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bstract

The dissociation of metastable proton-bound pairs, (R1NO2)(R2NO2)H+ (R1 and R2 = CH3, CH3CH2, (CH3)2CH and (CH3)3C) have been
nvestigated by mass spectrometry and density functional theory calculations. The proton-bound pairs can dissociate via hydrogen-bond cleavage
nto protonated and neutral nitroalkanes. Methyl substitution of the nitroalkanes (R1 and R2 = (CH3)2CH, (CH3)3C) permits a rearrangement process
o compete with the H-bond cleavage on the microsecond timescale. The rearrangement reaction results in an isomer that then loses nitrous acid
nd involves an internal SN2-type mechanism in which (R1NO2)(R2NO2)H+ isomerizes to R1NO2· · ·R2NO2H+ via TS1 and then subsequently
o R1NO2R2

+· · ·HONO via TS2 prior to dissociation. The process is favoured by stabilization of the charge in TS2 by methyl substitution. The
tability of the t-butyl ion changes the mechanism in ((CH3)3CNO2)2H+ to one that involves a two-step alkyl cation transfer. An investigation of
itro-nitrite rearrangement in protonated nitroalkanes at the B3-LYP/6-31 + G(d) level of theory found that the rearrangement barrier is lowered to

he point that (CH3)3CNO2H+ can easily interconvert into (CH3)3CO(H)NO+ in the gas phase and leads to the conclusion that the proton-bound
airs involving (CH3)3CNO2 are a mixture of nitro-nitro and nitro-nitrite proton-bound pairs. The nitrite isomer can dissociate into protonated
-butyl nitrite and neutral nitroalkane via a simple hydrogen-bond cleavage. A more favourable competing dissociation process leads to the loss of
-butanol to form the ((CH3)3CNO2)(NO)+ complex.
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. Introduction

A central feature of the chemistry of gaseous ions is their
endency to rearrange prior to dissociation when thermodynam-
cally more stable and kinetically accessible isomers are present
n the potential energy surface. Electrostatically bound ions such
s proton-bound pairs undergo extensive rearrangement reac-
ions. Proton-bound pairs of alcohols (ROH)(R′OH)H+ exhibit
n almost universal tendency to lose H2O [1–5]. Calculations

6–11] and experiments [12–16] on the methanol proton-bound
imer indicated that isomerization proceeds via an internal SN2-
ype reaction. Work from our laboratory and that of other labs
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lso showed that the family of methyl-substituted nitrile-alcohol
roton-bound pairs [9,11,17–20] and dimethyl ether proton-
ound dimer [21] loses water and methanol in a similar fashion.

In this paper, we examine the tendency for proton-bound
airs involving nitroalkanes to lose nitrous acid. The potential
nergy surface for the proton-bound pairs and the effect of
ethyl substitution on the reaction barriers will be described.

n the course of this investigation another rearrangement
eaction was observed for certain proton-bound pairs involving
-methyl-2-nitropropane, (CH3)3CNO2. The 2-methyl-2-
itropropane proton-bound dimer loses a molecule of t-butanol
n a process that involves the isomerization of (CH3)3CNO2H+

o (CH3)3CO(H)NO+. Thermal decomposition of nitromethane

as been extensively studied in the literature [22–29]. The-
retical and experimental studies are divided as to whether
somerization to methyl nitrite is competitive with dissociation
o CH3 and NO2. An IRMPD study of methyl, ethyl and

mailto:pmmayer@uottawa.ca
dx.doi.org/10.1016/j.ijms.2006.01.036
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sopropyl-substituted NO2 showed evidence for the isomeriza-
ion to methyl nitrite along with dissociation of nitromethane to
H3 + NO2, but no evidence for the isomerization of the other

wo nitroalkanes [22]. In contrast, the rearrangement barrier is
ignificantly lowered in nitrosilane [30]. A more recent study
n nitroalkane molecules and their radical cations [31] showed
hat while the reaction fails to occur at room temperature with

