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Gas-Phase Reactions of Nitronium Ions with Acetylene and Ethylene:
An Experimental and Theoretical Study

Fernando Bernardi,*!*! Fulvio Cacace,'?! Giulia de Petris,*!*! Federico Pepi,'*! Ivan Rossi,"!

and Anna Troiani!?!

Abstract: A comparative study of the
gas-phase reactions of NO," with acetyl-
ene and ethylene was performed by
using FT-ICR, MIKE, CAD, and N;R/
CA mass spectrometric techniques, in
conjunction with ab initio calculations at
the MP2/6-31+ G* level of theory.
Both reactions proceed according to
the same mechanism, that is, 1,3-dipolar

from acetylene has an aromatic charac-
ter and hence is highly stabilized with
respect to the C,H,NO," adduct from
ethylene. Both cycloadducts tend to
isomerize into O-nitroso derivatives,
that is, nitrosated ketene and nitrosated

Keywords: ab initio calculations -
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acetaldehyde, which represent the ther-
modynamically most stable products
from the addition of NO,* to acetylene
and ethylene, respectively. As proto-
typal examples of the reactivity of free
nitronium ions with most simple w
systems, the reactions investigated are
useful starting points to model the
mechanism of aromatic nitration.

cycloaddition, but yield products of
different stability. The C,H,NO,* adduct

Introduction

In this paper, we report the results obtained in a combined
experimental and theoretical study of the addition of ni-
tronium ions to acetylene [Eq. (1)].

NO," + GH, —[CH,NO,|* @)

For comparison, we discuss also the results obtained in a
similar study of the reaction of nitronium ions with ethylene

[Eq. 2)].

NO,* + CH, —[CH,NO,]* (2

These two processes represent prototypal examples of the
electrophilic nitration of very simple m systems and a useful
starting point to model electrophilic aromatic nitration, a
reaction that has received great attention,'*] but whose
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chemistry - mass spectrometry

mechanism has not been completely clarified yet. This work
aims to bring about a detailed understanding of the two gas-
phase reactions in Equations (1) and (2) through the com-
bined application of experimental techniques and a detailed
ab initio study at the MP2/6-31+ G* level of theory. In
particular, we report new theoretical and experimental results
for the reaction in Equation (1), whereas for the reaction in
Equation (2) we use both earlier experimental and theoretical
results” ® and new results that allow us to perform a more
comprehensive comparative analysis of the two reactions. We
have found that the two reactions are mechanistically very
similar and that they proceed mainly according to a 1,3-
dipolar-type addition. This reaction leads to the formation of
two structurally related end products, nitrosated ketene from
the reaction in Equation (1) and nitrosated acetaldehyde from
the reaction in Equation (2).

Experimental Section

Materials: The gases were research grade products with a stated purity of
>99.95mol% (except NO, NO,, and C,H, >99.5 mol%). They were
obtained from commercial sources and used without further purification.
Ketene was obtained according to an established procedure,”! whereas all
other chemicals were research grade products from Aldrich Chemical
Company.

Instruments: A model 47¢e APEX FT-ICR mass spectrometer (Bruker
Spectrospin) was used, which was equipped with an external chemical
ionization (CI)/EI ion source, a cylindrical “infinity” cell,l'’l and a pulsed
valve. The pressure was measured with a Bayard — Alpert ionization gauge,
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whose readings were corrected by a standard procedure'!l according to the
different sensitivities to the gases employed. The mass-analyzed ion kinetic
energy (MIKE) and collisionally-activated dissociation (CAD) spectra
were recorded by utilizing a version of the ZAB Spec oa-TOF spectrometer
(Micromass), which is schematically illustrated in Figure 1. The ions from
the EI, or the CI ion source entered the first electrostatic sector (ES1) and
were mass selected by the magnet before they entered the first pair of
collision cells, to which different gases can be admitted through individual
metering valves. In the cells, any desired voltage with respect to ground
could be selected, and the charged species from the first cell were
prevented from entering the second one by the first deflecting electrode.
Next, the ions were analyzed by the ES2 and they entered the second pair
of gas collision cells before they reached the photomultiplier detector. If
desired, application of a proper potential to a steering electrode, the
“pusher”, allowed the introduction of ions into the orthogonal TOF
spectrometer, which was equipped with a micro channel plate (MCP)
detector.

