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Summary — The gas-phase bimolecular reactivity of the S-distonic ions *CH,CH2XH' 1~4 (X = OH, OCHj, OC2Hs, NH2)
has been studied by FT-ion cyclotron resonance mass spectrometry. Substitution of the XH group by a neutral species
is generally considered to be the most characteristic reaction of such ions. It is shown in this work that the degree of
substitution strongly depends on the nature of the 3-distonic ion. Thermoneutral substitution of the XH group by a labeled
neutral molecule *XH is rapid for ion 1 and not observed for ion 4. The behavior of ions 2 and 3 is intermediate. Ab initio
calculations at the MP2(FU)/6-31G* level of theory provide a rationale for these observations: the transition structure for
substitution lies below the reactants in energy for X = OH (jon 1) but it becomes higher in energy than the reactants when
X = NH; (ion 4).

gas-phase ion — molecule reactions / mass spectrometry FT-ion cyclotron resonance / nucleophilic substitution /
distonic ions

Résumé — Substitution nucléophile thermoneutre d’ions (-distoniques *CH2CH;XH™ en phase gazeuse (X = OH,
OCHj3, OCHs, NH2). La réactivité bimoléculaire en phase gazeuse des ions 3-distoniques * CHyCH: XH' 1-4 (X = OH,
OCHj, OC2Hs, NH2) a été étudiée en spectroméirie de masse par résonance cyclotronique ionique et transformé de Fourier.
La substitution du groupe XH par un neutre est généralement considérée comme étant la réaction la plus caractéristique
de ces ions. Ce travail montre que la substitution dépend fortement de la nature de !ion (-distonique. En particulier, la
substitution thermoneutre du groupe XH par le neutre marqué * XH est rapide pour Uion * CHyCH; OHY (1) mais n’est pas
observée pour lion * CHoCHaNHY (4). Le comportement des ions * CHa CH; OHY CHy (2) et ®* CH,CHo OHY CoHs (3) est
intermédiaire. Les calculs ab initio au niveau MP2(FU)/6-31G* permettent de rationaliser ces observations: la structure
de l’état de transition pour la substitution posséde une énergie inférieure d celle des réactifs pour X = OH (ion 1), mais
supérieure & celle des réactifs pour X = NHa (ion 4).

réaction ion — molécule en phase gazeuse / spectrométrie de masse TF-résonance cyclotronique ionique / substitution
nucléophile / ion distonique

Introduction some reactions in solution, eg, the Hofmann-LofRer re-
action [3].
Gas-phase ion chemistry allows the precise study of uni-
molecular or bimolecular reactions of organic ions in
the absence of solvent or by modeling its role. Good
methods now exist for the determination of the struc-
ture of the products, and for the measurement of tran-
sition or final states energies. However, it often remains
difficult to obtain evidence for the stable intermediates
which intervene in the reaction.

Distonic ions are the most frequently invoked inter-
mediates [1]. Distonic ions are radical cations which can

The most characteristic unimolecular reaction of
B-distonic ions of the type *CH;CHXH™ in the gas
phase is their isomerization by a 1,2-XH shift (2, 4]
(scheme 2). Calculations indicate that g-distonic ions
generally correspond to minima on the potential en-
ergy surface and that the 1,2-XH shift only requires
3 kcal/mol when XH = OH; but considerably higher
energy when XH = NH;3 [5, 6]. Bimolecular reactions
of 3-distonic ions have been reported in several studies

formally be generated by ionization of a zwitterion or
a diradical 1, 2]. As a consequence, in a conventional
valence bond description such ions have the charge and
the radical localized on separate atoms (scheme 1).
Distonic ions can be prepared selectively and charac-
terized in both the gas phase and the condensed phase
[1]. They are considered to be key intermediates in

* Correspondence and reprints
1%

[7-10] and the transfer of the CH,CH3' moiety to a
neutral is considered to be a characteristic reaction of
these ions.

This transfer can also be considered as a substitution
of the XH group by the neutral molecule M (reaction a,
scheme 3). The thermoneutral substitution with labeled
neutrals (reaction b) is reported in this work. It will be
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shown that the rate of substitution strongly depends on
the nature of the S-distonic ion.