ost aliphatic nitroalkanes, the barrier is greatly reduced in the
orresponding radical cations. The effect on the barrier is often
xplained in terms of electronegativity [30] or atomic charges
31] but contention exists about the nature of the transition state
n the isomerization mechanism. If the C N bond is completely
roken before the C O bond begins to form (a loose transition
tate), the reaction can be described as the interaction of
wo radical fragments, CH3NO2 → CH3 + NO2 → CH3ONO.
n contrast, if the bond cleavage is not complete, a tighter
ransition state results and the reaction is described as
H3NO2 → CH3ONO. Dewar et al. [24] and McKee [25]

ound a tight transition state for the nitro-nitrite rearrangement
f CH3NO2 with MINDO/3 and HF/6-31G* calculations,
espectively. McKee, however, anticipated that the method
ould poorly describe the unimolecular transition state since

hey are based on a single-determinant wave function while
he transition state is expected to have considerable open-shell
haracter. When calculated at 4X4CAS-MCSCF/6-31G* level
f theory, the C N and C O bonds of the transition state
engthen to about 3.396 and 3.654 Å, respectively [26]. Such a
oose transition state was also obtained by Saxon and Yoshimine
t the MCSCF/4-31G level of theory with 7 orbital active space
27]. DFT and CASPT2 study by Arenas et al. [29], on the
ther hand, confirms a tight transition state. He concluded that
he loose transition states seem to be artifacts, either due to
he very small active space used or the symmetry breaking
ffect which is present in the calculation. To the best of our
nowledge, no nitro-nitrite rearrangement has been reported for
roton-bound pairs. In this paper, we will look into the effect
f proton attachment on the nitro-nitrite rearrangement barrier
n nitroalkanes and how it relates to the unimolecular chemistry
f nitroalkane proton-bound pairs.

. Experimental and computational procedures

All experiments were performed on a modified VG ZAB mass
pectrometer [32], incorporating a magnetic sector followed
y two electrostatic sectors (BEE geometry) (VG Analytical,
anchester, UK). Protonated cluster ions were generated in a

igh-pressure ion source of the instrument [33]. The pressures
n the ion source chamber, monitored with an ionization gauge
ocated above the ion source diffusion pump, were typically
etween 10−5 and 10−4 mbar (the pressure in the ion source
tself being approximately three orders of magnitude higher).
luster ions were not observed when the pressure was below
0−6 mbar, and there was no evidence of higher order clus-

ers at any of the pressures used in these experiments. The
on accelerating voltage was 8 kV except for source-generated
(CH3)2CHNO2)(NO)+ and ((CH3)3CNO2)(NO)+ ions which
ere accelerated by 5 kV to give them a similar energy to the
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etastably generated product ions from their parent proton-
ound pairs. Metastable ion (MI), collision-induced dissociation
CID) and neutralization–reionization (NR) mass spectra were
ecorded in the usual manner in the second and third field-free
egion of the instrument [34]. Helium collision gas was used in
ll CID experiments and was introduced into the collision cells
o achieve a 10% reduction in the ion flux (i.e., single collision
onditions). For the NR experiments, oxygen gas was introduced
o both collision cells for neutralization and reionization such
hat each cell achieves a 10% reduction in the ion flux and a
otential of +500 V was applied to a deflector electrode located
etween the two cells. All spectra were recorded with the ZAB-
AT program developed by Mommers Technologies [35]. All
hemicals were commercially obtained and used without further
urification. Isotopically labelled compounds (C/D/N Isotopes
td, Montreal, QC, Canada) were of over 99% purity.

Standard ab initio molecular orbital calculations [36] were
erformed using the Gaussian 98 suite of programs [37]. Opti-
ized geometries and the energies of all minima and transition

tates were calculated at the B3-LYP/6-31 + G(d) level of the-
ry. Zero-point energies were scaled by a factor of 0.9806
s recommended by Scott and Radom [38]. Transition states
ere confirmed by the intrinsic reaction coordinate procedure

n GAUSSIAN 98. The potential energy profile for the rear-
angement of the nitromethane dimer was also obtained at the

P2/6-31 + G(d) and G3 (on B3-LYP geometries) [39] levels of
heory for comparison to the B3-LYP/6-31 + G(d) results.

