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Structural aspects as well as the stability and reactivity of the €Hfication are studied both experimentally

and theoretically. Translational energy distributions of the CHBroducts from charge transfer between
CHBr?* and Kr indicate that the dication exists in two isomeric forms;G+Br2t and C-Br—H?*. In the
reaction of CHBf" with Hy, the dominant channel corresponds to proton transfer leading t& €Bt3™.

Other reaction channels involve the formation of the intermediatesB€H and CHBrH?*, respectively.

Both of the latter dications can either lose a proton to formEi or undergo a spin-isomerization followed

by cleavage of the €Br bond. The proposed mechanisms are supported by DFT calculations and deuterium
labeling experiments.

Introduction AB?" + C—[ABC]* — ABT + C" )

Small molecular dications often represent models for reactive ABZ +C— [ABC] 2+ At BCT 2)
intermediates under extreme conditions. The research concerning
dications addresses chemical processes relevant to interstellar Here, we report an investigation of the reaction of CHBr
spacé, planetary atmospheréstching technology,or reactions  with molecular hydrogen. For the closely related CHCI
in superacidic medi&just to mention a few examples. The dication, a series of studis!6 has demonstrated that the
accumulation of charge very often leads to thermodynamic CHCR* dication is formed as two isomers, HEGCand CCIH+,
instabilities of the molecular dications; i.e., there exists at least ypon electron ionization of methyl chloride. The reaction of
one exothermic fragmentation pathway, which yields two singly CHCPR* with H, is dominated by proton transfer to form CCI
charged product3® Nevertheless, over the past decade an and H* with a minor channel leading to the products £CH"
increasing number of small, thermodynamically stable dications and Ht. In addition to these, a novel process is presented here
has been report€d? for CHBr?*/H, which does not occur in the related system
A fundamental process occurring upon the encounter of a CHCP*/H.. Another difference between the dications involved
dication and a neutral reaction partner corresponds to electronhere evolves from the fact that both isomers of the CHCI
transfer (reaction 1). This process leads to a pair of singly dication are metastable, whereas the HCRBiication belongs
charged ions and is associated with a considerable translationato a family of thermodynamically stable dicatiof#©n the other
energy release, often referred to as Coulomb expldsifiactron hand, the role of excited states of CHBmight be enhanced
transfer proceeds effectively at internuclear distances larger thandue to a larger spinorbit interaction associated with bromine
those typically required for chemical reactions and therefore is compared to the lighter congener chlorine. The comparison of
kinetically favorec® The simplest chemical reaction corresponds both systems thus affords new insights into the relationship
to proton transfer from a hydrogen-containing dication to a between the stability and the reactivity of dicationic species.
neutral reaction partner (reaction 2=8H). Proton transfer, in
comparison with electron transfer, often leads to thermochemi- Experimental Section
cally more favored products. Nevertheless, proton transfer can
only compete with the kinetically preferred electron transfer, if
the exothermicity of electron transfer is lower than 2eV or
if the neutral partner has a significantly large permanent dipole
momentt2