Procedure: FT-ICR experiments: The ions produced in the external source
were transferred into the resonance cell and isolated by the usual
procedure by using the “soft” ejection of all unwanted ions by low-
intensity RF “shots”. In this process, care was taken to prevent appreciable
excitation of the species of interest. When required, the isolated ions were
thermalized by collision with Ar, which was temporarily admitted into the
cell by means of the pulsed valve for a period of 20 ms to a peak pressure of
approximately 10-° Torr.l"2) After removal of Ar, the ions were allowed to
react with the neutral reagent, which was continuously admitted into the
cell and reached a stationary pressure of 10~% to 10~7 Torr.

MIKE and CAD spectrometry: The MIKE spectra were recorded
according to the standard procedure, which examines the metastable
transitions in the third field-free region of the ZAB Spec oa-TOF
spectrometer. The CAD spectra were recorded in two ways. The first
(high-energy) approach utilized the second collision cell, where mass-
selected ions were allowed to collide with the target gas (He). The pressure
of the helium was adjusted in such a way as to reduce the original intensity
of the ion beam by approximately 30 %. In these experiments, the collision
energy was 8 kV (laboratory frame), and the fragments analyzed by ES2
were detected by the photomultiplier. The second (low-energy) approach
utilized the third collision gas cell. The voltage of the cell was set to 90 % of
the source voltage, so that the laboratory-frame collision energy was only
10 % of the main acceleration voltage.

Neutral fragments reionization/collisional activation (N;R/CA) mass
spectrometry: This method was a new version of the well established N;R
technique,™® 4l where the observed spectrum represented the superimpo-
sition of the individual collision-induced dissociative ionization (CIDI)
spectral®™ of all the neutral fragments from the collision-activated
dissociation of the precursor ion under study. In our experiments, mass-
selected ions underwent high-energy (8 kV, laboratory frame) CAD in the
collision gas cell 1, as in the standard CAD spectrometry. The charged
fragments and the undissociated parent ions were removed by applying a
potential of 1kV to deflector 1, whereas the neutral fragments entered
collision cell 2, which contained the reionization gas (O,). The charged
species of interest were mass selected by scanning ES2 and driven into the
collision cell 3 with He as the target gas, so that the CAD spectra of the
ionic species from the reionization of each neutral fragment could be
recorded separately by utilizing the TOF spectrometer. In certain cases, it
was necessary to compare the N;R/CA spectra with the CAD spectra of the
molecular ions obtained in the EI source from model molecules. In these
cases, the CAD spectra were recorded using the collision gas cell 3. The
main accelerating voltage was chosen so that the molecular ion could be
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Figure 1. Schematic diagram of the apparatus for MIKE, CAD, and N;R/CA mass spectrometry (see text).

MCP transmitted from the EI source at
Detector

exactly the same ES2 potential as that
required for transmittance of the re-
ionized neutral fragments in the NR/

TOF CA experiments.

Results
Acetylene nitration

FT-ICR spectrometry: NO,"

ions generated in the external

ion source from nitrogen diox-
ide by charge exchange with Xe" were found to react with
acetylene in two different ways; the way in which they react
depends on their internal energy content. If NO,"™ ions
thermalized by collision with Ar are used,'? only the
formation of NO™ is observed [Eq. (3)].

NO,* + GH, -NO* + C,H,0 3)

If the thermalization procedure is omitted, the process in
Equation (3) is accompanied by the reaction in Equation (4).