The nitrite form of the proton-bound dimer, (CH3)3CO(H)
NO)+((CH3)3CNO2), can dissociate into t-butanol and
(CH3)3CNO2)(NO)+ with a dissociation energy of 90 kJ mol−1

calculated at B3-LYP/6-31 + G(d)). It has previously been
hown that B3-LYP gives an erroneous energy for NO+ [40].
o, G3 calculations were performed on both these dissocia-

ion products and the products (CH3)3CNO2H+ + (CH3)3CNO2
or comparison. The G3 calculations result in a relative disso-
iation energy for the two sets of products that is 9 kJ mol−1

ower than the B3-LYP results, indicating that B3-LYP is treat-
ng ((CH3)3CNO2)(NO)+ in a reasonable fashion.

. Results and discussion

.1. Mass spectrometric studies of (RNO2)2H+

Metastable ion (MI) mass spectrometry probes the accessi-
le reaction channels that occur spontaneously without the aid
f collisions. Our MI experiments on a series of (RNO2)2H+

here R = CH3, CH2CH3, (CH3)2CH and (CH3)3C reflect how
he methyl groups on the nitroalkane affect the competition of
he reaction channels on the microsecond timescale.

The MI mass spectra of these four methyl-substituted proton-
ound dimers are presented in Fig. 1a. They all exhibit a peak
ominally due to the protonated nitroalkane. In the cases of
CH3NO2)2H+ and (CH3CH2NO2)2H+, this reaction is the only

eaction channel observed on the microsecond timescale.

The MI mass spectra of ((CH3)2CHNO2)2H+ and ((CH3)3
NO2)2H+ exhibit a second channel that leads to the loss of
7 Da that can only be attributed to the loss of nitrous acid
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Fig. 1. (a) MI mass spectra of the proton-bound dimers (CH3NO2)2H+,
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CH3CH2NO2)2H+, ((CH3)2CHNO2)2H+ and ((CH3)3CNO2)2H+. (b) MI mass
pectra of the unsymmetric proton-bound pairs. The mark “X” indicates an arti-
act peak that results from an impurity in the ion beam.

HONO). The similarity between these proton-bound dimers

nd those previously studied [17–19] suggests that the loss of
itrous acid is likely to be the result of an SN2-type of rearrange-
ent (Scheme 1). Deuterium-labelling of the bridging proton in

(CH3)3CNO2)2H+ confirms that the nitrous acid loss involves

p
p
T
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he bridging proton and that there is no hydrogen exchange
etween this proton and the alkyl hydrogens. The MI results
lso indicate that methyl substituents favour this rearrange-
ent process, similar to that observed for (ROH)(R′OH)H+ and

RCN)(R′OH)H+ [18].
The MI mass spectrum of ((CH3)3CNO2)H+ exhibits a third

hannel, the loss of 74 Da. The resulting ion (m/z 133) was trans-
itted to the third field-free region where it was analyzed by

ollision-induced dissociations (CID). The identity of this ion is
iscussed separately below.

.2. Mass spectrometric studies of (R1NO2)(R2NO2)H+

Unsymmetric proton-bound pairs have also been investi-
ated. Their MI mass spectra are presented in Fig. 1b. All cases
xhibit the formation of protonated nitroalkane. Nitrous acid loss
as observed from (CH3NO2)((CH3)3CNO2)H+, (CH3CH2
O2)((CH3)2CHNO2)H+, (CH3CH2NO2)((CH3)3CNO2)H+

nd ((CH3)2CHNO2)((CH3)3CNO2)H+, emphasizing the impo-
tance of highly methyl-substituted species in the proton-bound
air in favouring the rearrangement. This observation also indi-
ates that in (CH3CH2NO2)((CH3)2CHNO2)H+, (CH3NO2)
(CH3)3CNO2)H+ and (CH3CH2NO2)((CH3)3CNO2)H+, the
eaction proceeds exclusively through isopropyl or t-butyl
ransfer as methyl and ethyl transfer do not occur. The t-butanol
oss channel is observed for ((CH3)2CHNO2)((CH3)3CNO2)H+

nly, confirming the important role the t-butyl substituent plays
n this process. MI experiments with the deuterium-labelled
pecies ((CD3)2CHNO2)((CH3)3CNO2)D+ and ((CD3)2CH-
O2)((CH3)3CNO2)H+ excludes the involvement of the

CH3)2CH moiety in the neutral product. The nature of this m/z
19 ion is discussed below.

