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a  b  s  t  r  a  c  t

The  fragmentation  reactions  of  almost-symmetrical  radical  cations  exhibit  remarkable  energy-dependent
selectivity.  The  simple  cleavage  of  the  N-propylbutylamine  radical  cation  and  its  N-methyl  analog  results
in loss  of  ethyl  or propyl  radicals.  The  energy  required  to  expel  the  ethyl  radical  (the  smaller  alkyl  frag-
ment)  is  lower,  and  ethyl  loss  is the  preferred  reaction  of ions  with  low  internal  energy.  The branching
ratio  is  reversed  for ions  with  higher  energy,  which  can  be  accounted  for with  variational  transition  state
theory.  The  competition  between  the  two  concurrent  cleavage  reactions  is  not  governed  by  product-like
orbiting  transition  states,  but  by  relatively  tight  transition  states;  however,  these  are  not  equally  tight.  The
transition  state  for loss  of  ethyl  from  higher  energy  reactant  ions  lies  earlier  on the  reaction  coordinate
eywords:
nimolecular fragmentation
ariational transition state theory
ransition state switching
mine alpha-cleavage

than  does  the  transition  state  for loss  of propyl,  and  the  latter  will  in  turn  be  slightly  more  product-like
and  hence  more  loose.  k(E) vs  E  for loss  of  propyl  radicals  therefore  rises  more  steeply  with  increasing
internal  energy,  and this  reaction  becomes  the  more  rapid  process  for higher-energy  reactants  such  as
the molecular  ions  formed  in  mass  spectrometers  with  70 eV electron  ionization.  The  transition  states
for cleavage  reactions  exhibit  energy-dependent  shifting  also  when  moderate  intermediate  barriers  are
RKM
present.

. Introduction

A  simple cleavage is a unimolecular fragmentation reaction
hich proceeds directly from the reactant to the products by fission

f a single bond without concurrent rearrangement. Simple cleav-
ge reactions are frequently encountered among the unimolecular
ragmentation reactions of neutral and charged aliphatic radicals
uch as the expulsion of alkyl radicals from alkyl and alkoxy radi-
als (Scheme 1). Competition between simple cleavage reactions is
ossible when the reactant is unsymmetrical, but examination of
he outcome can be difficult when the reactant is uncharged; how-
ver, competing reactions of ions can often be studied with mass
pectrometers.

Unsymmetrical aliphatic radical cations undergo competing
imple cleavage reactions, and the branching ratio is governed by
he internal energy of the reactant. Using the �-cleavage reactions
f gas-phase amine radical cations as a prototype of the simple
leavage, we reported [1] that when the reaction involves loss of
lkyl radicals which differ only in length, loss of the smaller radical

s the thermochemically favored process. This is also the outcome
bserved experimentally when mass spectrometers are used to
tudy the cleavage of low-energy radical cations (the metastable
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molecular ions); the smaller radical is lost more readily. However,
the branching ratio is reversed for reactant ions with higher inter-
nal energy; these exhibit preferential loss of the larger radical. This
is the behavior generally reflected in 70 eV mass spectra, and it is
in turn often considered to be the expected outcome of competing
simple cleavage reactions of radical cations [2,3].

The energy dependent reversal of the branching ratio demon-
strates that the rate constant for loss of the larger alkyl radical
increases more steeply with increasing internal energy than does
the rate constant for loss of the smaller radical. The k(E) curves
cross. To account for this behavior with a standard RRKM model, the
transition states of the two cleavage reactions should be reasonably
different, but that would appear to be contrary to chemical intuition
when considering reactions as closely related as the loss of homol-
ogous alkyl radicals in otherwise identical reactions (Scheme 2)
[4–6]. McAdoo and coworkers [4] examined this problem and
found that the properties of one of the transition states for two
competing simple cleavage reactions must be arbitrarily modi-
fied (significantly lowered vibrational frequencies) for traditional
RRKM-theory to reproduce the result that the branching ratio for
loss of large and small radicals is reversed as a function of the
reactant internal energy.
Within the framework of classical transition state theory, it
is assumed that the transition state is associated with a poten-
tial energy maximum, a saddle point. However, the typical simple
cleavage reaction is expected to be an endothermic process with no

