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Preface

Mass spectrometers are used by almost all chemists and many researchers from
neighboring disciplines such as physics, medicine, or biology as a powerful ana-
lytical tool. Its advantages are high sensitivity, speed, and almost no sample con-
sumption. During the last two decades, mass spectrometry experienced a boom
of new developments pushing its limits further and further at an increasing
speed - just similar to the progress in NMR spectroscopy in the 1970s.

However, a mass spectrometer does not only serve as a machine for solving
complicated analytical problems, it evolved meanwhile to a complete laboratory
for the investigation of molecules, clusters, and other species under the environ-
ment-free conditions of the highly diluted gas phase. These special conditions
existing only in high vacuum change the properties of the particles under study
significantly with respect to their energetics and reaction pathways. For exam-
ple, temperature is a macroscopic property of a large ensemble of particles in
thermal equilibrium and is thus not defined for a single ion. This fact has severe
implications for the measurement of kinetic and thermodynamic data of gas-
phase species. On the other hand, the examination of gas-phase properties has
the advantage that systems reduced to minimum complexity can be studied more
easily without the complicated influences of solvents or counterions. In particu-
lar, the combination of isotopic labeling and mass spectrometry allows for a
detailed analysis of reaction mechanisms or conformational analysis through
H/D exchange experiments not only on biomolecules. A comparison of gas-phase
and condensed-phase data carefully interpreted yields profound information on
the effects of solvation. Consequently, gas-phase chemistry beyond mere analyt-
ics became and is still becoming more and more important in many fields of
chemistry.

When assembling the contributions for this issue, the deliberate decision was
made, not to fully cover the area of biochemical and biological mass spectrom-
etry. The amount of information available in the areas of proteomics, genomics,
and related fields would justify an independent volume in this series, which
might appear in the future. Also, no concise treatment of recent developments in
ionization methods or mass analysis has been attempted. Although all authors
did an excellent job of introducing their field in a well-understandable manner,
the reader is assumed to have some basic knowledge with respect to these
methodological details. Rather, the present issue of “Topics in Current Chem-
istry” intends to give a hint at the versatility of the mass spectrometric method.
Four general topics, each covered by two or even three contributions have there-
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VIII Preface

fore been chosen. In contrast to the usual Topics policy to publish comprehen-
sive reviews, this issue combines shorter essays highlighting a special aspect
with more complete overviews.

The first category is that of reactivity: Einar Uggerud reviews the analysis of
reaction mechanisms of gaseous ions, followed by an article on the generation
of elusive, highly reactive neutral intermediates by neutralization-reionization
mass spectrometry authored by Franti$ek Turecek. Reaction mechanisms and
the fundamental questions related to ion/molecule reactions in interstellar
clouds which provide similar conditions with respect to the pressure regime as
compared to a mass spectrometer are the subject of Simon Petrie and Diethard
Bohme.

The second topic is the examination of metal-organic species in the
gas phase. In one of the essays, Detlef Schroder and Helmut Schwarz provide
a brief overview on the analysis of stereochemical features through gas-phase
reactions mediated by naked metal cations. Dietmar Plattner’s theme of gas-
phase catalysis is closely related, but quite different with respect to the methods
employed.

The next section refers to mass spectrometric methodology: The investiga-
tion of structural features of gas-phase species is by no means trivial, since the
primary information is that of the mass-to-charge ratio. Thomas Wyttenbach
and Mike Bowers outline how gas-phase conformations can be studied with the
ion mobility method. Similarly, it seems not to be straightforward to determine
thermodynamic and kinetic data. Peter Armentrout demonstrates how that is
nevertheless possible with great accuracy and gives insight into the guided ion
beam methodology.

Finally, medicinal chemistry is an important area. Viral analysis and even the
mass spectrometry of complete viruses is possible as demonstrated in the essay
by Gary Siuzdak and his co-workers. This article at the same time is our tribute
to biochemistry highlighting the enormous power of mass spectrometry for
answering fundamental biological and biochemical questions. It is accompanied
by a review article authored by Mark Bronstrup on the search for new drug can-
didates by high-throughput screening.

Several topics cross-link the contributions to this volume. For example,
methodological aspects strongly contribute to Petrie’s and Bohme’s paper on the
chemistry in interstellar clouds and thus it could also appear in the section on
methodology. Furthermore, the question of structure plays an equally major
role when discussing reaction mechanisms or when speaking of reactive neutral
intermediates that are to be distinguished from their stable isomers. With the
differentiation of diastereoisomeric ions, the stereochemistry, a very particular
structural feature, is analyzed. Again, we encounter this subject when reading
about the analysis of gas-phase conformation and in the discussion of virus
structures. Structure crosses our way at very different levels of complexity and
with a focus on different aspects: The detailed geometry of stereogenic centers
represents an issue of the primary structure as far as atom connectivities are
concerned, while analysis of the huge non-covalently bound protein shells of
viruses focuses on the “secondary structure” of the mutual arrangement of the
individual building blocks. Many other such links between the four sections can
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be found, but I would prefer to leave it to the reader to enjoy uncovering those
him- or herself.

Of course, a collection like that presented here must leave open many aspects
which should be included in any comprehensive overview on modern mass
spectrometry. However, a single volume of Topics in Current Chemistry does not
provide the space required for such a project. I nevertheless hope that the selec-
tion made here provides sufficient intriguing insights into the topic in order to
fascinate not only those involved in mass spectrometric research, but also those
who are interested to apply this method to their specific chemical problems.

Bonn, March 2003 Christoph A. Schalley
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4 E. Uggerud

1
Introduction

An impressive number of gas phase chemical studies of ions have emerged dur-
ing the last fifty years. Most of these studies were experimental,and a wide range
of instrumentation methods, mostly mass spectrometric ones, have been used.
More recently, these studies have been complemented by high level quantum
chemical and other model calculations, providing firm connection between ex-
periment and theory.

Gas phase studies reveal the intrinsic properties and reactivity of molecules
free from the influence of a surrounding medium. This is valuable since it pro-
vides direct structure/property relationships, since chemists often have “naked”
molecules in mind, even when they talk about solution experiments. Since most
organic reactions are polar, ions- rather than neutral molecules - provide the
most idealised description for some of the species involved in the correspond-
ing solution reactions. Such basic physical organic chemistry models have been
established for most of the common organic reactions, and they will be the main
topic of this review. Despite the great value of these idealised reactivity models,
we must never forget that they are only absolutely valid in the gas phase, and
keep in mind the continuous change in going from the dilute gas phase via
phases of increased pressure into the solvent phase. In this picture, solvent po-
larity is also a key element. In solution there are no free ions; in a polar solvent
the ions are strongly solvated, while non-polar solvents prevent ion pair forma-
tion.

Physical organic chemistry is an area of research devoted to the understand-
ing of all factors which influence the reactivity and physical properties of or-
ganic compounds. The ambitious program of this area of chemistry is to de-
scribe the behaviour of quite complicated systems quantitatively by applying
simple and intuitively appealing principles and effects. In many respects, this
approach has proven to be successful and instructive. However, it has become in-
creasingly evident that there are problems with this simplistic point of view. For
example, is the influence of a given substituent owing to an inductive effect, a
mesomeric effect or a steric effect? Very often, the descriptors used - despite
their apparent intuitive appeal - are of empirical nature and difficult to grasp at
a more fundamental physico-chemical level. Gas phase studies may be very use-
ful in unrevealing problems of this kind, and in establishing new and universally
valid rules, so reliable quantitative and qualitative predictions of properties and
reactivity may be given.

It has been very difficult to limit the scope of this review. After some consid-
eration, I chose to divide it into sections in close correspondence with the tradi-
tion of text books in physical organic chemistry.I also decided to concentrate on
literature from the last decade, although it has been necessary to cite classical
papers of the field for the sake of completeness and to give an overview. I have
to admit that I have chosen to focus on the literature of positive ion chemistry
rather than that of negative ion chemistry, since excellent reviews have been
published on that subject recently [1-3].
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2
Solvent and Substituent Effects

The gas phase acid/base properties of molecules have been subject to equilib-
rium or “bracketing” measurements employing mass spectrometric techniques
like ion cyclotron resonance (ICR) [4], Fourier transform ion cyclotron reso-
nance (FT-ICR) [5, 6], Flowing afterglow (FA) and Selected ion flow tube (SIFT)
[7], and high pressure mass spectrometry (HPMS) [8]. Proton transfer between
neutral molecules are then investigated by measurements of reactions

B,H* + B, =B,H* + B, (1)
while the similar reaction of negative ions is
AH*+A;=AH" +A;7. )

It has been demonstrated that it is possible to determine reliable relative basici-
ties by employing the kinetic method. By this method, a proton bonded dimer is
caused to dissociate, and the difference in basicity of the constituent monomers
is derived from the ratio of ionic products of the two competing dissociation
channels [9]:

B,H* + B, « (B, - B,)H* - B,H* + B, 3)

This technique is especially valuable in cases where equilibrium measurement is
hampered due to low volatility (peptides, zwitterions, salts etc.). Gas phase acid-
ity (GA) and basicity (GB), and proton affinity (PA) are defined in the absolute
sense through the following definitions:

AH—> A +H* GA=AG° (4)
B+ H*— BH* GB=-AG% PA =-AH". (5)

Relative acidities and basicities measured by the methods described above are
only liable to small errors, while conversion of these relative values to a univer-
sal and comprehensive acidity/basicity scale poses more serious problems, both
with regard to evaluation of data from different laboratories and since the data
have been derived using different experimental methods - and particularly
since an absolute scale depends on calibration points from independent method
measurements of ionic and neutral heats of formation. These problems can be
overcome and one of the earliest successful attempts in this direction was made
by Taft et al. [10]. More recent basicity scales are from Lias et al. [11, 12], Meot-
Nier and Sieck [13] and Szulejko and McMahon [14]. The latest updated and
complete list is from 1998 [15]. An evaluation of the acid/base properties of
amino acids and peptides is given by Harrison [16], while some very basic com-
pounds have been reported and reviewed by Racsynska et al. [17]. Quantum
chemical methods have been of great help in evaluating acidity and basicity data
and the consistency of the absolute scales, since high level ab initio methods pre-
dict these properties with great accuracy for small molecules [18-20].

When reliable data are at hand, it is possible to compare gas phase and solu-
tion properties. For the anions of the first-row hydrides the following order of
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gas phase basicities applies: CH; >NH; >OH~ >F >Cl" >Br~ >I" - in agreement
with the aqueous solution trend [21], although the gas phase data range over a
considerably wider free energy range than the aqueous data. The reason is that
solvation energies are substantial for both the neutral and its ionised counter-
part, and that solvation energies tend to be larger for the charged species. It has
been claimed that the big gap in solution pK, values between HF and HCl should
be due to the unique ability of F~ in forming species such as HF; and H;0*[22].
This claim seems unjustified since a plot of new gas phase vs aqueous acidities
of the hydrogen halides does not display this feature (Fig. 1).

The gas phase basicity order of the neutral molecules NH; >H,0 >HF is the
same as that found in aqueous solution. Also in this case the solvation energies
are substantial, both for acid and base. For this reason it is difficult to know
whether the solution behaviour reflects the intrinsic electronic properties of the
molecule, or if the sum of solvent/solute interactions partially cancel out in a
pattern which resembles the acidity and basicity orders.

Early gas phase data represented an important contribution to the understand-
ing of solvent effects on acidity/basicity. In aqueous solution the basicity order was
known to be (CH;);N <(CH3),NH >CH;NH,, and it was recognised that this is not
the anticipated inductive order. The advent of Munson’s gas phase order, (CH;);N
>(CHj;),NH >CH;NH,, settled the case by pointing out that only differences in sol-
vation energies could explain the irregular solution behaviour [24].

On the basis of gas phase and solution data from their own and several other
laboratories Aue, Webb and Bowers published a paper in 1976 in which they were
able to assess solvent effects on the basicities of amines in quantitative terms by
applying the Born electrostatic model of solvation [25]. By separating the en-
thalpic and entropic contributions, they noted that solvation attenuates gas
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Fig. 1. Aqueous acidity (pKa) as a function of gas phase acidity (GA) for the hydrogen halides.
The gas phase data have been taken from Ref. [23]
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phase behaviour. While the gas phase proton affinities vary considerably upon
substitution, the variation in solution is smaller by a factor of approximately six.
However, the enthalpies of solvation are proportional to the gas phase proton
affinities within the primary, secondary and tertiary amine series. Small, but sig-
nificant entropy terms alter these orders. Similar patterns have also emerged for
the acidities of alcohols, and for other compound classes.

Despite the fact that the solvent is an important factor in determining the
properties of molecules in solution, it should be realised that moving to the gas
phase does not solve all the conceptual problems of physical organic chemistry.
We will consider this for the rest of this chapter.

Table 1 gives the gas phase acid and base properties of alcohols and amines,
and it is evident that there are clear trends in the data with respect to the size of
the alkyl group. The larger group is, the more basic and acidic is the corre-
sponding amine and alcohol. Taft has given an in-depth discussion of sub-
stituent effects on acidity/basicity of these compounds in the gas phase [26]. Us-
ing a simple electrostatic model he divided substituent effects into three parts:
field or inductive effect (F), polarisability effect (P), and resonance effect (R). It
was demonstrated that in the case of the alcohols it was possible to separate the
F and P contributions, and thereby correlate both the acidities and the basicities.
The inductive F contribution is stabilising for RO~ relative to ROH, while it
destabilises ROH}. The P contribution stabilises both through polarisation.

Despite the success in parameterizing acid/base and many other properties
for a range of different compounds, it is obvious that the simple electrostatic
model used by Taft and extended by others [27, 28] have fundamental weak-
nesses — both with regards to the domain of validity and at a more fundamen-
tal level. The model is more intuitive than physical, in the sense that the induc-
tive effect, polarisation effect, resonance effect, mesomeric effect and steric ef-
fect have no proper quantum mechanical definition, and can therefore not be
derived directly from the system’s wave function [29, 30].

One good example is provided by the carboxylic acids. It is generally believed,
as in Taft’s work, that the relative high acidity of these compounds originates
from the truism that carboxylate ions are “resonance stabilised”. Siggel et al. sug-
gested on the basis of O1 s electron spectroscopy and ab initio calculations that
the high relative instability of the acid rather than the stability of the anion is the
key factor [31, 32]. On the other hand, more recent theoretical analysis has re-

Table 1. Gas phase basicities (GB) and acidities (GA) of alkyl alcohols and amines. The data
are from Ref. [23]

Substituent GB GB GA GA

R ROH (k] mol™') RNH, (k] mol™!) ROH (k] mol™') RNH, (k] mol™)
H 660 819 1607 1661

CH; 725 865 1569 1656

C,H, 746 878 1555 1639

i-C;H, 763 889 1542 1631

tert-C,H, 772 900 1540 -
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vealed that this is probably not the case, and that the properties of the carboxy-
late anion are most important [33]. In any case, it turns out to be impossible to
account for the contribution of resonance stabilisation to the anion stabilisation,
since this effect is not uniquely defined in terms of quantum mechanics.

In water the basicity of 2,6-dialkylpyridines decreases upon increasing the size
of the alkyl group, a fact which has been explained by the steric effect. The dis-
turbing observation is that the gas phase trend is opposite. By analysing ab initio
basicity data of 2,6-dialkylpyridines using the concept of isodesmic reactions,
Roithova and Exner showed that the substituent effect is greatest in the protonated
forms, and in the uncharged bases it is three times smaller [34]. In both cases, it is
stabilizing in terms of polarization, and most importantly there is no sign of steric
effects. The use of the term steric effect was also criticized recently in a study on
the preferred conformation of ethane[35] and in a study of Sy2 reactions [36].

Recently, a paper was published in which the acidities of aliphatic carboxylic
acids were analysed in terms of a quantum mechanical model. The inductive ef-
fect of Taft was shown to be composed of one electrostatic and one polarization
term [37]. We will discuss examples of similar approaches based on the hardness
and electronegativity as strictly defined concepts of density functional theoryin
the chapter on amides and peptides, and also discuss the problem of ill-defined
terms a bit further in the chapter on carbocations, coming next.

3
Carbocations

Although perfectly free carbocations (in a strict sense) may only exist in the di-
lute gas phase, weakly bonded ions of this kind have been inferred from solution
and solid state data [38-40]. It is one hundred years since the existence of car-
bocations in solution was recognised [41-47]. A startling change from colour-
less to yellow was observed upon adding aluminium trichloride to chlorotri-
phenylmethane. It was soon realised that the colour of this and analogous sub-
stances is due to the formation of salt-like compounds including triarylmethyl
cationic structures. It took sixty years until the first X-ray crystallographic
structure was presented in the literature [48]. In the meantime, compelling evi-
dence from NMR, IR and ESCA spectroscopy had established the existence of
alkyl cations, like the tert-butyl cation in superacidic solution [49]. Ten years
ago, the crystal structure of (tert-C,Hg)(Sb,Fj;) was determined [50]. The idea of
carbocations as intermediates during substitution and elimination reactions
was put forward in the 1930s [51, 52]. Before looking further into this, we will
consider the properties of carbocations in some more detail.

It has been understood for a long time that more substituted carbenium ions
are more stable than their less substituted counterparts. To put this in more
quantitative terms, and in order to avoid the complications of the solvent, it has
proved worthwhile to examine the energetics of the following reactions [53]

B + R* — RB*. (6)

In this equation, B is an electron pair donor (Lewis base) while R* is an alkyl
cation (R = H, CH;, CH;CH,, (CH;),CH and (CHj3);C). The corresponding en-
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thalpies of reaction were obtained from accurate experimental data from the lit-
erature by employing the set B = H,0, NH;, I, Br-, Cl, F, OH", NH;. For a given
R and B the negative of the enthalpy of equation 6 defines the alkyl cation affin-
ity of B, ACA(B) = -AH® (note that in the case of R = H the alkyl cation affinity
reduces to the proton affinity). It has been known for some time that there is a
linear relationship between the methyl cation affinity and the proton affinity,
but it has also turned out that the same is valid also for the other alkyl cation
affinities. Plots of the various ACAs versus the corresponding PAs give straight
lines for all R groups. This is particularly significant since a wide range of Lewis
bases with both neutral and negatively charged species are included in the data
set. The slopes of these lines were taken as a measure of the stability of each R
(alternatively the instability of RB*), and the following set of data was obtained
reflecting the stability of R* : a = 1.000 (hydrogen), 0.938 (methyl), 0.915 (ethyl),
0.895 (i-propyl), and 0.883 (tert-butyl). In this respect a low a value means that
R* is a poor Lewis acid. Whether the intrinsic stabilisation of the increasing
number of methyl groups attached to a carbocationic centre is due to a hyper-
conjugative interaction or an inductive effect has been heftily debated in the lit-
erature [54], but from the point of view of this author the discussion is exhaus-
tive and non-productive. It should be mentioned that these a values correlate
well with the polarizability volumes of the corresponding alkanes in the form of
an exponential relationship [53].

While anions are bonded strongly to an alkyl cation (e.g. in CH;F), neutral
molecules are less strongly bonded. This quite obvious point can be inferred
from the data above, and has also been investigated theoretically [55]. This
forms the basis for activation by proton transfer.

RX+AH* — RXH*+ A (7)

It was shown around 25 years ago that alkyl cations may exist as distinct moi-
eties in intermediates during unimolecular decomposition of organic ions [56,
57]. This was an important discovery since alkyl ions complexed in this way may
serve as better models for intermediates in elimination and substitution reac-
tions in solution than free alkyl ions. Complex formation may be enforced upon
protonation.

RXH* — R*XH (8)

Protonated alcohols are central in this respect. One early example is protonated
n-propanol [58]. En route to unimolecular decomposition of this ion (made by
chemical ionisation) a rearrangement to protonated iso-propanol takes place, as
evidenced by the translational energy release associated with the ultimate water
loss. This rearrangement appears to take place within the confinements of a
complex of water and the propyl cation. Protonated ethanol is the best studied
case,and may serve as another good example [59-73]. There are two low energy
isomers; the covalent CH;CH,OHJ and the hydrogen bonded C,H,~H OHj(a
symmetric structure where the proton of H;O" points towards the mid-point of
the C=C bond). The former structure is 67 k] mol™! lower in energy (high level
(G2) ab initio value). Since the barrier for isomerisation is lower than that of dis-
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sociation into either CH;CHJ or H;0%, and since the proton affinity of water is
17 k] mol™ higher than that of ethylene, both ionic dissociation products are
formed from energetic ions of these structures. For partially deuteriated sys-
tems multiple H/D exchange between the carbon and oxygen atoms indicate that
reversible isomerisation is a more facile process than dissociation.

For the protonated forms of higher alcohols the tendency for H/D exchange
diminishes with the size [63]. This has been explained to be a consequence of
the larger proton affinity difference between water and the alkene in these sys-
tems. The higher proton affinity of more substituted and larger alkenes
(PA(isobutene) >PA(propene) >PA(ethylene)) leads to formation of the alkyl
cation rather than H;O* upon dissociation, and the alkene/H;0* product be-
comes less and less favourable as the size increases. This means that in the case
of the protonated forms of higher alcohols than ethanol the hydrogen bonded
isomer R*+OH, is dominating form of the complex. For example, tert-butanol
may isomerize swiftly from the covalent fert-C,;H,OH} to the hydrogen bonded
tert-C,;Ho™+OH,, which is less than 30 k] mol™ higher in potential energy [63,
74-76]. The most remarkable point is perhaps the unusual mechanism of the
isomerization; simple rotation of two methyl groups, each by 60°, induces this
dramatic change in bonding character. This is illustrated by the two structures
displayed in Fig. 2. Probably, there is a third isomer in-between - the result of
rotating only one of the methyls.

The same general situation has been shown to exist for the protonated forms
of alkyl halides, amines, arenes and similar compounds [63, 74, 77-80].

It is noteworthy that even methyl compounds may give rise to ion/neutral
complexes, despite the fact that there is no corresponding alkene [81]. It was
demonstrated that the hydrogen bonded species CH}*OH, and CH3"NH; corre-
spond to stationary points on the respective potential energy surfaces. In the lat-

1 2

Fig. 2. Isomerization of protonated tertiary butanol (1) to a hydrogen bonded complex be-
tween the tertiary butyl cation and water (2) is provided by the successive rotations of two
methyl groups. Results of MP2/6-31G* calculations
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ter case, there is also a minimum for CH,~H"NHY and it is relevant that experi-
ment shows that in addition to loss of NH; and H,,a small fraction of protonated
methyl amine molecules also loose CH,. Singlet methylene is slightly less basic
than ammonia in the gas phase. Only a questionable shallow minimum was
found for CHZ~F. Similar complexes have been found for methanol and dimethyl
ether [70]. Also in these cases experimental results are supported by quantum
chemistry.

One important difference between aqueous solution and alkyl cations com-
plexed by a single water molecule is that bulk water is far more basic than an iso-
lated molecule [82]. For this reason alkene formation is thermodynamically
more favourable in aquae, providing a more favourable all-over route for acid-
catalysed elimination from protonated alkyl compounds. Gas-phase studies of
water clustered protonated alcohols provides the link between the isolated alkyl
cation and the water solution [83-85].

The examples discussed above not only show that complexed alkyl cations
may be intermediates during ionic reactions in the gas phase, but also provide a
dynamical machinery for rearrangements between substructures - either by
atomic transfer between the two entities, or by reorientation leading to isomeri-
sation or racemisation [86].

Solvolysis reactions are of particular concern nowadays. It is often difficult to
envisage the detailed dynamics of a solution reaction on the basis of kinetic and
mechanistic measurements, simply because the system under investigation is
too complicated. This has led to ambiguity and indifference with regard to how
kinetic data should be interpreted mechanistically, and the traditional Syl
mechanism has been challenged by a number of recent studies [87-92]. The gas
phase situation provides a far simpler picture, involving only a few molecular
entities. For ionic gas phase reactions mimicking solvolysis, involving chiral
substrates and putative carbocationic intermediates, normal mass spectromet-
ric methods are of limited value, and have to be supplemented with techniques
for analysis of the enantiomeric composition of the neutral end products
[93-95]. The diagram in Fig. 3 illustrates a simplified view of acid-catalysed
solvolysis of optically active phenyl ethanol derivatives, demonstrating how the
timing of the different events involved determines the chirality of the end prod-
uct. By using radiolysis for gas phase ion production and performing detailed
analysis of the reaction kinetics based on the observed enantiomeric product
composition, problems of this type have been addressed recently. For example,
incomplete racemisation has been explained by a mechanism for hindered in-
version involving an intimate ion-dipole pair [96]. In another study of similar
compounds it was elegantly demonstrated how the degree of racemisation de-
pends both on the temperature and substitution of the aryl group [97]. The term
“troposelectivity” was introduced to illustrate how the substrate itself may di-
rect the reagent towards one particular chiral or prochiral face and thereby de-
termine the outcome of the reaction. The lack of troposelectivity could therefore
mean that the lifetime of the substrate/reagent complex allows for reorientation
and complete racemisation.

The above mentioned gas phase and solution studies are examples of nucle-
ophilic substitution reactions, and will be the topic in the next section.
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Fig. 3. A possible mechanistic scenario for acidic solvolysis (Reproduced from Ref. [96] with
permission from the authors, copyright American Chemical Society)

4
Nucleophilic Aliphatic Substitution

The gas phase counterpart of the classical Sy2 reaction, which we call SyB (all
ionic nucleophilic substitutions in the dilute gas phase are by necessity of sec-
ond kinetic order; B denotes “back-side”), proceeds via a mechanism where the
incoming nucleophile attacks the face opposite that of the leaving group (Fig. 4,
upper part). The transition state corresponds to a bipyramidal structure with
partial bonds to the nucleophile (entering group) and the nucleofuge (leaving
group). As a result of this, the reaction proceeds with inversion of the configu-
ration around the central carbon atom (Walden inversion).

There exist a large number of gas phase studies of anionic substitution reac-
tions (Y~ + RX — X~ + RY), but unfortunately only a few have been conducted
for the cationic counterpart. The whole field of gas phase nucleophilic substitu-
tion was reviewed recently [82].

Generally, cationic substrates, RX* are less strongly bonded than neutral, and
- as mentioned in the previous chapter - the bond energies are related through
the a-parameters of the R groups, also for the more strongly bonded neutral
substrates RX. Despite the regular patterns in R-X* energies, it appears to be no
simple physical relationship valid for SyB barrier heights. The general idea that
the barrier height is connected to the “looseness” of the TS in some way [98],
cannot be justified. A quantum chemical study of a wide range of identity SyB
reactions (X =Y, R = CHj;), comprising a variety of nucleophiles ranging from
He to F, concludes that there seems to be no universal principle which covers all
cases [99]. Interestingly, for the poorest nucleophiles X =Y = He or Ne, the two
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Fig. 4. The reaction steps during nucleophilic substitution in the dilute gas phase. The upper
route corresponds to backside displacement (the traditional Sy2 mechanism) and the lower
route is the frontside displacement mechanism. The latter is possible in weakly bonded RX*

potential energy minima Y--R-X and YR~X degenerate into one single symmet-
rical minimum with no transition structure separating them. Even in these ex-
treme cases the properties of the “sandwiched” methyl cation of the central

tion with the X atoms into full account.