.3. The identity of m/z 119 and 133

The metastably generated m/z 119 ion (from ((CH3)2
HNO2)((CH3)3CNO2)H+) was transmitted to the third field-

ree region where it was analyzed by CID. The CID mass
pectrum shows intense peaks at m/z 30 (NO+) and 43
(CH3)2CH+) as well as several smaller peaks (see Fig. 2a).
o test that this ion was due to the interaction of NO+ and
CH3)2CHNO2, NO and (CH3)2CHNO2 were co-introduced
nto the ion source and the resulting ion at m/z 119 (having
kV translational energy) was transmitted to the second field-

ree region. The CID mass spectrum (Fig. 2b) of this ion is
imilar to Fig. 2a, confirming that the product ion (m/z 119)
erived from ((CH3)2CHNO2)((CH3)3CNO2)H+ to be a com-
lex between NO+ and (CH3)2CHNO2. There are some vari-
tions in the relative intensities of the peaks, especially those
f the weaker ones. This is subject to the reproducibility of the
pectrum due to the weak signal that was being transmitted to
he third field-free region. Further supporting the nature of this
tructure is the MI mass spectrum of the source-generated com-

lex which gives a sharp peak at m/z 30 and a much smaller
eak at m/z 72 (relative intensity ratio of 30: 72 is 1.0: 0.04).
he observation of NO+ instead of (CH3)2CHNO2

+ agrees
ith the relative ionization energies of NO and 2-nitropropane
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9.26 and 10.74 eV respectively) [41]. The NR mass spectrum
f the source-generated complex (Fig. 2c) exhibits three main
eaks, m/z 30, 43 and 46. The precursor ion (m/z 119) can
ither be neutralized upon collision in the first collision cell or
issociate to give NO+ + (CH3)2CHNO2. The resulting neutral
CH3)2CHNO2 can then be reionized to form (CH3)2CHNO2

+,
hich falls apart into the isopropyl cation (m/z 43) and NO2 due
o the low stability of the ion (for example, the molecular ion
s barely observed in the EI mass spectrum of 2-nitropropane
41].) The ions at m/z 30 and 46 arise from the dissociation
f the m/z 119 into the isopropyl cation and neutral NO2 and

ig. 2. CID mass spectra of (a) metastably-generated m/z 119 from the proton-
ound pair ((CH3)2CHNO2)((CH3)3CNO2)H+ and (b) source-generated m/z
19 ((CH3)2CHNO2)(NO)+ at 5 kV. (c) NR mass spectrum of source-generated
/z 119 ((CH3)2CHNO2)(NO)+ at 5 kV. CID mass spectra of (d) metastably-
enerated m/z 133 from the proton-bound dimer ((CH3)3CNO2)2H+ and (e)
ource-generated m/z 133 ((CH3)3CNO2)(NO)+ at 5 kV. (f) NR mass spectrum
f source-generated m/z 133 ((CH3)3CNO2)(NO)+ at 5 kV. The labels 39–41
nd 56, 57 indicate relatively broad peaks that cover more than one mass.
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O (which could be a complex) which are then reionized into
O2

+ and NO+. All of these experiments suggest a structure
or the m/z 119 ion in which NO+ is electrostatically bound to
CH3)2CHNO2.

