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Photochemistry of Protonated Nitrosamine: Chemical Inertia of NH,NOH™ Versus
Reactivity of NH3;NO™
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The photochemical behavior of the protonated simplest nitrosamine [NH,NO—H]" has been addressed by
means of the CASPT2//CASSCF methodology in conjunction with the ANO-L basis sets. The relative stability
of the different tautomers, namely, (1) NH,NOH™, (2) NH;NO™, and (3) NH,NHO™, has been considered,
and the corresponding tautomerization transition states have been characterized. With respect to the most
chemically relevant species, it has been found that NH,NOH™ corresponds to a bound structure, while NH;NO™
corresponds to an adduct between NH; and NO™ at both CASSCF and CASPT?2 levels of theory. Vertical
transition calculations and linear interpolations on the homolytic dissociation of NH3;NO™ in combination
with previous results on neutral nitrosamine [J. Chem. Phys. 2006, 125, 164311] and neutral N,N-
dimethylnitrosamine [J. Org. Chem. 2007, 72, 4741] indicate that, in acidic diluted solutions, the protonation
of nitrosamine takes place on the excited surface. The N—N dissociation channels have been studied both in
ground and first excited singlet state. An S;/Sy conical intersection is found to be responsible for the
photostability of NH;NOH™. On the contrary, NH;NO™ is photochemically unstable as its first excited state
is purely dissociative. The latter species is characterized by a twofold reactivity: the formation of nitrosyl
cation (NO™) in the ground state and the photorelease of physiologically relevant nitric oxide radical (NO)

in its first excited state.

Introduction

Since the initial report on the carcinogenic character of simple
nitrosamines,! great attention has been paid to this family of
substances,> and major efforts have been devoted to their
detection and removal.3~ In this respect, photolysis has yielded
promising results.’

The chemistry of nitrosamines can be divided in two: (1) gas
phase chemistry and (2) solution chemistry. With respect to the
former, we have recently described the photochemical decom-
position of the simplest nitrosamines, namely, parent nitrosamine
(NH,NO)7 and N-nitrosodimethylamine ((CH3),NNO),? after
excitation to the S; and S, states. The proposed mechanisms,
fully coincident in both systems, are also in agreement with
experiment’ and with previous theoretical works.!? Hence, this
can be considered as the prototypical behavior for the photolysis
of simple aliphatic nitrosamines.

On the other hand, the chemistry of alkyl nitrosamines in
solution is characterized by the occurrence of the aminium
radicals (NR;™) as early recognized by several authors.!!~13 In
the presence of a dilute acid, nitrosamines rapidly photodisso-
ciate into aminium radicals (NR3™) and nitric oxide (NO). On
the contrary, at high concentration of acid, nitrosamines become
protonated and do not undergo photolysis. In this respect,
protonated nitrosamine has been proposed as an intermediate
in the environmentally relevant removal of nitrogen oxides, that
is, the DeNOx process,'# with both experimental'> and theoreti-
cal work!¢ supporting this hypothesis. Regarding the low acid
concentration case, an association between nitrosamine and the
acid has been demonstrated to occur. According to the study of
Layne et al.,'” such association involves the oxygen atom of
nitrosamine. Furthermore, Chow et al. analyzed the role played
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SCHEME 1: Chemical Reactivity of Dimethyl
Nitrosamine in Diluted Acidic Conditions®
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@ As suggested by Chow et al.,'"SHA denotes the acid molecule.

by the associated acid.!® For such purpose, these authors
performed low-temperature irradiation experiments in an an-
hydrous solid matrix in the presence of CF3CO,H. Their results
can be summarized as follows: (1) a nitrosamine—acid complex
is observed; (2) upon irradiation, a structured UV absorption
spectrum with bands at 367, 343, and 333 nm is obtained; (3)
when irradiated at 313 nm, a second species is formed, as
indicated by its UV spectrum with peaks at lower frequencies,
391, 375, and 362 nm; (4) this new species reverts to the original
one upon warming, and (5) at room temperature, a similar
solution photolyzes at 313 nm yielding the corresponding
aminium radicals. This is summarized in Scheme 1.