A previous theoretical study of many of the same nucleophiles/nucleofuges
had the same general conclusion, but that author pointed out that there are reg-
ularities within sub-groups of similar nucleophiles [100]. Linear rate-energy re-
lationship in the form of a correlation between the critical energy and the pro-
ton affinity of X was found within the following three groups: 1) NH;, H,0, HF;
2) NH;, OH-, F-; and 3) F-, Cl, Br-, I~

Consideration of the effect of the alkyl group in reactions between water and
protonated alcohols (H,O + ROHJ) has revealed several surprising facts [36]. It
was found that the relative rates of these identity substitution reactions are
(CH;);C >(CH;),CH >CH; >CH;CH,, which is in good agreement with the the-
oretical calculations. This is different from the situation in solution where the
trend CH; >CH;CH, >(CH;),CH >(CH,),C traditionally is explained by the no-
tion that increased methyl substitution at the a-carbon reduces the rate constant
for SyB reactions due to increased “steric hindrance”. A similar irregular pattern
was found for HF + RFH*,[101] but in the case of NH; + RNH;* the expected de-
crease in reactivity with increased substitution was found [102]. Furthermore
theoretical calculations of H,0 + ROH} in water clusters demonstrate that the
medium is a key factor, since “normal” behaviour was found in this case [103].
The stark contrast between the gas and aqueous phases seems to be related to
the effective basicity of the nucleophile. Bulk water is far more basic than a sin-
gle water molecule, and the basicity order between different nucleophiles in the
gas phase is NH; >H,0 >HF, as mentioned in the second chapter. The interplay
between all groups interacting with the carbon centre (including nucleophile
and the fixed alkyl substituents) is quite complex, and strong bases interact dif-
ferently than weak. The details of the electron reorganisation during an identity
SyB reaction are at present poorly understood.

For thermoneutral identity reactions, there is no thermochemical driving
force. In the case of non-identity nucleophilic substitution reactions - when
the nucleophile and nucleofuge are different - reaction exothermicity may
be taken quantitatively into account. This can be quite elegantly considered
by applying the simple Marcus equation [104-109]. For cationic reactions,
where interactions with the neutral nucleophile and nucleofuge are quite weak,
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it turns out that the barrier disappears for sufficiently exothermic reactions,
even when the corresponding identity reactions each posses an intrinsic bar-
rier [110].

A second significant feature of the study of the reactions between water and
the protonated alcohols was the finding that frontside substitution, SyF (Fig. 4,
lower part) becomes more and more feasible the higher the degree of alkyl sub-
stitution there is on the carbon center [36]. In the case of the reaction H,0 +
(CH;);COH{ the difference in barrier heights of SyB and SyF is small, the latter
TS being only 10 k] mol™! higher in potential energy. Similar trends are found for
the analogue reactions HF + RFH* [101] and NH; + RNH} [102]. The division
between SyB and SyF is stereochemically essential since the former gives inver-
sion of configuration, while the latter gives retention.

It is a fact that many solution phase reactions give enantiomeric mixtures
other than the expected 100:0 (Sy2) or 50:50 (Sy1). This has traditionally been
explained by a cross-over between Sy2 and Sy1 [111-114], but there is now a lot
of experimental evidence which seems to be explained better on the basis of a
competition between the SyB and SyF routes [88,89,91,115-118].

Support for the SyB/SyF paradigm has now been obtained from quantum
chemical studies of the gas phase analogues of some cationic cyclic substrates of
this kind, including the norbornyl ring system [119, 120]. In some cases it was
even found that SyF is of lowest potential energy, in agreement with the corre-
sponding experimental data of the corresponding solution reactions [119].

We conclude this section by noting that, at least in the gas phase with proba-
ble implications to solution, the general dynamic picture of Fig. 4 seems to be
generally valid. To what degree this scheme is compatible to the traditional Sy2
and Syl picture is not only a question of semantics. According to Ingold the
number 2 in the term Sy2 “.. designates the molecularity of the reaction and not
the kinetic order”, and ... molecularity... is a salient feature of the mechanism,
meaning the number of molecules undergoing covalency change... in the rate
determining step” [52].

5
Carbonyl Additions and Related Reactions

Carbonyl addition reactions include hydration, reduction and oxidation, the al-
dol reaction, formation of hemiacetals and acetals (ketals), cyanohydrins,
imines (Schiff bases), and enamines [54]. In all these reactions, some activation
of the carbonyl bond is required, despite the polar nature of the C=0 bond. A
general feature in hydration and acetal formation in solution is that the reac-
tions have a minimum rate for intermediate values of the pH, and that they are
subject to general acid and general base catalysis [121-123]. There has been
some discussion on how this should be interpreted mechanistically, but quan-
tum chemical calculations have demonstrated the bifunctional catalytic activity
of a chain of water molecules (also including other molecules) in formaldehyde
hydration [124-128]. In this picture the idealised situation of the gas phase ad-
dition of a single water molecule to protonated formaldehyde (first step of Fig.5)
represents the extreme low pH behaviour.
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Fig. 5. Theoretical potential energy profile for the identity reaction between protonated
formaldehyde and water. (Reproduced from Ref. [129] with permission, copyright Royal Soci-
ety of Chemistry)

It is natural to extend this to the more general addition followed by elimina-
tion reaction (Ay + Dy), of which one prototype is depicted in Fig. 5. Intermedi-
ate level ab initio calculations (MP2/6-31G(d,p)) predict that the key transition
structure of this identity addition/elimination reaction, corresponding to a 1,3-
intramolecular proton transfer is slightly below the energy of the reactants/
products [129]. Since experiments with 0OH, show no oxygen exchange [76,
130], the exact barrier must be higher than that calculated by MP2/6-31G(d,p).
By comparison with experiment and more accurate quantum chemical calcula-
tions it has recently been established that this type of addition reactions are un-
derestimated by ca. 30 k] mol~! with MP2/6-31G(d,p). In any instance, it is clear
that the proton provides highly effective C=0 bond activation.

In contrast to protonated formaldehyde itself, the proton bound dimer be-
tween unlabelled formaldehyde and 0 labelled water reacts with a second mol-
ecule of 180H, by slow exchange of the carbonyl 1°0 [131].

Quantum chemical calculations have shown that the reaction depicted in
Scheme 1 (addition followed by elimination ) has a lower barrier than that in
Fig.5[129,132]. Since ammonia is more basic than formaldehyde, a swift proton
transfer is kinetically favoured. For this reason, the prototype Schiff base form-
ing reaction of Scheme 1 was overlooked for a long time, but a few years ago it
was demonstrated that 1% of the gas phase collisions give protonated methylene
imine, while 99% give protonated ammonia [132].

1,3 H*
NH3 + CH2OH — H3NCH20H R HgNCHgOHz — CH2NH2 + H>O

Scheme 1
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In a series of theoretical calculations of addition to protonated formaldehyde
it was also revealed that the intrinsic properties of the attacking nucleophile (X)
are reflected in the bond energy of the X-CH,-OH" intermediate (X = NH;
>H,0 >HF >H, ), and in the barrier for the subsequent 1,3-intramolecular pro-
ton transfer leading to water elimination [129]. In comparing different sub-
stituents X and Y, it was also found that for the same X, but different CH,Y* ions
the reactivity order is Y = NH, <OH <F <H. In reactions with formamide, it has
been found that Y = OH <Cl <F [133].

In order to protect the proton, and thereby suppress the kinetically favoured
proton transfer route, it has been found out that gas-phase addition followed by
elimination can be enhanced by reacting the proton bound dimer of the car-
bonyl compound rather than the protonated monomer [134]. In cases where the
carbonyl compound has a higher proton affinity than the nucleophile, proton
transfer is of course no problem. Alternatively, if the nucleophile already is pro-
tonated, as in the reactions between NH} and various carbonyl compounds, pro-
ton catalysed addition/elimination is possible as demonstrated experimentally
by observation of immonium ion formation [135-137]. Likewise, the hydrazo-
nium ion has been found to react with formaldehyde and a wide range of other
aldehydes and ketones [138].

Reaction between protonated acetone and methanol gives slow reaction at
low pressure in the ICR, while it is unobserved at the higher pressure of the flow-
ing afterglow, in agreement with accompanying ab initio data[139]:

(CH,),COH" + CH;0H — (CH,),COCH} + H,0, 9)
while the reaction
(CH;),CHOH* + CH;0H — (CH;),COCHY + H,0, (10)

is quite fast as evidenced by a number of experimental techniques [140-142].
Experimental data from one laboratory for both reactions appear not to exist,
but the experimentally determined barrier supported by a quantum chemical
model calculation [142] indicates a lower barrier for the latter reaction. The re-
action between protonated formaldehyde and water only gives swift proton
transfer. The observation [143] of a fast reaction for

CH,0 + CH,OH% — CH,OCHZ + H,0, (11)

clearly indicates that the hypothetical reaction between protonated formalde-
hyde and methanol will have an even lower barrier, since methanol is more ba-
sic than formaldehyde.

Dissociation of protonated dimers of acetaldehyde/ketone (homogenous or
heterogenous clusters) leads to water loss [144, 145], which is also the result of
the corresponding ion molecule reactions [130]. Rearrangement of at least one
of the reaction partners to the (protonated) enol seems likely. No comparable
rates or barriers can be inferred from these data.

Another attractive alternative to protonation is to activate the C=0 bond by
alkylation. The simplest activated molecule of this kind is the methoxymethyl
cation, CH,OCH} [146-149], which has been the subject of numerous gas phase
reactivity studies with a wide range of nucleophiles (H,0, NHj;, H,S, alcohols,
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amines, carboxylic acids, alkenes, aldehydes, ketones, benzene and other aro-
matics, Cq, peptides, amino acids, nucleotides etc.) [150-177]. The methoxy-
methyl cation is a versatile reagent also for analytical purposes and typically re-
acts and gives products according to a reaction sequence where addition is fol-
lowed by elimination (Ay + Dy). The competing proton transfer is of course not
possible in this case, but instead and in analogy, alkyl transfer to the attacking
nucleophile is observed, consistent with an Sy2 mechanism. In this sense the
methoxymethyl ion (and in general all alkoxymethyl ions) are ambident elec-
trophiles by having two centres disposed for nucleophilic attack. Since the Sy2
reaction has higher enthalpic and entropic requirements than proton transfer,
the addition/elimination products seems to dominate as long as the nucleophile
has a transferable hydrogen bonded to the attacking atom (in order to accom-
plish the critical 1,3 proton shift).

Also with CH,0CHY it is found that ammonia reacts faster than water, both in
addition/elimination and substitution [173]. These observations were sup-
ported by quantum chemical model calculations. The methoxymetyl cation
does not react with water, as implied in Eq. 11, but it reacts slowly with the lower
alcohols [130,171]. The ion reacts with dimethyl ether, acetone and acetaldehyde
(only giving substitution products) [139, 155, 173, 174]. In gas phase reactions
between amines and CH,0CHJ the following irregular rate order for addi-
tion/elimination has been found: CH;NH, >NH, >(CH;),NH [165]. However,
another study has shown a regular pattern for the reactions with primary
amines [178]. The rates of the addition/elimination, the substitution, and a com-
peting a-hydride abstraction reaction all increase with size: (CH;),CHNH,
>CH;CH,NH, >CH;NH, >NH;. In all respects the latter experimental and theo-
retical reactivity data are consistent with the regular pattern in Lewis basicity, as
reflected in the a values. In reactions between the methoxymethyl cation and
various aldehydes and ketones, the total rate increases with the size (and proton
affinity) of the aldehyde or ketone, indicating that nucleophilicity and basicity
are closely related in these gas phase reactions [174]. This type of basicity/nu-
cleophilic relationship has also been suggested by others [169].

Also in reactions with amines we see that increasing alkyl substitution at the
carbonyl carbon results in reduced reactivity, both with respect to addition/
elimination and substitution, a finding which is perfectly consistent with in-
creasing electron donating ability with the size of the alkyl group.

It is possible to alter the alkyl group giving rise to a series of methoxyalkyl
cations, CH,OR* [132, 179]. In this case reactivity decreases upon reaction with
ammonia, as a result of the decrease in electrophilicity of both the carbonyl car-
bon and the alpha carbon of the alkyl group.

In all these cases it has been found that for a given alkyl group the relative po-
tential energies of all stationary points along the reaction co-ordinate correlate
linearly with the alkyl group’s a value, clearly pointing to electronic control.

From electron impact ionisation mass spectra of alcohols and amines, it is
well known that onium ions - oxonium ions: (CR!R?0OR?*)* and immonium ions:
(CRIR®NR’R*)*, respectively - play important roles in determining fragmenta-
tion and thereby the detailed appearance of the spectra. Onium ions are usually
the results of a-cleavages of the molecular ions, and they may fragment further
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to give smaller onium ions by alkene elimination [57]. The importance of hy-
drogen bonded ion-molecule complexes during the unimolecular decomposi-
tion of onium ions was pointed out in 1978 [56]. Interestingly, the same year, a
paper appeared indicating that a similar process must be operative during the
reverse reaction, namely addition of alkenes to small onium ions like CH,0OCH}
[153]. Alkene metathesis products and product ions typical of oxonium ion de-
composition were observed. Quantum chemical calculations have been valuable
in substantiating the intermediacy of H-bonded alkene complexes of the type
(CRIR?OH"*)~(alkene) in the decomposition of (CR'R?0OR?)* and other onium
ions [180-186]. On the other hand, when the alkene which is split off an onium
ion originates from the carbon and not the oxygen of the C=0 bond it seems that
H bonded intermediates are not involved [183, 187, 188]. One example showing
several of these features is the low pressure reaction between protonated
formaldehyde and ethylene:

CH,OH* + CH,CH, — C,H{ + H,0. (12)

No systematic data have been found on how reactivity varies with substitution
in reactions between alkenes and onium ions.

The reactivities of activated aldehydes and ketones are exactly as we may de-
duce from our knowledge about the inherent electronic properties of the mol-
ecules involved. It is well known that the proton affinity increases with size and
branching of the alkyl groups attached to the carbonyl carbon [15]. This may be
directly attributed to the electron donating ability of the alkyl groups, and it is
interesting that the proton affinities are linear in the a values [189], as well as in
the O1s electron ionisation energies, at least to the extent such data are avail-
able [190]. The latter is of great significance, and the same seems to apply for
the corresponding Cls electron ionisation energies. It is found that these core
electron binding energies (determined for both atoms of the carbonyl group)
decrease upon substitution. This is noteworthy, since it is often reasoned that
the reduced electrophilicity upon increased alkyl substitution is due to steric
hindrance, and the idea is that the alkyl groups physically hinder the nucle-
ophile to approach. However, the 1s ionisation energies, and recent ab initio cal-
culations [191] point in another direction, namely, it is the electronic effect
which is dominant. To the degree it is meaningful at all to use the term “steric
hindrance”, it seems to be completely entangled with the electron donating
property of the substituent.

6
Carboxylic Acid Derivatives and Esterification

At a first glance it may appear eccentric to show interest in the basicities of car-
boxylic acids. However, this is not as curious as it seems, since protonated car-
boxylic acids and their derivatives play the role as important intermediates dur-
ing acid-catalysed reactions of these compounds. As a matter of fact, Scheele
showed as early as in 1782 that addition of sulphuric acid to a mixture of acetic
acid and ethanol accelerated esterification [192]. In this respect it is a key point
that carboxylic acids, esters and anhydrides possess two oxygens which are po-
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tential sites of protonation; they are ambident bases. Of these two, the carbonyl
oxygen is the more basic, as implied by the very good correlation between pro-
ton affinities and the corresponding core electron binding energies [193-197]. It
is gratifying to notice that the advent of highly accurate schemes for quantum
chemical calculations during the last decade or so, has substantiated this empir-
ical relationship, by showing that the carbonyl oxygen indeed is more basic than
the hydroxyl/ester oxygen by roughly 80 k] mol-! [198-201].

There appear to be few studies related to substituent effects on the properties
of protonated carboxylic acid and related molecules. It has been found that the
proton affinities of the saturated methyl esters increase with increasing chain
length (n) according to the equation (in units of k] mol!)

PA = (40.0+2.5)* log(n) + (784.7%3.9) [202].

Proton affinity data in the literature can be analysed on a physicochemical basis
by applying the aforementioned a constants. Figure 6 shows plots of PA vs a for
different classes of carboxylic compounds (RCOOH). The first panel shows that
the plot for the three lowest carboxylic acids is perfectly linear, again indicating
that the influence of the alkyl group is well reproduced by the a constants. The
second panel shows the methyl esters (RCOOCH,), for which there exist reliable
PA values for all five esters for which an a value is defined. The third panel shows
how the ester substituent R influences the PA values of formic esters (HCOOR)
and acetic esters (CH;COOR), and that also these homologue series correlate
properly with the a constants.

The gas phase basicities of methyl benzoates have been studied systematically
using ICR mass spectrometry. For electron withdrawing ring substituents there
are very good correlations between the GBs of methyl benzoate and the GBs of
a-methylstyrenes and acetophenones, respectively [203, 204]. On the other
hand, there are noticeable deviations for electron donating substituents bearing
free electron pairs. This was explained by a polarisability effect. To this reviewer,
however, it seems that the possibility should have been considered that protona-
tion in these cases may take place on the ring substituent rather than on the car-
bonyl oxygen. Irrespective of these complications, it is interesting and relevant
that when a two-parameter Yukawa-Tsuno analysis is used, the PAs turn out to
be linear in a modified set of o constants. This was interpreted as being the re-
sult of different classes of compounds having different resonance energy de-
mands upon protonation.

The proton affinities of alicyclic carboxylic acids are identical within 5 k]
mol-!, with cyclohexane >cyclopropane >cyclopentane >cyclobutane [205].
This quite surprising situation seems not to be fully explained yet.

Although chemical ionisation spectra have been recorded for a large number
of carboxylic acids and esters, there are few detailed studies of the unimolecular
reactivity of protonated molecules of these classes of compounds. Early investi-
gators [206] reported the general reaction:

[RCOOH]H* — RCO* + H,0, (13)

which at higher pressures was shown to be reversible [207]. The ambident char-
acter of carboxylic compounds is demonstrated by the observation that loss of
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Fig. 6. Plot of proton affinities (PA) of carboxylic acids and esters versus the a value of the sub-
stituent R. These values are 1.000 (hydrogen), 0.938 (methyl), 0.915 (ethyl), 0.895 (i-propyl),
and 0.883(tert-butyl), as explained in the chapter on carbocations. Proton affinity data have
been taken from Ref. [15]

water is accompanied by a bimodal translational energy release distribution
[208]. The low energy component was suggested as being due to direct dissoci-
ation from the hydroxy protonated form (RCOOHj}), while the high energy com-
ponent results from the barrier resulting from passage from RC(OH)OH* to
RCOOHS; a necessary prerequisite for water loss from the carbonyl protonated
form. Although the energy difference between the two isomeric forms seems to
increase slightly with the size of the R group, it may be an oversimplification to
state that the translational energy release of the high energy component follows
directly from this. Firstly, the method for peak shape analysis leading from the
experimental raw data to the translational energy release distribution could in-
troduce artefacts. Secondly, the detailed reaction dynamics are generally un-
known, so it is difficult to determine the fraction of the available energy that
enters the reaction co-ordinate, thereby ending up as relative translational of
the two fragments formed.
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It should also be noted that in the case of formic acid, two products are
formed, the formyl cation plus water (as discussed above), plus and hydronium
ion plus carbon monoxide [206]. The latter product seems to be the result of in-
tracomplex proton transfer within the dissociating RCO~OHjJ. Likewise, the
higher homologue, protonated methylformiate gives CH;OHJ + CO as the only
product [209, 210].

Esterification in the gas phase was studied by the use of ICR in the 1970s [130,
211]. These studies revealed an unexpected richness in chemical reactivity.
There are two different ways to promote the gas phase analogue of acid catalysed
esterification; depending on whether the carboxylic acid or the alcohol is proto-
nated initially:

R’C(OH){ + ROH — R’C(OH)(OR)* + H,0, (14)
R’COOH + ROH} — R’C(OH)(OR)* + H,0 . (15)

Even though these reactions appear similar, there are principal differences, since
the relative proton affinities of the acid and the alcohol are essential. For exam-
ple, if we assume that condensation only can take place if the proton can be
transferred to the carboxylic acid before the actual reaction takes place, it is dif-
ficult to envisage a reaction between a protonated alcohol and a carboxylic acid
if the alcohol has higher proton affinity. On the other hand, it is a great advan-
tage if the proton is situated at the carboxylic acid from the beginning, since pro-
ton transfer from the alcohol to the acid often is too exothermic to allow for a
long-lived intermediate necessary for esterification, and the reaction product is
consequently protonated carboxylic acid. This is exactly what has been observed
experimentally. In reactions between protonated acetic acid it has been shown
that reactivity follows the order primary >secondary >tertiary alcohol. In this
case '80-labelling unequivocally shows fragmentation of the O-acyl bond, in
favour of the traditional Ay + Dy type of mechanism rather than of the O-alkyl
bond which would have indicated an Sy2 type of mechanism. Apparently, the op-
posite reactivity order is observed for protonated formic acid. However, in this
case the low proton affinity of formic acid gives rise to predominant proton
transfer being most dominant for tertiary alcohols, so the observed reactivity
trend may not reflect relative barriers to esterification. Protonated acetic esters
only react with sufficiently nucleophilic (and therefore of sufficient proton affin-
ity) alcohols and the trend is tertiary >secondary >primary. There is, however,
one important difference between the reactions of protonated acetic acid and
protonated acetic acid esters with alcohols in that '80-labelling shows that, in the
latter case, the O-alkyl bond is broken, pointing towards Sy2. A third mecha-
nism, acyl transfer is an alternative which seems to be operative in other systems
[212]. Despite the reaction’s apparent simplicity, at present it seems difficult to
rationalise and fully understand the mechanistic scenario of gas phase esterifi-
cation and similar reactions.
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7
Amides, Peptides and Proteins

Mass spectrometry is one of the major techniques in the interdisciplinary field
of proteomics. It provides a rapid, sensitive and reliable means of protein iden-
tification and structural determination, allowing for development in this newly
baptised but yet classical field of biochemistry and biomedicine. The use of elec-
trospray ionisation in conjunction with a tandem mass spectrometer (MS/MS)
provides essential amino acid sequence information from the m/z values of the
so-called b and y ions formed from cleavage of the amide bond of a protonated
peptide. This reaction requires proton catalysis, and the mechanism is of inter-
est in the present context, since it is closely related to the processes occurring in
other protonated carboxylic acid derivatives.

The simplest model of an amide bond is found in formamide, and several fea-
tures of protonated formamide are highly relevant to the cleavage of protonated
peptides into b and y ions. Amides are bidentate bases, and it has been demon-
strated from correlations between core electron energies and proton affinities
[213] and from quantum chemical calculations [214] that the carbonyl oxygen is
more basic than the amide nitrogen. As demonstrated by FT-ICR, metastable ion
dissociation, and RRKM and quantum chemical model calculations [214], the
unimolecular dissociation of a protonated formamide molecule depends on
which site the proton is attached to:

HC(OH)NHj — HCO* + NH;, (16)
HCONHZ — CO + NHI, (17)

since the upper reaction (a b type dissociation), takes place from relatively en-
ergetic ions of the more stable structure, while the least stable N-protonated
isomer gives rise to the thermochemically favoured products of the lower reac-
tion (a y type dissociation).

The proton affinities of all the 20 most common amino acids
(NH,CHRCOOH) have been determined in several laboratories, using equilib-
rium, bracketing or kinetic methods [15, 16, 215-226]. In addition, there exist
quantum chemical calculations at an intermediate level predicting relative PAs
with good confidence [227-233], although the sizes of most of the amino acids
do yet not allow for benchmark calculations. Except for lysine, histidine and
arginine, for which the side chain terminus is the most basic site, the most
basic site is the nitrogen of the amino group directly bonded to the alpha car-
bon [234]. The data reveal that for amino acids with aliphatic side chains,
proton affinity increases with size and branching. By using the concepts of
hardness and electronegativity, as they are rigorously defined in the framework
of density functional theory, it is possible to consider the amino acid residues
of peptides as functional groups (-NHCHRCO-) [230]. It was shown that the
proton affinity of an amino acid correlates well with these two quantities in
the form of a linear two-parameter model, having the group’s hardness as the
dominating parameter. It is also notable that the hardness is closely related
to the polarizability, which is a measurable property [235-237], indicating a
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link between the theoretical fundament and the language of the practising
chemist.

A critical reader would perhaps note that the proton affinities of the individ-
ual amino acids are not directly relevant to peptides, since the basic amino
groups of amino acid are incorporated in amide bonds, for which the nitrogen
basicity is far lower. For whole peptides or proteins, even more basic sites are
found at the termini of side chains, as in the cases of lysine, histidine and argi-
nine. However, as we will see below, the basicity of the free amino group created
during peptide bond dissociation is crucial in determining which of the two dis-
sociation products that will end up with the transferable proton, and thereby the
charge.

The fragmentation of protonated amino acids was the subject of several early
investigations [238-240]. The most pronounced reaction is loss of the elements
CO,H,. Detailed quantum chemical calculations of the potential energy hyper-
surface of protonated glycine demonstrated that the sequence of events preced-
ing this dissociation are [231, 241, 242]:

*H,NCH,COOH —> H,NCH,COOH* — H,0~H-NHCH;~CO.  (18)

There are several points to be made. Firstly, the hydroxy protonated isomer
formed in the first step is of transient existence, since its potential energy well is
only 6 kJ mol™! deep. The isomer resulting from the second step is only bonded
by 14 k] mol-}, giving loss of CO. According to the calculation, subsequent loss of
water will require an extra 92 k] mol™' . Since the combined energy of the disso-
ciation products CO + H,0 + H,NCH; is only marginally above the energy of the
transition state of the rate determining step (the first isomerisation), the com-
bined loss of carbon monoxide and water is observed. However, a metastable ion
decomposition study has also revealed noticeable CO loss without the loss of wa-
ter [243]. A completely analogous mechanism of sequential CO + NHj; loss was
unveiled a couple of years before in protonated glycinamide [244].

It appears surprising that glycine and most other amino acids do not loose
water upon protonation, since this would correspond to simple acylic cleavage
catalysed by a proton - a process observed for amides and carboxylic acid de-
rivatives in general, as discussed above. The reason for this lies in the fragile na-
ture of the production H,NCHRCO*,which according to the calculations has the
structure of a complex, H,NCHR*CO. The driving force is the ultimate forma-
tion of the highly stabilised immonium ion, *CH,NHR [245]. This is also re-
flected in the quite substantial translational energy releases associated with the
process [246]. In striking contrast to this, it was noticed already in 1976 that wa-
ter is lost from protonated amino acids having side chains with nucleophilic
functional groups capable of attacking the protonated amide group intramolec-
ularily, probably in an acylium transfer mechanism [240]. More recently, this
idea has been elaborated on and extended to the fragmentation mechanism of
protonated peptide responsible for the important b and y fragments used for
amino acid sequence determination [245, 247, 248]. The mechanism, which has
been supported by theoretical calculations [249-251], is illustrated in Fig. 7. Af-
ter amide bond dissociation, an intermediate ion-molecule complex is formed.
If this complex breaks directly,a b ion is the result. If a proton is transferred from
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Fig. 7. The mechanism for formation of b and y ions during fragmentation of protonated pep-
tides and protein. The mass spectral pattern of b and y ions are used to determine the amino
acid sequence

the b ion part of the complex to the neutral part before the complex dissociates,
the complementary y ion is formed. As indicated in Fig. 7 the proton is then
transferred to the newly formed amino terminus. The ratio between b and y ions
according to this mechanism should therefore depend on the basicity of the
newly formed amino group of the neutral part of the complex. This appears to
be the case, since tandem mass spectrometry experiments of dipeptides and
tripeptides where one of the amino acid residues is variable show linear rela-
tionships between log (b/y) and the PA of the variable amino acid [252, 253].