The fragment ion having m/z 133 from ((CH3)3CNO2)2H+

as transmitted to the third field-free region where it was ana-
yzed by CID. The CID mass spectrum shows intense peaks at
/z 57 ((CH3)3C+) and 86 (C4H8NO+) (see Fig. 2d). This spec-

rum is similar to the CID mass spectrum of the ion generated
rom the association reaction of NO+ and (CH3)3CNO2 in the
on source (Fig. 2e). These two peaks are also observed in the

I mass spectrum except that the peak at m/z 86 (due to loss
f HONO, obviously resulting from a rearrangement) is more
ntense than m/z 57. Strikingly, no NO+ was observed in any of
hese spectra. Based on the ionization energies of NO and 2-
ethyl-2-nitropropane (9.26 [41] and 10.47 eV respectively, the

atter being calculated at the G3 level of theory), formation of
O+ might be expected to be the favoured product. G3 calcula-

ions based on B3-LYP geometries found the lowest energy dis-
ociation products to be (CH3)3C+ + N2O3, which lie 8 kJ/mol
ower than (CH3)3CNO2 + NO+. Therefore, the stability of the t-
utyl ion has favoured the dissociation forming the t-butyl cation
ver that which makes NO+. As NO+ was not observed in the MI
ass spectrum, the nature of how NO+ is bound to the molecule

annot be determined. The NR mass spectrum of the source-
enerated complex (Fig. 2c) exhibits several peaks. The m/z
33 ions neutralized in the first collision cell would likely fall
part into NO and 2-methyl-2-nitropropane. Upon reionization,
onized 2-methyl-2-nitropropane would itself dissociate into the
-butyl cation (m/z 57) and NO2 due to the low stability of the

olecular ion (the molecular ion is not observed in the EI mass
pectrum of 2-methyl-2-nitropropane [41]). The peak with m/z
6 can arise from the dissociation in the first collision cell of
he m/z 133 ion into the t-butyl cation and N2O3 (or NO2 + NO)
hich is then reionized to NO2

+ (m/z 46) and NO+ (m/z 30).
ased on G3 calculations on B3-LYP geometries, N2O3 is very
eakly bound with respect to NO2 + NO (N N bond = 1.9 Å and
inding energy = 37 kJ mol−1). N2O3

+ was not observed in the
R mass spectrum due to the instability of the ion. G3 calcu-

ations give an N N bond length of 2.5 Å and a binding energy
f −11 kJ mol−1 with respect to NO+ + NO2 for N2O3

+. While
t is hard to believe that there is no binding energy when NO+
nteracts with NO2, the calculations indicate that this binding
ill be small. These experimental and theoretical results are at

east consistent with an electrostatically bound complex struc-
ure ((CH3)3CNO2)(NO+) for m/z 133.
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.4. Nitro-nitrite rearrangement and the alcohol loss
hannel

The most reasonable mechanism for the formation of neutral
-butanol is one in which there is a nitro-nitrite rearrangement
eading to a nitrite isomer that can then lose t-butanol (74 Da).

similar loss of t-butanol from the associative ion–molecule
eactions of t-butyl nitrite with enol ions [42] or protonated
romatics [43] further supports the proposed mechanism. It is
orth noting that the rearrangement turns out to be the kinet-

cally most favoured channel on the microsecond timescale
or ((CH ) CNO ) H+ but no loss of any other alcohol was
3 3 2 2
bserved from the other proton-bound dimers, emphasizing the
mportance of the t-butyl substituent in favouring this rearrange-

ent process.

3
2
c

ig. 3. Potential energy surface with relative energies (in square brackets, kJ mol−1) an
b) CH3NO2H+, (c) (CH3)3CNO2 and (d) (CH3)3CNO2H+ calculated at the B3-LY
somer of the protonated nitrite products lie 1–4 kJ mol−1 lower in energy.
ass Spectrometry 255–256 (2006) 93–101 97

The observation of a nitro-nitrite rearrangement in
(CH3)3CNO2)2H+ led to an investigation of the effect of pro-
onation on the process in isolated nitroalkanes. Is the barrier
ignificantly lowered when a species is protonated, as was found
or the case of radical cations [31]? If so, this rearrangement may
e significant in the ion source of the mass spectrometer and
ence influence the nature of the proton-bound pairs generated
herein.

