolysis of azidoacetic acid following Scheme 1. Energies include ZPE corrections and are
derived from B3LYP/6-31G** calculations. HF/6-31G** (in brackets) and MP2/6-31G** (in parentheses) values are also shown in some cases.
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observed upon the pyrolysis of azidoacetic acid.14aNevertheless,
some of the possible mechanisms for the thermal decomposition
of this imine will be discussed here.

NHCHCOOH has a singlet ground state and is predicted to
be planar withCs symmetry (cf. Figure 4). Some geometrical
parameters and vibrational frequencies of this molecule are given
in Table 4 and compared with the ones obtained for the
azidoacetic acid. Worth mentioning is the increase on theν-
(CN) stretching frequency that is consistent with a shorter CN
doublebond similar to the one of methanimine.

Starting from NHCHCOOH, there are certainly innumerous
reaction pathways that might lead to the experimentally observed
products (i.e.: NHCH2, CO2, HCN, and probably H214a). The
study of the entire network of possible reactions is, however,
behind the scope of this work. After some searches we have
located two interesting transitions states that are shown in Figure
4. The first transition state (IM1 ) connects NHCHOOH with
NHCH2 + CO2 and the second one (IM2 ) with HNC + CO2 +
H2, as confirmed by the IRC calculations. The relative energies
for the species involved on both reaction pathways are shown
in Figure 3.

IM1 has a nonplanar ring structure reflecting a great twisting
of the imine equilibrium geometry (IM ). In this structure, the
C-H bond to produce methanimine is partially formed (1.38
Å), whereas the O-H bond (1.31 Å) and the CC bond (1.87
Å) are essentially broken. Also, the∠(HCN) angle is identical
to that of NHCH2, but the COO angle is still bent.

The products of the reaction viaIM1 lie only a few kcal/
mol below the reactantIM, and hence, this reaction is much
less exothermic than the N2 loss reaction already discussed.

However, the height of its barrier is almost double the one of
that reaction (71.5 kcal/mol vs 42.4 kcal/mol). Again, this
energetic data does not provide an answer to the question of
why the imine NHCHCOOH is not detected.

The most striking geometrical feature ofIM2 is its resem-
blance to the common transition state proposed for the 1,1-H2

dehydrogenation of NHCH2. As emphasized recently,12,13b

starting from NHCH2, 1,2-H2 loss giving HCN is less favored
than the 1,1-H2 loss giving HNC, followed by a fast isomer-
ization of the unstable HNC to HCN. Similarly, in our case,
concerted H2 and CO2 elimination from NHCHCOOH (IM2 )
to produce HNC is predicted to be more favorable than simply
CO2 elimination (IM1 ). Taking into account that HNC formation
via the IM2 transition state is slightly endothermic, HNC
rearrangement to HCN is also expected.

Finally, it should be said that other possibilities for the
dissociation of the imine NHCHCOOH have been looked for,
such as its rearrangement to an aminocarbene-like structure, but
they were all found to be useless to the present study.24

To study the pyrolysis of N3CH2COOH according to the
concerted mechanism shown in Scheme 2, the system’s PES
was scanned in several directions. No transition state for the
one-step process could be found from the several performed
scans and geometry optimizations. This suggested to us that
the azidoacetic acid probably does not dissociate directly into
the desired NHCH2, CO2, and N2 products. Furthermore, the
optimized geometry of N3CH2COOH (see Figure 2) might not
be an adequate starting point to follow this scheme.

As mentioned before, the transition state proposed has a five-
membered ring structure to allow for the simultaneous ejection
of N2 and CO2

14a. However, formation of this kind of ring
requires the OH bond to be in a cis configuration with respect
to the NNN chain. In this sense, the most adequate starting
geometry is not the minimum gauche conformer of N3CH2-
COOH (φ ≈ 60°) but its anti conformer (φ ) 180°). Taking
into account the low-energy barrier for the gauche-anti
conversion (ca. 1.8kcal/mol), the anti conformer should represent
a plausible starting structure. Again, systematic scans of the
PES of this latter system did not lead to the proposed TS ring
or other appropriate TS.