From the biological point of view, it is remarkable that recent
studies have highlighted the physiological role of nitrosamines
as sources of nitric oxide radical (NO)'*20 which constitutes
the simplest intra- and intercellular signaling molecule.?! In this
respect, Ohwada et al. have analyzed the structural factors in
relation to the NO donor character in a series of nitrosamines.
According to their findings, the NO release was favored in those
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SCHEME 2: Ground State Relevant Conformations of Protonated Nitrosamine

(a) trans-NH,NOH" (b) cis-NH,NOH"~

molecules possessing a small N—NO rotational barrier, a factor
which is directly linked to the delocalization of the lone pair of
the amino nitrogen to the N—O bond. Hence, they concluded
that aliphatic nitrosamines do not constitute efficient sources
of NO.?0

In this work, we address the study of the photochemistry of
protonated aliphatic nitrosamines by means of the model
protonated nitrosamine. The obtained results aim to provide a
deeper insight in the chemistry of nitrosamines in solution and,
particularly, in their NO donor character. It must be stressed
that there has not been any previous report on their photochem-
istry despite the highly desirable property of finding NO-
donating compounds with well-controlled release for medicinal
purposes.?’

This article is structured as follows. Section 2 introduces the
methods of calculation. In Section 3, we analyze the chemistry
in the ground state focusing on the relative stability of the
different conformers, the transition states connecting them, and

o)
H Y H H
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(¢) cis-NH,NO* (d) NH,NHO"

the relevant N—N bond dissociation channels and, second, we
study the chemistry in the upper surface stressing the role played
by the surface crossings (conical intersections) and the energeti-
cally allowed channels. Section 4 summarizes the main results
and concludes the paper.

Computational Details

In this work, we have made use of the CASPT2//CASSCF?2-23
methodology in conjunction with the ANO-L basis set?* with
the C, N, O [4s3p2d1f]/H [3s2pld] contraction scheme as
implemented in the MOLCAS 6.4 set of programs.”® The
location of the conical intersections, that is, same-multiplicity
surface crossings, has been performed with GAUSSIAN 03.26
This protocol has been extensively proven to yield accurate and
reliable results on the chemical behavior of related systems.”$28732
Molecular conformations, normal modes associated with imagi-
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Figure 1. CASSCF critical points of NH,NOH™ related to its chemistry on the ground state and the first excited state: (a) trans-NH,NOH™
minimum (So); (b) cis—trans isomerization first-order saddle point; (c) cis-NH,NOH* minimum (So); (d) NH; rotation first-order saddle point (S);
(e) S1/Sp conical intersection; (f) Si/Sy conical intersection; (g) NH.NOH™ staggered minimum (S;); (h) NH,NOH™ twisted minimum (S;); and (i)
cis-NH,NOH™ minimum (S;). Smaller structures correspond to (1) imaginary modes on the saddle points and (2) gradient difference and nonadiabatic
derivative coupling vectors on the conical intersections. Angle labels are defined according to connectivity.
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Figure 2. Relevant CASSCF critical points of the NH,NOH" tautomers and relevant transition states corresponding to their interconversions: (a)

cis-NH;NO™' minimum (So); (b) trans-NH;NO™ first-order saddle point; (c)

(2)

NH,NHO™ minimum (Sy); (d) transition state for the NH,.NOHT —

NH;NO™ interconversion in So; (e) transition state for the NH,NOH™ — NH;NO™ interconversion in S;; (f) transition state for the NH,NOH™* —
NH,NHO™ interconversion in Sp; (g) transition state for the NH,NHO™ — NH3;NO™ in Sp. Smaller structures correspond to the modes associated
with imaginary frequencies. By convention, the angles are defined to start at the migrating hydrogen followed by the closest nitrogen atom.

nary frequencies, and nonadiabatic coupling (NAC) and gradient
difference (GD) vectors have been plotted with the MacMolPIt
software.3?

All of the stationary points have been optimized at the
CASSCEF level of calculation. Moreover, the most relevant
structures in ground-state structures have been optimized at the
CASPT?2 level (see Table 1). Minima and saddle points have
been characterized by means of their harmonic vibrational
CASSCF/ANO-L frequencies. Additionally, the imaginary
modes associated with Franck—Condon geometries have been
studied by computation of the CASSCF/ANO-L harmonic
vibrational frequencies obtained from the mass-weighted Car-
tesian forces matrix, that is, Hessian matrix, after projecting
out the contributions of the gradients, rotations, and translations
as described in a previous work.3* The nature of the transition
states has been verified by computing the corresponding intrinsic
reaction paths. This technique has been also applied to those
cases where the starting point is nonstationary, for example,
Franck—Condon geometry or a conical intersection. In these
cases, the initial directions correspond to the associated imagi-
nary modes of the Franck—Condon points and the gradient
difference and the nonadiabatic coupling vectors for the conical
intersections. In both cases, the general term of minimum energy
path (MEP) will be used.