The nitro-nitrite rearrangement of nitromethane is slightly
ndothermic (�E = 11 kJ mol−1) with a high activation barrier
272 kJ mol−1) (Fig. 3a) This value is in fairly good agreement
ith values from QCISD/6-31G(d), MP2/6-31G(d) and MP2/6-

11++G(df,p) levels of theory, though the energy can range from
44 to 357 kJ mol−1, depending on the level of theory [31]. IRC
alculations clearly show that this reaction path leads to the

d corresponding geometries for the nitro-nitrite rearrangement of (a) CH3NO2,
P/6-31 + G(d) level of theory. Bond length values are in angstroms. The trans
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rans-isomer and confirm the concerted behaviour of the transi-
ion state noted by Arenas et al. [29].

The nitro-nitrite rearrangement of protonated nitromethane
onsists of two distinct pathways (Fig. 3b). The methyl group
an migrate to either oxygen to form both cis-and trans-isomers
ith respect to the proton. Transfer to the protonated oxygen

s more favourable (lower by about 23 kJ mol−1), driven by the
xothermicity of the process. The product of this isomerization
ay also be described as a complex of NO+ and methanol sep-

rated by 2.0 Å. Compared to its neutral form, protonation of
itromethane lowers the nitro-nitrite barrier by over 50 kJ mol−1.

Results for 2-methyl-2-nitropropane and its protonated form
re also compared. The mechanism for 2-methyl-2-nitropropane
Fig. 3c) is very similar to that of nitromethane and also forms

trans-isomer. The process is nearly thermoneutral with a
ower barrier (214 kJ mol−1) due to stabilization of the tran-
ition state by the methyl groups. The concerted motion of the
ransition state is also confirmed by IRC calculations. Protonat-
ng 2-methyl-2-nitropropane results in a significantly different

echanism (Fig. 3d). The rearrangement can now be described
s a three-step process with “loose” transition states. The process
egins by breaking the C N bond, followed by the migration of
he t-butyl moiety towards the oxygen atom, and finally forming

C O bond to produce a product ion that resembles a com-
lex between NO+ and t-butanol. This multi-step process results
n a nearly barrierless isomerization. So, protonated 2-methyl-
-nitropropane does not really exist as a distinct entity in the
as phase. This raises questions about the nature of the proton-
ound pairs involving 2-methyl-2-nitropropane formed in the
on source of our instrument.

The potential energy surface for the nitro-nitrite isomeriza-
ion for the proton-bound dimer of 2-methyl-2-nitropropane,
(CH3)3CNO2)2H+, is shown in Fig. 4a. The corresponding
tructures can be found in Fig. 5. The isomerization in the
roton-bound dimer 4–14 follows a multi-step mechanism sim-
lar to that of isolated protonated 2-methyl-2-nitropropane as in
ig. 3d. The nitrite form 14 is only 8 kJ mol−1 higher in energy

han the proton-bound dimer but the intermediate 13 is raised
y 57 kJ mol−1 compared to that shown in Fig. 3d. The transi-
ion states were not found for this process due to the difficulty
n calculating such large molecules. It is reasonable to believe
hat these barriers are not very large as optimization jobs of
lightly modified geometries of the intermediate fall into the two
eeper potential energy wells. We can conclude therefore that
he initially formed proton-bound complex can be a mixture of 4
(CH3)3CNO2)2H+ and 14 (CH3)3CO(H)(NO)+((CH3)3CNO2)
hich will interconvert below their dissociation limits.
In addition, t-butanol loss could also result from a nitro-nitrite

earrangement in structure 8 in Figs. 4a, 5. Isomers of 8 that
onsist of (CH3)3CNO2· · ·(CH3)3C· · ·NO2H+ are calculated to
ave relative energies of 61, 60 and 63 kJ/mol for 16, 17 and
8, respectively. Assuming a small barrier between 8 and these
somers (see Fig. 3d), 8 could also act as a precursor to m/z 133.
The total potential energy surface for ((CH3)3CNO2)2H+ is
resented in Fig. 4b. The nitrite form of the proton-bound pair
4 can also dissociate into protonated t-butyl nitrite and neutral
-methyl-2-nitropropane by a simple hydrogen-bond cleavage

c
o
a
(

f theory. The value marked with × comes from an opt = qst2 calculation in
aussian 98. Structures are shown in Fig. 5.