The electron-transfer experiments were performed using the
crossed beam apparatus EVA?IThe CHBE* dications were
formed by dissociative electron ionization (130 eV) of methyl
bromide!” lons were extracted, mass-selected, and decelerated
to a specific laboratory energy. The CHBrbeam was then
crossed at 90with a beam of Kr emerging from a multichannel
jet. The angular and energy spread of the CHEream was 1
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the translational energy distribution was determined in a stopping different isomers or electronic states of the studied dication and
potential analyzer, next, the ions were accelerated, mass-the neutral partne¥ This, in turn, provides insight into the
analyzed, and detected by a channeltron-type electron multiplier.composition of the reactant-ion beam.
The neutral beam was modulated by a chopper and phase- From the analogy with the lighter congener dication CHCI
sensitive detection was used to diminish background effects. it can be expected that for CHBralso two isomers, HC—
The energy profiles of the CHBrproduct were measured at  Br2+ and G-Br—H2*, can be formed in both ground and
the laboratory scattering angle ofL.5" relative to the primary  electronically excited statédDue to different exothermicities
beam. Only the forward scattering of the product ions was of electron transfer between different isomers and states of
measured. Energy profiles are plotted in dependence on theCHBr2+ with a neutral partner, the translational energy spectrum
reaction exoergicitAE = T' — T (T" andT are center-of-mass  of the corresponding product ions CHBran hence be used to
translational energies of the products and reactants, respectively)monitor the isomer- and state compositions of the mass-selected
Another series of experiments was carried out on the Berlin CHBr?* dications.
tandem SIFT-GIB apparatd$which consists of a multifunc- The relative probability of electron transfer between a dication
tional ion source, a selected-ion flow tube (SIFT), and a and a neutral partner can be estimated according to the “reaction-
quadrupole-octopole-quadrupole (QOQ) unit. In the present window” concep®® which is based on the Landadener
study, only the QOQ part was used as a regular guided-ion beamformalism developed decades ago for atomic sys&éms-
mass spectrometer. For ionization, an additional eleetron cordingly, electron transfer is supposed to be favored when the
ionization source situated directly in front of the QOQ unit was associated exothermicity falls into a “window” of-% eV. The
used. The CHBr" dications were formed by dissociative previous CCSD(T) calculations predict that the adiabatic ioniza-
electron ionization (100 eV) of CiBr and mass-selected by tion energy (Ig) of H—-C—Br* is 16.63 eV and that of the
means of the first quadrupole. The background spectrum isomer G-Br—H* amounts to 17.30 e¥2 Therefore, it can be
contained a small monocation signahalz 46 (less than 1% of  expected that the corresponding dications HCBind CBrH+
CHBr?*). The reactions were conducted in the octopole-reaction will both undergo efficient electron transfer with neutral partners
cell at variable kinetic energies of CHBr defined by the that have IE roughly between 12.3 and 14.6 eV. Thus, the
voltage applied to the octopol&l{c). The kinetic energy spread  experiment with krypto#? with the lowest IE of 14.00 eV is
of the ion beam was about 12 eV (fwhm). The pressure of the performed in order to show whether both isomersG+Br+
collision gas was 3« 10~4 mbar; the same product branching and C-Br—H* are present in the ion beam or whether only
was recorded when the pressure was 9.804, except that the more stable isomer-HC—Br* is formed.

the Signal-to-nOise ratio was lower. Products of the reactions Figure 1 shows the translational energy Spectra of the product
were mass-analyzed by means of the second quadrupole angon CHBr* resulting from electron transfer between CRBr
detected. Throughout these studies, Q1 and Q2 were both keptnd Kr, obtained with the cross-beam apparatus at two collision
at mass resolutions afVAm = 200, ensuring proper mass- energiesE., = 11.2 eV and 8.5 eV, respectively). The spectra
selection and permitting the analysis of ions with a different are plotted in dependence on the translational energy released
number of hydrogen atoms, i.e., @®Bt?" (x = 0, 1, 2). The upon electron transfeE. The arrows show the exothermicities
collision energy-dependent measurements were conducted abf electron transfer between the ground states efCHBr2*

lower resolution of Q2 in order to avoid mass discrimination (112+) or C—Br—H2* (122*) and krypton. The exothermicity of
effects. Data acquisitions were done with the Merlin Automation the electron transfer between the ground state ofCH Brzt+

Software (ABB Extrel). (312+) and Kr amounts to 2.6 eV. The consideration of the
All calculations were performed with the Gaussian 98 3Biite  formation one or both products of electron transfer in the excited
using the hybrid density functional method B3L2%Pin states leads to a smaller value of kinetic energy released. Thus,

conjunction with 6-314G(3df,3pd) triple basis set. For all  the formation of the ground-state+C—Br* (1) and the
optimized structures, frequency analysis at the same level of excited state of Kt (?Py) provides exothermicity of 2.0 eV.
theory allowed to assign them as genuine minima or transition This value is just at the border of the favored “windo%#”,
structures as well as to calculate the zero-point vibrational nonetheless a small signal corresponding to this process can be
energies (ZPVEs). All transition structures were further char- still identified in Figure 1b. The excited states of the singly
acterized by intrinsic reaction coordinate (IRC) calculatfdns charged product HC—Br* (217*) have not been studied
performed at this level of theory. Relative energi€s) are theoretically, but by analogy with the +HC—CI* ion the
given far 0 K and thus include corrections for ZPVEs. excitation energy is expected in a range of-€03% eV?!° Thus,
the formation o1 concomitant with Kr (?Ps;) would lead

to exothermicity by 0.30.5 eV lower than the formation of
product in their ground states (2.6 eV).