8
Electrophilic Aromatic Substitution

8.1
General

The simplest and most general mechanism for electrophilic aromatic substitu-
tion in solution is the so-called arenium ion mechanism, depicted in Scheme 2
[54,254].

It corresponds to addition followed by elimination, and is symbolised by Ag +
Dg. The departing X* is often a proton, while Z is a general substituent. The key
step in this scheme is the formation of an intermediate arenium ion (Wheland
intermediate, o complex), and the relative stability of this species is crucial to the
outcome of the reaction. Isolable arenium ions are known, and the benzenonium
ion itself; C¢H7 has been inferred from NMR of strongly acidic solutions [255],

X X Y Y
= + =
+ +
" | +Y @ @ + X
Scheme 2 Z Z Z
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and on the basis of X-ray crystallography [256]. The ortho, meta, para and ipso
positions of a monosubstituted benzene are all susceptible to attack from Y,
and the properties of the substituent Z determine the reaction rate and the prod-
uct isomer distribution. It is well known that aromatic molecules form charge-
transfer complexes with many electrophilic molecules, so-called 1t complexes.
To which extent such @ complexes may act as precursors to arenium ion forma-
tion has been debated frequently in the literature, since Dewar’s proposition in
1946 [257]. This will be discussed below.

There are several in-depth reviews on gas phase electrophilic aromatic sub-
stitution. The literature up to 1990 was thoroughly reviewed by Kuck [258], up
to 1996 by Fornarini [259], up to 1998 by Fornarini [260], and up to 2000 by
Gronert [3].

8.2
The o complex and protonation of aromatic molecules

The prototype arenium ion, the benzonium ion i, corresponds to an energy min-
imum structure having C,, symmetry (Scheme 3), as demonstrated by ab initio
calculations at high level [261, 262].

Scheme 3 i ii iii

The isomeric structures ii and iii do not correspond to minimum structures
of the C4H7 potential energy surface, but are critical points of first and second
rank, respectively. The transition structure, represented by ii, corresponds to a
1,2-proton shift, 35 kJ mol! higher in energy than 1, and it provides a mecha-
nism for the fast proton/deuterium scrambling observed in the gas phase and in
acidic solution. Structure iii would correspond to a m complex between a proton
and benzene. On the basis of the quantum chemical calculations it is clear that
this is not a stable structure, and it is 199 k] mol™! above 1.

A monosubstituted benzene, Ph-Y, has at least five different sites available for
protonation, including the substituent. Out of the four ring positions, the ipso
position is of particular importance since the ipso-protonated form of a mono-
substituted benzene is identical to the o complex obtained upon electrophilic at-
tack of Y* on benzene. On the basis of a plot of gas phase proton affinities ver-
sus the corresponding Brown and Okamoto o* substituent constants [263] for a
series of monosubstituted benzenes, it was suggested that it is possible to dis-
tinguish between benzenes with a thermodynamic preference for protonation at
the substituent (Y = CHO,CN and NO,) and those with a preference for ring pro-
tonation (NH,, OCH,, OH, CH;, C,H;, Cl, F) [264]. A neutralisation-reionisation
study of protonated aromatics showed the same tendency [265]. Interestingly,
we observe that the tendency for protonation at the substituent is observed for
substituents which are known from solution chemistry to be meta directing and
deactivating through electron withdrawal.
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Quantum chemical studies have given detailed insight by providing site spe-
cific basicities. From calculations with the MP2 and HF wave functions for Y =
CHO, NO, and NO it has been revealed that all ring positions in these com-
pounds are less basic than benzene, but for all three, the ortho and para positions
are slightly more basic than the meta position [266], in contrast to the known
meta directing ability of these substituents in solution. On the other hand, the
gas phase basicity of the ipso position is lower, while that of the substituents is
higher; the latter is in accordance with the experimental evidence cited above.In
solution Y = F, Cl are deactivating, but ortho and para directing. This diverges
from the gas phase basicity order; the experimental gas phase proton affinities
of fluorobenzene and chlorobenzene are 6 k] mol! and 2 kJ mol! higher than
that of benzene, respectively. Quantum chemical calculations do unequivocally
show that the PA order is p >0 >m >i >F(Cl) [267-269]. The quantum chemically
calculated local proton affinities in phenol and aniline (Y = OH, NH,) show that
p >o0 >m >i, with all positions, except i is more basic than benzene [270,271]. In
the case of aniline, N is the most basic site. This is in good agreement with the
available experimental evidence [272-274]. In the case of toluene (Y = CHj;) the
solution behaviour (activating, ortho/para directing) is reflected in the gas
phase with p >0 >m, and PA above benzene [269].

In text books, substituent effects on reactivity in electrophilic aromatic sub-
stitution are explained in terms of valence bond theory by examination of pos-
sible resonance forms of the intermediate o complex, without any consideration
of the neutral reactant. As evident from the discussion above this type of analy-
sis can be misleading. The properties of both the reactant and the intermediate
are of course of importance,and the medium must be taken into account. In fact,
closer analysis of the site-specific proton affinity data cited above and available
core electron binding energies [275] reveals good correlation, while *C-NMR
shifts show far poorer correlation. This is in line with the considerations of sev-
eral authors [276-278],and gives a hint that the neutral reactant’s properties are
reflected to the intermediate. It is highly relevant in this respect that core elec-
tron binding energies of the para carbons correlate well with the aforemen-
tioned o" substituent constants [275].

8.3
The initial stage and the role of the ™ complex

While the methyl and silyl cations behave like the proton in only forming o com-
plexes with benzene [279], there is considerable experimental and quantum
chemical evidence that alkali metal ions, SF5 and NO* only form 7 complexes
[280-284]. It has been demonstrated by X-ray crystallography that there is a
continuous transition in going between these extremes (Fig. 8) [285]. It seems
that the more electrophilic the cation is, the closer is the complex to the o form,
while the more electron deficient the ring is, the more it seems to tend towards
the limiting T complex character. The latter has also been inferred from the ap-
pearance of the collisional mass spectra of a variety of aromatic complexes
[286]. It is quite surprising that so far we have not discovered any documented
examples for which an ion may form both a o complex and a m complex. This
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Fig. 8. Superpositioned pictures of X-ray crystallographically determined structures showing
that poorer electrophiles have an enhanced tendency for m rather than o complexation (Re-
produced from Ref. [285] with permission from the authors, copyright American Chemical
Society)

puts some doubt about the role of the 7w complex as a necessary precursor to the
o complex, as indicated in the usual text book mechanism.

There are, however, examples indicating that in ion molecule reactions be-
tween a protonated species (AH") and benzene (B), two isomeric forms of the
intermediate complex may exist; (AH+)(B) and (A)(BH+) [74, 286]. In the cases
of water [287] and propene [74], quantum chemical calculations clearly indicate
that the former corresponds to a m complex where A-H acts as a hydrogen bond
donor towards the centre of the benzene ring, while the latter is a hydrogen
bonded complex between the benzenium ion and A. In neither case has a barrier
been located, but is probably rather low in both cases. The role of the m complex
has still not been clarified, since direct downhill routes from the reactants to the
o complex exist. It has been pointed out that m complex formation between a
proelectrophile and the substrate may be important in solution and in biologi-
cal systems for molecular recognition purposes. In such cases the proelec-
trophile is activated to form the actual electrophile subsequent to T complexa-
tion, thereupon giving rise to the o complex. This has been shown by quantum
chemistry to provide a reasonable scenario for the reaction between HF and
benzene, in which BF; is ultimately required to promote ion formation of the
HF/benzene 1 complex [288].

8.4
Alternative routes to the o complex and the final stage

Gas phase arenium ions can be generated in many different ways as depicted in
Fig. 9. The energy content of the arenium ion in the diluted gas phase will de-
pend strongly on the exothermicity of the reaction used to form the ion, which
in turn determines the fate of the arenium ion. Highly exothermic formation
processes may even give rise to unimolecular dissociation. On the other hand, if
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Fig. 9. Some alternative routes to arenium ions. a) Ref [289],b) Ref [290], c) Ref [291], d) Refs
[292,293], e) Ref [294,295], f) [296]

a base is present and the arenium ion sufficiently long-lived, proton abstraction
may occur, thereby completing an electrophilic aromatic substitution reaction.
In this respect, a radiolytic technique is quite unique in bridging the gap be-
tween the gas and solvent phases [259]. The high pressure of an inert gas (typi-
cally atmospheric pressure) allows near thermal conditions, and careful control
of the conditions opens up the possibility for kinetic studies of the intermediate
arenium ions. The final neutral products are collected and analysed using ordi-
nary organic spectroscopic techniques. It has been demonstrated that mono-
substituted benzenes react with protonated methyl nitrate [297],in good agree-
ment with the solution reactivity trend, but in poorer accord with the gas phase
basicity trend reported above.I am not in a position to be able to give a fully sat-
isfactory explanation, except that NO; may have slightly different affinity to the
various sites of monosubstituted benzenes than H*. It has also been possible to
study the kinetics of for example hydrogen/deuterium exchange and other re-
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arrangement processes [298].In one case it has even been demonstrated that de-
protonation is rate determining, expressing a kinetic isotope effect [299].

9
Hydride abstraction and Hydrogenation/Dehydrogenation

One is not used to thinking of H,-additions or eliminations as polar reactions,
but this seems to be the case. The following reactions:

CH,NH: — CH,NH} +H,, (19)
CH,OH: — CH,OH* +H,, (20)
CH,FH* — CH,F* +H,, (21)
CH,SHf —> CH,SH* +H,, (22)
CH,CIH* — CH,CI* +H,, (23)

have been studied experimentally [300-304], and all but the last have also been
investigated by quantum chemical calculations [302, 304-306]. The accurate
data for the series X = NH,, OH, F (Eqs. 19-21) has shown how the electronic fac-
tors govern the barrier heights. The barriers for Eqs. 19-21 are linear in the pro-
ton affinities of CH;NH,, CH;0H and CH,E This has been interpreted in favour
of a polar mechanism where a proton moves intramolecularily from the hetero
atom (N, O, F) towards one of the hydrogens of the methyl group which is ab-
stracted in the form of a hydride [307]. The corresponding intermolecular pro-
ton to hydride transfer is observed in many ion molecule reactions [308]. The re-
actant ions can be considered analogues of CHZ. The latter is a hypervalent
adduct between H, and CHZ, while the former are adducts between HX and
CH7. The product ions are all of the type CH,X". In the case X = H, there is no
barrier for the reverse reaction which is addition of H, to CH,X*, while increas-
ing p electron donation from X to C increases the barrier height. It has been
demonstrated that the barriers for reactions of this kind are significantly di-
minished upon introduction of a separate catalyst molecule, e.g. water. This mol-
ecule acts as a mediator for the proton transfer, avoiding the unfavourable tight
transition state. It has been shown that this type of non-metal activation of the
hydrogen molecule is found in living systems [309] and in zeolites [310].
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List of Abbreviations

AISA Advanced integrated flowing afterglow
CRESU Cinétique de réaction en écoulement supersonique uniforme

DR Dissociative recombination

FA Flowing Afterglow

FALP Flowing afterglow/Langmuir probe
FT Flow-tube

ICP Inductively coupled plasma

ICR Ion cyclotron resonance

IS Interstellar

JPL Jet Propulsion Laboratory

LIF Laser-induced fluorescence

MS Mass spectrometry

PAH Polycyclic aromatic hydrocarbon
RA Radiative association

REMPI  Resonant excitation multiphoton ionisation
SIFT Selected-Ion Flow Tube
TOF Time-of-flight

vUv Vacuum ultraviolet
1
Introduction

The proposal in the early 1970s that homogeneous ion-molecule reactions play
arole in the formation of the small molecules detected by radio-astronomers in
interstellar (IS) clouds [1, 2], as well as the direct observation of small ions such
as CH*, HCO*, DCO*, N,H* and HOCO" in these environments [3], spawned
much interest in the measurement of chemical and physical processes involving
these and related ions. The challenge for gas-phase ion chemists was to identify
and characterize the IS processes in which these ions are featured, either as re-
actants or products. The involvement of these ions in the formation of the di-
verse range of ambient neutral molecules was also scrutinized. Mass spectrom-
etry, of course, became the experimental method of choice. Many different mass
spectrometry (MS) techniques have been applied since the mid 1970s in studies
of the large variety of proposed IS processes. Table 1 summarizes the types of
processes that involve ions and that have some relevance to the chemistry of as-
trophysical environments. A smaller subset of reaction types, comprising bi-
molecular ion/molecule reaction, radiative association and dissociative recom-
bination of positive ions, has received the greater proportion of experimental in-
vestigation to date. It is believed that these three broad reaction classes are
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Table 1. Interstellar chemistry reaction classes involving ions

Class General form Example MS techniques
of reaction used

Cosmic ray ionization cr+AB — A*+B+e+cr cr+H, - H +H+e+cr

UV photoionization =~ AB+hv — AB*+e C,,H,+hv— C,,H,, " +e

Associative ionization A+B — AB*+e CH+0 — HCO*+e

Radiative association A*+B — AB*+hv CH;"™+HCN — ICR, ion trap
CH,NCH*+hv

Bimolecular ion/ A*+B — C*+D H;*+CO — HCO*+H, SIFT, ICR

molecule chemistry

Dissociative AB*+e — A+B HCO*+e —» H+CO FALP, ion storage

recombination ring

Radiative attachment =~ AB+e — AB+hv CsN+e — CCCCCN-+hv

Dissociative AB+e — AB +hv HNCCC+e — CCCN+H

attachment

Associative A™+B — AB+e CsH +H — C¢H,+e SIFT

detachment

responsible for most of the ion-induced chemical processing within dense IS
clouds, circumstellar envelopes, and other cold molecular environments. Thou-
sands of MS investigations in the 1970s and 1980s yielded a data base for
ion/molecule reaction kinetics of substantial proportion, certainly sufficient for
the crafting of advanced chemical models to explain the gas-phase ionic syn-
thesis of IS ions and many of the IS molecules detected by radio-astronomers
[4-7]. Table 2 serves to demonstrate the range of conditions under which com-
plex molecule formation occurs in space. Almost all of the known IS molecules
have been detected in one or more of the sources given in Table 2, and these are
also the objects for which the most detailed chemical models have been devel-
oped.

The 1990s saw further developments and refinements in MS techniques. They
were directed to allow studies of ionic processes in more chemical detail and un-
der conditions more closely resembling the conditions in astrophysical environ-
ments. Also, existing MS techniques were applied to the study of novel chemistry
so as to advance the scope of our understanding of fundamental aspects of in-
terstellar processes. In this review, we focus both on developments in new MS
methods and on novel chemical applications of existing MS approaches. By sur-
veying these fields, we hope to convey a sense of the many different ways in
which mass spectrometry has met the challenge of mimicking chemical
processes which are truly ‘out of this world’. However, not everything that is
born in space remains there: we conclude with a brief exploration of the use of
MS to examine interstellar material that has made the long journey to our own
solar system.
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Table 2. Characteristics of important molecular astrophysical sources

Parameter Object
TMC-1 IRC +10216 OMC-1 Sgr B2
Classification ~ Cold dense Outflowing Warm molecular Giant molecular
cloud C-rich circum-  cloud/star- cloud
stellar envelope forming region
Constellation Taurus Leo Orion Sagittarius
Distance/pc 140 150 460 10,000
Temperature/K  10-20 1000 — 10 50-300 100
n/cm™ 10* 107 — 10° 10°-107+ 106-10'°
Representative ~ HNC, c-C;H,, Cyanopolyynes, Methylated Alcohols, ethers,
trace consti- polyacetylenic  polycarbon organics esters, carboxylic
tuents compounds sulfides, metal acids, amino
cyanides, silicon acids (?)
compounds
2

Positive lon/Neutral Interactions

2.1
Longstanding Experimental Techniques

The laboratory study of IS ion chemistry has its origins in measurements of
bimolecular ion/molecule reaction kinetics. Experimental conditions that are
found in most of the mass spectrometers employed in the measurement of
bimolecular ion/molecule reactions are far from those found in the cold low-
pressure environments of space. Nevertheless, because of the pressure indepen-
dence of bimolecular reactions and the absence of significant activation ener-
gies in most bimolecular ion/molecule reactions, MS measurements performed
here on earth do have relevance for the chemistry in space. The substantial data-
base available in the early 1990s on the kinetics of bimolecular ion/molecule re-
actions important in IS chemistry [8-10] was obtained almost entirely using ion
cyclotron resonance (ICR) and flow-tube (FT) mass spectrometry techniques.
Both techniques are well established and continue to be used extensively for ion/
molecule reaction measurements generally.

In the ICR technique [11, 12], ions are constrained in cyclotron motion (see
Fig. 1) by the application of magnetic and electric fields to electrodes which
form the boundaries of a small low-pressure chamber serving as both ion source
and reaction region. The ions’ motion is mass-dependent, and calibration of the
electric field strength ensures that only ions of a particular mass are effectively
trapped within the ion chamber. Transverse drift of ions, towards the chamber’s
end cap,is another aspect of the ion motion which can be controlled as required.
ICR chambers of widely different geometry (see Fig.2) have been used for study-
ing a variety of ion properties. Characteristic operating conditions are a reaction
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Excite Detect

é\)@é@ Ri:c

Fig. 1. Anillustration of the use of a rotating magnetic field to induce coherent (and therefore
detectable) ion cyclotron orbital motion in an ion packet within an ICR mass spectrometer
(12]

Fig. 2a-g. A diversity of ICR reaction chamber configurations, with excitation, detection, and
trapping (end cap) electrodes indicated as E, D and T. Configurations shown are: a cubic; b
cylindrical; c the ‘infinity’ trap with segmented end caps; d open-ended; e open-ended with ca-
pacitative rf coupling between sections; f dual; g ‘matrix-shimmed’. From [12]
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chamber pressure of 107 to 10~® Torr and a temperature of 80-450 K (although
‘lon temperature’ is typically viewed as being significantly higher than the tem-
perature of the chamber itself). Ion residence times (of the order of several tens
of milliseconds, or higher) are usually long enough to ensure that molecular ions
are not internally excited. The pressure range encompassed is often sufficient to
distinguish between bimolecular and termolecular reaction processes. At higher
pressures, an inert ‘bath gas’is generally employed to dilute the reactant neutral.
ICR measurements of relevance to IS chemistry were first reported in the 1970s
[13-15] and, as we shall see, the instrument still has a valued role to play as in-
terstellar ion/molecule kinetics progresses into the twenty-first century.

The most useful FT mass spectrometer for interstellar chemistry has been the
Selected-Ion Flow Tube (SIFT) tandem mass spectrometer [16]. A schematic of
the basic instrument is shown in Fig. 3. The reaction region in this instrument is
a flow tube that separates two quadrupole mass filters. Ions are normally pro-
duced in an electron-impact ion source, mass selected with a quadrupole mass
filter and injected into the upstream end of the flow tube against a pressure
gradient through a Venturi-type interface. Ions are carried down the tube in a
bath gas, usually He at about 0.4 Torr, in which they thermalize. Neutral reagents
are added downstream, although ions can be chemically manipulated first by
adding selected neutrals upstream. Reactant and product ions are sampled still
further downstream with the second quadrupole mass filter and counted.
Kinetic measurements are usually performed by following the reactant and
product ions as a function of the flow of reactant gas. This allows the determi-
nation of both reaction rate coefficients and product distributions for ion/mol-
ecule reactions. Variations of the basic SIFT instrument include the use of other
ion sources and the use of a triple quadrupole downstream for collision-induced
dissociation experiments. The flow tube itself can be heated or cooled with the
use of appropriate jackets. Variations in temperature from 80 to 1800 K have now

to Pump

Reagent

}

WT
Ton r i Thermalization |  Reaction
Source ; Region Region
to Pump
Flow Tube to Pump
Data
Acquisition

Fig. 3. Schematic diagram of the Selected-Ion Flow Tube (SIFT) tandem mass spectrometer.
Ions from the ion source are selected with a quadrupole mass filter before injection into the
flow tube. A second quadrupole mass filter is used downstream to separate reactant and prod-
uct ions in the sampled reaction mixture. The He pressure in the flow tube is ca. 0.4 Torr
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been achieved with this instrument. The birth, evolution and achievements in
the twentieth century of flow-tube mass spectrometry employed in the study of
positive ion chemistry recently has been reviewed by Bohme [17].

2.2
Bimolecular lon/Molecule Reactions

A number of research groups have used SIFT instruments for measurements
directed toward IS chemistry. The Birmingham group of Adams and Smith, the
inventors of the SIFT technique [16], was particularly active in this regard and a
major focus of their SIFT measurements was the systematic study of reactions
of hydrogenated ions, e.g. CH};, C,H}, NH{, H,S*, H,CO* etc., with numerous
molecular species [18]. Further contributions by this group include detailed
studies of isotope exchange in ion-neutral reactions, studies for which the SIFT
is eminently suited, since the ion source gas and the reactant gas are not mixed.
From these studies and detailed kinetic models of interstellar ionic reactions, it
is now understood that the observed enhancement of the rare isotopes (e.g. D,
3C) in some IS molecules is due to the process of isotope fractionation in ion-
neutral reactions [19].

The emphasis on interstellar/circumstellar ion chemistry in Bohme’s labora-
tory at York University has been on the synthesis of hydrocarbon-chain and
organonitrogen molecules [20], on ionic origins of carbenes [21] and on the for-
mation of organosilicon molecules [22]. In the studies of silicon chemistry a
state-selected beam of ground-state Si*(*P) ions, produced in a conventional
electron-impact source containing both a parent silane molecule and deu-
terium, was injected into the flow tube of a SIFT instrument. The deuterium in
the ion source removes the excited P state of Si* by deuterium-atom transfer so
that only the ground state emerges from the source. Si*(*P) was observed to ini-
tiate a variety of ion-molecule reactions resulting in Si-H, Si-C, Si-N, Si-O and
Si-S bond formation. Indications are that sequential chemistry initiated by
Si*(*P) with oxygen and carbon containing molecules such as H,0, CH;0H,
HCOOH, C,H,, HC;N and C,H, ultimately may lead to silicate or silicon carbide
particles, respectively, in the gas phase. Further experiments along these lines
seem warranted given the high abundance of silicon in space. SIFT experiments
have also shown that gaseous benzene and naphthalene can form adduct ions
with Si*(°P) in the presence of He gas by collisional stabilization and so pre-
sumably by radiative stabilization at the low interstellar gas densities. These
adduct ions are non-reactive with H, and CO but can react with H,0, NH;, C,H,
and C,H, to promote the synthesis of novel silicon-containing molecules such as
HSiOH and the cyclic adducts of atomic silicon with acetylene and diacetylene
[22].1t has been suggested that Si* and other atomic cations may also be trapped
by polycyclic aromatic hydrocarbon (PAH) molecules embedded in hydro-
genated amorphous carbon (HAC) grains that may be present in the interstellar
medium, by grains of pure graphite (the end members of the PAH series), and
even by fullerene molecules such as Cy, [23].

McEwan and co-workers have continued to use the Canterbury SIFT (also
known as ‘the Southern Hemisphere SIFT’) to characterize product-ion struc-
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ture by assessing the subsequent reactivity of product ions with other reagents
added further downstream [24-27]. This ‘monitor gas’ approach, necessitated by
the lack of structural information conveyed by MS detection of products, is a
technique which has also seen widespread use among other SIFT laboratories
[28]. Recent research at Canterbury [24] has shown that association of
C,H}+CO, previously proposed as the route to IS propynal HCCCHO [29], yields
protonated propadienone (H,CCHCO) rather than protonated propynal: disso-
ciative recombination of the resulting C;H;0* ion should favour formation of
propadienone (H,CCCO) rather than propynal, and propadienone is not seen in
IS clouds. Petrie has suggested that processes other than ion/molecule chemistry
are necessary to account for the observed IS propynal [30]. McEwan and
associates have also investigated the structure of the C,HsO" ion produced in the
reaction of H;0*+C,H, [25], a possible route to IS vinyl alcohol: their theoreti-
cal studies suggest that the reaction should give O-protonated vinyl alcohol
H,CCHOHj rather than the lower-energy isomer H;CCHOH* (O-protonated ac-
etaldehyde). The product ion reactivity seen in the Canterbury SIFT [25] shows
that two different C,H;0* isomers are produced, most likely H,CCHOH} and a
C,H,-H;0" complex, providing support for the proposal of vinyl alcohol as an
eventual product. One complicating factor which can impinge on the utility of
the ‘monitor gas’ approach is that the monitor gas can sometimes catalyse iso-
merization of the product ion under investigation [28, 31]: obviously, the mass
spectrometer is blind to this reaction pathway, and careful investigation (involv-
ing, perhaps, the use of a further monitor gas) is required to uncover such
processes.

Shortcomings in the monitor gas approach (it may, for example, be difficult
or impractical to find a reagent with the right combination of properties) can of-
ten be overcome if physical, rather than chemical, means of ion-structure deter-
mination are employed. Bond connectivity measurements for gas-phase ions
produced in ion/molecule reactions are generally performed using collision-in-
duced dissociation (CID), although photodissociation is also employed [32].
When performed under single-collision conditions, CID measurements also
provide information about the energetics of the bond being broken. This has
been achieved with a SIFT triple quadrupole mass spectrometer built in the lab-
oratory of Bob Squires [33, 34]. In the SIFT experiments performed by Bohme’s
group to investigate IS ion/molecule reactions, multi-collision induced dissoci-
ation is used to explore bond connectivities in product ions simply by raising the
potential of the sampling nose-cone without introducing mass discrimination
[35]. Figure 4 shows multi-collision CID results that illustrate the cyclization of
three acetylene molecules after having been attached sequentially to Fe* into
benzene [35].