Fig. 4b). This dissociation energy lies about 4 kJ mol−1 higher
han that leading to the loss of t-butanol at the B3-LYP/6-
1 + G(d) level of theory. The dissociation channel producing
rotonated t-butyl nitrite could therefore compete with the loss
f t-butanol. In contrast, the dissociation of the proton-bound
-methyl-2-nitropropane dimer 4 into protonated and neutral 2-
ethyl-2-nitropropane requires an energy of 120 kJ mol−1. Both

issociation channels are probably accessible but m/z 104 in
ig. 1a is likely to be coming primarily from the nitrite isomer.
n addition, since there is only a 6 kJ mol−1 barrier between pro-
onated 2-methyl-2-nitropropane and protonated t-butyl nitrite
Fig. 3d), the fragment ion at m/z 104 will be a mixture of the
wo species, and it would be impossible to characterize them
ndividually.

.5. Nitrous acid loss channel

The theoretical reaction profile for (CH3NO2)2H+ at the
3-LYP/6-31 + G(d), MP2/6-31 + G(d) and G3 levels of the-
ry are presented in Fig. 6 (corresponding structures are shown
n Fig. 5). The isomerization reaction resulting in HONO loss
nvolves an SN2-type of mechanism. The first step of the pro-

ess consists of a barrier (TS(1–5), TS1) involving the rotation
f one moiety where the neutral nitroalkane migrates to set up for
backside attack on the protonated species. This barrier is small

almost negligible) relative to the intermediate (5, INT). The sec-
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Fig. 5. Optimized geometries at the B3-LYP/6-31 + G(d) level

nd step (the key barrier in the rearrangement, TS2, see TS(5–9)
n Fig. 5) involves an alkyl cation transfer, where the attack of the
eutral molecule on the carbon results in the lengthening of the

N bond in the protonated nitromethane moiety and the short-
ning of the O C bond in [CH3NO2· · ·CH3· · ·NO2H]+‡. After
ome conformational changes, it results in a thermodynamically
table isomer 9, (HONO)(CH3NO2CH3)+. Simple dissociation

rom this complex results in the final products of CH3NO2CH3

+

nd HONO. Another conformer of 5 was found to lie 10 kJ/mol
igher in energy (see 19 in Fig. 5) which may be involved in the
onversion of 5 to TS(5–9).

o

w
t

eory. Selected bond length values are presented in angstroms.

Three isomeric structures of nitrous acid were calculated:
NO2, where the hydrogen is bonded to the nitrogen and cis-and

rans-HONO. HONO has been a subject of extensive theoreti-
al and experimental investigations [44]. The trans conformer of
ONO is the most stable structure lying 1 kJ mol−1 lower than

he cis conformer and 24 kJ mol−1 below HNO2. The final prod-
ct of the isomerization process should therefore be a mixture

f trans-and cis-HONO.

The effect of the HONO conformation in the transition state
as also examined. Calculations show that TS(5–9) in which

he proton is in the cis conformation lies 19 kJ mol−1 below its
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Fig. 6. Potential energy surface for the isomerization of the nitromethane proton-
bound dimer (CH3NO2)2H+ leading to loss of nitrous acid, calculated at the
B3-LYP/6-31 + G(d) (–), MP2/6-31 + G(d) (==) and G3 (—) levels of theory.
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elative energy values (kJ mol ) for MP2, G3 and B3-LYP are in square brack-
ts. Optimized geometries at B3-LYP/6-31 + G(d) level of theory are presented
n Fig. 5.

rans conformer; the cis–trans conformational change in HONO
hould thus occur primarily after the alkyl cation transfer step is
ompleted.

The surface for this SN2-type rearrangement in
CH3NO2)2H+ was also calculated at the MP2/6-31 + G(d) and
3 (on B3-LYP geometries) levels of theory (Fig. 6). The G3
alue for TS2 lies between the B3-LYP and MP2 results. In
eneral, there is consistency between the three levels of theory.