The active space, which has been chosen according to that
of neutral nitrosamine,” comprises 14 electrons distributed
among 11 valence orbitals:

250, 28N, OXH, ONN, 7TNO, ONO> PN, TNO¥, ONNT, ONO™, Oxu*
where X = N or O depending on the tautomer. The CASPT2
calculations have been computed over a CASSCF reference
wave function by leaving the core orbitals (1sc, Isn, 1sp) frozen,
that is, as optimized at the CASSCF level.

On the other hand, the geometries of the relevant dissociation
fragments have been computed at the following levels of theory:
(1) NH; (1'A;), CASSCF(2,1)/ANO-L [dxu = 0.988 A, Apnn
= 112.0°]; (2) NH5* (12A,"), CASSCF(3,2)/ANO-L [dxu =
1.008 A, Apng = 120.0°]; (3) NO* (X!'=*), CASSCF(10,8)/
ANO-L, [dno = 1.068 A]; (4) NOH* (12A"), CASSCF(1,1) [dxo
= 1.150 A, doy = 0.987 A, Axon = 116.8°]. The parameters
of NO (X2IT) [dxo = 1.157 A] and NH; (12B) [dxu = 1.008
A, Aynn = 104.6°] have been obtained from a previous work.’

The relevant chemical paths have been studied by means of
linear interpolations in internal coordinates. These linear
interpolations are obtained as follows: electronic energies are
represented versus an interpolation vector, AR, which connects
ground states of stable molecules with their respective products.
This vector is built by calculating the difference between internal
coordinates of reactant and products, AR = R; — R;, where R;
and R; represent the internal coordinate vectors of the initial
and final point, respectively.’ To minimize the contamination
of the perturbed wave function by intruder states as well as to
ensure an acceptable weight of the CASSCF reference wave
function, the technique of imaginary level shift®> has been
introduced as default in all of the linear interpolation calcula-
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TABLE 1: Comparison between Selected CASSCF and CASPT2 Parameters for the Relevant Ground-State Stationary

Geometries™?
+-NH,NOH™ ¢c-NH,NOH™ c-NH;NO™ t-NH3;NO™ t+-NH,NOH™
param.© CAS PT2 CAS PT2 CAS PT2 CAS PT2 CAS PT2
d 1.261 1.255 1.266 1.261 2.386 1.951 2.391 1.954 1.309 1.300
ds 1.306 1.306 1.292 1.291 1.074 1.114 1.074 1.114 1.196 1.198
dy 1.007 1.023 1.006 1.023 1.003 1.017 1.003 1.017 1.001 1.016
ds, 1.002 1.015 1.003 1.017 1.003 1.017 1.003 1.017 0.998 1.013
de3 0.978 0.976 0.986 0.985 3.207 2.747 3.591 3.320 1.925 1.948
Az 111.1 110.5 118.1 117.8 107.7 111.7 107.8 111.5 124.7 124.8
A4 122.0 122.1 124.5 124.9 109.4 106.5 116.4 109.7 117.4 117.4
Asp 115.7 115.8 114.7 114.9 109.4 106.5 116.4 109.7 118.3 118.8
Az 104.9 105.7 113.5 114.5 70.0 66.5 38.1 31.0 27.3 27.4
Dhyio3 0.0 0.0 0.0 0.0 —121.8 —121.3 63.6 60.8 0.0 0.0
Dhsio3 180.0 180.0 180.0 180.0 121.8 121.3 —63.6 —60.8 180.0 180.0
Dhg3oy 180.0 180.0 0.0 0.0 0.0 0.0 0.0 0.0 180.0 180.0

“Labels 7- and c- denote trans- and cis-, respectively. ® Level of theory CAS denotes CASSCF(14,11) wave function, and PT2 denotes
CASPT1 wave function with a CASSCF(14,11) reference function. ¢ Selected parameters where d,, stands for internuclear distance between
atoms (X, y), Axy, stands for valence angle among atoms (X, y, z), and Dhyy,, stands for dihedral angle among atoms (x, y, z, w). Numbering is
according to Figure la. In all cases, the migrating H corresponds to number 6.

tions. By doing this, we prevent situations in which the weight
of the CASSCF wave function in the perturbative treatment
results is too low, and as a consequence, the CASPT2 potential
energy surface is not continuous. In such cases, the CASPT2
treatment would lack significance.