2.3
lon/Atom Reactions

An important facet of IS cloud composition is that laboratory-unstable species
(e.g. H, G, N, O, CN, HNGC, c-C;H,) are often highly abundant, and the reaction
chemistry of such species is a challenging field of study. This is particularly true
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Fig. 4. Multi-collision CID results for (C,H,);Fe* and (C4Hg)Fe™ in the laboratory energy scale
with He as the collision gas. (C,H,);Fe™ is produced by sequential addition of C,H, to Fe* and
(C¢Hg)Fe* is produced by direct addition of C4H, to Fe*. The similarity in the threshold for dis-
sociation of (C,H,);Fe* and (CsHg)Fe* suggests that Fe* has mediated the cyclotrimerization
of acetylene to benzene [35]

with regard to ion/neutral chemistry. Reactions of IS ions with the atoms H
[36-38], N [39-42] and O [43-45] have been one main focus of the Canterbury
SIFT in recent years, and McEwan and co-workers hope ultimately to be able to
extend this effort to the ion chemistry of neutral atomic carbon. While produc-
tion of C,in a SIFT-usable reactant inlet, remains elusive, the methods for gen-
erating H, N and O are rather more well-established [46-48]. A representative
reaction inlet used for the study of N-atom reactions is shown in Fig. 5. Never-
theless, the still small list of ion/atom reactions to have been studied over the
past 37 years [48] is testament to the intrinsic difficulties in studying such re-
actions. While the production of free atoms, generally by action of a microwave
discharge on an appropriate gas, may in itself be comparatively straightfor-
ward, the atoms so produced will tend to recombine or to react with the walls
of the reaction vessel. Against the background of this unwanted chemistry the
remaining unreacted atoms must somehow be assessed and quantified so that
the kinetics of any ion/neutral reactions may finally be established. These diffi-
culties, and others, are exemplified in the measurements of the H{+N reaction
to which McEwan and co-workers have now devoted much attention [39-42].In
these studies (for which N is generated by microwave discharge of N,, typically
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Fig. 5. Schematic diagram of an N-atom reactant inlet as used by Scott et al. [41]. Nitrogen
atoms are produced by the action of a microwave discharge applied upstream of the glass wool
plug. The design of this particular inlet also allows absolute determination of the N-atom con-
centration by titration of N with NO (yielding O+N,); the titration endpoint is marked by de-
tection of NO*, from reaction of excess NO with O} as a reactant ion

yielding only 1% N in N,), the existence of rapid proton transfer from Hj to N,
is a severe obstacle to the detection of any direct reaction between H;* and N,
and in practice the sole practical indication of any H}/N reaction is in the ob-
servation of product channels not attributable to the H}/N, reaction. In an ini-
tial study in which H,, rather than He, was used as the SIFT buffer gas, and in
which Hf was produced in the flow tube by injection of Kr* into this hydrogen
buffer gas, a significant product signal due to NHj was interpreted as arising
from the occurrence of HI+N—NHj+H with a rate coefficient of
k=(4.5£1.8)x1071% cm® molecule™! s7! (NHJ itself was not directly observable,
due to further hydrogenation of this ion by reactions with the hydrogen buffer
gas) [39, 40]. Subsequent augmentation of the Canterbury SIFT to include a
flowing-afterglow (FA) ion source (as shown in Fig. 6) has now permitted low-
energy injection of H} from the FA ion source into He buffer gas, and with this
experimental configuration it has now been established that the H3/N reaction
is at least an order of magnitude slower than the previous study had suggested
[42]. Such a result has important implications for the IS synthesis of ammonia,
and the sensitivity of the inferred reaction rate to the experimental configura-
tion serves to illustrate that the topic of ion/atom reactivity remains a vital area
for continued research.

The SIFT group of Bierbaum at the University of Colorado has also recently
been active in the field of ion/atom chemistry, as a facet of their exploration of
the IS chemistry of PAH cations. Rate coefficient measurements for reactions of
the naphthalene radical cation, C;,Hf, the closed shell naphthylium cation,
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Fig. 6. A flowing afterglow ion source used by Milligan et al. [42] in the study of the H}+N re-
action. Ions are generated by electron impact, or by the action of a microwave discharge

C,oH?, and the naphthyne radical cation, C,(H¢, with H, O and N have been re-
ported, as well as reactions of these ions with H,, CO, H,0 and NH; [49]. Differ-
ences in reactivity were observed that could be correlated with the multiplicities
of the reactant C,,H} cation. The radical C,,H} cation was found to react with H,
O and N atoms but not with H,, CO, H,0 and NH;. In contrast, the closed-shell
C,oH? cation was found to be essentially unreactive with atoms but was seen to
associate via nucleophilic addition with most of the molecules studied. The
atom and molecule reactions of the naphthyne radical cation C, H{ were found
to be similar to those observed for the C, Hf radical cation, except for the reac-
tion with ammonia which proceeded at a moderate rate.

24
Low-Temperature Reaction Measurements

Temperatures can be very low in molecular astrophysical environments, as low
as 10 K in dense IS clouds. Many of the SIFT reactions were investigated by the
Birmingham group down to temperatures of 80 K with the use of suitable cool-
ing and heating jackets. In the early 1980s Rowe and coworkers developed the
CRESU technique to allow measurements of ion-molecule reaction rates down
to 7 K [50]. CRESU is the French acronym for “Cinétique de réaction en écoule-
ment supersonique uniforme” which means kinetics of reaction in uniform su-
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Fig. 7. Schematic of the CRESU apparatus devoted to the measurement of ion/molecule reac-
tions at low temperatures [50]

personic flow. The ion-molecule reaction is made to occur in a uniform super-
sonic flow in the absence of wall effects, thus avoiding the heterogeneous con-
densation inherent in flow reactors that involve cryogenic cooling. The super-
sonic expansion in the CRESU apparatus is achieved with axisymmetric, con-
verging-diverging Laval nozzles. The expansion generates a uniform flow for
some 100-500 us during which pressure, density and temperature (local ther-
modynamic equilibrium) remain constant. The lowest temperature achieved in
a CRESU is 7 K, but this required pre-cooling of the gases to liquid N, tempera-
tures. Without pre-cooling, temperatures as low as 15 K are achievable. Typical
operating conditions of gas flow limit the measurements to rate coefficients
larger than 10712 cm® molecule™! s71. A sketch of the apparatus is shown in Fig. 7.
Reactant ions are created using an electron beam (generally operating at 12 kV,
10 pA). Reactant and product ions are mass selected with a quadrupole mass fil-
ter and detected with a channeltron electron multiplier. For rate coefficient mea-
surements reactant ions R* are monitored as a function of the density of the
added reagent [N] at a fixed distance x between the sampling MS orifice and the
electron beam. As the jet is uniform, the decrease in R* ion density resulting
from reaction with the reagent N at a rate coefficient k is given by

[R*]=[R5]exp(-k[N]x/v)
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Fig. 8. Variation of the rate coefficient with temperature as measured with the CRESU appa-
ratus for the reaction of N* with ammonia [50]. The open circles represent early CRESU (at
Meudon) results [52] while the solid circles are newer CRESU (at Rennes) results [50]. The
open square is a room-temperature result obtained by Adams et al. [53] with a SIFT appara-
tus. The solid line is a theoretical prediction by Troé using the statistical adiabatic channel
model [54]

where v is the constant jet velocity derived from Pitot measurements. Diffusion
is negligible. The experiments are generally carried out as a function of [N] at
two different positions in the jet to correct for shock wave effects in front of the
50 pm diameter sampling orifice.

Rate coefficients for both bimolecular and termolecular ion/molecule reac-
tions have been measured with the CRESU technique in the temperature range
10-80 K. These have been summarized by Smith and Rowe [51] and include re-
actions of a doubly-charged ion, Ar** and the negative ion Cl~. Important IS re-
actions of Het, C*,N*, O, Ar*, N3, O3, H} and CH} with various molecules have
been investigated. Emphasis has been on those reactions whose rates show large
temperature dependencies. Figure 8 provides kinetic results for the reaction of
N* with ammonia which illustrates a rise in rate with decreasing temperature.
CRESU measurements have confirmed experimentally the theoretically ex-
pected rise in the rate of ion/polar molecule reactions with decreasing temper-
ature and so have had a significant impact on the development of chemical mod-
els of IS clouds.
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Rowe and co-workers are developing a so-called diffusion technique to ex-
tend the temperature and pressure range. The technique will use the conversion
of the initial kinetic energy (per unit volume) of the jet into a pressure increase
downstream of the mass spectrometer, when the flow is brought from a super-
sonic to a subsonic regime through suitably shaped tubing. Also, it has been
shown that the use of pulsed Laval nozzles reduces the appreciable amounts of
gas that are consumed in the continuous flow CRESU apparatus [55].

The CRESU approach is capable of attaining the very low temperatures, down
to ~10 K, which are pertinent to IS cloud chemistry. The free jet flow reactor de-
vice [56, 57] constructed by Mark Smith, in Tucson, can go lower still, below 1 K
- in fact, this device has an upper effective temperature limit of ~20 K. The free
jet flow reactor, depicted in Fig. 9, has been used for the study of both ion/mole-
cule and radical/neutral reactions [58], and, when employed for the ion chem-
istry of polyatomic cations such as C,H} [59], features laser-induced Resonant
Excitation Multiphoton Ionization (REMPI) to ensure that ions are produced ex-
clusively in the ground vibrational state. The nascent ions, in the surrounding re-
actant neutral mixture, are able to undergo ion/molecule reactions in the ex-
panding jet; reactant and product ions are analysed by ejection from the rarefied
jet into a time-of-flight (TOF) mass spectrometer. The uncertainties in rate co-
efficients and product distributions obtained using this technique are broadly
comparable to those delivered by the other flow techniques such as SIFT and
CRESU. Advantages of using supersonic expansion, as in CRESU or the free jet
flow reactor, over cryogenic cooling (e.g.a liquid-nitrogen-cooled flow tube) are
that generally lower effective temperatures can be obtained, using an experi-
mental setup in which relatively nonvolatile reagents such as NH; [59] can nev-
ertheless be used. One disadvantage inherent in the free jet flow reactor is that
the neutral molecules have a nonthermal rotational distribution (where ‘ther-

Fig. 9. Schematic diagram of the free jet flow reactor used by Mark Smith and co-workers for
very low temperature reaction kinetic measurements [58]. The jet originates from a pulsed
beam valve 1, and ions are produced by REMPI using a focussed pulsed laser. The reaction
zone is bounded by a repeller plate 2 and an endplate 3: ions are propelled, by a pulsed voltage
on the repeller, towards a sampling aperture in the endplate which leads to a TOF-MS 4
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mal’is taken to mean the effective temperature described by the spread in colli-
sion energies within the expanding jet) [59]. This makes problematic the as-
signment of a precise temperature to measurements involving molecular reac-
tants. Nonetheless, the reactor has provided some important insights into astro-
chemically-relevant reactions, having shown, for example, that the product
distribution seen in the reaction C,Hj+C,H, is effectively unchanged between
300 K and 10 K [59]. Smith and Atkinson have more recently constructed a
pulsed uniform Laval flow reactor [55,60] which to date has been employed only
for the study of radical-neutral reactions, although mass spectrometry is used
for product detection in one configuration of this instrument [58].

2.5
Radiative Association Reactions

The very low temperatures and very small molecule number densities typical of
molecular IS environments favour the occurrence of radiative association (RA)
processes, and such reactions are thought to be important in promoting the de-
velopment of molecular complexity in dense clouds. However, the laboratory
replication of these pathways is not straightforward: RA reaction kinetics are
typically much more dependent on temperature than is the case for reactions
producing bimolecular products. This temperature dependence can be rational-
ized as arising from the competition between collision complex dissociation and
the radiative dissipation of thermal and bond energy, with dissociation becom-
ing increasingly probable as the available thermal energy increases. Further-
more, association reactions are generally highly pressure-dependent, due to
competition between (bimolecular) RA and collisional (termolecular) associa-
tion. Even with helium as a buffer gas, efficient termolecular association will
very often mask the contribution from true radiative association at a given op-
erating pressure. Consequently, experimental approaches to the study of RA re-
actions have involved two strategies: use of techniques which involve intrinsi-
cally very low operating pressure, such as ion traps, in which the low probability
of termolecular collisions ensures that three-body kinetics can effectively be
discounted, or the use of instruments in which a wide range of operating pres-
sures can be accommodated, so that the relative contributions of radiative and
termolecular association can be unravelled. The latter approach has been widely
pursued, and with considerable success, using the ion cyclotron resonance (ICR)
technique. ICR is a venerable but powerful method which in recent years has of-
ten been coupled with Fourier transform techniques [12, 61-63]. One of the
most important features of the ICR is the wide range of operating pressure, from
~1077to ~107* Torr: this four-orders-of-magnitude range is often sufficient to al-
low the precise mechanism for the occurrence of a particular association
process to be established. Dunbar and associates have performed several studies
using ICR to explore the efficiency of RA for various series of homologous reac-
tions [64-67]: while the reactions investigated are not in themselves highly
pertinent to IS chemistry models, these detailed investigations of RA kinetics
are valuable as ‘test sets’ against which theoretical models of interstellar RA
reactions can be assessed [68, 69].
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In studies spanning Pasadena (JPL) and Canterbury, collaborations between
the McEwan and Anicich groups have focussed on RA reactions of small nitriles
[70-73], principally with the important IS ion CH}. The Canterbury ion-mole-
cule laboratory is currently unique in boasting both ICR and SIFT instruments
[73], effectively giving an even larger range in operating pressure than that ob-
tainable using ICR alone: however, comparison of ICR and SIFT results is com-
plicated by the fact that the SIFT method undoubtedly features much better
thermalization of the reactant ions than does ICR, and ‘high pressure’ mass spec-
trometrists often comment that the chief drawback of ICR is the uncertainty re-
garding the effective ion temperature. Despite this limiting feature, the ICR tech-
nique remains attractive for the study of several classes of reaction,and other re-
cent results of interest include the studies by Filippi et al. [74] on reactions of PF*
with small IS molecules, and of Schwarz and co-workers [75] on the association
reaction of Al* with benzene and its deuterated isotopomers. The latter study
nicely illustrates the influence of D/H substitution on the RA kinetics with a
300 K rate coefficient for C¢Dg, almost four times as large as that seen for C4Hs.

While ICR is probably the most widely-used methodology in the context of
ion/molecule radiative association, ion traps also have a long history of applica-
tion in this area. The ion traps employed by Barlow et al. [76] and by Gerlich and
co-workers [77-80] have a perceived advantage over ICR that they permit oc-
currence of reactions not only at low pressure but also at very low temperature,
nominally as low as ~10 K, and in this context they probably come closest, of any
of the many ion/molecule techniques devised to date, to genuine interstellar
cloud conditions. However, while such measurements are very valuable the
range of significant interstellar RA processes studied to date is limited to the re-
actions of CH} [76, 77], C,HZ [79] and C;H* [80] with H,: in the latter case [80],
production of C;H3+H competes with RA, and bimolecular product channels
also feature in the reaction of N*+D, which has also been studied in a low-tem-
perature ion trap [81].

2.6
Metal-lon Chemistry

The chemistry of metals in molecular astrophysical environments is an emerg-
ing field. Little more than a decade ago, no metal-containing species had been
identified in cold interstellar or circumstellar space [82]; currently, NaCl, MgNC,
AIF, MgCN, AICl, KCl, Na(CN) and AINC have all been detected in the outflow-
ing envelope of the carbon-rich, mass-losing star ICR+10216 [32, 83-86], with
the first three of these species also seen in other sources [87]. Tentative detection
of FeO (seen towards the Galactic centre) has also been reported [88]. Ion/mol-
ecule reactions are seen as the most plausible route to MgNC and MgCN, and are
also thought important in AINC formation [89]. While the precise reactions con-
sidered most effective in producing the observed metal cyanides [90] - i.e. asso-
ciation of metal ions with the cyanopolyynes HC;N and HC,N - have not yet
been studied experimentally, a closely analogous reaction, involving Mg* and
HGC;N, has been subjected to SIFT study by Bohme and co-workers [91]. The
SIFT technique does not yield direct information on the occurrence of radiative
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association in this case, since the association product seen is likely to result prin-
cipally from termolecular association, but the absence of competing bimolecu-
lar product channels is at least encouraging for the proposed metal-cyanide for-
mation mechanism [89, 90]. Another York SIFT study [92] has thrown light on
the reaction chemistry of Fe* with small unsaturated hydrocarbons; again, in-
formation on relevant IS radiative association rates could not be extracted di-
rectly, but the occurrence of efficient collisional stabilization and the absence of
competing product channels suggest that RA rate coefficients for these reac-
tions, at cold IS temperatures, should be significant. Subsequent neutralization
products of the chemistry initiated by such Fe*/hydrocarbon reactions could in-
clude FeC,H, and FeC,H,, (n=1,2) species. Observable association (again, under
lab conditions, presumably termolecular) between Mg* and NH; [93] provides
an apparent route to MgNH, in circumstellar environments such as IRC+10216,
although subsequent theoretical determinations of the relevant RA rate coefti-
cient cast doubt on the detectability of this species [94].

The ICR and ion trap techniques are, as noted above, well-suited for the study
of RA reactions, and their contributions in the field of IS metal ion chemistry
have to date concerned reactions with PAH molecules. Boissel and co-workers
have used a Penning ion trap coupled with Fourier transform MS to character-
ize the addition of Fe* to naphthalene; in related experiments, Fe* was seen to
undergo charge transfer, rather than addition, to the larger homologue an-
thracene (C,4H,o) [95-98]. The Dunbar group has employed ICR to study the re-
actions of first-row transition-metal ions (and some main-group ions) with
benzene, naphthalene, anthracene and coronene [99-102]. The efficient occur-
rence of association with coronene, with almost all of the 25 different metal ions
surveyed [102],is notable given the low-pressure, heated-ion environment char-
acteristic of ICR instruments. In fact, secondary addition to form M*(C,,H,,), is
also generally seen with transition metal ions when C,,H,, is coronene, but is not
seen in some instances when C,,H,, is the isomer tribenzocyclyne, which has a
much larger central cavity: it appears that some metal ions are capable of in-
serting directly into this cavity [102].

The York SIFT has also been employed to study the reactions of metal ions
(notably Fe*) with benzene, with the bowl-shaped PAH corannulene (C,,H,,),
and with Cg, [103]; the latter two ligands are unusual among terrestrially-known
polyaromatic compounds in possessing surface curvature, which may neverthe-
less be a feature of interstellar PAHs, and with corannulene it is also interesting
to explore whether ligation occurs preferentially at the convex or the concave
face of the ‘bowl’ [104]. The general indication from all of the M*/PAH associa-
tion studies is that metal ion adsorption onto the surfaces of large PAHs will be
an important IS loss process for gas-phase metals [105-108] as discussed earlier
for the Si* cation. In a sense, the recent experimental studies on this topic repre-
sent the first steps towards quantification of a generalized process, of depletion
of metals by adsorption onto IS dust grains, which has been qualitatively recog-
nised for a considerable time.

As can be appreciated from the examples of sequential addition of two
coronene molecules to Cr*, Mn* and other transition-metal ions [99], placing a
metal ion on a surface does not automatically negate all of its reactivity. One of
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the most interesting aspects to emerge from the chemistry initiated by M*+PAH
reactions is in the subsequent reactivity of the adsorbed metal ion. Bohme has
coined the term ‘gas-phase surface chemistry’ to describe such processes [109,
110], and there are now several different reaction classes of this type which have
been demonstrated. The adsorption-induced modification in the metal ion’s re-
activity is often manifested in a diminished propensity to undergo further asso-
ciation reactions - for example, studies using the York SIFT [103] have found
that while Fe* is capable of sequentially adding up to five small inorganic lig-
ands, Fe(Cqy)* adds a maximum of four and Fe(C,H,y)* only three. There are
other examples where the metal ion uses the PAH substrate as ‘feedstock’ to pro-
duce a novel product, for example [96,111]:

Fe(C¢Hg)* + O, — Fe(CcH,O)* + H,0O
Fe(C10H8)+ + 02 - Fe(C10H60)+ + Hzo 5

Very recent SIFT experiments by Caraiman and Bohme [111] that explored the
chemistry of Fe* coordinated to benzene and the extended aromatic coronene
with a number of interstellar gases provided two additional, although minor, re-
action channels for the reactions of Fe(C¢Hg)* with O,. Both Fe(C4sHg)* and
Fe(coronene)* reacted to produce FeO, and, when trapped by benzene, Fe* was
found also to initiate the catalytic oxidation of benzene, possibly to catechol
(1,2-dihydroxybenzene), by regenerating Fe* [111]. There are even instances in
which the metal ion (or the M*/PAH adduct) acts as a ‘template’ for formation of
a new aromatic ring [108] or for the fusing of two smaller PAHs [97]. These are
all processes which may, in many instances, have their analogies in the surface
chemistry occurring on IS dust grains, and there is clearly much scope for fur-
ther interesting research here.

A new technique that promises to provide extensive kinetic data for metal-ion
and organometallic-ion chemistry is the Inductively Coupled Plasma/Selected-
Ion Flow Tube (ICP/SIFT) tandem mass spectrometer that has been constructed
at York University and reported early in 2000 [112]. ICP-MS was originally
developed for elemental and isotopic analysis, but in this application the ICP is
intended to provide a universal source for atomic ions for injection into a flow
tube and the study of their chemistry at room temperature. The ICP ion source
and its interface with a flow tube are shown schematically in Fig. 10. Ions are
produced in an rf argon plasma operating at atmospheric pressure and passed
through differentially pumped sampling and skimmer cones into a quadrupole
pre-filter and resolving filter combination and are then injected through a
Venturi-type inlet into the flow tube containing helium at 0.35 Torr. Solutions
containing the metal salt of interest having concentration of ca.5 pg 1™ are peris-
tatically pumped via a nebulizer into the argon plasma. The metal ions emerge
from the plasma at a nominal plasma temperature of 5500 K and experience
both radiative and collisional electronic-state relaxation before they enter the
flow tube. Collisional relaxation may occur with argon as the extracted plasma
cools upon sampling and then by collisions with He atoms in the flow tube prior
to the reaction region, but the actual extent of electronic relaxation (either
radiative or collisional) is not known. The collisions with He ensure that the ions
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Fig. 10. Schematic view of the Inductively-Coupled Plasma (ICP) Selected-Ion Flow Tube
(SIFT) tandem mass spectrometer. The ICP torch produces metal ions M* that are mass-se-
lected and injected into the flow tube. The M* ions may be ligated with molecules L before they
enter the reaction region further downstream

reach a translational temperature equal to the tube temperature of 295+2 K
prior to entering the reaction region.

The application of the ICP/SIFT technique was first reported in 2000 and
since then has been employed in measurements of reactions of metal ions with
0, [113, 114] and N,O [114] and the trapping of metal ions by benzene vapour
[111]. As a convenient and highly adaptable source of atomic ions, the ICP
clearly has great potential in the exploration of IS metal-ion chemistry.

2.7
Fullerene/Particle lon Chemistry and the Influence of Charge State

Although there is, as yet, no convincing evidence for the interstellar/circumstel-
lar presence of Cg, there are suggestive data [115]. Also, the proposal has been
made that Cy, can serve as a useful model for carbonaceous dust, at least in the
limit of spherical carbon structures [110]. Mass spectrometry played a crucial
role in the discovery of Cq, and related fullerenes [116] in the laboratory in 1985,
and once Cg, became available in powder form in 1990 [117], mass spectrometry
was used extensively to characterize this molecule with ionization, protonation
and fragmentation experiments [118,119].

Since solid C is readily sublimed, and because of its high stability, it can be
singly and multiply ionized in a conventional MS ion source and can easily be
added as a neutral vapour into the reaction region of an appropriate mass spec-
trometer. The first three charge states of Cy, have been achieved in the electron
impact source and flow tube of a SIFT mass spectrometer and this has led to ex-
tensive measurements of the reactivities of C¢f, CZ and Cf with IS and circum-
stellar molecules [120]. SIFT experiments with neutral Cg, have shown that Cy is
readily ionized by electron transfer to suitable positive ions and by Penning ion-
ization and that reactions with He* even lead to two-electron transfer and the for-
mation of doubly charged CZ [121]. Petrie and Bohme have discussed the for-
mation and reactions of singly and multiply-charged Cg, cations with a particu-
lar emphasis on the chemical derivatization of fullerenes in interstellar and
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circumstellar environments [122, 123]. Multiple ionization was observed to have
some important chemical consequences for chemical derivatization and also for
the direct chemical synthesis of neutral IS molecules. It has been shown that dis-
sociative derivatization and the more physical process of electron transfer be-
come increasingly competitive as the charge state increases with electron transfer
ultimately being preferred. An example of molecular synthesis assisted by multi-
ple ionization can be found in the SIFT experiments of Milburn et al. [124] which
have shown that intramolecular charge separation preceded by bonding to dou-
bly-charged Cgp, CZ (and so by inference doubly-charged PAHs or C-containing
grains), can lead to new synthetic pathways to cyclic cyanopolyenes. Petrie and
Bohme [125] have raised the possible formation of internally cold but kinetically
excited ions in interstellar charge separation reactions. Such ions may drive sub-
sequent ion-molecule reactions that are endothermic, or barrier-inhibited, at the
low ambient temperatures of IS environments, e.g. H-atom abstraction from H,.

The formation and reaction of multiply-charged ions may occur more gener-
ally with other large molecules in IS and CS regions. For example, naphthalene,
a member of the PAH family, has been shown to be doubly-ionized by thermal
reaction with He* [126]. The chemistry of such multiply-charged species re-
mains to be explored, particularly with regard to their role in the ion-assisted
synthesis of neutral molecules.

One of the most interesting applications of mass spectrometry in the past
decade has uncovered the processes that may be involved in the formation of
fullerenes within astrophysical environments. An ion’s diffusion coefficient in,
say, a helium bath gas shows some dependence upon its gross geometrical con-
figuration,and the research group of Mike Bowers at Santa Barbara has used this
effect in the development of an ‘ion chromatography’ technique [127] which
provides an insight into the shapes of large molecular ions. The groups of Bow-
ers [128,129] and Jarrold [130, 131] have subsequently studied the evolution of
large carbon cluster ions, produced by laser ablation of graphite, from monocy-
cles to tricyclic structures to multiple-ring systems and ultimately to fullerenes
through a laser-induced ‘annealing’ process [132] which may mimic the pro-
posed formation of fullerenes in the atmospheres of highly hydrogen-deficient
stars. In a development which holds some relevance for PAH growth mecha-
nisms, the structural influence of hydrogenation has also been explored using
this technique [133].

3
Positive lon/Photon Interactions

While dense IS regions are generally well-shielded against high-energy photons,
the interaction between molecular ions and photons is relevant to the question
of the survival of such ions in the diffuse interstellar medium, where UV irradi-
ation might be expected to be a powerful destructive force. Such effects are, of
course, important also for the fate of neutral molecules in the diffuse interstellar
radiation field, but UV photoabsorption by molecules of moderate size is often
more likely to lead to photoionization (itself an important topic, but not covered
herein) than to photodissociation.
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3.1
Interstellar lon Photochemistry

The particular propensity of high-vacuum MS techniques, for confining ions in
an environment almost devoid of collision partners, greatly facilitates the study
of ion photochemistry [134]. Studies involving polyatomic ions (most often
large aromatic ions) and various modes of irradiation have been an important
focus of recent ICR investigations [135]. Several recent studies by Vala and co-
workers at Gainesville [136-138], by Griitzmacher and associates at Bielefeld
[139], by Boissel et al. at Orsay [134], and by Joblin et al. at Toulouse [140] have
examined the dehydrogenation of PAH cations ranging in size from 10 to ap-
proximately 200 carbon atoms, including fluorene, coronene and perylene. Pho-
tolysis in these studies was effected by UV/visible [134, 136-138], sustained off-
resonance [139], or laser [140] irradiation of the parent PAH cation, yielding in
several instances (see Fig. 11) fully dehydrogenated carbon cluster ions such as
Ctg, C3y and C},. Griitzmacher and co-workers have also used multiple-excita-
tion collision activation to generate the C%, cation from perchlorocoronene
[141]: studies of the subsequent reactivity of these species [141-144], with vari-
ous aromatic molecules and with dimethyldisulfide, indicates that carbon clus-
ter cations formed by such comparatively ‘gentle’ techniques tend to retain the
polycyclic skeleton of the parent PAH. The astrochemical implications of these
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Fig. 11. Mass spectra showing the progression towards complete dehydrogenation of the
coronene radical cation as a function of increasing lamp power [138]
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results are that UV photolysis of PAHs, in diffuse IS space, will dehydrogenate
but not completely destroy the central framework of these molecules: it is likely
that mechanisms for their subsequent rehydrogenation will operate in more
dense regions (which are shielded from the bulk of the IS radiation field). A star-
tling demonstration of the influence of structure on reactivity is provided by the
greater than 1000-fold difference in rate coefficients for reaction of polycyclic
and monocyclic C%, (produced respectively from sustained off-resonance irra-
diation of coronene, and from laser ablation of graphite) with benzene [142].