Although in the anti conformer the OH bond is in a good
position in relation to the NNN chain, the H atom is not directed
toward that chain, thus making rather difficult the simultaneously
detachment of this atom from oxygen and bonding to the target
nitrogen. Therefore, an additional scan for the rotation of the
OH bond was done to assess its energy barrier and to check if
this new structure corresponds to a stationary point. The PES
scan for the OH rotation was obtained by fixing the CCOH
dihedral angle and optimizing all others coordinates. In this way,
a barrier of about 12.8 kcal/mol was found for this rotation.

TABLE 4: Some Geometrical Parameters and Vibrational Frequencies Computed for the Imine NHCHOOH in Comparison
with the Acid N3CH2COOHa

coordinateb NHCOOH N3CH2COOH frequenciesc NHCOOH N3CH2COOH

r(NC) 1.269 (1.270d) 1.460 ν(CN) 1726 (1712d) 967
r(CdO) 1.212 1.207 ν(CO) 1838 1862
(NCCdO) 0.0 16.2

a Computed at the B3LYP/6-31G** level.b Bond lengths in Å and angles in degrees.c Frequencies in cm-1. d Computed for methanimine.

Figure 4. B3LYP/6-31G**-optimized geometries for the dissociation
of the imine NHCHCOOH: IM , ground-state NHCHCOOH imine;
IM1 , transition state for the dissociation into NHCH2 and CO2; IM2 ,
transition state for the dissociation into HNC, CO2, and H2. Distances
are in Å and angles (bold format) in degrees.

SCHEME 2. Concerted Process
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The calculations showed also that this distorted anti structure
is in fact a minimum lying about 2 kcal/mol above the anti
conformer. From now on this stationary point will be designated
asR.

A new scan on the potential energy surface allowed us to
detect a transition state that connects the reactantR with the
desired products, as then confirmed by IRC calculations. Figure
5 shows the geometry of the initial reactant (R) and the transition
state structure (TS2) optimized at the B3LYP/6-31G** level.
The optimized MP2/6-31G** values are also given.

As can be seen in this figure,TS2 has a strained five-
membered ring and its structure closely resembles the products
of the reaction. For example, the N2-N3 and O9-H10 bonds are
virtually broken, whereas ther(N3-H10) is already formed. It
can be also noticed that the C4-C7 bond is partially disrupted
and the∠N1N2N3 angle is much more bent than that of the
reactantR.

The normal mode corresponding to the imaginary vibrational
frequency of this transition state consists mainly of stretching
of the bonds that are breaking and forming. As expected, the
torsionτ(NdN) and the bendingδ(NNN) modes decrease and
the stretchingν(NtN) mode increases with respect to the
corresponding modes of theR optimized structure. Particularly
noteworthy, however, is that the stretchingν(OH) mode of the
reactant is transformed into a stretchingν(NH) mode in theTS2
structure. This is clearly due to the disruption of the OH bond
and strengthening of the NH bond in theTS2 structure.

The relative energies of the reactants, products, intermediates,
and transition state for this reaction are compared in Figure 6.

Figure 6 shows that this dissociation scheme is, as expected,
quite exothermic and is slightly favored in relation to the N2

elimination step of Scheme 1 (see Figure 3). In addition, the
products of the complete dissociation of the azidoacetic acid
(Scheme 2) are estimated to be 7 kcal/mol below the products
NHCHOOH and N2 (Scheme 1). Although these products have
a similar stability, interconversion between them requires
substantial activation energy, according to the predictions of
the last section.

For all reactions studied, the biggest change in the relative
energies of stationary points on going from the B3LYP to the
MP2 method amounts to 9 kcal/mol, deviations being larger
for minima than for transition states. However, similar trends
are observed for activation energies and relative stabilities.