The transition dipole moments were computed according to
the CAS state interaction (CASSI) procedure®® in conjunction
with the perturbatively modified CAS (PMCAS-CI) reference
functions obtained as linear combinations of all the states
involved in the MS-CASPT?2 calculation.

Results and Discussion

This section is structured in four parts. First, the ground state
is addressed in terms of energies and character of the relevant
stationary points, minima, and transition states for the tautomer-
izations. Second, the N—N homolytic dissociation is considered
for the main conformers, NH,NOH* and NH3;NO™, and in
particular their adiabatic dissociation products are analyzed. In
the third part, we discuss the nature of the absorbing species
by means of vertical transition calculations. In the final
subsection, we compare the photochemical inertia of NH,NOH™*
in contrast to the photolability of NH;NO™ which, in turn, is
directly related to the photorelease of nitric oxide. Because
experimental works have dealt exclusively with the first excited
singlet state,'! =138 our discussion will also be focused on such
a state.

A. Relative Stability of Tautomers in the Ground State.
Protonated nitrosamine exhibits four stable conformers at the
CASPT2 and CASSCEF levels of theory. These correspond
to four minima, namely, (1) trans-NH,NOH™, (2) cis-
NH,NOHT, (3) cis-NH3;NO™, and (4) NH,NHO™ as presented
in Scheme 2.

By means of a Mulliken population analysis in neutral
nitrosamine, it can be established that two main protonation sites
are available: the amino group with a charge of —0.42 e on the
N atom and the nitroso group with a charge of —0.31 e in the
O atom. A third site corresponding to the N atom of the nitroso
group exhibits a low density of charge (—0.01 e), and hence
protonation at this point is not favored. The relevant geometries
related to the photochemistry of protonated nitrosamine are
presented in Figures 1 and 2.

A major difference is observed between the O-protonated
(Figure 1a) and the amino-protonated tautomer (Figure 2a) at

both CASSCF and CASPT?2 levels of theory. While the former
corresponds to a covalent bound molecule, the latter corresponds
to a weakly bound system, that is, an adduct between nitrosyl
cation (NO™) and ammonia (NH3), in agreement with previous
works.3738 For such a structure, our calculations predict a partial
positive charge in the NO fragment, +0.897 (+0.569) au at the
CASSCEF (CASPT?2) level of calculation. Furthermore, its N—N
bond scission products in the ground state are NH; and NO™
(vide infra). The N—N distance is 2.386 A and the N—O
distance is 1.074 A at the CASSCF level. The CASPT2
description, although qualitatively similar, predicts a smaller
N—N distance of 1.951 A. By comparing the large shift in the
internuclear distance between the CASSCF and the CASPT2
geometries (0.435 A) and the relatively small CASPT?2 energy
difference between both structures (AE ~ 6 kcal/mol), it is
concluded that the adduct corresponds to a shallow minimum.
This is further confirmed by the somewhat low values of the
N—N bond stretching frequency (CASSCF) which is computed
at ~202 cm™! compared to the corresponding value in neutral
nitrosamine which occurs at ~1005 cm™'.7 The trans-NH3;NO™
could also be optimized at both levels and corresponds to a
CASSCEF first-order saddle point. Hereafter, unless otherwise
stated, NH3NO™ will refer to cis-NH3NO™. Table 1 collects the
CASSCF and CASPT2 sets of parameters for the relevant
ground-state stationary points.

The transition states for the tautomerizations in the ground
state, namely, (a) cis-NH,NOH' — NH3;NO™ (AE = 59.2 kcal/
mol) (Figure 2d), (b) trans-NH,NOH™ — NH,NHO™ (AE =
63.2 kcal/mol) (Figure 2f), and (c) NH;NO'T — NH,NHO™ (AE
= 75.8 kcal/mol) (Figure 2g), have been located. All of the
previous energies are referred to frans-NH,NOH™. As it can
be seen, the first one corresponds to a four-center structure
(Figure 2d) while the others (Figure 2f and g) correspond to
three-center geometries. These points have been further char-
acterized by means of MEP calculations (Figure 3). Table 2
collects the relative energies of the relevant conformers and
tautomers of protonated nitrosamines.