dx.doi.org/10.1016/j.ijms.2010.10.012
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:theis@kiku.dk
dx.doi.org/10.1016/j.ijms.2010.10.012
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Scheme 1. Competing cleavage reactions 

ignificant energy maximum between the reactants and the prod-
cts. Systems like that are often well described with microcanonical
ariational transition state theory (VTST) [7–12]. This theory was
riginally devised by Wigner [13] and Horiuti [14], and later refined
y Keck [15]. The VTST transition state is located at a minimum-flux
urface that separates the reactant and product regions of phase
pace and is orthogonal to the reaction coordinate. The position of
his state on the reaction coordinate is not necessarily associated
ith a potential energy maximum.

Chesnavich et al. [16–18] have shown that when applied to poly-
tomic systems such as C4H8

•+, a VTST description implies that
he rate of specific fragmentation reactions can be governed by
uite different transition states, ‘orbiting’ and ‘tight’, depending on
he internal energy of the reacting species. This phenomenon was
alled ‘transition state switching’ and has later been examined by a
umber of other authors [10,19–21].  The present study attempts to
emonstrate that a closely related description can account qualita-
ively for the energy-dependent reversal of the branching ratio for
oss of nearly identical alkyl radicals observed when aliphatic amine
adical cations undergo unimolecular fragmentation. By forgoing
ny attempt to arrive at quantitative predictions, we avoid some of
he problems that would arise from possibly arbitrary choices and
implifying assumptions, while retaining a comprehensive view of
he reactions. A preliminary discussion of the reversal was included
n our earlier paper [1].

It has been pointed out [10,12,22,23] that the transition state for
 monotonically endothermic reaction becomes progressively less
roduct-like as the internal energy of the reactant increases, in the
ense that the transition state inter-fragment distance diminishes.

e examine this aspect by studying the energy-dependence of the
imple cleavage of CC bonds in the radical cations of ethylamine,
ropylamine and butylamine, as well as their N-methyl- and N,N-
imethyl analogs.

The assumption that simple cleavage of CC bonds in straight-
hain alkyl groups is continually exothermic and free from
ntermediate enthalpy barriers is examined by studying the rela-
ionship between electronic energy and the length of the CC bond
nder cleavage in the same simple amine radical cations as well as

n the radical cations of N-propylbutylamine (1) and N-methyl-N-
ropylbutylamine (2) (Scheme 2).

We then examine whether the energy dependent changes of
he transition state properties can account for the experimentally
bserved [1,4,24] reversal of the branching ratio for loss of different
lkyl radicals, using as prototypes the competing cleavage reactions
f ionized 1 and 2.
Finally, we illustrate that moderate intermediate enthalpy bar-
iers can be present when simple cleavage takes place at branching
oints; the transition states for cleavage appear not to be tied to
he saddle points but exhibit some energy dependent shifting.

N
+

N
+

+CH3CH2

preferred rea ction
at low internal energy (k ~ 105 sec −1)

2

Scheme 2. The competing �-cleavage reactions of the
CH3+

exyl radicals and of sec-butyloxy radicals.

2. Methods

2.1. Variational transition state theory

Within the framework of classical RRKM theory, the rate con-
stant is a function of the internal energy (E), as given by Eq. (1),
where G(E − E0) is the number of states of the transition state
(presumably the saddle point), N(E) is the density of states of the
reactant, and � is the number of equivalent paths [25].

k(E) = �G(E  − E0)
hN(E)

(1)

Variational criteria for locating the rate limiting situations are
particularly useful when the reaction in question can be assumed
to have negligible reverse enthalpy barriers. The VTST transition
state for reactants of potential energy E corresponds to a minimum
in the sum of states, G, along the reaction coordinate. If r is the
reaction coordinate and V(r) is the potential energy of the react-
ing molecule, then the variational transition state is located at the
value of r that satisfies Eq. (2) when external rotations are ignored
[18,22]. G(E − V(r)) depends on the frequencies of the vibrations
that are orthogonal to the reaction coordinate; these are known as
the projected frequencies [26,27].

dG(E − V(r))
dr

= 0 (2)

To obtain the variational transition state theory rate constant,
G(E − E0) is replaced in Eq. (1) by G*(E), which is the number of
energy states at the variational transition state.