(NO,")exe + CH, »C,H,0™* + NO )

This reaction yields C,H,O"" ions, which were positively
identified by accurate mass measurements. It should be noted
that the reaction in Equation (4) is energetically less favorable
than that in Equation (3) owing to the higher ionization
potential of CH,CO with respect to NO. This accounts for its
occurrence only when excited NO," ions are used. As
expected, no C,H,NO," adducts were observed at the low
pressures, 107® to 1077 Torr, which are typical of FT-ICR
experiments. Nevertheless, evidence for a transient complex is
provided by the O atom transfer from NO,™ to C,H, indicated
indirectly by the ionic product from the reaction in Equa-
tion (3) and directly by that from the reaction in Equation (4).
The most reasonable explanation of the above results is that
addition of NO, to acetylene is highly exothermic and yields
an excited adduct that cannot escape dissociation. This is the
result of the very low efficiency of collisional deactivation in
FT-ICR experiments.

Chemical ionization experiments: The experiments are based
on the FT-ICR results; the reaction in Equation (1) was
performed in the CI source of the ZAB Spec oa-TOF
spectrometer. The higher operating pressure of the spectrom-
eter (up to several tenths of a Torr) was expected to ensure a
much more efficient collisional stabilization of the excited
C,H,NO," adduct. In actual fact, no detectable amounts of
this ion were obtained, and the only processes promoted by
the NO,/CI of acetylene are again those given in Equa-
tions (3) and (4). This suggests that direct nitration of C,H, by
NO," is too exothermic to allow survival of C,H,NO,™ for the
time required for its detection, and a milder route of
formation is needed [Eq. (5)].

HNO,NO,* + C,H, —~C,H,NO,*(A) + HNO, )
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In this reaction, the free nitronium ion is replaced by its
complex with nitric acid, prepared from N,O; protonation and
characterized as a HNO;—NO, " adduct with a binding energy
(BE) of 18.3 kcalmol.1"] From the thermochemical stand-
point, the reaction in Equation (5) can be considered as a two-
step process; the first step is the endothermic dissociation of
the complex that yields free NO,*, which subsequently adds to
acetylene. Hence, the reaction in Equation (5) is less exother-
mic than that in Equation (1) by 18.3 kcal mol~!. Furthermore,
the energy released is divided between the products,
C,H,NO,* and HNOs;. In fact, the reaction in Equation (5)
proved to be a viable route to C,H,NO," and yielded
significant intensities of the adduct A together with NO*
and C,H,O"".

Structural studies: The products from the reactions in
Equations (4) and (5) were examined by structurally diag-
nostic techniques that included MIKE, CAD, and N;R/CA
mass spectrometry in the ZAB Spec oa-TOF instrument. The
results for the various species of interest are illustrated in the
following paragraphs.

C,H,NO," ions: The structural features of the ionic popula-
tion (A) from the reaction in Equation (5) were compared
with those of model ions of H,C—C—O—NO™" structure
(population B) from the reaction in Equation (6).

CH,=CO +NO* —C,H,NO,* (B) (©6)

This reaction involved NO/CI of ketene. The MIKE spectra
results in Table 1 are appreciably different in that, as

Table 1. MIKE spectra of C,H,NO," ions from different sources.

Fragment Relative intensity!?

mlz Tons Al Tons Bl
30 100 100

42 76 -

46 12 _

[a] Standard deviation £10%. [b] From the reaction in Equation (5).
[c] From the reaction in Equation (6).

expected, the only fragment from the model ions B is NO*
(m/z 30), whereas ions A from the nitration of C,H, undergo
significant metastable transitions and give, in addition,
C,H,0O°* (m/z 42) and NO," (m/z 46) fragments.

The CAD spectra of populations A and B, compared in
Table 2, are particularly significant in that collision-activated
dissociation is expected to provide a more reliable picture of
the structure of the stable ionic population assayed.!!

A comparison of the two spectra shows that there are
considerable and structurally diagnostic differences; that is,
the major fragments from model ion B, NO* and C,H,O"*, are
consistent with its expected H,C—CO—NO structure, where-
as the major fragment from population A is a nitronium ion
(m/z 46), which suggests the presence of a strongly bonded
O—N—O moiety within the C,H,NO," adduct from the
nitration of acetylene. Nevertheless, the presence in the ionic
population A of a minor fraction of ions with the
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Table 2. High-energy CAD spectra of C,H,NO," ions from different
sources.