Electron Transfer with Krypton. In mass-spectrometric This analysis demonstrates that if the CPiBdication would
studies of mechanisms of iermolecule reactions, the correct be formed exclusively as the more stable isomerG+Br2+,
interpretation of experimental results depends heavily upon thethe electron transfer with Kr would lead to product ions with
knowledge of the structure of the reactant ion and for isomeric kinetic energy around 2.6 eV and lower. On the contrary, the
mixtures on the relative abundances of different isomers as well translational energy distributions in Figure 1, parts a and b, quite
as on the electronic states of the reactant ions. For doubly clearly show that there is a significant population of ions with
charged ions, the exothermicities of electron transfer betweenlarger translational energy than 3 eV. Thus, these data cannot
the studied dications and neutral atoms/molecules can bebe explained by the reactions of the ground state of th&cH
obtained from determining the translational energy distributions Br2* isomer only. We note in passing that the triplet state of
of the product ions. Assuming that the exothermicity of electron H—C—Br?+ (312*) lies considerably higher in energy (3.66 eV
transfer is released as translational energy of the product ion,higher in energy thah1?+),1? thus the corresponding exother-
the translational-energy distribution can be coupled with the micities of electron transfer with Kr would lie well above 5 eV
calculated energetics of the charge-transfer processes betweeand would not be observable in this experimént.

Results and Discussion
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Figure 1. Relative translational energy distributions of the CHEnd Kr, e.g., Ar or Ne. Nevertheless, it has been shoyvn edtlier
Kr* products from electron transfer between CHBand Kr at collision  that reactions between CHBrand Ar or Ne are dominated by
energies of (a) 11.2 and (b) 8.5 eV. The vertical arrows depict the proton transfer (94 and 99%, respectively); therefore, it is
exothermicities of charge transfer between €-Br?" (}127) and Kr assumed that the population of excited states of CiHBEs
and G-Br—H?2" (122") and Kr, respectively; formation of the product liaibl
; . X k - o . negligible.
ions either in their ground states or Kr in the sporbit excited state R . ith Mol lar Hvd Th ion b
is considered. Vertical bars indicate standard error of the mean of eaction with Molecular Hydrogen. The reaction between
experimental data. CHBr?* and H was investigated in a guided ion beam (GIB)

experiment. To decrease possible collision-induced dissociations

To explain the electron transfer between reactants leading toand at the same time to increase product yields, the reaction
ions with kinetic energies higher than 3 eV, the nonnegligible Was investigated at a laboratory kinetic energy of the CHBr
population of the less stable isomer-8r—H2* is proposed. reactant ion close to zero. The major reaction channel leads to
Charge transfer between the ground state e8¢—H?" (1221) the formation of the CBFion (Figure 2a). On the basis of the
and Kr leading to the products in the ground states is associatec@nalogy with the CHCI'/H, system, it may be assumed that
with exothermicity AE = 3.3 eV12 Hence, this process can CBr* originates from proton transfer between CRBand H.
account for the formation of the CHBrions with kinetic ~ The other reaction products could not be detected due to a
energies larger than 3 eV. Similarly to the process described poor sensitivity of the quadrupole system in this particularly
above, the charge transfer leading to one or both products inlow mass range. Formation of CHBrresults from electron
the excited state is further considered. The formation of the transfer between the reaction partners. As mentioned above,
ground state of €Br—H2" (22%) and spin-orbit excited state electron-transfer processes follow the “reaction window” con-
of krypton, Kr @Py), leads to exothermicity 2.6 eV. With the ~ cept, according to which the probability of electron transfer is
similar assumption as fotl™*, the formation of the excited more or less determined by the exothermicity of the reaction.
state of G-Br—H2* (22*) and Kr 2Py, leads to exothermici- ~ As the ionization energy of molecular hydrogen (£15.42
ties in a range of 2:83.0 eV. eV) is very close to that of Ar (IE= 15.76 eV), similar results