Described in simple terms, an approximate, classical RRKM cal-
culation requires inter alia that the sum of energy states at a given
internal energy is evaluated at one particular point, the transition
state, based on the rovibrational frequencies of this state. A VTST
calculation requires that similar calculations are carried out at sev-
eral points along the reaction coordinate, each based on a different
set of energy states, the projected vibrational frequencies at that
particular point. The VTST transition state at a particular reactant
internal energy is located at that point along the reaction coordinate
where the state sum is at a minimum.

2.2. Implementing VTST

To locate the VTST transition states for simple cleavage reactions
we have employed a straightforward implementation of micro-
canonical variational transition state theory. The vibrational energy
levels that enter into the calculations of rate constants are taken to

be adequately described as harmonic oscillators. For the amine rad-
ical cations studied, we define the reaction coordinate for simple
cleavage as the stretching of a CC bond and describe it by a series
of MP2/6-31G(d) partially optimized structures in which the CC

N
+

+ CH2CH2CH3

preferred reaction
at high internal energy (k ~ 1010 sec −1)

 N-methyl-N-propyl-butylamine radical cation.
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Fig. 1. Variation of the potential energy (G3MP2, kJ mol−1) of the butylamine (lower

strongly influences the calculated rate constants, because the low-
energy modes make particularly significant contributions to the
sums and densities of state. The change of the vibrational frequen-
cies reflects that the transition states with longer CC distances are
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ond length in question is increased from 1.60 Å to 3.0 Å in steps of
.05 Å.

For each partially optimized structure of the reactant, the energy
as calculated with a variant of the G3(MP2) method [28], in which

he zero-point vibrational energy contributions were derived from
he projected MP2/6-31G(d) frequencies scaled [29] by 0.9427.
hese frequencies can be employed in thermochemical estimates,
ven though the species in question does not correspond to a sta-
ionary point. For the reactant and product species, the G3(MP2)
otal energies were converted to heats of formation as described
y Nicolaides et al. [30]; the required auxiliary thermochemical
ata were taken from the compilation by Wagman et al. [31]. The
uantum chemical calculations were carried out with the Gaussian
8 and Gaussian 03 suites of programs [32].

The VTST calculations were performed in 1 cm−1 energy incre-
ents up to a maximum (usually 25,000 cm−1). For each value

f the internal energy, the rate constant was then calculated for
ach point on the reaction coordinate, employing the projected fre-
uencies and a standard implementation of the Beyer–Swinehart
irect-count algorithm [33].

Broadly speaking, this procedure amounts to performing con-
entional RRKM calculations for a substantial number of trial
ransition states along the reaction coordinate, rather than once,
t the potential energy maximum. The results provide a set of cor-
esponding values of the transition state CC bond length and the
ate constant for alkyl radical loss, as a function of the internal
nergy of the reactant ion. Neglect of anharmonicity and rotations,
ogether with the effect of treating low-frequency vibrations as
armonic oscillators, may  well introduce significant error in the
alculated rate constants. However, such errors notwithstanding,
e believe that this procedure accounts qualitatively for the varia-

ion of the inter-fragment distance among the variational transition
tates. Additionally, for competing reactions it provides a quali-
ative description of how the ratio of rate constants varies with
nternal energy, leading in turn to an adequate understanding of the
ariation of the branching ratio of the competing simple cleavage
eactions.

. Results and discussion

Following Chesnavich et al. [16–18],  we examine the simple
leavage under the initial assumption that both loose (orbiting) and
ight transition states may  be present, depending on the internal
nergy of the reactant. This assumption appears reasonable in view
f the relatively low critical energy of the amine �-cleavage reac-
ions (less than 1.2 eV, in many cases considerably less). It has been
ointed out that the energy-dependent change from reaction via an
rbiting transition state to reaction via a tight transition state can
ake place at relatively low reactant internal energy [10,16,18,34].
ur computational results concern the cleavage of CC bonds in

eactants that possess sufficient energy to react via tight transition
tates.