Fragment Relative intensityl®
mlz Tons A Ions B
14 - 3
25 2 -
26 16 -
28 - 7
30 10 100
41 - 10
4 3 60
44 -

46 100 -

[a] Standard deviation +10%

H,C—-C—O—NO structure is suggested by the low, but easily
detectable, intensity of the NO* and C,H,O"" fragments.

C,H,0"" ions: As previously mentioned, formation of these
ions was observed in different experiments, namely those that
involve the reaction of HNO;NO," with C,H, (CH,/N,O; CI
of C,H,) and the reaction of NO,* with C,H, (FT-ICR and
NO,/CI of C,H,). The C,H,O"" ions from the latter source
were analyzed by CAD spectrometry, and their spectrum was
compared with that of C,H,O"" model ions formed by EI of
ketene. The spectra are indistinguishable; this suggests the
H,C=CO-* structure for the charged product from the
reaction in Equation (4). To make the assignment rigorous,
it would be necessary to demonstrate that isomeric C,H,O"*
ions can be discriminated by CAD spectrometry.

Ethylene nitration: It is of interest to compare the results for
the nitration of acetylene with those obtained in a recent
studyl® of the ethylene nitration by free nitronium ions
[Eq. (2)] and by protonated methyl nitrate [Eq. (7)].

CH,+NO," -CH,NO," (C) (2)
C,H, +CH,0HNO," —C,H,NO,* (D)+ CH,0H )

The CAD spectra of C and D were compared with those of
model ions from the nitrosation of oxirane [Eq. (8)] and of
acetaldehyde [Eq. (9)].

H,C
| Yo+ NO" — o,HNOS (B) @®)

H,C
CH,CHO + NO* —CH,NO,* (F) )

As previously reported in detail,® the CAD spectra of
populations C, E, and F were found to be equal, but different
from the spectrum of population D (see below); this led to the
assignment of the O-nitrosated structure to the adduct from
the nitration in Equation (2). However, it proved impossible
to discriminate between ions E and F, namely to ascertain
whether the product C, from the direct nitration of ethylene,
had the nitrosated oxirane or the nitrosated acetaldehyde
structure.’] In order to clarify this point, we used the
structurally diagnostic N;R/CA technique in the present study.
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NR/CA spectrometry of C,H,NO,"* ions: The CAD spectra of
the ionic populations C, E, and F display an intense NO™
fragment, whose neutral counterpart(s), that is, the C,H,O
species, were reionized to give C,H,O" ions, which were mass
selected, and their CAD spectra were recorded. Furthermore,
model C,H,O ions were obtained by EI ionization of oxirane
(ions G) and of acetaldehyde (ions H), and their CAD spectra
were compared with the N{R/CA spectra of C,;H,O from
adducts E, F, and C (Table 3). The results show that the

Table 3. CAD spectra of model ions G and H from the EI of oxirane and
acetaldehyde, and N;R/CA spectra of the C,H,O neutral fragment from
ions C, E, and F from the reactions in Equations (2), (8), and (9).

milz Relative intensity!®
CAD N{R/CA
G H C E F
43 4.0 41.6 45.6 13.3 53.6
29 60.9 30.0 41.0 64.5 324
15 15.0 22.1 10.9 12.2 11.7
14 20.1 6.3 2.5 10.0 23

[a] Percentage of the sum of the intensities of the fragments. Standard
deviation £10%.