The ion trap technique has also been used to investigate the photochemistry
of PAH cations, though in a more restrained fashion than the ‘brute force’ re-
moval of multiple H atoms which has characterized many of the ICR studies.
The von Helden group [145-147] has used the intense IR radiation from a free
electron laser to effect excitation (and multiphoton dissociation) of trapped
PAH cations ranging in size from C, H} (naphthalene) to C,;H?, (coronene).
Such studies, free of the small spectral shifts which influence the spectra of rare-
gas-matrix-isolated ions, yield infrared spectra which can then be compared di-
rectly with IS spectral features thought to be due to PAH cations [148]. Other MS
techniques to have been applied to this topic include ion beam [149-151] and
time-of-flight [151-156] approaches.

4
Positive lon/Electron Interactions

A decade ago, while considerable data had been compiled on the kinetic mea-
surement of dissociative recombination (DR) reactions of small polyatomic
ions, laboratory information on the product distributions of such reactions was
restricted to the results of a few merged-beam and stationary-afterglow studies
on DR of CO% and of H} [157, 158], and the first explorations of combined flow
tube/Langmuir probe/spectroscopic detector techniques, independently pur-
sued by Rowe and co-workers (at Rennes) [159,160] and by Adams and co-work-
ers (at Birmingham, and subsequently Atlanta) [161, 162]. Considerable ad-
vances have since been made, both in measurement of recombination coeffi-
cients (particularly for larger ions) and in the elucidation of product
distributions for a still small but growing sample of important IS ions.

4.1
Recombination Reaction Rate Measurements

The Rennes group is currently using the FALP-MS technique [163], a flowing af-
terglow/Langmuir probe device fitted with a moveable mass spectrometer, as
depicted in Fig. 12, to determine recombination kinetics for polyatomic cations.
The combination of moveable Langmuir probe and MS detectors permits inde-
pendent (though not simultaneous) determination of the reactant ion and elec-
tron concentration profiles as a function of distance, allowing for a greater de-
gree of clarity in elucidating the reaction chemistry in a plasma where several
different reactant ion types might be present. In the studies of Rebrion-Rowe,
Mitchell, and co-workers [165-168], helium is employed as a buffer gas, supple-
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Fig. 12. Schematic view of the Rennes FALP-MS [164]

mented by various ‘precursor gases’ which are used to generate preferentially the
ions of interest from an appropriate reagent gas. Thus, for example, in studies on
ionized hydrocarbons, Ar*, Kr*, Xe* or N*/N} would be employed as a precursor
ion (from the corresponding rare gas, or from N,), while to examine the recom-
bination chemistry of a protonated hydrocarbon the preferred precursor gas is
an H,/Ar mixture, yielding H} which will then protonate the reagent of interest.
An important outcome of this work is that, contrary to some earlier theoretical
suggestions [169, 170], the recombination coefficients for hydrocarbon cations
appear much more dependent on fine details of electronic or molecular struc-
ture than on the molecular ion’s overall size: their measured recombination co-
efficient, a, for CH# (7.0x1077 cm® molecule™ s7!') [165] is only marginally less
than that for the phenanthrene cation C;;H;,* (7.5x%1077 cm® molecule™! s7!)
[171], while the fluoranthene cation C,¢H,,* apparently has a substantially larger
value (a=2.5£1.5%10"% cm?® molecule™! s7!) [168]. The fluoranthene study [168]
identifies several complicating factors arising both from the inability to com-
pensate satisfactorily for problems of mass discrimination in attempted mea-
surements on the wide variety of ion masses (from m/z=14-450) present in the
reaction region at any one time, and from the presence of pyrene (which also has
the formula C,¢H,,) as a contaminant: pyrene undergoes electron attachment,
with the result that the reaction plasma contains both a cocktail of reactant
cations and a mixture of negative charge carriers. Electron attachment to pyrene
(B~10"° cm® molecule™! s7!) is not as intrinsically rapid as recombination with a
polyatomic ion, but since the reactant neutral number density (even of pyrene
as a ~2% impurity in fluoranthene) is many orders of magnitude higher than the
positive ion number density, attachment presents a significant impediment to
interpreting the recombination kinetics, and this is reflected in the compara-
tively large uncertainty ascribed to the fluoranthene DR measurement [168].
Such problems are likely to apply also to studies on larger polyatomic ions; nev-
ertheless, extension of these studies to progressively larger species will be very
valuable in furthering our understanding of PAH ion chemistry in IS environ-
ments. One other result reported from the fluoranthene study [168] is that the
recombination coefficient for (dimeric) fluoranthene cluster ions is apparently
much larger than the value for ionized fluoranthene itself. Cluster ions typically
have larger recombination coefficients than molecular ions of comparable size,
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as is also borne out by the recent high-pressure flowing afterglow studies, by
Glosik, Plasil, and co-workers, of DR with protonated dimers of small molecules
[172-175]. Although the types of clusters studied in the latter experiments
[172-175] are not in themselves expected to be important constituents of IS
clouds, the results do serve to underscore the extremely high efficiency of DR
involving weakly-associated complex ions. In an IS context, it may well be that
the extent of PAH clustering will significantly influence the interaction of ions
with electrons, and hence the degree of ionization, in dense regions.

4.2
Dissociative Recombination Product Channel Determination

Measurement of DR branching ratios is perhaps the most problematic and con-
tentious topic in experimentally-based interstellar chemistry. As the chief means
of positive ion neutralization, DR is crucial in determining the eventual outcome
of most, if not all, sequences of synthetic ion/molecule steps. Two fundamentally
different techniques have been used for DR product analysis. The FALP tech-
nique of Smith and Adams, used with considerable success in the study of
ion/electron recombination kinetics [171, 176, 177], has been adapted to permit
subsequent neutral product detection by LIF (laser-induced fluorescence) or
VUV (vacuum ultraviolet) spectroscopy, as shown in Fig. 13. Such studies, first
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Fig. 13. Schematic diagram of the FALP-LIF/VUYV apparatus used, in various configurations,
since 1989 by Adams et al. [161] in their characterization of DR neutral products. The dotted
line encasing the central flow tube represents a vacuum jacket facilitating operation at a broad
range of temperatures
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conducted in 1989 [161], have been pursued by the research groups of Adams in
Atlanta [162, 178], Rowe in Rennes [179] and Johnsen in Pittsburgh [180-182].
In these studies, LIF has been used to characterise the diatomic fragments OH
[161,180,181,183],and CO (in the excited a °IT state) [182], as well as indirectly
monitoring H atom production from DR, through measurements on the OH
yield obtained using the conversion reaction H+NO,—OH+NO [184]. Direct
measurements on H-atom yield, using VUV detection [161, 184] have also been
undertaken, as have VUV studies of atomic oxygen [185].

One limiting aspect of the FALP-LIF and FALP-VUYV studies is its apparent re-
striction to detection of highly reactive (in practice, radical) products. Thus, al-
though the DR of protonated species such as Hf, HCO?}, H;0*, H;S* and HCNH*
(all of which play an important role in IS ion chemistry) may very well yield the
parent neutrals H,, CO,, H,0, H,S and HCN, these ‘stable’ products are not viable
candidates for spectroscopic detection in FALP studies since they are necessar-
ily present in the reaction region as precursor gases: remember also that, in a
high-pressure laboratory plasma of this type, the concentration of the source gas
is routinely many orders of magnitude higher than the concentration of reactant
ions. Since only a minuscule fraction of the source gas molecules experience
protonation within the reaction region, identification of the yet smaller fraction
of parent molecules to re-emerge unscathed from DR is not a tenable proposi-
tion. Another important point is that FALP is a flowing-afterglow, and not a se-
lected-ion, approach: once the initial ionization is produced, there is no effective
physical constraint or filter to allow preferential selection of a particular reac-
tant ion, and so this selection must be effected chemically. In the first FALP-LIF
study reported [161], detection of OH production from the DR of HOCO™ ne-
cessitated the sequential occurrence of the following reactions:

He* + He + He — He} + He
He* + He + — Hel +e
He} + Ar — Ar* + He + He
Art +H, — ArH*+H
— Hi + Ar
XH*(X=H, Ar) + H, - Hf + X
H} + CO, — HOCO* + H,
HOCO* +e — products (including HO + CO).

Thus, the ionization is initially effected by discharge in helium, while at pro-
gressively later stages along the flow tube are added argon, hydrogen and carbon
dioxide (and to detect H by LIF, NO, must also be added). The intermediate
chemistry involving Ar and H, is crucial to ensure that the eventual protonation
of CO, is sufficiently gentle that only ground-state HOCO*, and no contaminat-
ing fragment ions, persists into the reaction region [161]. The necessity for the
flow-tube chemistry to be ‘clear’, in the sense of converging, finally, to one spe-
cific product ion, has placed further constraints on the DR reactions accessible
using this approach, and it is notable, for example, that aside from CH? [184]
none of the important IS hydrocarbon ions — which, as a class, are prone to un-
dergo subsequent chain-growing reactions - have been subjected to this method
of product analysis.
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The second main approach to DR product identification, using an ion storage
ring apparatus [186-190], has recently been used by groups based in Denmark
(using the ASTRID storage ring) and Sweden (using the CRYRING installation).
A representation of the CRYRING apparatus is shown in Fig. 14. The salient fea-
tures of this method are, first, acceleration of the reactant ions to very high
translational energy (typically several MeV) in the storage ring, second, merg-
ing of this fast ion beam with an equal-velocity electron beam and, third, detec-
tion of the fast neutral products resulting from individual DR events. Storage
times of arbitrary duration (typically several seconds) can ensure that any elec-
tronic or vibrational excitation of the reactant ions can satisfactorily be radia-
tively dissipated prior to reaction, while the very low centre-of-mass collision
energies which can be obtained by judicious matching of the ion and electron
beam velocities permits occurrence of a ‘cold’ DR reaction to produce neutral
fragments which are, nevertheless, very highly translationally excited in the ‘lab-
oratory frame’ of the stationary detector. The mode of detection also warrants
comment. A dipole magnet immediately downstream from the reaction region
deflects the ion beam along the path of the ring: any neutral products are not de-
flected and travel along the 0° direction to the detector (which is typically an en-
ergy-sensitive, ion-implanted silicon detector). Due to the very high transla-
tional velocity of the reactants, all neutral products have virtually identical ve-
locity and so all fragments resulting from a single DR event arrive at the detector
simultaneously: the detector does not, in fact, register separate products, instead
measuring the total collision energy of all fragments from a discrete DR event.
If all product fragments from all events reach the detector in separate ‘event-
packets’, then an essentially ‘monochromatic’ energy signal is registered inde-
pendent of any fragmentation, yielding no information on the product distrib-
ution. If, however, a porous grid is interposed before the detector so that some

Fig. 14. View of the CRYRING ion storage ring at the Manne Siegbahn Laboratory at Stock-
holm University [196]. The scale of the instrument can be judged by the cubic-metre blocks
depicted near the drawing’s centre
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fragments are prevented from reaching the detector, then the ‘energy spectrum’
which builds up from accumulating data from many discrete DR events becomes
a ‘mass spectrum’ of a sort, revealing the distribution of fragment masses (and
combination-of-fragment masses) which have successfully reached the detector.
Examples of such neutral mass spectra, for DR of H;O" isotopomers, are shown
in Fig. 15. Provided that the transmission characteristics of the grid are known,
it is then feasible to determine the unique branching ratio of possible product
channels which has given rise to the observed energy spectrum. It is, perhaps,
ironic that this method relies for its success on the inclusion of a component de-
liberately designed to block off a part of the signal: in most MS studies, after all,
considerable pains are taken to boost the signal wherever possible! Storage-ring
measurements are capable of yielding information on the dissociative recombi-
nation rates, via determination of the electron/ion collision cross-section, but it
is undoubtedly their utility for characterizing neutral DR products which has
most caught the attention of the interstellar chemistry community. Uncertain-
ties ascribed to the product distributions obtained from this method are very
low, generally only 1-2% of the total product yield.
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Fig. 15. Neutral product ‘mass spectrum’ seen for the DR of various H;0" isotopomers, with a
70% transmission grid intersecting the path of the neutral products prior to detection [199].
Analysis of this mass distribution subsequently yields the reaction’s product distribution
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The first use of an ion storage ring for quantification of relevant DR product
channels was reported in 1995: the CRYRING device in Sweden was used to
characterize the branching ratios for DR of H}, for collisional energies ranging
from 0.001 to 20 eV [192]. Subsequent CRYRING studies have focussed on the
DR reactions of H;0%, D;0* [193], CH} (n=2,5) [191, 194], NH} (n=2,4) [195],
HCNH" [196] and C,H3 [197]. The ASTRID device in Denmark has also been
employed, with results reported for DR of H,0*, H;0" and CH} [198] and of the
variously deuterated isotopomers of ionized and protonated H,O [199, 200].
Both instruments are currently being used to study the DR of somewhat larger
hydrocarbon ions [201, 202]. A common thread emerging from the Scandina-
vian studies is that three-body dissociative channels, of the form X+H+H or
X+H+H,, are an important and sometimes dominant component of the DR
products [203]. This is a phenomenon which was not anticipated from previous
experimental (i.e. FALP-LIF) or theoretical studies, and potentially has major
ramifications for the chemical evolution of IS clouds [204]. For example, the un-
expectedly efficient production of atomic C from the DR of CH? [198],and of CH
from the DR of both CH} and C,H} [197, 198] may provide an important route
to these highly reactive neutrals, which appear to be surprisingly persistent in
comparatively dense IS regions.

Agreement between the ASTRID and CRYRING measurements for H;0* and
D;0* - which to date provide the only basis for a comparison of the two instru-
ments - is fair to good [193, 198, 200]. The same cannot be said for some of the
ions which have been studied by both FALP-LIF and storage-ring techniques,
notably H;0* and HCNH". For H;0", FALP-LIF measurements of the O atom
production yielded a value of 0.30 for the branching fraction of the O+H,+H
channel [185], in contrast with the values of 0.01£0.04 and 0.04+0.06 resulting
respectively from ASTRID and CRYRING measurements [193, 198, 200]. For
HCNH*, FALP-VUV data showed that CN+H, considerably outweighed
CN+H+H in efficiency [205], a result very much at odds with the respective
branching ratios of 0+£0.02 and 0.33%0.03 obtained from CRYRING measure-
ments [196]. Nevertheless, while such discrepancies are very troubling for inter-
stellar modellers, we should also note that the points of broad agreement be-
tween FALP and storage-ring DR product distributions are much more numer-
ous than these disagreements. With regard to the resolution of the identified
discrepancies, one important distinction [198] is that FALP product distribu-
tions effectively result from the compilation of several separately-executed and
essentially independent experiments, each of which involves VUV or LIF detec-
tion of one particular reaction product such as H, O or OH; in contrast, storage-
ring measurements yield a complete product distribution in one experiment (al-
though data accumulation from repeated runs obviously helps to minimize
noise in the observed signal). An inherent shortcoming in both techniques is
that in some instances the product distribution may not be susceptible to un-
ambiguous determination: for example, the FALP studies on HOCO™ (first be-
gun in 1989) [161, 183-185] have not included attempted detection of a possible
HOC product, while the storage-ring measurements on HCNH* [196] cannot
mass-distinguish between HCN and HNC products, nor between any set of iso-
mers. Identification of the exact chemical structure of polyatomic products is
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technically feasible by FALP-LIFE, but appears not to have been reported to date.

It is interesting to emphasize the degree of elegance that has already been
demonstrated by the two different techniques. Such elegance is exemplified by
FALP-LIF studies which have yielded vibrational product distributions (v=0-6)
for CO from the DR of HCO* and DCO* [206, 207], and by CRYRING measure-
ments which have used a differential absorber (which serves to filter out inter-
ference from H-atom products) to quantify the ratio of O (°P) to O (!D) pro-
duced in DR of H,0* [208]. While population of excited states may not be highly
significant for IS cloud chemical evolution (the extremely long timescales be-
tween collisions ensure that such excitation will be dissipated away prior to any
reactive encounter), the energy distribution from DR certainly plays a role in es-
tablishing the thermal equilibrium in these regions. Furthermore, characteriza-
tion of the dispersal of reaction energy, as well as product fragments, is obvi-
ously very valuable in the context of deepening our understanding of the dy-
namics of the fundamental DR process, and may well lead to an improved
theoretical understanding of this important and challenging class of reactions.

4.3
The Hi+e Reaction Rate

Recombination coefficient measurements are generally less subject to disagree-
ment or discrepancy than are the corresponding product distributions, but there
is one very important exception: the reaction of Hi+e [209]. Over the past sev-
eral decades, the kinetics of this process have been investigated by methods in-
cluding the merged-beam [210-212], ion trap [213], stationary afterglow
[214-216], flowing afterglow [164,217-223], infrared absorption [224, 225] and
ion storage ring [226-228] techniques. Yet, despite the impressive (and still
growing) arsenal of experimental approaches which have been brought to bear,
the H;* DR reaction is still the ‘John Barleycorn’ of ion/electron reactions. Ex-
perimental measurements of a(HJ) have ranged from <10-!! cm?® molecule™ s7!
to ~3x1077 cm® molecule™ s7!, with several theoretical studies favouring the
lower end of this range [229]. The most recent experimental studies have mostly
yielded results which are clustered around 10~ cm?® molecule™! s~!, with the no-
table exception of an Advanced Integrated Stationary Afterglow (AISA) study
which reported a4~3%x10" cm?® molecule™ s7! [216]. Attempted explanations of
the curious inconsistency in measurements have included the perturbing influ-
ence, variously, of H} vibrational excitation [221, 222], collisional radiative re-
combination, aerodynamic effects [164], the nuclear spin state [230] and the H,
partial pressure in the reaction vessel [216]: none of these explanations has
proven satisfactory to all of the research groups involved, and debate continues.
Some recent theoretical studies suggest [229, 231] that theoreticians may finally
be ready to support the comparatively high (~107 cm?® molecule™® s7!) values
which have predominated in the latest laboratory measurements. It is fortunate
for modellers of IS chemistry that most DR rates are not so difficult to pin down.
Note also that, although H} is undoubtedly readily formed by the ion/molecule
chemistry which follows cosmic-ray ionization within IS clouds, it is also read-
ily converted (by proton transfer) to HCO* which is more generally the domi-
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nant ion within dense regions. A conclusive consensus on the H} DR rate would
thus be of greatest value to modellers of diffuse IS clouds, where the higher de-
gree of ionization favours DR over proton transfer as the presumed chief loss
process for HJ.

5
Interstellar Negative-lon Chemistry

While positive ions steal all the glory in interstellar ion chemistry, a small un-
dercurrent of continuing research suggests that molecular negative ions may
also feature in space chemistry. No interstellar negative ion has yet been incon-
trovertibly detected [232],and the total abundance of interstellar molecular neg-
ative ions is expected to be significantly less than the sum of positive-ion abun-
dances, since free electrons and negatively-charged dust grains are thought to be
important negative charge carriers in molecular astrophysical environments.
The case for IS negative ions received a significant [233] but temporary [234,
235] boost when it was suggested that the species C; was a carrier of five widely-
observed spectral features amongst the ‘diffuse interstellar bands’ (DIBs).
Nonetheless, several types of pathway to IS anions have been outlined [236-238]
and various recent mass-spectrometric studies are relevant here. The most ob-
vious pathway to IS negative ions, radiative attachment,

X+e—=X +hv,

has been considered to be generally efficient when X is a polyatomic radical
(such species are characterized by large electron affinities) or a large polyaro-
matic molecule (since the very large number of vibrational modes ensures dis-
sipation of the attachment energy, favouring stabilization). Fullerenes were held
as being particularly promising candidates for astrophysically-relevant nega-
tive-ion formation, since they possess both a large electron affinity (2.65 eV)
[239] and a very large number of vibrational modes. However, FALP studies by
Spanel and Smith [240, 241] have indicated that attachment to Cg, is inhibited by
a barrier of ~0.26 eV, effectively ensuring that (except for tunnelling) such at-
tachment at IS cloud temperatures will not occur. The case for attachment to
some PAHs is more favourable, with efficient attachment to anthracene (C,,H;)
noted in a CRESU study ranging from 48 to 300 K [242, 243], and the apparent
efficiency of a similar process for pyrene (C;¢H,y) seen in the FALP-MS [168].
The preceding experimental studies have used ‘high-pressure’ techniques, but
attachment measurements are not exclusively the preserve of the FALP and
CRESU methodologies, with ‘electron trap’ approaches also proving useful for
attachment involving comparatively large reactant molecules [244]. Attachment
to IS radicals (which may provide the best prospect for the detection of negative
ions in IS space) has yet to be probed experimentally by any technique.

The reaction chemistry of smaller IS negative ions is receiving continued at-
tention. Recently, Bierbaum and co-workers have used the Boulder FA-SIFT to
monitor the reactivity of various C, and C,H~ ions with atomic and molecular
hydrogen [245]. The absence of any reaction with H, is important given the pre-
dominance of hydrogen as an IS molecule, while for C;, Cg, C5 and Cj, associa-
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tion (yielding C,H") was seen to occur in competition with the more customary
product channel of associative detachment (e.g. C;+H—C,H+e) [245]. The C;H"
species has also featured in a neutralization/reionization mass spectrometry
study by Dua et al. [246] which has identified three distinct structural isomers.
This C,;H" study is one of a number [246-254] undertaken by the Adelaide-based
group of John Bowie, on structural isomerism in potential IS cumulenes, hete-
rocumulenes and their corresponding anions. Further study in this area, and an
increase in our understanding of IS negative-ion chemistry, may well aid in the
radioastronomical detection of the first examples of this elusive class of inter-
stellar ions.

6
In-Situ Sampling?

The review this far may have conveyed the sense that MS applications in inter-
stellar chemistry are all somewhat indirect: the primary data on IS chemistry are
all obtained through observations using radio-, IR- or optical telescopes, with
MS techniques necessarily restricted to informing our understanding of the
processes involved in our laboratory attempts to replicate some facet or other of
the deep-space chemistry. With the most interesting astrochemical objects all at
least several hundred light-years distant, there seems no prospect of in-situ sam-
pling of IS material anytime soon. Or is there? While we can hardly expect the
mountain to come to Mohammed (or to his mass spectrometer), some of the
material from the mountain may feasibly find a way here, blown on some inter-
stellar wind. Such detritus takes many forms, from the atoms (principally iso-
topes of H and He) which register as IS ‘pickup ions’ [255-259] in mass spec-
trometers on deep-space probes [260,261], to the microscopic dust grains which
reveal their exotic origin in their isotopic distributions [262-265], to the comets
which sporadically pass through the solar system. Comets hold a special role in
the cosmic hierarchy, as ‘pristine’, rudimentary bodies whose original (IS) mol-
ecular constituents are thought to have undergone comparatively little subse-
quent chemical processing. This has been borne out by recent observations of
several ‘interstellar’ species such as HNC, HC;N and CS in cometary comae [266,
267]. While analysis of earlier MS-bearing missions to comets is ongoing [268,
269], the next few years are expected to see a significant upsurge in our under-
standing of cometary chemistry, with two missions currently underway and a
third planned.

One of the cometary probes to have embarked is on a ‘sample-return’ mission
[270], and MS will certainly play a part in the analysis of the material obtained.
This will not, however, be the first occasion on which cometary material has
reached the Earth. One of the most intriguing, albeit contentious [271-274], re-
ports of the last few years has been the mass-spectroscopic identification of in-
terstellar fullerenes, such as Cg, as ‘fossil molecules’ in the geologic strata asso-
ciated with the supposed Cretaceous/Tertiary meteoritic [275] (‘dinosaur killer’)
and Permian/Triassic cometary [276] (‘the Great Dying’) impacts. Similar re-
sults are also reported for the Murchison and Allende meteorites, and for mate-
rial obtained from the ancient (~2 billion-year-old) Sudbury impact feature
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[275, 277-279]. This identification has rested on the detection, in gas released
from endohedral helium fullerenes, He@Cy,, upon heating [275], of *He/*He ra-
tios which are very much higher than that found naturally in any terrestrial or
solar environment, and which are broadly consistent with the helium isotopic
composition in diffuse IS regions [280]. The exact conditions under which en-
dohedral fullerenes may have formed, in the depths of space, remain the subject
of conjecture, but laboratory experiments have demonstrated several mecha-
nisms for He@Cy, formation. Mass spectrometry has been used to verify forma-
tion of He@Cy, by heating fullerenes under high helium pressure [281]. Three-
and four-sector tandem mass spectrometer experiments reported in 1991
showed that He could be inserted into C¥, in high-energy collisions of C¥, with
He [282-284]. Finally, the observed dissociative insertion of Ne* within Cg, at
high Ne* energies in an octapole guided-ion beam mass spectrometer [285] has
prompted the suggestion that cosmic-ray impact upon interstellar fullerenes
may lead to the formation of endohedral complexes of atoms or atomic ions
[286].

7
Concluding Remarks

Interstellar chemistry is a dynamic, changing, still-developing field of research.
Many of the recent advances, in the mass-spectrometric study of interstellar
processes, have been incremental, as the use of pre-existing techniques has ma-
tured to tackle more diverse and somewhat more complex chemical problems.
In other cases, the development of fundamentally new experimental tools has af-
forded an opportunity to study processes at a level of detail and under physical
conditions that had seemed beyond our grasp. We can extrapolate that many of
the most interesting developments in IS chemistry, in the next few years, will be
in the areas of dissociative recombination product assignment, of very-low-tem-
perature reaction rate measurement, and in the investigation of detailed chemi-
cal networks involving formation and reaction of large IS species such as PAHs,
and possibly amino acids, and their corresponding ions. Perhaps some unher-
alded group of researchers is currently developing an instrument with which
they will examine reactions of ions with molecular radicals such as CN, C,H, OH
and CHj;, or which will allow them to identify differences in reactivity between
different (rotationally-frozen) conformers of polyatomic ions at temperatures
similar to those seen in IS clouds. These and numerous other challenges still lie
ahead.