Experimental section

The bimolecular reactions were studied with a Bruker
(Bremen, Germany) CMS-47X FT-ICR spectrometer
equipped with an external ion source. The neutral reactants
were introduced into the cell through a leak valve (Balzers,
Liechtenstein) at a pressure of 2 x 107% to 5 x 10~% mbar
depending on the experiment, and then diluted with argon,
to give a total pressure of 2-3 x 10~7 mbar.

The *CH;CH,XH? reactant ions were formed in the ex-
ternal ion source by fragmentation of HOCH;CHoCH2X**
[2] (scheme 4) and isolated after transfer to the ICR cell by
RF ejection of all the other ions. After a 1 s delay, which was
found to be enough to bring the ions near to thermal energies
by successive collisions with argon, the isolation procedure
was repeated by the use of low-voltage single RF pulses (soft
shots) at the resonance frequencies of all undesired ions.

The exact composition of all ions produced in the reac-
tions was checked by systematic high resolution mass mea-
surements, reducing the argon pressure to 4 x 10™% mbar,
and increasing the relaxation time to 2 s.

For kinetic measurements, the exact pressure of the neu-
tral species was determined after correction for the sensitiv-
ity of the ionization gauge towards it. Calibration of the
ionization gauge was performed with reactions of known
first-order rate constant, such as protonation of methane
by CH3' (k=1.17 x 107° ¢cm® molecule™* s71).

Standard ab initio molecular orbital calculations [11]
were carried out using the GAUSSIAN 92 {12] and GAUS-
SIAN 94 [13] program packages. Calculations were per-
formed at the MP2(FU) [14] levels of theory using the split-
valence shell 6-31G* basis set [15] which has polarization
basis functions (d-type on nonhydrogen atoms). The spin-
unrestricted method was used for open shell systems.

A diagonalization of the analytically calculated Hessian
matrix at the MP2(FU)/6-31G* level was used to calculate
harmonic vibrational frequencies, from which critical points
of the potential energy surface (PES) were characterized

as minima or first-order saddle points. Zero-point energy
(ZPE) and thermodynamic quantities (Ez9s, S29s) were also
determined (cf table I).

The interaction energy AEmp2 (table II) was calculated
as the difference between the energy of the neutral-distonic
supersystem, Enmp2(ND) and the sum of energies of neutral
Ewmp2(N) and distonic Emp2(D):

AEwmp2 = Emp2(ND) — (Emp2(N) + Empz(D))

The counterpoise method for correcting for the basis set
superposition error (BSSE) is not entirely satisfatory and it
is often better to use a larger basis set. Nevertheless, because
the finite basis set was used, it was necessary to eliminate
BSSE. Estimates of the BSSE were calculated (table IT)
using the full counterpoise method of Boys and Bernardi
[16]:

BSSE = Emp2(Naer)Np — Empz(Naet)n
+Emp2(Daet )np — Ertp2(Ddet)D

where Evpz(Nder)np and Enmpz(Naer)n correspond to the
energy of the neutral calculated using its geometry within
the dimer (Naee) and the basic function of N plus D and N
alone respectively.

A Hzgs, the enthalpy of the reaction between the distonic
ion and the neutral towards the critical points of the neutral-
distonic supersystem, was calculated as:

AHzgg = AU298 - RT = AEMPZ + BSSE + AEzgg - RT

Results and discussion

It appears that the occurrence of the substitution re-
action (scheme 3) depends strongly on the nature of
the B-distonic ion *CH;CH.XH™. This is often ob-
served with *CH,CH,OHJ 1 [10a] but only rarely with
‘CHQCHQNH;F 4 [9a, 17]. Ions 3 and 4 (X = OCHj,
OC.H;) represent intermediate cases [9, 10].
Arguments based on thermochemistry provide a pre-
liminary explanation of these differences. For instance,
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AHp = -6 kcal/mol
AH; = 32 kcal/mol

Scheme 5

on the basis of the enthalpies of formation published
so far [5, 18, 19], reaction (c) of ion 1 with CH,0
(scheme 5) is exothermic and observed {10a], while the
corresponding reaction (d) with ion 4 is endothermic
and not observed [9a, 17].