B. N—N Homolytic Bond Scissions. The N—N dissociation
paths for the most stable and relevant tautomers, that is, trans-
NH,NOH™ and cis-NH3NO™, have been studied by means of
linear interpolations in internal coordinates. The lowest asymp-
totic channel yields amidogen radical (NH;) and isonitroxyl
cation (NOH™) in the former and ammonia (NH3) and nitrosyl
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TABLE 2: Energies of the Photochemically Relevant Points of Protonated Nitrosamine on the Ground and First Singlet

Excited States

geometry” configuration” we AE? ref¢ CASSCF CASPT2¢
Figure 1a, Sy G.S. 0.92 0.0 0.90 —0.39791 —0.86740
Figure 1c, So G.S. 0.92 11.3 0.90 —0.38040 —0.84947
Figure 2a, Sy G.S. 0.91 4.6 0.90 —0.42339 —0.86009
Figure 2c, So G.S. 091 11.4 0.90 —0.38041 —0.84922
Figure 1g, S; npnx — Ino* 0.91 72.5 0.89 —0.26850 —0.75189
Figure 1i, S; npnx — Ino* 0.91 82.0 0.89 —0.25178 —0.73668
Figure 2d, Sy G.S. 0.90 59.2 0.90 —0.30864 —0.77299
Figure 2g, So G.S. 0.87 75.8 0.90 —0.29195 —0.76662
Figure 2f, Sy G.S. 0.89 63.2 0.90 —0.27592 —0.74659
Figure 2e, S, npnx — Ino* 0.90 115.2 0.89 —0.195%4 —0.68382
Figure 1f Cil” 0.85 1274 0.89 —0.20036 —0.66503
Figure le Ci2" 0.84 92.7 0.88 —0.20741 —0.67244
DI, Sy NHy(1?B;) + NOH*(1?A") 0.93 125.4 0.89 —0.21296 —0.66756
D2, S, NHx(1?B;) + NOH*(1%A") 0.93 156.8 0.89 —0.15547 —0.61748
D3, S NH;3(1'A)) + NOT(X1ZH) 0.91 34.2¢ 0.87 —0.32246 —0.81420
D4, S, NH5T(1'Ay") + NO(X?II) 0.92 51.3¢ 0.87 —0.31467 —0.78700

@ Geometries are illustrated in Figures 1 and 2; Cin, denotes conical intersection; Dn, dissociation products; n is an ordinal number. * G.S.
denotes ground state. ¢ Weight of the configuration in the CASPT1 wave function. ¢ CASPT?2 relative energies in kcal/mol. ¢ Weight of the
CASSCEF reference wave function in the CASPT2 calculation. / Absolute CASSCF energy added by 185.0 hartree. ¢ Absolute CASPT2 energy
added by 185.0 hartree. " Values corresponding to the upper solution for the S;/Sy conical intersection.  These values are referred to the energy

of cis-NH3NOT in S,.

cation (NO') in the latter, eqs 1 and 2, respectively. The
resulting energy curves are displayed in Figure 4.

(1)
NH,NO*(1'A) = NH,(1'A) +NO*(X’Z") (2

With respect to the former (Figure 4a), its main feature is
the occurrence of an S;/Sy conical intersection (Cil, Figure 1f)
by means of which the ground state of NH,NOH" correlates
with NH, (12B;) + NOH* (12A"), the NOH™ fragment being
in its first electronic excited state, while NH,NOHT in its first
excited singlet correlates with the fragments in their lowest
electronic state, NH, (12B;) + NOH™ (12A"). Apart from its
high energy (~127 kcal/mol), this dissociation process is
hindered by the presence of the conical intersection. Moreover,
we have determined by means of MEP calculations (Figure 5a

NH,NOH"(1'A") —NH,(1°B,) + NOH " (1°A")

and b) that such a point is connected to the trans-NH,NOH™
minimum region; consequently, any molecule sampling the
surface crossing region would be redirected to this minimum.

With respect to the extrusion of nitrosyl cation (NO™) (Figure
4b), we have found that the asymptotic limit for the ground
state occurs at 34.2 kcal/mol over the cis-NH3NO™' minimum,
and no transition state is present. With respect to the excited
states, it is noticed that they are purely dissociative. Additionally,
the convergence of the two excited states as the dissociation
limit is reached can be observed since the final product
corresponds to doubly degenerate ground-state nitric oxide
radical.