It is also fair to say that, although there are very many research groups with a
professed interest in interstellar chemistry, there are probably none that pursue
such interest to the exclusion of all else. Most of the mass spectrometric meth-
ods outlined in this review can be, and have been, used to study chemical
processes beyond the context of IS chemistry. Furthermore, while the cold
reaches of space are far removed from our own terrestrial experience, there is
very often a tendency for advances, made in the primary hope of elucidating
some interstellar phenomenon, to have an effect on the wider world of society.
Thus, arguably, efforts to generate interstellar molecules in the laboratory and to
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reproduce the properties of carbonaceous interstellar dust grains gave rise to the
discovery and subsequent production of fullerenes. The development,a quarter-
century ago, of the Selected-Ion Flow Tube, which, from its inception, was used
extensively to model IS ion chemistry, has produced a technique now being used
for medical and analytical purposes. We are not audacious enough to attempt to
predict future applications of ion-storage-ring technology, for example, but we
confidently anticipate that the actions of researchers using this and other re-
cently-developed mass-spectrometric techniques to study interstellar processes
will continue to provide insights of benefit to the wider scientific community.
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List of Abbreviations

CAD  Collisionally activated dissociation

DMDS Dimethyldisulfide
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IE Ionization energy

NCR  Neutralization-collisional activation-reionization
NDMA N,N-Dimethylaniline

NRMS Neutralization-reionization mass spectrometry
PA Proton affinity

PES Potential energy surface
TMA  Trimethylamine

TS Transition state

1

Introduction

“How does this reaction proceed?” is undoubtedly one of the most tantalizing
questions in chemistry. It is fairly accurate to say that most chemical reactions
do not proceed as elementary processes involving just the reactant(s), transition
state, and product(s), but often involve one or more intermediate chemical
species, which are intrinsically stable but highly reactive and hence elusive. The
structure and bonding properties of a reactive intermediate can provide impor-
tant information on the reaction mechanism, and its energy relative to those of
the reactants and products represents the lower bound of the potential energy
barriers along the reaction path.

Classical approaches to studying reactive intermediates, as used in physical or-
ganic and inorganic chemistry, involve running the reaction of interest and at-
tempting to trap the intermediate by another chemical reaction, so that it is con-
verted to a stable species that can be characterized by spectroscopic methods
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Fig. 1. Schematic potential energy surface for the classical and NR approach to a short-lived
intermediate

(Fig. 1). Another approach is to use a fast and selective spectroscopic method that
provides specific information about some properties, typically electronic or vi-
brational, of the intermediate. Alternatively, the intermediate can be trapped in
an inert frozen matrix and studied spectroscopically at very low temperatures.
This chapter discusses an entirely different approach to the generation and
investigation of highly reactive transient intermediates. The high reactivity is
usually due to an unusual electron distribution in the intermediate that was ac-
quired in the course of the chemical reaction. This implies that for an electron
rich intermediate there is a corresponding stable cation in which the electron
density was lowered by ionization. Likewise, for an electron-deficient interme-
diate there is a corresponding stable anion in which the electron deficiency was
alleviated by electron attachment. Equations (1) and (2) show simple examples
of the methoxy and hydroxymethyl radicals, respectively, which are isomeric
transient intermediates of hydrogen atom abstraction from methanol:

CH,0™ — CH,0° (1)
*CH,0H — *CH,0H ()

The corresponding methoxide anion and hydroxymethyl cation are readily pre-
pared by the methods of gas-phase ion chemistry and are very stable as isolated
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species in the gas phase. Thus, to produce CH;0° one needs to neutralize the an-
ion by removing an electron from CH;0" [1, 2], whereas to produce CH,OH re-
quires adding an electron to *CH,OH [3]. The electron removal, which is equiv-
alent to one-electron oxidation, is accomplished by collisional electron detach-
ment from a fast anion traveling at 10° m s™! velocity which corresponds to a
kiloelectron volt kinetic energy. Neutralization of cations, which is equivalent to
one-electron reduction, is carried out by collisional electron transfer from a suit-
able molecular or atomic donor to the cation having a keV kinetic energy. The
fast neutral intermediate is allowed to drift for 100 ns-5 ps when dissociation
can occur. The neutral products are ionized to cations or anions that are sepa-
rated by a mass spectrometer and detected to provide a neutralization-reioniza-
tion (NR) mass spectrum [4]. The spectrum provides information on the frac-
tion of undissociated neutral intermediates that appear as survivor ions of the
same mass to charge ratio (m/z). In addition, dissociation products originating
from the transient neutral intermediate are detected and used to identify uni-
molecular reactions that occur on the 100 ns-5 ps time scale following colli-
sional electron transfer or detachment. NR spectra thus provide more or less
complete product analysis that can be used to characterize the structure of the
neutral intermediate, its electronic state, and vibrational excitation. Neutraliza-
tion-reionization mass spectrometry was introduced in the late 1970s [5] and
the various aspects of the method have been reviewed [6-16]. NR allows for four
combinations of ion precursor and detection product polarities that are denoted
as TNR*, *NR~, "NR*, and "NR~ [2] and shown in Scheme 1.

+NR+ [Cation Precursor]* — [Neutral]® — [Cation Detected]*
*NR~ [Cation Precursor]t — [Neutral]0 — [Anion Detected]™
~“NR* [Anion Precursor]~ — [Neutral]? — [Cation Detected]*

Scheme 1 “NR~ [Anion Precursor]”™ — [Neutral]O — [Anion Detected]™

The selection of the cationic or anionic precursor is dictated by the ion sta-
bility and accessibility by ion chemistry methods. The selection of the ion po-
larity for reionization and detection is mainly dictated by the ion stability and
ionization efficiency, as discussed in the next section.

2
Collisional Electron Transfer

Collisional electron transfer and detachment are characterized by three para-
meters, i.e., time scale, energy, and cross section. Consider a precursor ion of
10 A diameter traveling at 10° m s™! velocity that undergoes a glancing collision
with a thermal target of 5 A diameter. The interaction time is given approxi-
mately by (5+10+5)x10719/10°=2x10"" s, taking into account that electron
transfer occurs at a close approach of the donor-acceptor pair and its probabil-
ity decreases exponentially with distance. The interaction time is comparable to
the vibrational period (T) of fastest molecular vibrations, e.g., that of an O-H
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bond (v=3600 cm™!) which has T=1/cv=9.3x1071° s, but is faster than C-C and
C-0 bond vibrations of T=2.9 to 3.3x10°'*s. This implies that during the colli-
sion the heavy nuclei do not have time to change interatomic distances, so that
the emerging neutral intermediate is formed with the structure and geometry of
the precursor ion. From the point of view of the Fig. 1 energy diagram, this is
equivalent to a vertical transfer from the ion potential energy surface to that of
the neutral intermediate. Collisional electron detachment from an anion can
also occur by fast electron transfer provided the thermal acceptor has a bound
state for the incoming electron. This may be the case with oxygen, which has
been a popular collision gas used for neutralization of anions. Alternatively, the
collision can produce an excited state of the anion that spontaneously detaches
an electron in a process analogous to autoionization of highly excited molecules
[17]. The time scale for such a spontaneous detachment depends on the elec-
tronic properties of the anion and may vary for different species. Little is known
about the lifetimes of superexcited anions, and electron detachment is usually
viewed as a vertical process.

Recently,a comparison has been made between the neutral formation by laser
photodetachment and that by collision-induced electron detachment from the
nitromethyl anion, "CH,NO, [18]. The nitromethyl radical intermediate was an-
alyzed following collisional ionization to cations. Photoelectron detachment
from ~CH,NO, with 488-nm photons from an argon-ion laser is nearly ther-
moneutral because of the energy balance between the electron affinity of the
radical, EA(CH,NO,)=IE("CH,NO,)=2.475 eV, [19] and the photon energy
(2.54 eV), whereas radical excitation through collisional electron detachment is
a priori unknown. The difference between the "NR* spectra obtained by laser
photodetachment and collisional neutralization (Fig.2) shows more fragmenta-
tion resulting from the collisional process and indicates additional excitation of
the neutral intermediate by collisional electron detachment. Hence, photoelec-
tron detachment can be the method of choice for generating extremely fragile
radicals from stable anions.

2.1
Neutral Excitation and Franck-Condon Effects

Vertical oxidation or reduction by fast collisions can cause excitation in the neu-
tral intermediate. The excitation energy (E,,.) can be expressed as consisting of
three terms (Eq. 3):

Eexc = Eion + EFC + Eel (3)

where E,, is the precursor ion vibrational energy, Eg is the vibrational excita-
tion caused by Franck-Condon effects, and E, is the electronic excitation due to
electron transfer. The source of E,,  has been attributed to the energy balance in
electron transfer (Eq. 4):

Eexc 2-AE = REion - IEdonor (4)

where RE,,, is the vertical recombination energy of the precursor ion, taken as a
positive value, and IE,,,,, is the vertical ionization energy of the donor atom or
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Fig. 2. Laser photodetachment-reionization of “CH,NO, plotted as a difference of laser-on
and laser-off measurements. The upward peaks are due to dissociations upon photodetach-
ment followed by reionization with O, and cation detection. The downward peaks are due to
dissociations upon collisional detachment due to residual O, followed by reionization with O,
and cation detection

molecule. Equation (4) holds approximately for exothermic electron transfer
from atomic donors, e.g., alkali metal atoms, which have low ionization energies,
so that RE;,,—IE4o,0,>0, while the alkali metal cations have high excitation ener-
gies and cannot absorb the excess E,,.. Equation (4) is less useful for collisional
electron transfer from molecular donors, which is often endothermic and yet
can result in substantial excitation of the transient neutral formed. E,,. in en-
dothermic electron transfer originates from inelastic collisions that result in the
conversion of a small fraction of the keV center-of-mass collision energy into
the internal energy of the products.

The theory of collisional energy transfer at keV kinetic energies is not well
developed [20],and so most of the currently available data on E,, . originate from
rather crude measurements. Kinetic energy loss in NR was measured to provide
the combined energy balance in electron transfer collisions [21, 22]. The distri-
bution of internal energy acquired upon NR has been studied for some model
systems using the ion thermometer method introduced by Griffiths et al. [23].
Measurements for NR of W(CO)? [24] and W(CO); (n=2-5) [25] showed that
the deposited energy had a broad distribution that peaked at ca. 4 eV and ex-
tended to >15 eV. CH;OH" and CH;NH3 were used as ion thermometers to gauge
the energy distribution on NR [26]. This study concluded that, regardless of the
energy balance in the neutralizing collision, which was varied from 0.44 eV en-
dothermic to 2.19 eV exothermic, the internal energy distributions in the NR
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formed ions peaked between 80-200 and 140-320 k] mol™ for CH;OH* and
CH;NH3, respectively, but also showed tails to higher energies [26].

More recently, the internal energy distribution in neutral intermediates was
studied using kinetic isotope effects on neutral dissociations [27-30]. It was
shown that the internal energy distribution of the ground-electronic state of a
neutral intermediate formed by endothermic electron transfer can be expressed
by the function shown in Eq. (5):

4(E-E) HEE)
— e W

P(E) ==

5)
where E, is the energy onset and W is a width parameter, such that the most
probable internal energy is E,,,=E,+W/2 and the population mean energy is
<E>=Ey+W. Importantly, it was found for several systems that E,,,~E;,,+Erc,
which provided a simple formula for estimating the internal energy that the
neutral acquired upon collisional electron transfer.

Equation (3) shows the importance of Franck-Condon effects in NR. Franck-
Condon effects are due to a mismatch between the ion and neutral potential en-
ergy surfaces, such that the equilibrium nuclear configuration (i.e., structure) of
the ion, corresponding to its v'=0 vibrational states, is different from the equilib-
rium structure of the neutral. Thus,an ion undergoing vertical transition from the
V=0 state lands on the multidimensional wall of the neutral potential energy sur-
face, so that some of the vibrational degrees of freedom in the neutral are excited
to v>0 states. The reason for the excitation is different bond lengths and angles in
the ion and neutral. In particular, changes upon neutralization in hybridization
and bond orders often cause large Franck-Condon effects and result in vibrational
excitation of the neutral intermediate. The excitation energy can be large enough
to exceed the energy barrier for a dissociation and drive fast decomposition of the
neutral intermediate. For example, the acetyl radical, CH;CO, is a bound species
that can be produced by gas-phase photolysis of acetone [31]. When generated by
collisional neutralization of the stable acetyl cation, CH;CO*, the radical under-
goes fast dissociation to CH; and CO, so that no survivor ions are detected in the
*NR* mass spectrum [32]. In contrast, when CH;CO is formed as a neutral prod-
uct of an ion dissociation which does not involve electron transfer, the radical is
stable and can be detected as CH;CO™ after collisional reionization.

Changes in hybridization and bond orders often occur upon reduction of
even-electron cations, such as CH,SO?% [33], P(OH)}[34], (CH,),SiOH* [35],
C(OH)3 [29], HC(OH)NH} [36], CH;C(OH)NHCH}Z [37], etc. These cations show
relatively short X-O bonds (X=S, P, Si, C) due to back donation of oxygen p-elec-
trons to the vacant p, orbital on the central atom X. Upon reduction, the incom-
ing electron enters an antibonding T orbital which in the relaxed radical struc-
ture causes pyramidization at X and lengthening of the X-O bonds. However,
vertical electron transfer produces the radical with the geometry of the cation,
so that the X-O stretching vibrations are excited by bond compression. In addi-
tion, planarization about X in the vertically formed radical excites the umbrella
vibrational mode which contributes to the overall vibrational energy. Table 1
shows some examples of radical vibrational excitation caused by Franck-Con-
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Table 1. Franck-Condon energies in neutralization of cations
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don effects, as calculated for vertical neutralization of cations. The changes in
bond lengths between the cations and corresponding radicals are on the order
of 4-8% and contribute >50% of the overall vibrational excitation energy. Exci-
tation in the deformation modes contributes about 30-45% depending on the
particular system [29].

Less is known about Franck-Condon effects on collisional electron detach-
ment from anions. For example, the C-N bond in CH,NO, (1.401 A) is 4.5%
longer than the same bond in the “CH,NO, anion (1.340 A), and vertical neu-
tralization results in 25-30 k] mol~! vibrational excitation in the radical, as cal-
culated at several levels of theory [18]. Alkoxy radicals and anions also show dif-
ferent C-O bond lengths, e.g., 1.317 A and 1.371 A in the 1-pentoxy anion and
radical, respectively [1], although the Franck-Condon energies associated with
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this bond length change have not been reported. The photoelectron spectrum of
C,H;0~ shows a major peak for the 0—0" transition [38], indicating small
Franck-Condon effects on vertical electron detachment.

2.2
Excited Electronic States

Another interesting and important feature of collisional reduction of cations is
that the reducing electron can enter a high molecular orbital corresponding to
an excited state of the neutral molecule, radical, or biradical. The types of excited
states are depicted in Fig. 3. Electron capture in a Rydberg-type orbital can give

3
2
1
V=0 3% # Cation
| } — high Rydberg states
) : optically bright states, t,5q < 107 s
) :
= ~
w B optically dark states, T,5q > 10% s
2

Erc
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Fig. 3. Schematic energy diagram for electronic states formed by collisional electron transfer
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rise to a highly excited state consisting of an ionic core and aloosely bound elec-
tron. Rydberg states are atom-like excited electronic states of large principal
quantum numbers () that converge to the ionization limit of the neutral mole-
cule. Rydberg states have long lifetimes that increase with #n* [39]. There is ex-
perimental evidence for the formation of high Rydberg states of Ar atoms pro-
duced by collisional neutralization of Ar* [40]. The evidence stems from field
ionization measurements where a small fraction of neutralized Ar atoms was
ionized in a kV field gradient.

Excited electronic states play a crucial role in the chemistry of hypervalent
radicals formed by collisional reduction of organic onium cations, where

Energy (kJ mol‘1)

C 173
B 150

A 100

(CH3),0 +H
131

O-H coordinate

Fig. 4. Excited electronic states in (CH;),0H (1)
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“onium” stands for ammonium, oxonium, sulfonium, phosphonium, etc. As a
rule, these radicals are unbound or only weakly bound in the ground doublet
state, but some are surprisingly long-lived [6]. As an example, let us examine the
dimethyloxonium radical, (CH;),0-H (1) which is formed by collisional reduc-
tion of protonated dimethyl ether [41-44]. Radical 1 is unbound in the ground
(’A")X electronic state and is predicted to dissociate within one vibration to
(CH;),0 and H. In contrast, the *"NR* mass spectrum of the deuterium-labeled
radical 1-OD shows a substantial survivor ion corresponding to undissociated
radical, and a fraction of CH;0D corresponding to loss of CH; from 1-OD. The
metastability of 1 and the competitive cleavage of the C-O bond cannot be ex-
plained by the properties of the ground electronic state. Examination of the po-
tential energy surfaces of the three lowest excited states, (*A")A, (*A”)B, and
((A”)C [44], combined with laser photoionization [43], indicated that the
metastable (non-dissociating) fraction of 1-OD was due to the B and higher ex-
cited electronic states produced by collisional electron transfer. The dissociation
of the C-O bond resulting in loss of a methyl starts in the A state, overcomes a
small energy barrier, and further proceeds by avoided crossing to the repulsive
part of the X state that occurs at a C-O distance of 1.7 A (Fig. 4).

Excited electronic states have also been considered to explain NR dissocia-
tions of heterocyclic radicals in which low-energy losses of hydrogen atoms
compete with high energy ring-cleavage dissociations. The latter reactions were
interpreted as starting from excited electronic states of the radicals [27,28]. For-
mation of excited electronic states upon collisional electron transfer has also
been studied with smaller molecular systems, e.g. CH,, [45], O, [46], and H;
[47,48].

3
Instrumentation

3.1
Sector Instruments

NRMS instrumentation is basically dictated by the necessity of performing col-
lisions at keV kinetic energies. Both commercial and custom-designed sector
mass spectrometers have been used in the majority of NRMS studies, as re-
viewed [9, 15]. Precursor ions are generated in an ion source that is floated at a
kV potential, typically 6-10 kV, accelerated to 6-10 keV kinetic energy, and se-
lected by a magnet mass analyzer. The fast ions are focused into the collision cell
which contains a gas at a low pressure for collisional neutralization. A variety of
target gases have been used, e.g., alkali metal vapors, Hg, Xe, O,, NHj3, cyclo-
propane, NO, trimethylamine (TMA), N,N-dimethylaniline (NDMA), dimethyl
disulfide (DMDS), and even larger organic molecules. A 1-10% fraction of pre-
cursor ions are neutralized and the remaining ions are deflected electrostati-
cally. The neutral beam is allowed to drift to another cell where the neutral prod-
ucts are ionized by collisions with the reionization gas. Molecular oxygen (O,) is
the most common reionization gas, but molecules of high electron affinities
such as NO, [47], ICl, and TiCl, have also been used [49]. The ions produced by
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collisional reionization are separated by kinetic energy or mass. The kinetic en-
ergy spectra provide good ion transmission, but suffer from low resolution, es-
pecially when the dissociations are accompanied by large kinetic energy release
[10]. Mass separation by sector magnet analyzers provides a better mass resolu-
tion, but because of the sector instrument design it is available only on multi-
sector instruments.

3.2
Quadrupole Instruments

A different experimental approach to NRMS is embodied in the tandem quadru-
pole acceleration-deceleration instrument that uses quadrupole mass filters for
mass selection and analysis of low-energy (70-80 eV) ions whereas collisional
electron transfer is carried out after ion acceleration to 4-8 keV kinetic energies
(Fig. 5) [10, 50]. The reionized products are decelerated back to 70-80 eV for
mass analysis. The quadrupole instrument achieves unit mass resolution of NR
products and it is versatile enough to allow variable-time and photoexcitation
experiments described briefly below. Coupling with soft ionization methods
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Fig. 5. Tandem quadrupole acceleration-deceleration mass spectrometer for NRMS studies.
A - ion source; B - quadrupole mass analyzer; C - ion acceleration lens; D - neutralization
cell; E - neutral drift region; F - reionization cell; G - ion deceleration lens; H - energy filter;
I - quadrupole mass analyzer; J - off-axis ion detector; K - laser optics; L — Ar-ion laser. In-
set shows the drift region where residual precursor ions are reflected and the neutral beam
overlaps with the laser beam



Transient Intermediates of Chemical Reactions by Neutralization-Reionization Mass Spectrometry 89

such as electrospray is also feasible, because the ions have initially low kinetic
energies.

4
Methods for Characterization of Neutral Intermediates

The basic NR mass spectrum contains information on the fraction of undisso-
ciated (survivor) ions and also allows one to identify dissociation products that
are formed by purely unimolecular reactions. NRMS thus provides information
on the intrinsic properties of isolated transient molecules that are not affected
by interactions with solvent, matrix, surfaces, trace impurities, radical
quenchers, etc. However, because collisional ionization is accompanied by ion
excitation and dissociation, the products of neutral and post-reionization disso-
ciations overlap in the NR mass spectra. Several methods have been developed
to distinguish neutral and ion dissociations and to characterize further short
lived neutral intermediates in the fast beam. Moreover, collisionally activated
dissociation (CAD) spectra have been used to characterize the ions produced by
collisional reionization of transient neutral intermediates [51]. This NR-CAD
analysis adds another dimension to the characterization of neutral intermedi-
ates, because it allows one to uncover isomerizations that do not result in a
change of mass and thus are not apparent from NR mass spectra alone.

4.1
Neutral Collisional Activation and Angle-Resolved NRMS

Collisional activation of the neutral beam is a simple means of inducing dissoci-
ations that may provide additional information on the neutral intermediates.
Collisional activation is typically carried out with He under multiple collision
conditions, and the fraction of ions formed collaterally with neutral activation is
removed electrostatically. The acronym for collisional activation of neutral inter-
mediates in NR experiments is NCR [52]. NCR was used to study isomerization
of transient vinyl alcohol and CH;-C-OH to acetaldehyde [53], and isomeriza-
tion of cyclohexa-2,4-dien-1-one to phenol [54]. It is used rather routinely to
probe the stability of neutral intermediates by recording the decrease of survivor
ion relative intensity and appearance of new dissociation products. Although
NCR is experimentally simple, the interpretation of NCR spectra is not always
straightforward. This is because collisional activation is accompanied by scatter-
ing, so that instrument factors such as the acceptance angle can skew the data ob-
tained on different sector instruments or even in different field-free regions of
the same multi-sector mass spectrometer. Neutral collisional activation does not
have to result in dissociation, and the energy deposited in the neutral intermedi-
ates can be passed on to ions after reionization and promote their dissociations.

A variation of NCR is the technique of angle-resolved NRMS in which the pre-
cursor ion beam is deflected prior to neutralization, so that neutrals back-scat-
tered to the beam axis are reionized, analyzed, and detected [55]. NR mass spec-
tra in angle-resolved measurements have shown that fragment relative intensi-
ties increased with the deflection angle, indicating a greater excitation of the
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transient neutral species at larger scattering angles. A drawback is the loss of ion
intensity which can be critical in NR measurements where the overall efficiency
is generally low, and the typical ion yields after NR are 0.1-0.001% of the pre-
cursor ion intensity [56-58].

4.2
Photoexcitation and Photoionization

As described in Sect. 2.2, radiatively long-lived excited electronic states (dark
states) produced upon vertical electron transfer can play an important role in dis-
sociations observed in NRMS. Efforts have been made to characterize such states
experimentally in conjunction with theoretical calculations. One such approach is
to study photofragmentation in NR mass spectra resulting from laser irradiation.
This has been carried out on the tandem quadrupole instrument (Sect. 3.2) using
the fixed 488 and 514.5-nm lines from an Ar-ion laser. Since both the neutral and
reionized beam are irradiated simultaneously, ion photofragmentation must be
studied separately and deconvoluted from the NR data. An obvious shortcoming
of the current approach is that only a few discrete photon energies are available
from the Ar ion laser. Photoexcitation probes an energy difference between two
electronic states, and so at least one reference energy must be known for the tran-
sient neutral to interpret photoexcitation data. This information is usually avail-
able from time-dependent density functional theory calculations [59] that provide
reasonably accurate excitation energies that allow one to calibrate the energy scale
for the electronic states and assign the transitions that match the photon energy.
The same considerations are valid for laser photoionization, which is experimen-
tally difficult and has been performed for a few readily ionizable radicals only [18,
43, 60]. Photoexcitation to a high Rydberg state has been shown to be a sensitive
probe of electronic states in some radicals produced by collisional electron trans-
fer [33, 60]. High Rydberg states have long radiative lifetimes that scale with n?,
where 7 is the principal quantum number [39], and large collisional cross sections
which scale with n* [60]. This results in substantially increased ionization cross
sections for high Rydberg states in NRMS, so that they can be selectively detected
even if the photoexcitation efficiencies are low. Because the Rydberg-series states
are limited from above by the ionization limit, it and the photon energy give the
upper bound for the energy of the electronic state being photoexcited.

4.3
Variable-Time Kinetics

In NR, dissociations of neutral intermediates and ions formed by collisional
reionization are convoluted in the spectrum. An efficient deconvolution is
achieved by varying step-wise the time scales for neutral and ion dissociations
and using the measured temporal profiles of NR ion intensities to obtain phe-
nomenological rate parameters for both neutral (ky) and ion dissociations (k;)
[61,62]. These variable-time measurements not only distinguish neutral and ion
dissociations, but the measured rate parameters also provide quantitative infor-
mation on the contribution of either process and can be used to assess branching
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ratios for competitive neutral and ion dissociation channels. For neutral species,
dissociation of AB to A and B renders both products detectable following colli-
sional ionization to A* and B*. Variable-time measurements for both A and B for-
mations are supposed to give matching rate parameters in each channel if the
products arise in a single reaction from a single precursor, such that ky(A)=ky(B)
[63]. This match, together with the complementary masses (m), such that
m(A)+m(B)=m(AB), provides an unequivocal criterion for the occurrence of the
particular neutral dissociation. Variable-time measurements are independent of
the ion polarity and, in principle, are possible for all four *NR* combinations.

4.4
Neutral-lon Dissociation Difference Spectra

A different version of variable-time NRMS relies on qualitative comparison of
mass spectra obtained at two neutral lifetimes, but is limited to charge reversal
NR, e.g., "NR* or *"NR" [64]. A regular NR mass spectrum measures neutral dis-
sociations over time fy and ion dissociations over time t;, as determined by the
precursor ion velocity and the neutral and ion path lengths. In contrast, in a
charge-reversal (CR) mass spectrum, in which two electrons are added to a
cation (*CR") or detached from an anion ("CR") in a single collision, the time
scale for neutral dissociations is considered to be very short (ty=0), while £ is
roughly the same as in NR. Subtraction of normalized ion intensities in NR and
CR spectra results in neutral-ion dissociation difference (NIDD) spectra [64],
where positive peaks indicate predominant neutral dissociations and negative
peaks predominant ion dissociations. Hence, NIDD spectra visualize differences
that are often apparent upon comparison of normalized NR and CR mass spec-
tra. NIDD spectra have been used for several systems that provide stable pre-
cursor anions allowing one to obtain "NR* and "CR* spectra. One advantage of
NIDD is that the data to be compared can be obtained on commercial sector in-
struments equipped with two collision cells for NR measurements.

5
Transient Molecules

Generation of unusual molecules by NRMS typically, but not entirely, relies on
collisional reduction of cation-radicals produced by dissociative ionization of
stable molecular precursors. Owing to the advanced state of gas-phase ion
chemistry, ion structures can often be unambiguously assigned to products of
ion dissociations and the ions then used to generate unusual neutral molecules.

5.1
Enols

Propen-2-ol (acetone enol) and ethenol (acetaldehyde enol) were some of the
first reactive molecules that were generated and characterized by NRMS [65].
Neutral enols are typically less stable than their oxo tautomers and undergo
facile isomerization by acid or base catalyzed proton transfer in solution [66] or
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on active surfaces [67]. In contrast, enol cation-radicals are stable as isolated
species in the gas phase [68] and so they provide excellent ion precursors for NR
generation and study of very reactive neutral enols. A recent example concerns
the generation of 2-hydroxyoxol-2-ene (2) which is the enol tautomer of y-buty-
rolactone (3) [69]. The precursor cation-radical (2*°) is generated by the McLaf-
ferty rearrangement in 2-acetoxybutyrolactone which proceeds with a good
yield (Scheme 2) [70]. Note that the ion dissociation is analogous to the Norrish
type II photochemical rearrangement which has also been used to generate neu-
tral enols in solution [66]. Neutralization of ion 2** with dimethyldisulfide is en-
dothermic, AE=IE (CH;SSCH;)-RE, (2*°)=9.0-7.35=1.65 eV, and gives rise to
stable 2 that shows a dominant peak of 2** upon reionization.