C,H,O neutral fragment from the fragmentation of the model
nitrosated adducts E and F is reminiscent of the structure of
the C,H,O neutral species utilized for their preparation, that
is, oxirane and acetaldehyde, respectively.'’] Based on these
findings, the N{R/CA spectrum of the neutral C,H,O fragment
from C (Table 3) allows one to assign the CH;CHONO*
structure to the latter species rather than the structure
illustrated below. The reaction
H,C X in Equation (7) promoted by
H7C|>ONO the CH;OHNO," complex has
) been  calculated to be
21.5 kcalmol~! less exothermic
than the reaction promoted by free NO,". This value
represents the BE of NO,* to CH;OH.!'! Interestingly, the
CAD spectrum of the adductD from the reaction in
Equation (7) shows a significant NO,™ fragment, which is
absent in the spectrum of the adduct C from the more
exothermic reaction in Equation (2).'8]

Summary of the experimental results: The overall picture is
consistent with the hypothesis that direct nitration of acetyl-
ene by free nitronium ions is a highly exothermic process.
Owing to the large excess of internal energy, the C,H,NO,*
ion cannot be stabilized, even at the higher pressures typical
of CI experiments as compared with FT-ICR experiments.
The ion undergoes complete decomposition, either by retro-
gression to the reactants or by dissociation into the C,H,0O/
NO pair, with the positive charge on either of the fragments.
The nature of the fragments is such as to suggest that the
adduct reaches the H,C=CO—-NO™" critical configuration
before undergoing dissociation. When nitration is performed
with a solvated nitronium ion, HNO;NO,", the lower
exothermicity of the process, and hence the lower internal
energy excess of the C,H,NO," primary adduct, allow its
partial collisional stabilization. Most of the C,H,NO," ions
that survive dissociation have a structure other than

540 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

H,C-C—O—NO", as their CAD spectra show the presence
of a strongly bonded O—N—O unit, rather than the presence of
a NO unit, weakly coordinated to an O atom, as present in the
H,C=CO—NO* model ions from the nitrosation of ketene.

A similar situation prevails in the nitration of ethylene.
When free NO, " ions are involved the adduct formed, which is
collisionally stabilized in this case, evolves into a species
characterized as O-nitrosated acetaldehyde. On the other
hand, when a milder nitrating agent, such as CH;OHNO,", is
used, the adducts formed with a lower excess of internal
energy retain a structure characterized by the presence of an
O—N-O unit.

Computational results: To obtain a detailed understanding of
the reaction mechanisms, the experimental results were
complemented with those of a computational study. All
computations reported in this paper were performed at the
MP2/6-31 + G* level using the Gaussian 941! suite of pro-
grams. These programs were chosen because they proved
accurate in the study of the reaction in Equation (2).%®
Furthermore, this choice allows one to compare the results
for the two reactions on the same basis. All critical points were
fully optimized with respect to the gradient and charac-
terized through the computation of the analytical Hessian
matrices.

The computed critical points are shown in Figures 2—5, and
the corresponding energy values are reported in Table 4. The
mechanistic information provided by the computed critical
points is summarized in the energy profiles illustrated in
Figures 6-8. We denote these reaction paths as: i) the 1,3-

1.220

Nitronium ion

Acetylene

1.081 |
1322 '

1.181

Ketene

1.279
Oxirene

Oxirene cation

Figure 2. Optimized geometrical parameters of the reactants and products.
Bond lengths are in A and angles in degrees. The labels are the same as
those used in the text.
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Figure 3. Optimized geometrical parameters of the electrostatic structures.
Bond lengths are in A and angles in degrees.

1198 /ﬁ y
QJ 17 103.2°
1117°(§‘
C:‘mf 1.331

1.381

VII

Figure 4. Optimized geometrical parameters of the structures IV, V, VI, and VII involved in the 1,3-dipolar-type

reaction paths. Bond lengths are in A and angles in degrees.

dipolar-type reaction path; ii) the o-type reaction path, which
involves the o-structure IX; and iii) the O-nitroso reaction
path, which involves structure VIII.