However, the thermochemistry alone does not ex-
plain the differences observed in reactivity. The ther-
moneutral CoHJ® transfer (ie, the substitution of XH by
labeled *XH; reaction b, scheme 3) appears to differ for
the various ions, as shown by kinetic measurements. The
experimental rate constants kexp for these thermoneu-
tral reactions have been determined and compared with
the calculated capture collision rate constant keoy [20].
The results show that:

— the substitution of HyO by H,!80 (fig 1) is rapid
for the *CHyCH0HJ ion 1 (keon = 2.4 x 107°
em?® molecule™! 571, koyp /kcon = 0.3);

— the substitution of CH3OH by CD3OD in
.CH20H20HCH§' 2 is slow (kexp/kcoll = 0-05, kcou =
2.0 x 1079 cm® molecule™! s™1) while that of CoH;OH
by C2DsOD in *CH,CH,OHTCyHs 3 is very slow; and
— the substitution of NH3 by !*NHj in *CH,CH,NHZI
4 is not observed at all [21].
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Fig 1. Reaction of *CH,CH,0HJ (m/z = 46) with H,'%0
giving *CH,CH,'80H; (m/z = 48) (pressure 3x 10~8 mbar)
in the cell of an instrument FT-ICR (reaction time 750 ms).

A qualitative explanation of these observations is
based on the following. Early calculations [5] indicate
that in ion 1 the C-O bond is long (d = 1.65 A), and
the 1,2 shift is very easy. Since the ionization energy
(IE) of ethylene (10.5 eV) is lower than that of water
(11.35 €V) [19], *CH,CH,OHJ can be considered as

a structure in which the C-O bond is stretched and in
which a significant positive charge resides on the carbon
atoms. Such a structure may be prone to a nucleophilic
attack of Ho'80 on the carbon.

In the ion *CHyCH,NHY 4, the C-N bond appears to
have a normal length, while the 1,2-NHj shift requires a
significant energy barrier to be overcome. Since the IE
of ethylene (10.5 V) is higher than that of ammonia
(10.15 eV), the positive charge is dominantly located
at the NHj group. Therefore a nucleophilic attack on a
carbon atom should not be favored.

Ab initio calculations allow a quantitative approach.
Various computations were performed for the ions
1 and 4, and the systems *CHyCH;OH;/H,O and
'CHQCHZNHg /NHj3, which represent the extreme cases
in the behavior of this kind of ions. The results are re-
ported in tables I and II.

Table I. EUMP2/6-31G*//6-31G* in hartrees. ZPE in
kecal/mol. Eags (thermal energy in kcal/mol) and Sags (en-
tropy in cal/mol-K) at 298 K under 1 atm.

EUMP2 ZPE FEz9s Sgos

*CH,CH,OHJ —154.176733 499 529 68.0
*CH,CH,0H; + H,O —230.375977 63.4 68.2 113.1
INC1 —230.395491 64.6 70.1 89.9

TS1 —230.389699 63.0 686 89.6

HBC1 —230.422203 653 700 84.1
*CH,CH,NH{ —154.392353 59.8 62.8 66.6
*CH,CH,NHY + NH3; —190.749731 82.0 86.7 112.6
INC4 —190.776783 83.0 88.1 89.8

TS4 —190.737825 82.1 87.0 822
HBC4 —190.792450 83.7 88.7 88.2

Table II. Critical points of the potential energy surface
(PES). Energies in kcal/mol at 298 K under 1 atm. AHzos
= AUzs ~ RT = AEmp2 + BSSE + AFEjes — RT with
RT = 0.6 kcal/mol.