The high stability of isolated 2 was confirmed by collisional activation
(*NCR") that caused only minor dissociation by elimination of water forming
furan. The latter reaction is calculated to be the lowest-energy unimolecular dis-
sociation of 2 that is 4 k] mol~! exothermic, but is kinetically hampered by an en-
ergy barrier to intramolecular hydrogen transfer [69]. The kinetic stability of
isolated 2 in the gas phase contrasts its properties in aqueous solution, where the
enol is predicted to react rapidly with H;O* or OH™ and isomerizes to the more
stable lactone 3. The equilibrium constant for the isomerization 3—2 is calcu-
lated to be extremely small in water, K, =5.7X 107%, so enol 2 would be very dif-
ficult to generate and study in solution.

The enol of glycine (4) has been generated by neutralization with trimethy-
lamine of the corresponding cation-radical (4**) prepared by dissociative ion-
ization of isoleucine (Scheme 3) [71]. The *NR* mass spectrum of 4** showed a
substantial survivor ion attesting to the stability of isolated 4. In contrast, the
survivor ion from glycine (5) is much less stable and appears as a very minor
peak in the *NR* mass spectrum of 5, in spite of the fact that neutral 5 is ther-
modynamically more stable than 4.

The enol of acetamide (6) is also quite stable as an isolated species, as docu-
mented by the dominant survivor ion in the *NR* mass spectrum (Fig. 6). Com-
pared to 6, the thermodynamically more stable neutral acetamide (7) shows less

Scheme 2 3
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abundant survivor ion (Fig. 6), which is due to the lower stability of cation-rad-
ical 7*°.

Enol imines have also been generated and characterized by NRMS. For ex-
ample, N-methylformimidic acid, CH;-N=CH-OH (8) was obtained by neutral-
ization of cation-radical 8*°, which was generated by dissociative ionization of
gyromitrin, CH;CH=N-N(CH;)CH=0 [72].

The *NR* spectrum of 8 showed a small survivor ion, but differed substan-
tially from the spectra of other C,H;NO isomers, e.g., 6, 7, N-methylamino(hy-
droxy)carbene (9), and N-methylformamide (10). The low intensity of survivor
ions in the NR mass spectra of enol imines is due to Franck-Condon effects in
collisional reionization that result in vibrational excitation of the resulting
cation radical followed by dissociation. Franck-Condon effects were studied for
collisional ionization of acetimidic acid, CH;C(OH)=NH, which was one of the
neutral dissociation products of 1-hydroxy-1-methylamino-1-ethyl radical, a
hydrogen atom adduct to N-methylacetamide [37]. The cation-radical dissoci-
ates extensively upon reionization, and the dissociation is driven by a 74 k] mol!
Franck-Condon energy acquired by vertical ionization.

1,1-Dihydroxyethene (11, enol of acetic acid) and 1,1,2-trihydroxyethene (12,
enol of glycolic acid) have been generated as transient intermediates by NR and
shown to be stable as isolated molecules in the gas phase [73]. The survivor ion
of 12 was shown by NR-CAD to retain the structure of trihydroxyethene cation-
radical, which indicated that the enol did not isomerize to the more stable gly-
colic acid molecule [73]. It may be noted that enols of simple carboxylic acids,
esters, and lactones have not been generated in solution and remain elusive.
Thus, NRMS currently provides the only experimental approach to these highly
reactive molecules. As a further note, hydroxyacetylene (13), which is the ynol of
ketene, has been generated by collisional reduction of its cation-radical that is
formed by dissociative ionization of propiolic acid. Ynol 13 is stable as an iso-
lated molecule in the gas phase and its *NR* mass spectrum distinguishes it
readily from the more stable ketene [74]. Analogously, stable ethynamine (14) is
formed by collisional reduction of its cation-radical that can be generated by
dissociative ionization of propiolamide (Scheme 4) [75].

+e
0
-CO +
H—CEC‘{ O H—=c—x" X, —c=c—x
X 8 keV

13: X=0H
Scheme 4 14: X = NH,
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Fig. 6. "NR" mass spectra of (fop) acetamide enol and (bottom) acetamide. Neutralization
with CH;SSCH; at 70% transmittance, reionization with O, at 70% transmittance
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5.2
Elusive Acids

NRMS has been used to generate several highly reactive acids that have been elu-
sive in solution or condensed phase studies. Carbonic acid (15) [76] and sul-
furous acid (16) [77] were prepared through the corresponding cation-radicals
that were reduced to generate the corresponding neutral molecules. The general
route to these and analogous cation-radical precursors involves alkene elimina-
tions from suitable esters, as shown for 16 in Scheme 5.

°

(0]
N c H(I) X H?
CzHs S C2Hs -2C;Hy + e
HO (0] 8 keV HO o)
Scheme 5 16" 16

Ion 16™* was distinguished from an isomeric HO-S(H)=0" structure by CAD
of a D-labeled derivative that showed loss of both OH and OD, compatible with
the structure having two OH groups. *NR* of 16 showed a substantial survivor
ion that attested to the stability of the isolated molecule, as contrasted to the elu-
siveness of sulfurous acid in the condensed phase [77].

Dihydroxysulfane, 17, is another elusive acid that has been generated by
NRMS [78]. The precursor cation-radical, 17*°, was obtained by dissociative ion-
ization of dimethylsulfate according to Scheme 6. Upon NR, acid 17 gave an
abundant survivor ion showing that the intermediate sulfane was a stable mole-
cule. Collisional activation of neutral 17 caused only minor dissociation by elim-
ination of water, further attesting to the considerable stability of the isolated
molecule.

Methanesulfenic acid (18) is another highly reactive molecule that was gen-
erated in the gas phase and characterized by NRMS [79]. Acid 18 can also be
made by flash-vacuum pyrolysis of tert-butylmethylsulfoxide, and the neutral
molecule had been characterized by microwave spectroscopy [80] and ioniza-
tion energy measurements [81, 82]. In the condensed phase, acid 18 rapidly dis-
proportionates by bimolecular condensation forming CH;S(O)SCH; and water
[80]. It is worth mentioning that 18 is a neutral byproduct of dissociations of
peptide and protein cations containing S-oxidized methionine residues, and the
loss of CH;SOH (64 Da) is highly diagnostic of methionine in protein samples
[83]. The value of NRMS in studying sulfenic acids is highlighted by the genera-
tion of the sulfuranyl isomer of 18 (CH,=S(H)-OH, 19), which is hardly at all

e :’\H H/\ .O OH OH
SI+ / -CH,0 | N -CH,0 é,, e  CHSSCHs \L‘
—_— _
oHe” Xo--CH HZC\’\O/S\OH OH  8keV “SoH
+e

Scheme 6 17 17
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possible to generate in the condensed phase because of lack of suitable synthetic
reactions. Scheme 7 shows that double hydrogen transfer in the cation-radical of
di-n-butyl sulfoxide gives rise to 19*° which affords the neutral sulfuran upon
collisional reduction with Hg atoms.

Ethenesulfenic acid (CH,=CH-S-OH, 20) is another transient intermediate
that has been generated and characterized by NRMS in conjunction with ab ini-
tio calculations. Acid 20 is stable when formed by collisional reduction of its
cation-radical and does not isomerize to the more stable ethanethione-S-oxide
[84].

The aci-form of nitromethane, CH,=N(O)OH (21), has been generated by col-
lisional reduction with Xe of the corresponding cation-radical (21*°), which was
in turn prepared by elimination of ethylene from the molecular ion of 1-nitro-
propane (Scheme 8) [85]. An interesting feature of the *NR* mass spectrum of
21 is that the elusive aci-nitro isomer gives a very abundant survivor ion com-
pared to those produced by NR of its more conventional isomers nitromethane
and methyl nitrite. This is due to a combination of two factors. First, although
isolated 21 is ca. 90 k] mol-! less stable than nitromethane, it is separated by a
>220 k] mol™ potential energy barrier to unimolecular isomerization and thus
is kinetically very stable [86]. Second, cation-radical 21*° produced from the
molecule by collisional reionization is the most stable [C,H;,N,0,]** isomer. The
major NR dissociation of 21 is loss of OH, whereas nitromethane dissociates by
loss of CH;, and methyl nitrite dissociates to NO and CH;0, in analogy with ther-
mal dissociation [87].

Trihydroxyphosphane, P(OH); (22), is another elusive inorganic acid that has
been generated by NRMS [34] and distinguished from the conventional phos-
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phorous acid, HP(=0)(OH), (23) which is the more stable tautomer in the gas
phase, AH,, 505(23—22)=45 k] mol . The relative stabilities are reversed in the
cation radicals, where 22** is 136 kJ mol™! more stable than 23*°. Interestingly,
neutral 22 partially isomerizes to 23 upon collisional activation, in keeping with
the greater stability of the latter tautomer. HTeTeH is another low-valence elu-
sive molecule that was generated by NRMS [88].

Wiedmann and Wesdemiotis used a different strategy to generate the elusive
fluoroformic acid, FCOOH (24) [89]. Previous attempts at generating neutral 24
by flash-vacuum ester pyrolysis of ethyl and s-butyl fluoroformate under molec-
ular flow conditions (10~> Torr) with mass spectrometric detection were unsuc-
cessful and yielded only decomposition products, which were the corresponding
alkenes, HE, and CO, [90]. Dissociative ionization of ethyl fluoroformate also does
not yield 24*°, but proceeds by a double hydrogen transfer producing protonated
fluoroformic acid, FC(OH)3. This ion was mass selected, collisionally activated,
and allowed to dissociate by loss of H to form 24** which was then collisionally
reduced with Xe. The resulting *NR* mass spectrum showed a survivor ion of
24*+° at m/z 64, which indicated that a fraction of the intermediate neutral fluoro-
formic acid was stable on the ps time scale of the measurement. This example
nicely illustrates the power of tandem mass spectrometric methods to prepare an
ion precursor of the desired structure that is then used to generate elusive neu-
tral species by collisional electron transfer. In particular, the combination of bond
making and bond breaking reactions endows gas-phase ion chemistry with a
tremendous and unique synthetic potential for generating ion precursors for un-
usual and otherwise inaccessible neutral species.

5.3
Carbenes, Carbon Clusters, and Heterocumulenes

While there are photochemical methods for the generation of carbenes in solu-
tion and gas phase [91-93], carbenes carrying hydroxy and amino groups are
not readily available by standard synthetic methods because of lack of suitable
precursors. By contrast, carbene cation-radicals are readily accessible by disso-
ciative ionization of stable molecules [94] and serve as precursors for the prepa-
ration of neutral carbenes by collisional reduction. For example, the fluorohy-
droxymethylene cation-radical, F-C-OH**, is formed by dissociative ionization
of methyl fluoroformate, and upon collisional reduction with Xe the ion pro-
vides neutral F-C-OH of a microsecond lifetime [95]. Several other monosub-
stituted carbenes have been prepared and characterized by NRMS, e.g.,
H-C-OH [96], H-C-OCH, [97], H-C-OC,H; [98], CH,~C-OH [99], and
H-C-NH, [100]. Dihydroxycarbene cation-radical, HO-C-OH™** (25*°), is co-
generated with ionized formic acid by dissociative ionization of oxalic acid
[101]. The route to pure 25*° starts with dihydroxyfumaric acid that upon elec-
tron ionization dissociates to dihydroxyketene, which in turn eliminates CO
forming 25*° (Scheme 9). Collisional neutralization of 25*° with N,N-dimethyl-
aniline yields a fraction of non-dissociating 25. It is noteworthy that 25 and
formic acid give quite similar *NR* mass spectra, and so unambiguous isomer
distinction was achieved by CAD of the corresponding survivor ions.
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Diaminocarbene, H,N-C-NH, (26), was prepared by collisional reduction of
the corresponding cation-radical that was in turn generated by dissociative ion-
ization of aminoguanidine [102]. Carbene 26 gives an abundant survivor ion
in the *NR* mass spectrum and is clearly distinguished from its more stable
isomer formamidine. Amino(hydroxy)carbene, H,N-C-OH, has also been
prepared by NRMS [103]. Hydroxy-thiohydroxy-carbene cation-radical,
HO-C-SH**® (27*°), is formed somewhat unexpectedly by ethylene elimina-
tion from ionized S-ethylthioformate and O-ethylthioformate instead of the ex-
pected thioformic acid. Carbene ion 27*° was characterized by a *NR* mass
spectrum that showed a dominant survivor ion of reionized carbene [104]. The
energetics of neutral and ionic HO-C-SH have been addressed by ab initio
calculations [105]. Di-(thiohydroxy)carbene, HS-C-SH, is also known [106].

In contrast to carbenes carrying o- and m-electron donating substituents
(alkyl, OH, OR, NH,, SH) that stabilize cation-radical precursors, carbenes
having o- and m-electron accepting groups do not form stable cation-radicals
[107] which thus cannot be used as precursors for neutral carbenes. The syn-
thetic route to electron-deficient carbenes involves stable anion-radicals, as ex-
emplified by H-C-NO, (28) and H-C-C=N (29). The nitrocarbene anion-radi-
cal (287°) was produced by electron-capture dissociation of ethyl nitrodiazoac-
etate and neutralized by collisions with O,. Reionization to cations gave a weak
peak of survivor [C,H,N,0,]** in the "NR* mass spectrum that was assigned to
reionized 28 [108]. It should be noted here that reionization to anions ("NR~) of-
fers a more reliable means of detecting transient species that do not form sta-
ble cations, as will be discussed later. Precursor anions for 29 and isocyanocar-
bene (30) were generated by O~* abstraction of H, from CH;CN and CH;NC, re-
spectively. The "NR" spectra showed very abundant survivor ions that attested
to the stability of the intermediate neutral carbenes, 29 and 30, respectively
[109].

Several carbon clusters have been studied by NRMS. Cationic precursors for
C; and C, have been generated from a variety of linear and cyclic precursors and
reduced with Xe, Na, K, and Ca to neutral carbon clusters. Unfortunately, *C
labeling has shown that, prior to neutralization, the cations had undergone com-
plete positional scrambling of carbon atoms, resulting in the formation of mix-
tures of most stable ion isomers [110]. A more successful approach used C; pro-
duced by gas-phase desilylation of a linear precursor, 1,4-bis-trimethylsilylbuta-
1,3-diyne [111]. Collisional oxidation of C; with O,, followed by reionization to
cations, showed an increased extent of carbon scrambling that was ascribed to
linear-rhombic isomerization in neutral C,. A linear C; carbon cluster was also
generated from an anionic precursor and shown by *C labeling to scramble the
carbon atoms via skeletal isomerization [112].
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Heterocumulenes have been a popular target of NRMS studies and there are
now several structures involving O, N, and S atoms and combinations thereof
that were generated by collisional neutralization in the gas phase [16]. Consid-
erable attention has been focused on ethenedione, O0=C=C=0 (31), which is the
elusive dimer of carbon monoxide. In spite of the fact that the C,0%° cation-rad-
ical (31*°) is readily available from several precursors [113,114], it does not pro-
duce a detectable peak of survivor 31** upon NR. The presence in the *NR* mass
spectrum of minor fragments from reionized CO, and C,0 was interpreted to
suggest that molecule 31 was transiently formed by collisional neutralization
[113, 115]. However, another study concluded that 31 dissociates rapidly to CO
upon collisional neutralization of the ion. A triplet state of 311is predicted by cal-
culations to be metastable, but apparently is not formed by electron transfer
[116]. Several other oxocarbons were found to be stable in the gas phase, e.g.,
C=C=0 and 0=C=C=C=0 that were generated from their cation-radicals [113],
and C,0, (n=3-6),C,COC,,and C,CO [117] that were obtained by collisional ox-
idation of the corresponding anion-radicals [118]. Of these, carbon suboxide is
a well known and relatively stable molecule [119, 120], whereas the others are
transient species.

In contrast to 31, its dithio-analogue ethenedithione, S=C=C=S (32), is a very
stable molecule when produced by collisional reduction of its cation-radical,
which is formed abundantly by dissociative ionization of 1,3,4,6-tetrathiapenta-
lene-2,5-dione (Scheme 10). The high stability of 32 is documented by the fact
that following reionization 32*° represents the dominating base peak of the
*NR* mass spectrum [121]. Molecule 32 was subsequently generated by flash-
vacuum pyrolysis of 1,3-dithiane-2-cyclopentylideneketene and characterized
by mass spectrometry [122].

A number of stable heterocumulenes have been generated by collisional re-
duction of the corresponding cation-radicals which are accessible by electron-
ionization induced cycloreversion of heterocyclic rings, as reviewed [123]. These
included molecules such as SC,S [124], C,S (n=2-6) [125], RN=C=C=S [126],
S=C=N=C=0 [127], Ar-N=C=C=C=N-Ar [128], RN=C=C=0 [129], RN=C=
C=C=0 [130], and radicals S=N=C=C=S [131], HC=C=C=0 [132], O=C-
N=C=0 and O=C=C-N=0 [133]. Related to heterocumulenes are vinylidenes, R-
C=C:, which have also been generated in the gas phase and characterized by
NRMS. Examples of such stable or metastable vinylidenes are H,C=C: [134],
H,C=C=C=C: [135], NH=C=C: [109], and NC-CH=C: [136].
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5.4
Ylids

Ylid ions and distonic ions are known to be very stable species in the gas-phase,
quite unlike their neutral counterparts that are often unstable in the condensed
phase, with the exception of phosphorus (e.g., Ph;P*-CHj;) and sulfur (e.g.,
(CH;),(0)S*-CH3;) ylids, which are the known reactive intermediates of organic
reactions in solution and which have been characterized spectroscopically. Ylid
ions have structures that can be formally drawn as having the radical and charge
sites at adjacent atoms, e.g., *H,C-OH},in which the carbon and oxygen atom are
trivalent. Distonic ions formally have the radical and ionic sites on more distant
atoms (hence “distonic”) [137], e.g., *CH,CH,CH,NHJ. A special feature of gas-
phase distonic ions is that they are comparably stable to and sometimes more
stable than their classical alcohol or amine isomers, and can be generated by hy-
drogen transfer rearrangements in gas phase ion precursors. Ylid and distonic
cation-radicals thus represent convenient precursors of exotic neutral species.

The first attempts to use ylid ions for the generation of neutral ylids reported
that stable "CH,0H%, "CH,FH", and "CH,CIH" were detected [138] upon colli-
sional neutralization with Hg. However, in a subsequent detailed work where Xe
was used for collisional neutralization, Hop et al. concluded that the survivor
peaks that were previously assigned to ylids were in fact due to impurities from
stable classical isomers or isotope interferences, and that the neutral ylids were
unstable [51]. In both cases, the precursor cation radicals were prepared by disso-
ciative ionization of acetic acid derivatives as shown for °CH,CIH* (33*°,
Scheme 11), and characterized by charge stripping and CAD spectra. The elimi-
nation of CO, from glycolic acid to yield *CH,OH]} is very inefficient, the main dis-
sociation being the formation of CH,0OH* which contributes 1.1% of *C isotope
satellite at m/z 32 which overlaps with the very weak peak of *CH,OH}. Similar al-
though less severe interferences are encountered with the formation of *CH,FH*
from fluoroacetic acid and 33** from chloroacetic acid (Scheme 11) [139].

The interpretation of Hop et al. [51] is consistent with ab initio calculations
that predict a very shallow potential energy minimum for neutral ylid 33 that
was bound by only 17 k] mol™! against dissociation to CH, and HCI and, more-
over, vertical electron transfer to 33*® was predicted to result in 84 k] mol-! ex-
cess vibrational energy in the neutral ylid due to Franck-Condon effects [140].
“CH,FH* and "CH,0H} were calculated to be unbound in their ground singlet
states [141].

On the other hand, there are now several examples of metastable neutral
species produced by collisional electron transfer, for which high-level calculations
predict no potential energy minima in the ground electronic state and whose ex-
istence is entirely due to the formation of long-lived excited states. Some examples
will be discussed in the section dealing with hypervalent radicals. Another recent
example is the nitrogen dimer, N,,, which shows a small fraction of metastable neu-
tral species when formed by collisional neutralization of the stable N} * cation rad-
ical [142]. However, this observation was not confirmed by another research group
under very similar experimental conditions [143]. The simple ylids discussed
above may belong to the same category, where particular reaction conditions (ion
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source pressure, neutralization reagent and its pressure in the collision cell, neu-
tral flight time, collection angle, etc.) may favor the formation and detection of a
small fraction of metastable excited states of the transient neutral species of in-
terest. Recent developments in experimental techniques of NRMS, in particular,
variable-time photoexcitation, and NR-CAD measurements, bring additional in-
sight into the neutral transient lifetimes and excited state energetics and in some
cases allowed for unambiguous interpretation of NRMS data.

Such an unambiguous structure assignment has been reported for the sim-
plest phosphonium methylide, “CH,PH3, (34) that was generated by collisional
neutralization with cyclopropane of the corresponding ylid ion 34" (Scheme
12) [144]. Reionization with O, resulted in an abundant survivor ion, which was
selected by kinetic energy and submitted to additional CAD. The CAD spectra of
reionized 34 and its classical isomer CH;PH, clearly differed from each other,
but resembled closely the CAD spectra of the corresponding precursor cation-
radicals. This spectroscopic evidence ruled out isomerization of “CH,PHY to
CH;PH, and showed unequivocally that the ylid was stable as an isolated species
in the gas phase. The experimental results were in agreement with previous ab
initio calculations that predicted 34 to be a bound species, and also the Franck-
Condon energy upon vertical reduction of *CH,PH} was calculated to be lower
than the threshold energy for dissociation to CH, and PH; [145].

An interesting class of elusive neutral species is heterocyclic ylids, as repre-
sented by the so-called Hammick intermediate that was postulated 65 years ago
to explain the accelerated decarboxylation of 2-picolinic acid [146, 147]. An
analogous dissociation takes place in ionized 2-picolinic acid in the gas-phase
and was employed to generate the pyridine ion isomer 35*° (Scheme 13) [148].
Collisional neutralization of 35*° with N,N-dimethylaniline produced neutral
ylid 35, which can also be represented as a singlet a-carbene (Scheme 13). Ylid
35 showed a survivor ion in the *NR* mass spectrum, which was further char-
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acterized by NR-CAD as 35*°, providing supporting evidence for the neutral
structure. It may be noted that the CAD and NR-CAD spectra of 35*° and its
more stable conventional isomer [pyridine]* were overall quite similar and the
isomer distinction relied on the different relative intensity of a minor HC=NH*
fragment which was somewhat higher for 357°. Ab initio calculations of the sys-
tem revealed that while neutral singlet 35 was some 196 k] mol™! less stable than
pyridine, it was separated from the latter by a 356 k] mol-! energy barrier to H
atom migration, in keeping with the kinetic stability of 35 formed by collisional
reduction. In addition, cation radical 35*° was calculated to be nearly isoener-
getic with [pyridine]*®, which explained both its facile formation from 2-picol-
inic acid and stability in the gas phase [148].

Other heterocyclic ylids have been generated in the gas-phase by collisional
reduction of stable ylid cation-radicals using synthetic strategies similar to that
described for 35*°, e.g., imidazol-2-ylidene [149], thiazol-2-ylidene [150],
pyrazine ylids [151], pyrimidine ylids [152], and pyridinium methylids [153].

A benzenoid ylid has been recently generated in the gas phase by collisional
reduction of an ylid isomer of benzonitrile cation-radical [154]. Dissociative
ionization of o-cyanobenzaldehyde produced a cation-radical (36"°) that was
distinguished by ion-molecule reactions from its conventional [benzonitrile]*
isomer. In particular, 36"° reacts with tert-butylnitrite by NO transfer to form 2-
nitrosobenzonitrile, while [benzonitrile]** reacts by proton transfer. Collisional
reduction of 36"° provided a *NR* mass spectrum that was distinctly different
from that of benzonitrile (Fig. 7).
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In particular, 36"° showed a weak survivor ion and dissociation products by
multiple losses of H atoms. The low relative abundance of the survivor ion was
explained by density-functional theory calculations that showed that neutral 36
was intrinsically unstable and underwent ring closure to form another high-en-
ergy intermediate, norcaradiene imine (37), which is 260 k] mol™! less stable
than benzonitrile (Scheme 14) [154].

5.5
Other Elusive N, S, P, and Si-Containing Molecules

In addition to short-lived molecules that were assigned to the structure classes
discussed above, there are various interesting intermediates that are mentioned
here separately. Nitrosomethane (38), which is the less stable tautomer of
formaldoxime, was generated by collisional reduction of the stable cation-radi-
cal and characterized by NRMS [155, 156]. The precursor cation for 38 was pro-
duced by three different reactions, e.g., elimination of OH upon exothermic pro-
tonation of nitromethane [156], electron-induced loss of O from nitromethane
[155, 156], and electron-induced CH,O extrusion from ethyl nitrite [156]
(Scheme 15). Nitrosomethane gives rise to a moderately abundant survivor ion
in the *NR* mass spectrum and does not undergo unimolecular isomerization
to any of its more stable tautomers.

Formaldonitrone (39) is another elusive molecule that has been generated
and characterized by NRMS [157]. Although 39 has been predicted by ab initio
calculations to be stable as an isolated molecule, its generation in solution by
classical methods of nitrone chemistry has been unsuccessful. The gas-phase
preparation of 39 consisted of a cycloreversion in 1,2-oxazolidine cation-radical
that produced cation-radical 39*°. The ionization conditions were tuned by
charge exchange ionization with COS** that supplied the 270 k] mol™! excitation
energy necessary for ring cycloreversion in [oxazolidine]** and elimination of
C,H, while preventing side reactions that would produce other, high-energy, iso-
mers (Scheme 16).
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It is worth noting that, prior to NR measurements, the potential energy sur-
face for the dissociations of [oxazolidine]** was mapped by Gaussian 2(MP2)
calculations and the energy and kinetic data obtained computationally were
used successfully to plan the experiments [157].

Nitrone 39 turned out to be a very stable molecule under NR conditions and
did not undergo any substantial dissociations, as determined by variable-time
NR measurements of unimolecular rate constants.

A similar cycloreversion in 1,2-dithiolan cation-radical was used to prepare
CH,S;* ions which were reduced with Xe to generate elusive CH,S, molecules.
The structure of neutral CH,S,, dithiirane or CH,=S=S, was not determined
from the *NR* mass spectra [158]. Density functional theory calculations fa-
vored both dithiirane and its cation-radical as being more stable than CH,=S=§
and CH,=S=S§"°, respectively, and so the authors tentatively assigned cyclic
structure to the ion and neutral.