We will discuss now in detail these reaction paths and we
will start with the 1,3-dipolar-type reaction path. As shown in
Figure 6, the reaction proceeds from the reactants and gives
the electrostatic complex I, which is at an electrostatic
minimum about 10 kcalmol~! more stable than the reactants
(9 kcalmol~! when the zero-point energy (ZPE) corrections
are included). In this region, we have also found two other
critical points, denoted as structures II and III. Structure II is
a transition state that connects two equivalent structures of I
with a very small barrier (about 0.8 kcalmol™'), while

Chem. Eur. J. 2000, 6, No. 3
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|.134k \12140
“ 1.801
876{ 0
126.30// 1313
Lo @i‘ C 157.1° [y
- 1318 < 1104 -

162.3°

X XI

Figure 5. Optimized geometrical parameters of the structures VIII, IX, X,
and XI involved in the o-type and O-nitroso reaction paths. Bond lengths
are in A and angles in degrees.

structure III is a second-order
saddle point. Therefore, the two
critical points II and III do not
seem to have any significant
mechanistic role. From the elec-
trostatic minimum I, the reac-
tion evolves through the 1,3-
dipolar-type transition state
(structure IV) to the 1,3-dipolar-
type intermediate V and through
the transition state VI to nitro-
sated ketene VII, which can dis-
sociate to ketene and NO™.

The main feature of this re-
action profile is that the forma-
tion of the key intermediate V is
highly exothermic, since this
structure has a significant aro-
matic stabilization. Further-
more, conversion to nitrosated ketene VII and back dissoci-
ation into the reactants require almost the same energy.

We will now discuss the o-type reaction path, which is
illustrated in Figure 7. This reaction path is characterized by
the minimum IX, which is significantly stabilized owing to a
conjugative effect. We explored in detail the portion of the
potential energy surface between the electrostatic interme-
diate I and structure IX, but we found only a second-order
saddle point. From the minimum IX, the reaction evolves
through transition state X to nitrosated ketene and then to
ketene and NO™.

The third reaction path, the O-nitroso reaction path, is
illustrated in Figure 8: in this case, the system evolves, without
any barriers, from the region associated with the oxygen-type
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Table 4. Energies [hartrees] and relative energies [kcalmol~'] of the reactants and of the various critical pointsl®!
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for the reaction in Equation (1).

attack to the minimum VIII
and subsequently to nitrosated

Critical points E, AEU ZPEW E,+ZPE A(E+ZPE)  ketene (and finally to ketene
R (M) — 281319604 000 0035759  —281.283845 0.00 and NO") through a barrier of
I (M) — 281336196 1041 0038091  —281.289105 8.95 175 kcalmol~!, or to oxirene-
11 (TS) —281.334961 9.64 0.038075 —281.296886 8.18 type productsy a path that re-
11 (SOSP)  —281.329605 628 0037661  —281.291944 5.08 quires a significantly larger
v (TS) —281.325284 356 0040059 - 281285225 0.87
% (M) —281.432053 7056 0.045429 —281.386624 64.49 amount of energy. These three
VI (TS) — 281327983 526 0036151  —281.291832 5.01 different reaction paths, i) —iii),
VI (M) —281.428701 6846 0037515  —281.391186 67.36 share the important common
VI (M) — 281347651 1760 003732 —281.310331 16.62 feature that the end products
X (M) — 281391344 4502 0046046  — 281345298 38.56 - ketene and
X (TS) Z281319260 022 036792 ~281292468  —0.86 are - afl cases ketene a
nitronium ion M) —204.246346 0010104  — 204236242 NO*.
acetylene M) —77.073258 0.025655 —77.047603 These computational results
NO* ™M) —129.566897 0.008782 —129.558115 provide a sound interpretative
NO' (M) ~129.246978 0004814  —129.242164 basis for the hypothesis that
ketene (M) —152.157371 0031732 —152.125639 ) o
oxirene (M) 152032832 0.028643  —152.004189 direct nitration of acetylene by
oxirene cation (M) — 151.730051 0.033601 — 151.696450 free nitronium ions is a highly

[a] M = minimum, TS =transition state, SOSP=second-order saddle point. [b] Reactants. [c]kcalmol .

[d] Zero-point energy (hartrees).