In summary, the molecular beam experiments reveal that notare to be expected for electron transfer between CHBnd
only the most stable isomer of CHBr H—C—Br2t, is formed both neutral partners. Thus, electron transfer should in fact be
upon electron ionization of C#Br, but also a more energetic  negligible:? If the height of the CHBF peak is evaluated with
CHBr2*+ ions must be formed. These ions are not electronically acknowledgment of the shape of the CBignal, its abundance
excited H-C—Br2*, because they lie too high in enerty. amounts to only 1.4% relative to the sum of all products (Table
Instead, the data are consistent with a conjoint abundance ofl).

H—C—Br?* and C-Br—H?" in the reactant beam. Another reaction channel leads to the formation of,BH

Formation of excited states of CHBrcould be probed by  + H™ products (10.0%); this bond-forming react#éns also
studies of electron transfer with rare gases with higher IE than known from the system CHE&t + H,.12 Interestingly, there is
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TABLE 1: Relative Abundances of Selected lonic Products E.,[eV]
in the Reactions CHBP?* + H; and CHBr?* + D, 15 1.0 05 0.0 05
1 1 1 1
product product
CHBr?* + H, branching CHBr?* + D, branching
Brt 6.6 Br- 5.8
HBr+ 12 HBrt 4.3
DBrt 12
CBrt 70 CBr+ 69
CHBr- 1.4 CHBr" 1.4 N
CH,Br* 10 CHDBr* 5.8 6
CDBr+ 2.4 8
<

aFor each pair of product ions formed in the reaction, only the
heavier product is giver?. Given as 100x lp;/Zlp;. Intensities of the
products e, are determined from heights of the corresponding peaks
in Figure 2a,b.

also abundant formation of Brand HBr" ions (6.6% and 12%,
respectively). The contribution of collision-induced dissociation
(CID) of the precursor dication to the formation of these U V]

products was found to be negligible, as deduced from a control o

experiment \.Nith helium asa neutral c;ollision partner under the reaction CHB#" + H as a function of the voltage applied to the
same experimental conditions. To this end, the same pressuregiopole collision cell. The upper axis shows the collision energy
of the collision gases #and He, respectively, were adjusted petween CHBY and H in the center-of-mass frame; zero was set to
and the collision energy was in both experiments close to zero; the point of inflection of the CHB# intensity as a function ol

the corresponding spectrum is shown as a gray line in Figure

2a. We note in passing that the interaction of CHBand He hydrogen scrambling, thus pointing to the formation of a long-
was further investigated under the same conditions, except thatlived intermediate. The relative ratio between the possible
the collision energy was increased to 3.5 eV, and an almost products CHDBt and CDQBr+ amounts to 2.4:1.0 (5.8% and
identical spectrum was obtained. Thus, Coulomb explosions of 2.4%, respectively). Finally, the same trend is observed for the
CHBr?* to the pairs CBr/H*, CH'/Br*, or Ct/HBr" are not HBr* and DBr" products, which are formed in a 1.0:2.8 ratio
significantly induced even at higher collision energy. This (4.3% and 12%, respectively). Note that both CHDBand
finding is particularly interesting with respect to the population DBr* are statistically preferred products over 8" and HBr",

of the metastable isomer -@Br—H2*, which has strongly respectively. The statistical ratio 2:1 is elevated in both cases,
exothermic dissociation limits: (i) CBfH™ with AE = —2.96 a finding to which we will return further below. Finally, the
eV, (i) C*/HBr with AE = —2.79 eV, and (iii) HC/Br* with abundance of the Brproduct (5.8%) is similar to that found in
AE = —1.30 eV*2 This observation accordingly highlights the the reaction with H (6.6%).

existence of considerable Coulomb barriers for the respective  Fuyrther evidence for the proposed mechanism in the formation
fragmentation channels. In summary, it can be concluded thatof Br+, HBr*, and DBF products evolves from the inset shown
the Br" and HBr products in the CHBI"/H, system are formed  in Figure 2b. Thus, the respective fragmentations of the
by a cleavage of the €Br bond of the reaction intermediate  [C H,D,,Br]?" intermediate yield (i) CHD/DBr, (i) CD,"/
[C,H3,Br]?* (see below). This reasoning is also strongly HBr+, and (i) CHD,*/Br* pairs of products. Note that the
supported by the low-mass region, in which signals for the sensitivity of the quadrupole analyzer is somewhat smaller for
complementary fragment ions GHand CH™* were detected  these low masses such that we refrain from an exact quantitative