The dissociation of NH3;NO™ deserves some more comments.
As it is obtained from the linear interpolations, the NH;"
fragment can be only generated in the excited state. Considering
the fact that at room temperature the nitrosamine—acid complex



Photochemistry of Protonated Nitrosamine

J. Phys. Chem. A, Vol. 112, No. 36, 2008 8399

NH,NOH* NH, + NOH*
250.0 r ' . T T
"y e
2000 RIS S -
-

[ s et L il il

—+ NH,(1?B,) + NOH* (12A")

B

NH, (12B,) + NOH* (I’A")

100.0— =
CIS/S, T
500 =
o L | L | L | L
'%.0 50 10.0 15.0 20.0
Interpolation Vector (arb. units)
(@
NH,NO*
100.0
80.0, _""’“‘*»-0-—-0-- S
I NH,* (1'A,”) + NO (X2T)
= 600 T T T
E 60.0— = 500 :
3 i s
é, | 00 [t
B JooE
g wof wE L
%0 s 100
- S (arb. umite)
pienSip (b= NH, (1'A)) + NO* (X'E+)
20.0
0 \ | L | L | L
'%AO 50 10. 15.0 20.0

.0
Interpolation Step (arb. units)

(®

Figure 4. MS-CASPT?2 linear interpolations for the N—N homolytic bond scission reactions starting at (9) trans-NH,NOH' and (b) cis-
NH;NO™. In the inset in b, the dissociation limits are presented for a final N—N internuclear distance of 30 A. The dissociation products and
their electronic states are represented at the end of each interpolation. The zero-order wave function is SA-CASSCF including two states

with equal weights.

dissociates into amminium radical and nitric oxide (see Scheme
1) and that, as shown, protonation occurs after excitation, it
can be concluded that the protonation must take place on the
excited surface.

C. Vertical Transitions. For the initial study of the upper
singlet manifold, MS-CASPT?2 vertical transition calculations
have been performed at the ground-state relevant geometries,
namely, (1) trans-NH,NOH™, (2) cis-NH,NOH™, (3) cis-
NH;NO™, and (4) NH,NHO™. Table 3 collects the obtained data.

Experimentally, the low-temperature absorption spectrum of
nitrosamine—acid complex in a solid matrix exhibits bands at
3.39 eV (367 nm), 3.63 eV (342 nm), and 3.74 eV (333 nm).
Moreover, the absorption spectrum of N-nitrosodimethylamine
in solution has been shown to consist of a low-intensity band
at 3.63 eV (342 nm) and a strong band around 5.30 eV
(234 nm).'® By comparing the previous experimental data
with the computed MS-CASPT?2 vertical transition values for
the [NH,NO—H™] system (Table 3), it is clear that none of the
trans-NH,NOHT, cis-NH,NOH™, or NH,NHO™ account for the
observed lower absorption band and, thus, can be discarded as
the responsible species for such absorption. On the other hand,
cis-NH3NO™ can also be ruled out for being the absorbing
species despite its similar vertical transition values. Several facts

support this assumption. According to experiment,'® the low-
temperature excitation of the nitrosamine—acid complex leads
to the formation of a geometry with a tetrahedral amine
conformation. This new species absorbs at 3.19, 3.32, and 3.44
eV (391, 375, and 362 nm) and reverses, upon warming, to the
initial O-associated complex. These two features are in agree-
ment with both the geometrical features and the MS-CASPT2
vertical transition values of cis-NH3NO™ (3.46 eV) and with
the fact that it is adiabatically connected to trans-NH,NOH™
as demonstrated by means of the MEP calculations displayed
in Figure 3c. Moreover, both the nitrosamine—acid complex
and the N-nitrosodimethylamine in methylcyclohexane (absence
of protons) present very close absorption bands!® which compare
nicely with our previous calculations on neutral nitrosamine (gas
phase) [2.98 eV (f=0.190+1072)]” or neutral NDMA (gas phase
and water) [3.29 eV (f = 0.321-1072)] and [3.34 eV (f =
0.327-1072)], respectively.® Therefore, it can be concluded that
in the presence of a dilute acid, the absorption bands of
N-nitrosodimethylamine do not correspond to any protonated
species but to the nitrosamine—acid complex, confirming that
the proton transfer must take place after excitation.
Furthermore, considering the experimental fact that in diluted
acid solution the complex rapidly undergoes photolysis into
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Figure 5. SA-CASSCF minimum energy paths starting at (a) Cil following the GD vector direction; (b) Cil following the NAC vector direction;
(c) Ci2 following the GD vector direction; and (d) Ci2 following the NAC vector direction. In all cases, the initial geometry has been obtained by
distorting the reference structure (conical intersection) along the GD or NAC vectors, respectively. SA-CASSCF including two roots with equal

weights.