E
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NO» y H O,
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— HC-CH
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HC=CH | \ T
' 653 | f t
67.0 | | \ /
\ i | [ 153
| / : /
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! ; ' 421
0-N=0 y H 40
+/ C=C=0Q-neme N
HC=CII o

Figure 6. Energy profile of the 1,3-dipolar-type reaction path for the

reaction in Equation (1).

N
+ N..
£ [e] ; O \/O
R — X
. H’C C\
HC==CH H
T
T P
+ P
Q \ { w“‘
. \N—m [
i te=cif / 1479 4
450 ; \
. SOSP |
i j H.C=C=0
; CIX f | +
+ 0t 7 | NO*
0O N 4 "
v o1 234 4 S
HC-CH . | VIL 1v53
H
N + /0
/C:C:() ...... N
H

Figure 7. Energy profile of the o-type reaction path for the reaction in

Equation (1).
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exothermic process that yields
adducts with an excess of inter-

CoH)O + NO*

17.6 L
‘ (L 17.5 4
| Hepg-—H |
v v‘ c~ ‘v
Vi
0 |
d |
o--N+ !
Q) |
n-Cec '
H |
| | HL=C=0
L 50.8 +
| NO"
| I
153
H Ow ‘
L ;
c=c=0-..t — L
It Vi

Figure 8. Energy profile of the O-nitroso reaction path for the reaction in

Equation (1).

nal energy. The excess of internal energy is sufficiently large to
enable the adducts to undergo complete decomposition.

For comparative purposes, we will examine also the results
for the nitration of ethylene by free nitronium ions that have
been examined in previous studies.” ® The energy profiles of
the reaction paths identified are reported in Figures 9—11. It
can be seen that the overall picture of the nitration of
acetylene and ethylene by free nitronium ions is very similar.
Indeed in the case of the reaction in Equation (2), three
possible pathways that correspond to those of the reaction in
Equation (1) were identified.
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In Figure 9, Ia denotes the electrostatic intermediate, I'Va
the transition structure, and Va the intermediate found in the
1,3-dipolar-type approach. VIa denotes the transition struc-
ture, which leads to the product VIIa. In Figure 10, Ia
represents the electrostatic intermediate and IXa the deep
minimum. The other two critical points do not correspond to
any in the reaction in Equation (1) and can be denoted as IV*
and XI*. Finally, VIla in Figure 11 denotes the O-nitroso

form, and C,H,O and C,H,O" denote oxirane and the oxirane
cation.