At this point its is important to establish the main conclusions
of this study. The concerted reaction suggested for the decom-
position of azidoacetic acid into NHCH2, CO2, and N2 appears
to be unreachable without a previous distortion of the equilib-
rium geometry of N3CH2COOH (gauche conformer). Instead,
we believe that it first converts to the anti conformer, which
then transforms to theR conformer, and finally dissociates into
NHCH2, CO2, and N2. However, judging from the predicted
activation energies, the successive conformers (gaucheT anti
T R) convert into one another easily, and thus, they may coexist

Figure 5. B3LYP/6-31G**-optimized geometries for the initial reactant
of azidoacetic acid (R) and the transition state (TS2) of the pyrolysis
of azidoacetic acid following Scheme 2. Distances are in Å and angles
(bold format) in degrees. MP2/6-31G** values are given in parentheses.

Figure 6. Relative energies (in kcal/mol) for the pyrolysis of azidoacetic acid following Scheme 2. Energies include ZPE corrections and are
derived from B3LYP/6-31G** or MP2/6-31G** (values in parentheses) calculations.
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at room temperature. Moreover, they certainly do coexist at the
temperature under which the pyrolysis experiments are con-
ducted. On the other hand, the rate-limiting step of this
mechanism is the dissociation ofR via a ring transition state
structure, thus confirming the experimental predictions.14a It is
most likely that the barrier of this concerted reaction will be
change at higher level ab initio calculations. In fact, as already
pointed out by several groups,6d the B3LYP method properly
describes the structure of this class of molecules but usually
underestimates reaction barriers. The MP2 method, on the other
hand, seems to be less reliable than the B3LYP method.6d,13a

However, although there is no experimental activation energy
for the present reaction to be compared with, we believe that
the present results are not significantly affected by the short-
comings of both methods. Therefore, the concerted reaction via
the ring TS2 structure is predicted to be the most reasonable
mechanism for the pyrolysis of azidoacetic acid. One might
argue, however, that other stepwise reaction schemes (e.g.,
involving the nitrene intermediate) may exist and have isoen-
ergetic competitive rate-limiting steps, but Scheme 2 is the only
one that can cope with the experimental findings.

Summary and Conclusions

The present study reports several ab initio and DFT calcula-
tions on the molecular properties of azidoacetic acid. Consid-
eration of electronic correlation effects is found to be essential
to have a reliable theoretical description of the properties of
this acid. Overall, DFT results for the structure, ionization
energies, and vibrational frequencies of the azidoacetic acid are,
normally, in better agreement with experimental data than those
predicted by MP2 calculations.

The mechanism for the gas-phase pyrolysis of azidoacetic
was investigated by resorting to the B3LYP and MP2 methods.
Two types of mechanisms were considered: one involving
multistep reactions and producing the nitrene NCH2COOH or
the imine NHCHCOOH as intermediates and the other being a
concerted one that yields directly the observed products (N2,
CO2, and NHCH2). In agreement with recent experimental work,
both methods predict that the pyrolysis of N3CH2COOH
proceeds, after an initial distortion of the minimum geometry
of this acid, via a concerted process involving a five-membered
ring transition state that then produces N2, CO2, and NHCH2.

The decomposition of the imine NHCHCOOH has also been
studied using the B3LYP method. Starting from NHCHCOOH,
concerted H2 and CO2 elimination to produce HNC is predicted
to be more favorable than simply CO2 elimination yielding
methanimine. The product HNC probably suffers rapid isomer-
ization to HCN.

This study is, however, limited to the description of the lowest
singlet potential energy surface of the azidoacetic acid and relies
mostly on the B3LYP method. Thus, further work is in progress
to confirm the predictions of this work and to study other
possible reaction mechanisms for the gas-phase pyrolysis of
azidoacetic acid.
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