.1. Cleavage in straight-chain systems

Simple cleavage of the � CC bond in unbranched aliphatic amine
adical cations proceeds as a monotonically endothermic process,
s exemplified in Fig. 1. There are systematic variations with regard
o how steeply the energy rises as the CC bond length increases;
he more endothermic cleavage reactions, such as those in tertiary
mines, exhibit the steeper initial rise. Cleavage at a branching point
e.g., loss of an ethyl radical from sec-butylamine radical cations, see

elow) may  be associated with an energy barrier, but cleavage in
traight-chain alkyl groups appears always to have a single-well
otential surface when the amino group is situated at the terminal
arbon atom.
trace), N-methylbutylamine (middle), and N,N-dimethylbutylamine (upper) radical
cations as a function of the length of the CC bond under cleavage. Energies relative
to  the values calculated for CC bond lengths of 1.6 Å.

At a CC distance of 3 Å, the potential energy of these ions and
the other straight-chain amine ions examined has come to within
15–25 kJ mol−1 of that required for dissociation. The interactions
between the incipient fragments as the CC distance increases fur-
ther are taken to be predominantly electrostatic and should not
introduce energy barriers. Dissociation entails the conversion of
six internal modes to external rotational and translational degrees
of freedom, the so-called transitional modes [35], among which the
CC-stretch becoming translational mode is taken to be the reaction
coordinate. These modes will be among the lowest-energy modes
as the reactant approaches the transition state, possibly the six of
lowest energy [22].

Fig. 2 shows how the nine lowest projected frequencies vary
when the CC bond is stretched as the N-methylbutylamine radi-
cal cation approaches dissociation. The vibrational frequencies of
the transitional modes decrease as the CC bond is stretched, which
CC bond length  (A)

Fig. 2. Variation of the lowest vibrational frequencies (cm−1) as the length of the �-
CC  bond of the N-methylbutylamine radical cation is increased from 1.6 Å to 3.05 Å
(projected MP2/6-31G(d) frequencies).
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s  a function of the CC bond length, shown for five different values of the internal
nergy (500, 1000, 2000, 4000, 8000 cm−1 above threshold). 2.95 Å values omitted
wing to computational problems.

ore loose. The conserved mode frequencies are largely unaffected
y the change of the CC distance.

The bond length in the tight transition state varies with the reac-
ant internal energy, becoming shorter as the energy increases (see
ig. 3 and Table 1). At our level of approximation, the variation
mounts to 0.2–0.3 Å for excess energies of up to some 2 eV, with a
ypical CC distance around 2.3 Å when straight-chain alkyl groups
ndergo �-cleavage. This is not very different from the CC distances
ncountered when neutral systems undergo fragmentation [9],  or
rom the fragment separation in the traditional energy-barrier tran-
ition states that govern CC cleavage in amine radical cations with
ranched alkyl groups (see below).

The calculated rate constant varies with the transition state
ooseness which is reflected in the length of the CC bond under
leavage. Fig. 3 illustrates this relationship for five values of the

nternal energy of the reactant. Each minimum indicates the loca-
ion of the tight transition state for cleavage of ions of that particular
nternal energy. These results confirm that the transition state CC

able 1
C Bond lengths of the variational transition states for amine �-cleavagea.

Ethyl loss Propyl loss

500b 5000b 500b 5000b

2.42 2.32

2.42 2.31

2.53 2.34

2.47 2.33

2.26 2.21

2.26 2.21

2.44 2.32 2.53 2.35

2.41 2.29 2.48 2.32

a Values in Å.
b Energy above dissociation threshold, in cm−1.
Fig. 4. Variation of the potential energy (G3MP2, kJ mol−1) of the radical cations of
1  and 2 as the CC bonds are stretched en route to loss of ethyl and propyl radicals.

bond length decreases when the reactant energy increases. The
variations exemplified in Fig. 3 are typical of the results obtained
for the straight-chain amines examined for internal energies of up
to more than 1 eV in excess of the dissociation threshold.

Over-all, these results justify the expectation that CC cleavage
in straight-chain aliphatic amine radical cations takes place on a
single-well potential surface, that a tight transition state exists for
reactants of moderate internal energy, and that cleavage in higher-
energy reactants involve increasingly tight transition states and
hence shorter CC distances.