(see inset in Figure 2a). S analysis of the intensities; notwithstanding, the overall picture
The mass spectrum of the products originating from the g nicely confirmed.

interaction of CHB#" and He also contains small amounts of  The yields of CBF, CH,Br*, HBr*, and Bt in the reaction
CBr+ and_CHBr*. Ne|_ther electron- nor proton transfer is o cHBR* with H, as a function of the voltage applied to the
expected in the reaction of CHBr with He, because both — qctopole cell Uy are shown in Figure 3. The upper scale gives
processes are considerably endothermic. Thus, the signals ofe collision energy in the center of mass frame; the origin was
CBr* and CHBr" are most probably due to reactions of CABr - set to the point of inflection of the CHBF intensity as a
with background gases and CBcan also be formed by CID.  fnction ofUee?” In the collision-energy range studied-@.7

A similar contribution of these processes can be expected alsogy/) the respective branching ratios are almost constant. A slight
in the reaction of CHBY" with H,. Thus, the actual abundance jncrease of the product yields can be derived for collision

of CHBr" as the product from electron transfer between CHBr  gnergies close to zero, as expected for chemical reactions.

and H is expected to be in fact even smaller than listed in Table

1. As this finding does not influence the interpretation Qf the Theoretical Results

results and because the impact of the background reactions on

the other channels is negligible, the intensities given in Table 1  To understand the reaction mechanism in more detail, density

are not corrected for possible background contributions. functional calculations were performed. The most exothermic
The mechanism of the reaction between CHBand hydro- reaction between the CHBF dication and H corresponds to

gen was further probed in a reaction with Bigure 2b). Indeed, proton transfer to form CBrand H*. For the H-C—Br?+

the major channel again corresponds to proton transfer from (112*) isomer, the exothermicity of this process amounts to 4.27

the dication to B leading to the CBf and DH™ products eV. In the case of the less stable isomerB—H2" (1221), the

(69%). The abundance of electron transfer is identical to that exothermicity increases to 7.25 eV. It has been shown experi-

in the reaction of CHBY" with H, (1.4%). Quite notably, the  mentally that the proton transfer between CHChnd H

formation of CX%Br* (X = H or D) products is associated with  proceeds impulsively without formation of a long-lived inter-

Figure 3. Yields of CBrf, CH,Br*, HBr*, and Br products from the
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SCHEME 1: Singlet Potential-Energy Surface of the CHBE" + H, System with Reaction Pathways Involving

[CH3Br] 2" Intermediates?
h

CBrH2* + H,
122+

2.98

4

TS1324/16*
HCBr2* + H, 0.76
142+

0.00

TS132+/15*
-0.19

E.JeV

HCBr* + H* + H
21+

TS142/17*
1.75

TS'42+/28
0.69

TS'4%/15*

CH,"+ Br* CH,Br* + H*
6* 15+
-3.43 S CH,* + HBr*
-3.54 2g+
-4.08
aBlue lines emphasize the energetically favored pathways. The total energy of HEB#, at 0 K amounts to-2612.936698 hartredsfy =

0.00 eV).

mediate'® With respect to the similar energy balances and + H* (E = — 3.54 eV). This process is associated with an

similar nature of proton transfers in both systems, CH(El,

energy barrierE,(TS!32t/15%) = — 0.19 eV, which is lower

and CHBFP*/H, it can be expected that proton transfer proceeds than the internal energy available upon formation of;Bf*
impulsively also in the reaction studied here. The transition (Scheme 1). The alternative fragmentation via cleavage of the

structures for the proton-transfer either from-8—Br2+ or
C—Br—H?" to H, were not found.