AEMPZ BSSE AE298 AHzgg
*CH,CH,OH; + H,0 0 0 0 0
INC1 -12.2 2.0 1.9 -89
TS1 —8.6 3.1 0.4 -5.7
HBC1 —-29.0 2.7 1.8 -25.1
*CH.CH,NH} + NH; 0 0 0 0
INC4 —17.0 1.9 14 —14.3
TS4 7.5 5.2 0.3 12.4
HBC4 —26.8 2.6 1.0 —23.8

The structures of ions 1 and 4 are represented in
figure 2. Compared to protonated ethanol (1.547 A), the
C-O bond in ion 1 is longer (1.604 A), albeit somewhat
less than that previously calculated at a lower level of
theory [5]. For ion 4 the length of the C-N bond is only
slightly larger than in protonated ethylamine (1.538 A
versus 1.519 A).
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Fig 2. EUMP2/6-31G*//6-31G* optimized geometries for the g-distonic ions. Bond lengths are given in A, angles (X1X2X3)
and dihedral angles (X1X2X3X4) in degrees (value of X3 or X4 may be specified after a slash). Dihedral angles in italics. Net
charges (framed numbers) were obtained through natural population analysis of the MP2 density matrix.
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Fig 3. Energy diagrams for reactions between ion *CH,CH2OHJ and H20 (a) and *CH,CH>NH7 and NHs.

The distribution of the positive charge is more signif-
icant. Some 56% of the charge is carried by the CH,CH,
moiety in ion 1, but only 36% in ion 4.

Finally, the a-CHg2 group bears some of the positive
charge in ion 1 (37%), a value which is significantly less
for ion 4 (22%) This confirms the qualitative explana-
tion outlined above.

The results of computations for the systems
*CH,CH,0H,/H;0 and *CH,CH,NH; /NH; are sum-
marized in the energy profiles depicted in figure 3, and
provide an even clearer interpretation of the experimen-
tal results.

Figure 3a shows the energy diagram for the reac-
tion between the ion ‘CHgCH2OH3‘ 1 and H20. When
a molecule of water approaches the oxygen side of
the distonic ion 1, the H-bonded complex HBC1 is
formed (see fig 4 for the geometry). This complex is
characterized by the presence of a H-bond between
the hydroxylic hydrogen of the ion and the oxygen
of the water molecule and it is highly stabilized
(= 25.1 kcal/mol). Nevertheless this complex is a dead
end in the reaction pathway [22].

The attack of water on the radical carbon in the
[-position gives a repulsive three-electron bond and no
critical point (minimum or transition structure) is found
in this region.

However, when the water molecule approaches the
a-carbon, the energy of the system decreases until the
ion-neutral complex INC1 (fig 4). In this complex elec-
trostatic interactions exist between the charge carried
by the a-carbon and the water molecule. The interac-
tion energy is 8.9 kcal/mol.

A nucleophilic substitution can take place within
this INC1 complex via a symmetric transition structure
TS1 (fig 4). This transition structure lies 5.6 keal/mol
in energy below the reactants. Therefore in ion 1 the
thermoneutral nucleophilic substitution is facile.

The energy diagram for the reaction of the
‘CH20H2NH§ ion 4 and NHy is reported in figure 3b.
When a molecule of NH3 approaches ion 4, the
H-bonded complex HBC4 or the ion-neutral complex
INC4 is formed (fig 5). Their interaction energies are
23.8 and 14.3 kcal/mol, respectively. However, the tran-
sition structure for substitution TS4 (fig 5) now lies
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Fig 4. EUMP2/6-31G*//6-31G* optimized geometries for
INC1 (minima), TS1 (transition structure, unconstrained
Ca, point group) and HBC1 (minima). See comments for
figure 2.

12.4 kcal/mol above the reactant’s energy and this ef-
fectively prevents the substitution reaction.

Conclusions

In this work it has been shown that 'CHzCH20H+ eas-
ily undergoes a thermoneutral nucleophilic substltutlon
of water while 'CHgCHgNH3 does not react with am-
monia. This has been explained by a difference in the
structure of these ions, and supported by calculations
on the ion-neutral reacting systems.

Interaction between S-distonic ions *CH,CH,XH?*
and a neutral species leads to two kinds of intermedi-
ates: i) an ion-neutral complex in which the interaction
between the neutral species and the a-carbon is mainly
electrostatic; and ii) a more stable H-bond complex, in
which the neutral is H-bonded to the XH group of the
ion. When the proton affinity of the neutral is low this
structure is a dead end on the reaction pathway. We will
report in a subsequent paper [17] that when the proton
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affinity of the neutral is high enough, this complex is the
reactive intermediate for the protonation of the neutral
species.
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