3.2. Competing cleavage reactions

The CC cleavage reactions in the N-propylbutylamines, 1 and
2, exhibit the same properties as cleavage in the smaller amines.
In particular, there are no intermediate energy barriers as the CC
bond length increases when ethyl radicals are lost, nor when propyl
radicals are lost (Fig. 4).

As expected, the calculated VTST rate constants for the CC cleav-
age reactions of 1 and 2 increase with increasing internal energy
of the reacting ions, but it turns out that they do not rise equally
steeply. The k(E) vs E curves for loss of ethyl and propyl from 1 and
from 2 cross (Fig. 5). This provides a convincing rationale for the
experimental results [1],  that loss of ethyl radicals is favored for
lower-energy reactants, loss of propyl radicals for higher-energy
reactants.

The reason for the reversal of the alkyl radical loss branching
ratio is related to the change in transition state CC bond length as
the internal energy of the reactant increases. It is perhaps more
easily understood by first considering the properties of reactants
with internal energy just above that required for loss of propyl
radicals (which is slightly higher than that required for ethyl loss
[1]). The properties of the propyl loss transition state have not yet
changed much from those at threshold, whereas the transition state
for ethyl loss has become more tight (the excess energy is higher).
This difference will persist as the internal energy increases, loss of
ethyl will retain the advantage, and the transition state will con-
tinue to be (slightly) more tight than that for loss of propyl, as
indicated by the CC bond length differences (Table 1). The compe-
tition between the two  reaction channels will depend on whether
it is more important for the sum of energy states that the excess

energy is higher (which would favor loss of ethyl), or that there are
more low energy states (more loose transition state, which would
favor loss of propyl). With increasing internal energy, the differ-
ence between the excess energies of the two transition states is
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ig. 5. (a) Variation of log k(E) with E (cm−1) for loss of ethyl and propyl radicals
rom N-propylbutylamine radical cations (1). (b) Excerpt to emphasize the reversal
f  the ratio of rate constants, ethyl loss initially more rapid than propyl loss.

educed (relatively speaking), whereas the low-lying energy states
ssume increased importance, and it is in turn reasonable to find
hese factors reflected in the branching ratio, so that the k(E) vs E
urves cross.

.3. Cleavage reactions with an enthalpy barrier

Simple cleavage reactions are not always single-well processes.
t is known from experiment that CC bond cleavage at branch-
ng points in amine radical cations can proceed via appreciable
nthalpy barriers [36,37]. However, the presence of intermediate
arriers that are lower than the endothermicity of the reaction is
ot easily discovered by experiment. The loss of ethyl radicals from
,N-dimethyl-sec-butylamine radical cations provides an illustra-

ive example (Fig. 6).
The variational transition state for cleavage in the presence of

 moderate intermediate enthalpy barrier is for low-energy reac-
ants located at the same CC bond length as that at the barrier,
ut the transition state exhibits a somewhat shortened CC bond
hen higher internal energy reactants are considered (Table 1 and

ig. 7). In our view, the strong association between energy barrier
nd variational transition state assumed by other authors [8,12,18]
equires that the barriers are substantial, possibly that they exceed

he reaction endothermicity.

Examination of the competing cleavage reactions of ionized 3-
exyl-amine and its N-methyl substituted analogs indicates that
he presence of moderate barriers do not fundamentally change
sec-butylamine radical cation.

the situation with regard to competing �-cleavage reactions. Loss
of the smaller alkyl group is only favored for lower-energy reac-
tants. However, computational examination of cleavage reactions
at branching points in amine radical cations is often compli-
cated by conformational issues. The reactants may  be present in
trans/gauche conformations as well as in conformations influenced
by interactions between the singly-occupied nitrogen orbital and
the neighboring CC bond [38,39].  One consequence of these dif-
ferences is that two competing �-cleavage reactions will rarely
proceed from the same conformer of the reactant. Additional
complications arise because cleavage reactions that follow the min-
imum energy reaction pathway often do not lead to the more stable
conformer of the immonium ion products [40].