The other reaction pathways in the system of CHBand
H, (Scheme 1) most probably include the formation of an
intermediate as evidenced also by hydrogen scrambling observe
in the reaction with R (Figure 2b). Two possible isomers of
the intermediate [CEBr]?* can be formed: CpBr2™ (132, Er
— 1.01 eV;Ee of H-C—Br?* + H, is set to 0.00 eV) and
CH,BrH2" (142*, Ey = — 2.80 eV). Thus, formation of both

C—Br bond requires a much larger amount of energy
(Erel(TSI32H/16T) = 0.76 eV). Accordingly, this pathway could
be allowed only for those intermediates, which were formed
Jrom internally excited H-C—Br2" reactants with internal
energy gained in the ionization process. Another possibility is

represented by a rearrangement ofs8H™ to the more stable

ylide isomer CHBrH?2*. This process is subject to a low energy

barrier Ee(TS!327/142T) = — 0.66 eV) and can therefore be

possible intermediates is associated with a considerable gainéXPected to proceed rather efficiently.

of energy. Whereas the more stable isomeiG+Br2+ can yield
either CHBr2+ or CH,BrH? via formal 1,1- or 1,2-additions of
H,, respectively, the reaction of the isomer-Br—H2" with
H. is expected to lead only to the more stable intermediatg CH
BrH2* (142) in the first step. This reaction route would impart
not less than 5.8 eV internal energy into the BkHH?"
intermediate formed. Consequently, this intermediate is expected
to be extremely short-lived, and the complete scrambling
observed in the experiment is unlikely to occur. Given that
C—Br—H2" is a metastable dication and proton transfer o H
is by 7.25 eV exothermic, it is assumed that this dication isomer
reacts by simple proton transfer and does not form long-lived
species. Following this line of reasoning, only reactions of the
more stable reactant dication®C—Br?* are considered in the
following.

The intermediate C§Br2™ can decompose directly via
expulsion of a proton, which leads to the products,BF (15%)

The fragmentation of the ylide intermediate g8#H2" (142")
can occur via (i) GH bond cleavage, (ii) heterolysis of the
Br—H bond, or (iii) dissociation of the €Br bond. Cleavage
of the C-H bond leads to HC—Br—H* (17%). This process
is associated with a high-energy barriep(TS4?/17t) = 1.75
eV). Therefore, it could contribute to the formation of [¢B+#] ™
only if the intermediate €Br—H?2* reactant ion is involved as
a reaction partner. Nevertheless, given the competition with two
other energetically more favored fragmentation pathways, this
mechanism can be excluded. The two other fragmentations
proceed through cleavages of the-Bt or C—Br bonds. Similar
to the fragmentation of C#Br2*, dissociation of the €Br bond
is associated with an energy-demanding barrigg (T S4%"/
28M) = 0.69 eV). Therefore, the energetically favored fragmen-
tation of CHBrH?" corresponds to the loss of a proton from
bromine with a barrier oE.(TS'4%*/157) = —0.66 eV.
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SCHEME 2: Singlet (Blue) and Triplet (Red) Potential-Energy Surface of the CHBE* + H, System Leading to the

C—Br Bond-Cleavage Product8

M

TS'32*/16*
0.76

TS 3 32+ ',-'342+

0

342+
.07

TS'42+/28*
0.69

TS%4% 28+
0.15

CH;Br2*
132+

-1.01

-0.66

EleV

TS?32%*

CH,*+ Br'
-0.87

CHg*+ Br*

TS132+J’142+

single-point
calculation

CH,BrH?* |
142+

-2.80

CH," + HBr*
28+
-4.08

a All energies are given relative to HCBYH, (in the singlet states) set ¢ = 0.00 eV.

While the computational findings can rationalize the forma- elimination. If the ylide intermediate is formed by the rear-

tion of the CHBr* product, they do not explain the relatively
large abundances of Brand BrH" in the spectra (Figure 2).

rangement of initially formed CHP-Br?t, the same is ex-
pected, except that the kinetic isotope effect would operate

As the analogous products were not observed in the reaction oftwice: first in the rearrangement of a hydrogen atom and then

CHCI?* with Hy, it can be assumed that their formation is

in the expulsion of a proton (deuteron). Accordingly, this

associated with some special features of the bromine analoguescenario predicts that the ratio of'@o H* elimination should