TABLE 3: Vertical Transition Energies (MS-CASPT2) for
the Lowest Singlet States of the Relevant Conformers of
Protonated Nitrosamine®

state®  geometry? configuration® weight! AE* bl
So(1'A") I G.S. 0.91 0.00
11 G.S. 0.91 0.48
I G.S. 0.91 0.13
v G.S. 090 0.38
Si(1'A") I Ono — 7ino* 093 521 0.836-1072
I ONN — TINO ™ 0.94 6.06 0.179-107!
111 non — o™ 0.91 3.46 0.969-107*
v npo — ano* 0.94 432 0.205-1073
SH(2'A") I npn — ano* 0.80 625 0.218
I npn — ano™ 0.82 6.84 0.217
I non — o™ 0.80 4.16 0.269
v npn — no* 0.76 630 0.215

@ State labeling in C; notation. All geometries are optimized at
the CASSCF level. ® Conformations according to Scheme 2: I,
trans-NH,NOH™" (Scheme 2a); II, cis-NH,NOH" (Scheme 2b); III,
cis-NH3NO™ (Scheme 2c¢); IV, NH,NHO™ (Scheme 2d). ¢ Character
of the electronic transition. ¢ Weight of the configuration in the
CASPT1 wave function. All calculations are averaged to three states
of the same symmetry. ¢ Relative energies in eV with respect to
ground-state  minimum  (frans-NH,NOH™) energy —185.86694
hartree. Applied level shift 0.2. / Oscillator strengths in atomic units.
¢ SA-CASSCF zero-order wavefunction includes three states with
equal weights.

aminium radical'® and that the nitrosamine acid binding takes
place through the oxygen atom,!” a rearrangement of the
complex is expected to take place such that the hydrogen
attaches to the amino group nitrogen atom.

D. Nonradiative Deactivation and Nitric Oxide Photore-
lease. Our starting point for the discussion on the reactivity on
S| will be the trans-NH,NOHT™ isomer geometry since it is the
global minimum of protonated nitrosamine.

At this geometry, the S; Franck—Condon point possesses
three imaginary frequencies. The most likely pathway, that of
the highest frequency in absolute value,”’ leads to a region where
degeneracy occurs, a staggered S;/S conical intersection (Ci2,
Figure 1le), as shown by linear interpolations in internal

NOH* CIS,/S,
1500 ; . T . ; . ; L
. 1000
£
3
&
§
50.0
9% 20 80 10.0

40 6.0
Interpolation Vectar (arb. units)

Figure 6. SA-CASSCEF (two states with equal weights) energy profiles
corresponding to the linear interpolation between NH,NOH™ and the
S1/So conical intersection.

coordinates between the Franck—Condon point and the stag-
gered Si/Sy conical intersection (Figure 6).

With respect to the possibility of a CASPT2 crossing, if
occurring, it is likely to appear in the vicinity of the CASSCF
geometry. A nice example of this fact is illustrated in the
nitro—nitrite isomerization of nitramide.® To investigate the
occurrence of such a conical intersection, we have made use of
scaled linear interpolations in internal coordinates provided that
a standard procedure for the location of a CASPT2 conical
intersection is not yet implemented in MOLCAS. In this
approach, the interpolation vector between the CASSCF ge-
ometries of interest is scaled by a factor (f), and the resulting
energy profiles are computed (Figure 7). To survey the minimum
energy difference point in the interpolation vector direction,
which in turn constitutes our best guess, we have computed a
set of MS-CASPT?2 linear interpolations built from the same
interpolation vector and differing in the scaling factor. As it
can be observed, the lowest MS-CASPT2 energy difference
between both states is obtained for f = 1.20. The location of
the energetically closest region between both surfaces cannot
be determined a priori and, thus, it is convenient to calculate
the whole interpolation.



Photochemistry of Protonated Nitrosamine

J. Phys. Chem. A, Vol. 112, No. 36, 2008 8401

150|||||||||150||

100

50

||||150|||||||||

[} 2 4 6 8 10

Interpolation Vector (arb. units)
LI I I e e e R
L =1.25

100

50

1]
(1) 2 4 6 8 o0 0 2

Interpolation Vector (arb. units)

Figure 7. MS-CASPT2 energy profiles corresponding to the scaled linear interpolations between the Franck—Condon geometry and the SA-
CASSCEF S/Sy conical intersection geometry. In each plot, the interpolation vector is multiplied by the corresponding scaling factor (f). The lowest
MS-CASPT?2 energy difference (~4 kcal/mol) is obtained for f = 1.20. SA-CASSCF zero-order wave function includes two states with equal

weights.