When the intermediate enthalpy barriers to cleavage become
more substantial, such as when cleavage takes place at completely
substituted carbon atoms, the competition can come to be deter-
mined by the barrier thermochemistry, even for higher internal
CC bond length (A)

Fig. 7. Log k(E) for loss of ethyl radicals from N,N-dimethyl-sec-butylamine radical
cations as a function of the CC bond length, shown for five different values of the
internal energy (500, 1000, 2000, 4000, 8000 cm−1 above threshold).
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andeville et al. [24] provides additional examples that the com-
eting �-cleavage reactions of high-energy, branched amine radical
ations do not always exhibit a particular preference for loss of the
arger alkyl radical.

N
+

3

. Conclusions

Using the �-cleavage reaction of aliphatic amine radical cations
s the prototypical simple cleavage, we have found that the behav-
or of competing reactions in reactants with relatively low internal
nergy (the metastable ions in a mass spectrometry experiment) is
nexceptional; the thermochemically favored reaction is also the
ore rapid. However, the situation can be reversed when higher

nternal energy ions react. It is an apparent violation of Steven-
on’s rule (or the Audier-Stevenson rule [2]) that the competition
etween two closely related reactions with slightly different energy
equirements does not favor the process that yields the lower-
nthalpy products. Nonetheless, that is the situation encountered
n 70 eV electron ionization mass spectrometry, competing simple
leavage reactions in radical cations with sufficient internal energy
o react rapidly in the mass spectrometer ion source take place in
iolation of the rule.

This situation arises because Stevenson’s rule is concerned with
nthalpies, not with kinetics, and it is resolved with variational
ransition state theory, which takes order (entropy) into account.
s the reactant internal energy increases, the variational transition
tates for loss of ethyl and propyl from nearly symmetrical reac-
ants such as 1 and 2 become sufficiently different to allow k(E)
or loss of propyl radicals to rise more steeply with E, since loss
f propyl radicals will have the more loose transition state, and, in
urn, a more rapidly increasing number of energy states and a larger
(E) for cleavage, as the reactant internal energy increases beyond
he crossing point.

Conventional sector mass spectrometers provide two windows
hrough which to observe the dissociation of ionized molecules,
he mass spectrum proper, which summarizes the reactions of ions
ith sufficient internal energy to react on nanosecond timescales,

nd the MIKE spectrum (or an equivalent account of the reactions
f the metastable ions), which reflects the microsecond reactions.
he internal energy of the ions that react within each of these
wo windows will vary considerably from system to system, but
he metastable ions will in every case be the lower-energy reac-
ants. The reversal of the branching ratio when competition is
bserved through the two windows can be satisfactorily ratio-
alized under the assumption that bond cleavage takes place via
ransition states that are considerably more tight than those at the
entrifugal barriers (the orbiting transition states). The observation
f energy-dependent reversal of the branching ratio is not neces-
arily evidence that there is a switch from loose to tight transition
tates between the two windows, only that they provide access to
eactions before and after the k(E) vs E curves cross.

The branching ratio for the lower-energy reactants could be gov-
rned by competition between relatively tight transition states as
ell as by competition between loose (orbiting) transition states. In

he latter case, the reactions considered here would provide addi-
ional examples of transition state switching [16], as the high and

ow energy transition states would be very different. However, nei-
her the experiment nor the qualitative theory employed here allow
s to determine when the internal energy is sufficiently high to
llow control to pass from the orbiting to the tight transition state.

[

[
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In either case, the energy-dependent incremental modification of
the properties of reasonably tight transition states is perhaps better
described as transition state shifting. It is likely that examination
of these systems with more exacting theoretical methods would
in a manner of speaking shift the coordinate systems and scale
the axes, modifying but not fundamentally changing the over-all
picture.

The finding that transition states determined in a variational
manner are located progressively later on the reaction coordinate
when the internal energy of the reactant is lower, that is, closer to
the conventional RRKM transition state, is not specific to the sys-
tems examined here. When closely related reactions compete, the
transition state that more resembles the products is also the tran-
sition state with lower-energy frequencies, since the conversion of
translational modes to external degrees of freedom will be more
complete. The present results should apply equally to competing
cleavage reactions of neutral aminyl- and oxyradicals and possibly
to the pyrolytic cleavage of hydrocarbons, but we are not aware of
any studies of energy-dependent fragmentation reactions of e.g.,
alkoxy radicals.
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