In fact, spin-orbit interaction plays a much more important role
for bromine, and therefore, a possible involvement of triplet
states in the reaction pathways is considered (Scher¥erag
triplet state of the CgBr2™ intermediate is more stable than
the singlet state, and the barrier for the-Br bond cleavage
amounts to onlyE(TS*32/3%6") = —0.87 eV. Thus, it is
proposed that due to a stronger sparbit coupling the initially
formed singlet state of C48r2* interconverts to the triplet state,
thereby allowing a competition between-& and C-Br bond
cleavages. For the more stable isomer,BHH2", the triplet
state Ee(34%") = 0.07 eV) lies 2.87 eV higher in energy than

be smaller than 2, which is in contradiction to the experimental
results. Instead, the observations can be rationalized consistently,
if a specific mechanism for the formation of the intermediate
CHD—BrD?" exists. Explicitly, we propose a 1,2-addition of
D, to H-C—Br?" leading to CHD-BrD?". Alternatively,
impulsive reaction mechanisms proceeding via high-energy
barrierd® may contribute to the formation of CHDBrNever-
theless, the scenario with a preferential formation of GHD
BrD?" is further supported by the relative abundances of HBr
and DBr" (1.0:2.8). Last but not least, we note that the
observation of a preferential formation of CHIBrD2" strongly

the singlet state. Nonetheless, the single-point energy of thesupports our assumption above that the isomeric dication

singlet-state TR?*/28+ associated with the BrHloss calculated
on the triplet surface amounts to onBs{TS?4%1/28") =
—0.97 eV. As indicated in Scheme 2, it is thus suggested that
along the fragmentation pathway of the §8#H?" intermediate
a spin isomerization occuf§,which results in a Coulomb
explosion to produce C¥t and HBr". We note in passing that
the transition structure P32*/342* for the rearrangement of
CH3Br?™ to CH,BrH2" in the triplet states was not located; all
optimization attempts led to dissociation into £+and HBr".
Finally, let us address the isotope distributions in the reaction
of CHBr?" and D,. The products CHDBr and CQBrt are
formed in a 2.4:1.0 ratio. Both products can arise either from
the fragmentation of the CHIBr* intermediate or the ylide
intermediates CB-BrH?*/CHD—BrD?*. For CHD,—Br?*, the
statistical ratio for D to H' elimination (2:1) is expected to be
somewhat smaller due to a kinetic isotope effect favoring H

C—Br—H?" does not play any role as far as long-lived
intermediates of the ioamolecule reactions are concerned.

Conclusions

The CHBPE*' dication has two constitutional isomers, the
thermodynamically stable HC—Br2* dication and the meta-
stable isomer €Br—H?*, both of them are formed upon
electron ionization of CkBr. The most abundant iermolecule
process in the CHBI/H, system corresponds to proton transfer
from the dication to the hydrogen molecule. Other processes
proceed through a long-lived reaction intermediate JBRFT,
which exists in two isomeric forms, GHBrt and Ch—
BrH2*. Two general fragmentations schemes are possible for
both of them: (i) they can lose a proton to form £HBr+ or
(i) they can undergo spin-isomerization followed by Br bond
cleavages. These processes result in the formation of eithgr CH
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+ Brt or CH" + BrH* products. Whereas the first process _ (17) Rihl, E.; Price, S. D.; Leach, S.; Eland, J. H. Dit. J. Mass
has been already described for the related CHE, system, ~ SPectiom. lon Processd®9oQ 97, 175. — .
the second process is novel and is proposed to result from aph§158)cﬁggh%%gé ffgrgS;'OD" Gfine, P.; Weiske, T.; Schwar. J.
more eff|C|ent_sp||=rorb|t coupling associated wn_h_the bromine (19) Gaussian 98 (Revision A.11.4). Frisch, M. J.; Trucks, G. W.:
atom. Thus, it can be stated that the reactivities of small schiegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski,
molecular dications CHX" do not just follow the homologous V. G.; Montgomery, J. A., Jr..; Stratmann, R. E.; Burant, J. C.; Dapprich,
trends in conjunction with the associated thermodynamic S: Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;

. . Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C;
considerations but that the nature of the halogen atom has aagamo, C: Clifford, S.: Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui,

rather pronounced influence. Q.; Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.;

: Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
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