0.0

-10.0

-20.0

=30.0

=40.0

Relative energy (kealfmol)

-50.0

NH,*(12A,") + NO (X2IT)-

1
050 .00 .50 1.00 1.50 200
Reaction Coordinate (A)

Figure 8. First excited singlet state CASPT2 energy profile (Cy)
corresponding to the CASSCF minimum energy path between cis-
NH,NOH™ and the dissociation products NH;"(12A,") + NO(XID).

In the region of this conical intersection, a staggered minimum
coexists (stag-NH,NOH™, Figure 1g); however, because of the
efficiency of the nonadiabatic process, it is not likely that it
results in being populated.

After the surface hop, the degeneracy is lifted (up to first
order) along the directions which define the branching space,
that is, the gradient difference and the nonadiabatic coupling
vectors. If the surface hop occurs exactly at the tip of the cone,
the resulting momentum will be oriented along the direction of
the gradient difference vector. On the other hand, if the molecule
deactivates in the vicinity of the tip, the resulting momentum
will be a combination of the initial momentum in the upper
surface with the direction defined by the nonadiabatic coupling
vector.?” According to this principle, MEP calculations have
been performed along the directions pointed by the gradient
difference and the nonadiabatic coupling vectors (Figure 5c and
d). As a result, it is obtained that the conical intersection is

connected to the trans-NH,NOH™ minimum region. Hence, after
the radiationless deactivation, the molecule reverses to the initial
geometry yielding no global reaction and therefore accounting
for the photochemical inertia exhibited by O-protonated
nitrosamine.

With respect to the photochemistry of NH3NO™, this region
does not present any minima in S;. Moreover, it corresponds
to a purely dissociative surface in the N—N stretching coordinate
as revealed by the energy profiles in Figure 4b. In fact, the only
stationary point corresponds to a transition state (Figure 2e)
connecting cis-NHo,NOH* (S;) (Figure 1i) to its adiabatic
decomposition products (eq 3), that is, aminium cation in its
ground-state NH3* (12A,") and nitric oxide in its doubly
degenerated ground-state NO (X°IT). The energy barrier of the
transition state with respect to cis-NH,NOH™ (S;) is ~33 kcal/
mol. A SA-CASSCF MEP calculation along the imaginary mode
of this first-order saddle point certainly proves that this is the
transition state for eq 3. In Figure 8, we present the CASPT2
energy profile corresponding to the optimal points along the
reaction path.

NH,NO'(S,)— NH,; (1A,") + NO(X*II) (3)

This previously unreported photochemical channel constitutes
evidence of the possibility of nitric oxide photorelease in
aliphatic nitrosamines.

To summarize, the major tautomers of protonated nitrosamine
exhibit a well-differentiated chemistry. When protonation takes
place in the nitroso oxygen atom, a photostable species is
formed. On the other hand, if protonation occurs on the amino
nitrogen, the resulting molecule presents a purely dissociative
excited state which leads to the formation of nitric oxide. The
proposed mechanisms would correspond to nitrosamine solutions
with large acid concentrations. Nevertheless, from the present
results, we have concluded that in the case of low acid
concentrations, where a nitrosamine—acid complex is formed,
the protonation process must take place after excitation together
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with a rearrangement between the O-protonated form and the
amino N-protonated form occurring after the nitrosamine—acid
complex excitation.

Conclusions

The chemistry of the two lowest singlet states of protonated
nitrosamine has been studied. In particular, we have focused
on the two most relevant tautomers, namely, trans-NH,NOH™
and cis-NH3NO™T. The CASPT2//CASSCF methodology has
been used throughout this work in conjunction with the ANO-L
basis sets. The main results can be summarized as follows.

(1) The mechanism through which aliphatic nitrosamines may
act as NO donors has been investigated. The obtained results
indicate the involvement of the excited state of the acid-
associated nitrosamine which leads to the pyramidalized ge-
ometry, cis-NH3;NO™; (2) the proton-transfer reaction between
the nitrosamine and the acid takes place in the excited singlet
state; (3) an S;/Sp conical intersection is responsible for the
photostability of NH,NOHT; (4) the chemistry of NH3NO™ is
twofold: while its decomposition on the ground state yields
nitrosyl cation (NO™), excitation to S; implies a straightforward
release of nitric oxide.
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