Discussion

The interplay of theoretical and experimental methods
proved particularly fruitful in the study of the nitration of
acetylene. Indeed, the theoretical picture is fully consistent
with the experimental results and allows their rationalization.
In turn, certain experimental features are crucial for the
determination of the role of the three possible reaction
pathways identified by theoretical analysis.
Consistent with theoretical predictions, the experimental
evidence points to the highly exothermic character of the
reaction in Equation (1). The reaction yields a nitrosated
adduct with such a large excess of internal energy that its
stabilization is prevented. This occurs not only in the low-
pressure range typical of FT-ICR experiments, but even at the
much higher pressures in the CI ion source. In all mass
spectrometric experiments one observes only the reactions in
Equations (3) and (4); these reactions yield the NO*/C,H,O
and NO/C,H,O'* pairs, respectively. Significantly, the
C,H,O"" fragment was experimentally identified as ionized
ketene; this is an important clue to the mechanism of the
addition — dissociation sequence. Formation of the adduct is
only observed when nitration of acetylene is performed
according to the reaction in Equation (5), which is less
exothermic than the reaction in Equation (1) by some
20 kcalmol~L. The dependence of the products formed on
the exothermicity of the nitration process, and hence on the
internal energy of the adduct, is only consistent with the 1,3-
dipolar-type addition mechanism i). This is because its energy
profile is the only one that displays a deep potential well,
which corresponds to the particularly stable ion V. The
conversion of V into the O-nitrosated adduct VII requires
that a energy barrier as high as 65 kcal mol~! is overcome. This
is no longer possible when the lower internal energy of ion V
from the less exothermic reaction in Equation (5) is further
reduced by collisional deactivation. Under these conditions, a
fraction of ions V can survive, as revealed by their CAD
spectra, which show the presence of a tightly bonded O—N—-O
unit in the species probed. The same arguments do not hold
for the alternative reaction pathways, ii) and iii), whose
energy profiles display relatively low barriers to conversion
into VII; this would necessarily cause dissociation into ketene
and NO*. In summary, although mechanism i) alone would
account for all major experimental features, the contribution
of parallel mechanisms ii) and iii) to the formation of the
ketene/NO™ products cannot be ruled out.
In the case of ethylene, nitration by free NO," gives a
C,H,NO," adduct that survives complete dissociation; this
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suggests that the exothermicity of the process in Equation (2)
is lower than that of the process in Equation (1). Such an
inference is supported by the theoretical analysis, which shows
that indeed the reaction in Equation (2) is less exothermic by
some 30 kcalmol~! than the reaction in Equation (1). The
reason for this is that the C;H,NO, " adduct is not as stabilized
as it lacks the aromatic character of V. A notable experimen-
tal feature is the absence of the NO,* fragment in the CAD
spectrum of the CH/NO," ions from the reaction in
Equation (2). This stands in contrast with the detection of
NO," in the CAD spectra of the C,H,NO,* ions from the
reaction in Equation (7), which is less exothermic by
21.5 kcalmol™' than the reaction in Equation (2). Such a
trend suggests that the conversion of a species with an
O—N-O unit into a O-nitrosated species requires a sizable
energy barrier to be overcome. Only ions, such as those from
the reaction in Equation (2), can achieve this as they have a
large excess of internal energy. The ions from the less
exothermic reaction in Equation (7) are unable to cross the
energy barrier, which allows survival, and hence detection, of
the species with the O—N—O unit. Again, among the reaction
pathways identified by the theoretical analysis the 1,3-dipolar
type mechanism is consistent with the evidence from CAD
spectrometry. In the first place, a species with a bridged
O—N—O unit is present in the cycloaddition route, as shown by
the energy profiles illustrated in Figures 9—11. Furthermore,
the conversion of such a cycloaddition product into O-
nitrosated species requires that an energy barrier as high as
35.9 kcalmol~! is overcome. In summary, the 1,3-dipolar-type
mechanism is also the one that provides the best agreement
with all the experimental features in this case. We note that
N{R/CA spectrometry allowed the experimental identifica-
tion of the O-nitrosated species as nitrosated acetaldehyde,
rather than nitrosated oxirane. Conventional CAD spectrom-
etry did not allow such structural assignments, and this is
consistent with the theoretical predictions (Figures 9-11). As
a final remark, it is difficult to compare the present gas-phase
results with those of analogous studies performed in solution.
Indeed, the solution results do not fit a general pattern as in
the case of aromatic nitration, and the mechanisms of the
reactions with olefins or acetylenes of nitrating electrophiles
can be quite different. These also depend a great deal on the
specific system investigated and/or the reaction conditions.[
Nevertheless, it is worth mentioning that the formation of
cyclic ionic intermediates has been suggested in the mecha-
nistic study of the nitration of tetrasubstituted ethylenes with
nitronium salts.*’!

Conclusion

The present results support the view that the reactions of free
nitronium ions with acetylene and ethylene, the most simple
aliphatic & systems, proceed according to the same mecha-
nism, namely 1,3-dipolar cycloaddition. The major difference
resides in the different stability of the cycloadduct formed, for
example, the C,H,NO," ion has aromatic character and hence
has more conjugative stabilization relative to the C,H,NO,*
ion. The thermodynamically most stable end products are in
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both cases O-nitrosated species, namely nitrosated ketene
from acetylene and nitrosated acetaldehyde, rather than
nitrosated oxirane from ethylene. The mechanistic picture
outlined by the present work is potentially relevant to
aromatic nitration by free NO," ions. Finally, the study
underlines the usefulness of combined theoretical and exper-
imental approaches and the considerable improvement in the
structural characterization of gaseous ions made possible by
N{R/CA spectrometry.
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