The relative energies of the dissociation and SN2-
somerization process for the other symmetric nitroalkane
roton-bound dimers are included in Figs. 7, 4b for compar-
son. The threshold to dissociation to protonated and neutral

itroalkane does not vary significantly with methyl substitu-
ion, ranging from 120 to 125 kJ mol−1. This is consistent
ith the trends observed for other symmetric proton-bound
airs [45]. The isomerization barrier is consistently decreased

ig. 7. Potential energy surface with relative energies (in square brackets,
J mol−1) for the proton-bound dimer of nitromethane (–), nitroethane (—)
nd 2-nitropropane (==) to lose nitrous acid at the B3-LYP/6-31 + G(d) level of
heory. Optimized geometries are presented in Fig. 5.
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ith increased methyl substitution, going from 128 kJ mol−1

or (CH3NO2)2H+, to 124 kJ mol−1 for (CH3CH2NO2)2H+

nd 98 kJ mol−1 for ((CH3)2CHNO2)2H+, a result of charge
tabilization in TS2. The fact that the isomerization and
issociation thresholds are similar for (CH3NO2)2H+ and
CH3CH2NO2)2H+ and yet no nitrous acid loss is observed is a
lear indication of the less favourable entropies for the former
rocess [46]. The tighter transition state associated with the SN2
earrangement reduces the rate constant of the process in com-
arison to the simple H-bond cleavage reaction, resulting in the
ormer being non-competitive with the latter.

The theoretical reaction profile of ((CH3)3CNO2)2H+ is pre-
ented in Fig. 4b. The rearrangement barrier (TS(8–16), TS2) is
ecreased substantially compared to that of the other nitroalkane
roton-bound pairs, in good agreement with the experimental
esult. However, the barrier is lowered to an extent that the rear-
angement process evolves over a rather flat surface, with the
lkyl cation transfer barrier TS2 lying close in energy to the bar-
ier (TS1) for forming the intermediate (8, INT) from the original
roton-bound dimer 4. In addition, the alkyl cation transfer (TS2)
as also changed from a one-step to a two-step process. A stable
inimum structure (16 in Figs. 4b, 5) was found at the mid-way

oint of the alkyl cation transfer step. This result reflects the
ncreased stability of the t-butyl ion in the gas phase.

It is conceivable that a 1,5-hydrogen shift in the product ion
RNO2R′+) could result in the formation of a protonated nitro-
lkane (RNO2H+) and a neutral alkene. Based on their heats of
ormation [41] the products (CH3)3CNO2H+ + CH2C(CH3)2 +
ONO lie 80 kJ mol-1 above (CH3)3CNO2H+ + (CH3)3CNO2

nd thus 140 kJ mol−1 above (CH3)3CNO2H+ + HONO, and
ill not be accessible to the metastable ions in this study.

. Conclusions

The unimolecular chemistry of a series of nitroalkane proton-
ound pairs was investigated. This chemistry can involve
ydrogen-bond cleavage reactions, an internal SN2-type reaction
hat leads to loss of HONO and, for the pairs involving 2-methyl-
-nitropropane, a nitro-nitrite rearrangement that leads to the
oss of t-butanol. The loss of nitrous acid is the result of an inter-
al SN2 rearrangement that involves the formation of interme-
iate complexes (RNO2· · ·R′NO2H+ and RNO2R′+· · ·HONO)
rior to the loss of HONO. This rearrangement is favoured
y methyl substitution and actually becomes more of an SN1-
ype mechanism when 2-methyl-2-nitropropane is involved. The
nimolecular chemistry of the proton-bound pairs involving 2-
ethyl-2-nitropropane is also affected by a low isomerization

arrier between protonated 2-methyl-2-nitropropane and proto-
ated t-butyl nitrite. This results in a mixture of nitro–nitro and
itro–nitrite proton-bound pairs in the ion source. Addition of a
eutral nitroalkane to the protonated species (to make a proton-
ound pair) raises the interconversion barrier between the nitro

nd nitrite alkanes, but does not prevent their interconversion.
he nitrite isomer of the proton-bound pair can dissociate by loss
f t-butanol to form an ionic complex between a nitroalkane and
O+.
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