Nitrile-N-sulfides and selenides were synthesized as the corresponding
cation-radicals by S* or Se* transfer in ion molecule reactions in the gas phase
and utilized for the generation of transient neutral molecules. As a source of S*
the authors used CS} ions that were made from CS, in a high-pressure ion source.
CS} was found to transfer S* to a variety of nitriles and cyanogen halides form-
ing stable cation-radicals of the R-C=N=S** type. Collisional reduction with am-
monia produced the corresponding neutral nitrile-N-sulfides that were found to
give abundant survivor ions in the *NR* mass spectra, thus attesting to the sta-
bility of the neutral intermediates [159]. Analogously, gas-phase NC-CN-Se** re-
acts with nitriles by Se* transfer producing nitrile-N-selenide cation-radicals
that were used to generate neutral nitrile-N-selenides [160, 161]. Se* transfer fol-
lowed by collisional reduction was also used to generate the elusive pyridine-N-
selenide, which was found to be a stable molecule under NR conditions [160].

Thionitrosylchloride (CI-N=S) [162] and thionitrosyl cyanide (NC-N=S)
[163] were generated in the gas phase and found to be moderately stable on the
microsecond time scale. Both molecules and their isomers were characterized
by high-level ab initio calculations so that the energetics of their isomerization
and dissociations is well understood.
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Ammonia-N-oxide, H;N-O0, 40, is the lowest homologue in the series of or-
ganic amine N-oxides. Those derived from tertiary amines are known as stable
compounds; however, 40 has been elusive because of lack of synthetic methods
for its preparation in solution or gas phase. The precursor ion for 40 was gener-
ated by ion-molecule reactions in a mixture of gaseous HN; and H,O [164]. Al-
though the reaction sequence leading to 40*° is somewhat obscure, the
[N,H;,0]** ion formed that way showed a CAD spectrum that slightly differed
from that of NH,OH* and gave rise to an abundant survivor ion peak in the
*NR* mass spectrum [164]. Structure assignment to the [N,H5,0]** cation-rad-
ical was mainly based on density functional theory calculations that showed that
H;N-O** was a stable structure that was separated from the more stable
NH,OH** by an energy barrier [164]. The *NR* mass spectrum of 40 was very
similar to that of NH,OH and did not permit isomer distinction. That two dif-
ferent isomers were made was inferred from NR-CAD of the survivor ions which
showed the same differences as those in the CAD of the precursor ions.

Finally, several elusive phosphorus-containing molecules have been gener-
ated and characterized by NRMS. Those included P;S and P,S [165],
(alkylthio)thioxophosphines, R-S-P=S [166], phosphinedithiol, HP(SH), [167],
and phenylphosphinidene, Ph-P: [168]. P¢ (41), a new allotrope of elemental
phosphorus, was generated as a transient neutral fragment by collisionally acti-
vated dissociation of an ionized bis-pentamethylcyclopentadienyl adduct
(Scheme 17) [169]. The neutral-fragment reionization spectrum showed a peak
of reionized Py that was taken as evidence for the existence of P¢. Although no
structure information could be inferred from the mass spectrum alone, the mol-
ecule had been characterized previously by numerous computations [170] and
the electron affinity of P; was determined by photoelectron detachment mea-
surements of mass-selected Pg [171].
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6
Transient Radicals and Biradicals

While collisional neutralization of open-shell cations and anions produces neu-
tral molecules, neutralization of closed-shell cations or anions provides a general
synthetic route to various transient radicals. A great strength of this approach is
that by choosing the ion charge one can vary the coordination numbers (n) at
heteroatoms, e.g., n=1 in alkoxide anions, RO~, and n=3 in oxonium cations, e.g.,
(CH;),0H", and thus generate various hypovalent or hypervalent radicals, some
of which are virtually impossible to synthesize by any other chemical method.
The following section illustrates some of the highlights in this area.

6.1
Hypervalent Radicals

Lewis’ octet rule dictates that elements of the second period cannot have more
than eight electrons in the valence shell in stable molecules [172]. The octet rule
is violated in several stable molecules containing elements of the third or higher
periods, e.g., SF,, and such compounds are denoted as hypervalent [173]. Unbe-
knownst to Lewis, evidence for hypervalent nitrogen molecules had been
around since 1872 when Schuster observed emission bands from discharge in
gaseous ammonia [174] which, combined with other spectroscopic evidence
[175], were much later explained by Herzberg as originating from excited elec-
tronic states of the hypervalent ammonium radical NH; [176]. Ammonium has
a tetracoordinated nitrogen atom with formally nine electrons in the valence
shell and thus can be denoted as a 9-N-4 hypervalent species according to the
nomenclature introduced by Perkins et al. [177]. Hypervalent ammonium radi-
cals were the first transient neutral species generated and characterized by neu-
tral beam spectroscopy developed by Porter and coworkers, as reviewed [6]. The
general NRMS approach to hypervalent radicals consists of gas-phase protona-
tion of a stable molecule to form an onium cation, where “onium” stands for am-
monium, oxonium, sulfonium, phosphonium, etc. Collisional reduction of
onium ions generates hypervalent radicals that can be probed by the various
methods of NR mass spectrometry. The properties of interest are (1) the radical
lifetime, (2) competitive unimolecular dissociations, and (3) intramolecular in-
teractions of the hypervalent group with other functional groups in the radical.
The lifetimes of hypervalent radicals have been found to depend rather dra-
matically on isotope substitution. For example, dimethyloxonium, (CH;),0H®,
dissociates completely on a 1-ps time scale when formed by collisional reduction
of the stable cation (CH;),0OH". By contrast, (CH;),0D*® furnishes an abundant
survivor ion in the *NR* mass spectrum that is evidence that the deuterated hy-
pervalent radical is metastable [178, 179]. From the time scale of the NR mea-
surements and the survivor ion relative intensities one can estimate that
(CH;),0H dissociates >5 times faster than (CH;),0D°. Similar isotope effects
have been observed for CH;OH; [180], C,H;OH; [181], and hypervalent ammo-
nium radicals, e.g., CH;NH; [182], (CH;),NH; [60], (CH;);NH* [183], and
[pyrrolidinium]® [184], which are metastable only as deuterated species.



108 F. Turec¢ek

The metastability and bond dissociations in hypervalent radicals have been
studied in detail for (CH;),NH; (41) [60, 185] and (CH;),0H"® using product
analysis, photoionization [186], photoexcitation [60], and theoretical calcula-
tions [187]. When formed by collisional reduction, radical 41 dissociates by N-H
and N-C bond cleavages that occur in a 2:1 ratio [60]. This experimental finding
is incompatible with the potential energy of ground (*A,) state of 41 that was cal-
culated to have a very low barrier for exothermic N-H bond dissociation [185],
which should be greatly preferred according to RRKM calculations [60]. Analy-
sis of excited electronic states of 41 showed that they were strongly bound along
the N-H coordinate and should not dissociate by H atom loss. However, the B
state was weakly bound along the N-C coordinate and, after overcoming a 17 kJ
mol™! energy barrier, it can dissociate by avoided crossing to the repulsive part
of the ground state potential energy surface (Fig. 8).
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Fig. 8. Potential energy diagram for electronic states of (CH;),NH
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N-C bond dissociation can also occur from the A state by curve crossing to
the B state potential energy surface, which occurs close to the transition state
configuration. The A and B states thus account for the 33% fraction of 41 that
dissociate by loss of a methyl. The C and higher excited states are calculated to
be bound and can account for the metastable fraction of 41. The formation of
bound excited states of 41 was supported by laser photoionization and photoex-
citation experiments. Metastable 41 (in a deuterated form) is photoexcited with
2.41 and 2.54 eV photons to high Rydberg states that show both increased life-
times and very large cross sections on collisional reionization, as predicted by
theory [60]. The isotope effects on metastability have been explained for
(CH;),0H"® and its isotopomers by diminished vibronic coupling between the
metastable and dissociative electronic states in partially deuterated radicals. The
coupling is restricted by symmetry to a few bending vibrational modes, and it is
weakened by shifts in vibrational frequencies due to the presence of deuterium.
The effect is predicted to disappear in fully deuterated radicals, as indeed ob-
served for (CD;),ND; which dissociates completely on the ps time scale [60],
whereas both (CD;),NH; and (CH;),ND; give substantial fractions of
metastable radicals [60]. The mode symmetry restriction is consistent with the
fact that no hypervalent radical lacking molecular symmetry has been found to
be metastable, deuterium substitution notwithstanding.

Hypervalent sulfonium radicals, H;S® [188] and (CH;),SH® [189], have been
shown to be metastable on the microsecond time scale when generated as par-
tially deuterated species and studied by variable-time NR mass spectrometry.
The metastability was attributed to the formation of excited electronic states, as
the ground doublet states were calculated to be unbound and predicted to dis-
sociate exothermically and without a barrier by S-H bond cleavage [188, 189].
Hypervalent sulfonium radicals of the R;S® type have been the long sought-af-
ter intermediates of radical substitution in sulfides in solution, but have never
been detected [190]. The NRMS studies, combined with ab initio calculations,
show that such intermediates most likely do not exist on the ground state po-
tential energy surface, but may be of importance in photochemical reactions.

Another mechanism in hypervalent radical chemistry that is acquiring
broader implications has been proposed to account for highly endothermic dis-
sociations in hypervalent benzylammonium radicals bearing electronegative (F,
NO,) substituents in the aromatic ring (Scheme 18) [191]. In spite of the pres-
ence of weak N-H and C-N bonds in the ammonium group, substantial dissoci-
ations occurred in the phenyl group either by ring cleavage or following a trans-
fer of the ammonium proton. The ring cleavage dissociations were explained by
electron capture in a vacant m-orbital to form a zwitterion corresponding to an
excited electronic state resembling a charge-transfer complex. Ring fragmenta-
tion can be induced by the substantial electron energy in such excited states that
can either be converted non-radiatively to radical vibrational energy, or drive
dissociations on the potential energy surface of the excited state. Rydberg states
formed by electron capture have recently been invoked to explain dissociations
of peptide cation-radicals in ion-cyclotron resonance mass spectrometry.

Intramolecular hydrogen atom transfer in hypervalent onium radicals is an-
other reaction that has implications in the chemistry of gas-phase peptide and
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protein cation-radicals [192]. In hex-3-en-1-ylmethyloxonium (42) and hex-3-
en-1-ylammonium (43) radicals, the proton of the hypervalent group is posi-
tioned close to the double bond acceptor group. The proximity is secured by
hydrogen bonding in the precursor cations that stabilizes the hydrogen-bonded
structures by 18-25 k] mol™! [193, 194]. Upon collisional reduction, the hydro-
gen atom of the oxonium group in 42 migrates to the double bond, and the over-
all exothermicity of the isomerization (-AH,,,=250 k] mol™) drives further dis-
sociation by loss of methanol (Scheme 19).

The reaction mechanism has been established by deuterium labeling that
showed complete retention of the oxonium deuterium in the C;H,, fragment. In
contrast, the ammonium hydrogen atoms in 43 do not migrate to the double

CgH1oD" + CH3OH
(100% specific)

Scheme 19
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CeHr1 + ND;

(100% specific)
Scheme 20

bond, and the radical dissociates by loss of H and ammonia. Again, deuterium la-
beling showed complete retention of deuterium atoms in the ND; group [194].
The extraordinary difference in the dissociation mechanisms was explained by
the stabilities of the hypervalent oxonium and ammonium radicals. The oxonium
radical is unbound along the O....H coordinate, so that the O-H bond in vertically
formed 42 dissociates exothermically within a single vibration. The hot hydrogen
atom released by the dissociation has sufficient kinetic energy to overcome a
small barrier for an exothermic addition to the double bond. The hydrogen mi-
gration is facilitated by the proximity and orientation of the double bond m-or-
bital and the oxonium hydrogen atom (Scheme 19). In contrast, 43 is weakly
bound along the N-H coordinate. When formed by vertical electron transfer, the
radical undergoes spontaneous rotation about the C-N bond to reach the poten-
tial energy minimum which has a gauche conformation of the NH; group
(Scheme 20). The rotation moves the ammonium hydrogen atoms away from the
double bond and thus prevents hydrogen transfer. The reason for the repulsive
interaction of the hypervalent ammonium group with the double bond m-elec-
trons is mainly electrostatic, as inferred from the calculated population analysis
that showed substantial negative charge at the ammonium hydrogen atoms in 43
and also in related ammonium radicals. For the generation and dissociations of
other types of cyclic and linear hypervalent radicals see [195-197].

6.2
Oxygenated Sulfur Radicals Relevant to Atmospheric Chemistry

Tropospheric oxidation of the so-called “reduced sulfur”, mostly dimethylsul-
fide, hydrogen sulfide, and dimethyldisulfide, is thought to proceed via several
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steps that involve partially oxidized sulfur molecules and radicals. Although
these molecules are produced naturally on a global scale of 1-50 million tons a
year [198, 199], the stationary concentrations are too low to study the mecha-
nisms of atmospheric oxidations in situ, let alone to identify short-lived inter-
mediates. Several transient intermediates have been generated and character-
ized by NRMS that provided information on the radical stability and identified
their unimolecular dissociations. Relevant to oxidation of H,S, HSO, SOH,
H,S=0, and HSOH have been generated from the corresponding cations and
found to give rise to abundant fractions of stable molecules [200] in keeping
with ab initio calculations [201, 202]. The *NR* mass spectra of H,S=0 and
HSOH are very similar and the isomers were distinguished on the basis of ion
CAD spectra that showed different relative intensities of very minor OH* and
H,0"* fragments [200]. HOSO® and HSOj; radicals are the presumed intermedi-
ates of OH radical attack on SO, and H atom attack on SO,, respectively, and both
have been studied intensively by theory [203-206]. The ion precursor for HOSO*®
was formed by mildly exothermic gas-phase protonation of SO, [207]. Colli-
sional reduction of HOSO* with TMA yielded stable HOSO® which was shown
by variable-time NRMS to dissociate by loss of H, but not OH. Loss of H is fur-
ther enhanced by laser photoexcitation of stable HOSO® [208]. The ion precur-
sor (HSO3) for the much less stable HSO; was generated in a mixture with
HOSO™" and the radical was shown to undergo very facile dissociation of the H-S
bond forming SO,, in keeping with ab initio calculations [205, 208].

Both cationic and anionic precursors were used to generate the O,SOH® rad-
ical (44) which is the presumed intermediate of OH radical attack on SO, to form
SO; in the last step of the sulfur oxidation cascade [198]. The hydrogen sulfite
cation was produced by dissociative ionization of methanesulfonic acid and
used to generate radical 44, albeit in a low yield [209]. A improved preparation
and NR mass spectrometric characterization of 44 relied on an anion precursor,
0,SOH", which was made by termolecular associative reaction of SO, with OH~
[210]. Neutralization with Xe of O,SOH" produced stable radical 44 that gave rise
to a dominant survivor cation in the "NR* mass spectrum [211].

(CH;),SOH® (45) and CH;SO; (46) are the presumed transient intermediates
of tropospheric oxidation of dimethylsulfide, a major natural compound pro-
duced by biomass decay in the marine biolayer [212]. An attempt at generating
45 by collisional reduction of the readily available cation, (CH;),SOH?, resulted
in complete dissociation to CH;SOH+CHj3 and (CH;),S+OH?® [213]. This result
contradicted ab initio calculations that predicted a weakly bound radical with a
long S-O bond [214], in keeping with pulse radiolysis studies that reported UV-
VIS spectra that were assigned to 45 [215]. A further computational study [216]
revealed that vertical neutralization of (CH;),SOH" is accompanied by large
Franck-Condon effects that result in fast dissociation of the nascent radical. Po-
tential energy surface mapping in the vicinity of the landing point for the verti-
cal transition, (CH;),SOH*—45, indicated preferential dissociation to (CH;),S+
OH, but also allowed for the formation of CH;SOH+CH; from highly excited
radicals [216].

CH,SO; (46) and the isomeric CH;0S0° (47) were generated by collisional
reduction of the corresponding cations with TMA and found to give different
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*NR* mass spectra [217]. Even though 46 is predicted by calculations to be
bound by 59 kJ mol™! against dissociation to CH; and SO,, it acquires >140 k]
mol-! by Franck-Condon effects upon vertical electron transfer and completely
dissociates on the time scale of the experiment. By contrast, 47 is stable when
formed by collisional reduction. The main dissociation of 47 is loss of CH; that
proceeds by rate-determining isomerization to 46, whereas direct cleavage of the
0-CH; bond must overcome a large potential energy barrier and is kinetically
disfavored [217].

6.3
Oxygenated Nitrogen and Phosphorus Radicals

Nitrogen dioxide and organic nitro compounds are important oxidizers and
high-energy materials that undergo a variety of reactions in the gas phase, solu-
tion, and solid state. NRMS provides an insight into the intrinsic properties of
elusive nitro and nitrate radical intermediates that are generated and studied as
isolated species. For example, CH;NO,H*® (48) is the presumed intermediate of
hydrogen atom capture by nitromethane in hydrocarbon flames [218]. In spite
of extensive kinetic studies [219], radical 48 had been elusive until generated by
collisional reduction and characterized by variable-time NRMS [220]. Upon ver-
tical neutralization with DMDS, 48 gives a substantial fraction of undissociated
radicals that are detected as the corresponding cations in the *NR* mass spec-
trum. The main dissociations of 48 were elucidated by variable time measure-
ments that revealed formation of CH;NO and OH® [220]. Interestingly, dissoci-
ation of 48 to CH; and HONO is calculated to compete with the loss of OH but
is difficult to recognize from the *NR* mass spectra because of fast dissociation
of HONO**® after collisional reionization. In related studies, C;H;NO,H*® was
found to be stable when generated by collisional reduction of C;H;NO,H* [221],
whereas neutralization of CH;0(H)NO3 and CH;0NO,H* resulted in complete
dissociation of the transient nitrate radicals, CH,O(H)NO; (49) and
CH;0NO,H" (50), respectively, which yielded no survivor ions [222]. The exper-
imental results for the methyl nitrate radicals are in complete agreement with ab
initio calculations. Radical 49 was found to be unbound and predicted to disso-
ciate without barrier to methanol and NO,. In contrast, the various conformers
of 50 are weakly bound with respect to dissociation to HONO+°OCH; and
CH;0NO+OH?®, which both require 35 k] mol! in the respective transition
states. However, upon vertical reduction radical 50 receives 88-103 k] mol™ by
Franck-Condon effects which drive rapid dissociation, as also confirmed by
RRKM Kkinetic analysis [222].

Tetravalent phosphorus radicals have the geometry of an incomplete trigonal
bipyramid in which the p-orbital on phosphorus containing the unpaired elec-
tron can occupy an equatorial or axial position, giving rise to conformational
isomers. These can interconvert by bending motions of the substituents, as in
Berry pseudorotation (Scheme 21), or by pseudoinversion [223]. Although
tetravalent 9-P-4 phosphorus radicals have been studied quite in detail by ab ini-
tio theory [224], there are only scant experimental data describing their proper-
ties.
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The tetrahydroxyphosphoranyl radical, P(OH); (51), has been generated
transiently by collisional reduction of the stable P(OH)} cation (51%). Because of
a large difference in the equilibrium geometries of the cation and radical, verti-
cal electron transfer results in large Franck-Condon effects and the radical is
formed with 130 k] mol! vibrational energy (Scheme 21). This exceeds the tran-
sition state energies for both loss of H forming phosphoric acid, and loss of OH
forming trihydroxyphosphane [34]. Thus, despite the fact that 51 is both ther-
modynamically and kinetically stable, it undergoes rapid dissociation when
formed by vertical electron transfer, so that no survivor ions are present in the
*NR* mass spectrum.

P(OH); (52) is a hypovalent phosphorus radical that has recently been gen-
erated and characterized by NRMS [225]. The precursor cation for 52, P(OH)},
was produced by dissociative ionization of triethyl phosphite. P(OH); was found
to be stable on the pus time scale. The extent of radical dissociation, judged by the
relative intensity of the survivor ion, was shown to strongly depend on the pre-
cursor ion internal energy. Precursor ions produced by charge-exchange ioniza-
tion with only 17 k] mol™! internal energy gave rise to 52 that showed a domi-
nant fraction of survivor ions in the *NR* mass spectrum, indicating little or no
radical dissociation. More energetic precursor ions, produced by 70-eV electron
ionization, gave rise to radicals that showed more extensive neutral dissocia-
tions by loss of H, OH, and H,0 that occurred in a 1:1.2:3.2 branching ratio, as
established by variable-time measurements. The experimental H:H,O branch-
ing ratio could be reproduced by RRKM calculations that were based on transi-
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tion state energies from high-level ab initio calculations. However, the absolute
rate constants from RRKM calculations (k=10%-10° s~!) were much larger than
those from the variable-time data (10°-10° s7!). The experimental and theoreti-
cal data were reconciled by considering formation of excited electronic states of
52 that were examined by combined configuration interaction singles and time-
dependent density functional theory calculations. The first excited (A) state of
52 receives 2.85 eV energy when formed by vertical electron transfer from
P(OH)}. Internal conversion, A—X, forms the ground state with sufficient vi-
brational energy to rapidly dissociate by loss of H and H,O in a branching ratio
that is close to that observed experimentally. However, the overall kinetics for in-
ternal conversion A—X folowed by dissociation is controlled by the rate-deter-
mining first step, which occurs with rate constants in the 10°-10° s™! range. It
may be noted that vertical electron transfer in P(OH)} is accompanied by mod-
est Franck-Condon effects that result in a 33 k] mol™! vibrational excitation in 52
[225].

6.4
Boron and Silicon Radicals

Whereas no hypervalent boron or silicon radicals have been studied by NRMS,
there are several hypovalent species that have been successfully generated and
characterized. Dihydroxyboron radical, B(OH); (53), dissociates extensively by
loss of H when generated by collisional reduction of B(OH)3. The dissociation is
driven by the >190 k] mol-! internal energy acquired by Franck-Condon effects,
whereas cleavage of the OH bond requires only 79 k] mol! at the thermochem-
ical threshold [226]. In a related study, collisional reduction of methoxy-
borinium (CH;0-B"-H) and methyl(hydroxy)borinium (CH;-B*-OH) cations
was found to give fractions of stable radicals, in spite of sizeable Franck-Condon
effects in vertical electron transfer [227]. Large Franck-Condon effects domi-
nate the chemistry of (CH;),SiOH which dissociates extensively when formed by
collisional reduction of (CH;),SiOH* [228]. The generation and characterization
of [CH,,S1,0] radicals met with some difficulties that were due to isomerization
of precursor cations, as elucidated by CAD spectra and ab initio calculations.
The radical structures that appear to have been assigned unambiguously are
sila-acetyl radicals H;SiCO® and CH,;SiO® [229]. The latter species were also
made from CH;SiO* that in turn was generated by dissociative ionization of
(CH;);Si0H [228]. The homologous H,SiOH® radical, which is the sila-analog of
the hydroxymethyl radical, is stable when generated by collisional reduction of
H,SiOH*, as reported for precursor cations prepared from trimethylsilanol
[228] and tetramethoxysilane [230]. For other NRMS studies of a variety of tran-
sient silicon molecules and radicals see [231-237].

Returning to the introductory sentence of this section, it may be noted that
hypervalent silicon hydrides have been prepared as anions in the gas phase and
their ion chemistry has been investigated by Squires and co-workers [238].
Thus, the synthetic methods for the precursor anions are known and it is per-
haps only a question of time for pentavalent silicon radicals to be generated by
NRMS as transient species in the gas phase.
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6.5
Heterocyclic and Nucleobase Radicals

Reactions with aromatic and heterocyclic molecules of small radicals, H, OH,
OOH, etc., are of considerable interest in several fields of science and technol-
ogy. For example, combustion involves radical chain reactions that are propa-
gated by H, alkyl, and OH radicals that can add to the aromatic ring or abstract
hydrogen atoms. Radical reactions are also important in DNA damage by ioniz-
ing radiation and oxidative stress that is linked to aging, cancer, and other
processes. The intermediates of such reactions are short-lived radicals that are
very difficult to study in situ because of a multitude of components present in
the very complex mixtures. By generating transient radicals by specific reactions
under well-defined conditions, NRMS provides a surgical tool for studying the
intrinsic properties of such elusive species in the gas phase.

The general strategy for generating radical adducts to heterocyclic molecules
relies on selective protonation of a suitable neutral precursor to prepare a cation
of a well-defined structure. The gas-phase acid is chosen so as to attack only the
most basic site in the molecule, or alternatively,non-selective protonation can be
used to prepare a mixture of ions. For example, protonation of imidazole with
NH," occurs selectively on the imine nitrogen atom (N-1), which has the high-
est proton affinity and is the only position that can be protonated by an exother-
mic reaction (Scheme 22) [239].

The other positions are much less basic than ammonia (PA=853 k] mol-!) and
cannot be protonated with NH} in the gas phase under conditions of thermal
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equilibrium. The topical proton affinities that predict the reaction course are ob-
tained with very good accuracy by ab initio or density functional calculations.
Convergent protonation can be used to produce a single ion from a mixture of
tautomers, as shown for the 2-hydroxypyridine-2(1H)-pyridone system. While
the neutral molecules coexist as a mixture of tautomers in the gas phase, proto-
nation with NH} occurs on O-2 in 2(1H)-pyridone and on N-1 in 2-hydrox-
ypyridine, so that a single cation 55" is produced (Scheme 22). Collisional re-
duction of the heterocyclic cations then generates transient radicals 54 and 55,
respectively, that are investigated by NRMS techniques.

Hydrogen atom adducts to heteroaromates are intrinsically stable species, as
shown for pyrrole [239], imidazole [239], pyridine [240], 2-hydroxypyridine
[241], 3-hydroxypyridine [242], pyrimidine, 2-aminopyrimidine, and 4-amino-
pyrimidine [243, 244]. The (1H,3H)-dihydroimidazolyl radical (54) undergoes
extensive dissociation by hydrogen atom loss which shows a dual mechanism, as
established by deuterium labeling. The major pathway is direct cleavage of one
of the N-H bonds forming imidazole directly. The other mechanism involves a
rate-determining isomerization to the more stable (1H,2H)dihydroimidazolyl
radical (56) that eliminates one of the hydrogen atoms from the newly formed
C-2 methylene group (Scheme 23). The dissociation is driven by large Franck-
Condon effects in vertical electron transfer to the precursor cation that deposits
>180 kJ mol! in radical 54, whereas isomerization to 56 requires only 132 kJ
mol! in the transition state [239]. Ring-cleavage dissociations were also ob-
served for vertically formed 54 that produced HCN and C,H,N fragments.

Competitive dissociations by loss of H and ring cleavage are typical of the
unimolecular chemistry of heterocyclic radicals, as observed by NRMS. How-
ever, ab initio calculations show that, for the radicals studied so far, the loss of H
had substantially lower transition state and product threshold energies and thus
should be kinetically preferred. This is shown in the potential energy surface di-
agram for dissociations of the hydrogen atom adduct to the O-4 position in the
RNA nucleobase uracil (57, Fig. 9) [245]. Dissociation of the O-4-H bond in 57
requires 111 k] mol™ in the transition state, which is substantially less than the
transition state energy for the most favorable ring opening by cleavage of the N-
1-C-2 bond that requires 178 k] mol! [246]. In spite of this difference, which is
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Fig. 9. Potential energy diagram for dissociations of uracil radical 57

also reflected in the relative RRKM rate constants for unimolecular dissocia-
tions that favor H loss, the majority of fragments in the "NR* mass spectrum of
57 (80%) arise by ring cleavage. Analysis of excited electronic states in 57 indi-
cated that the A and B states had both sufficient energy and electronic proper-
ties to promote ring dissociations [246].

C-5 is the most reactive position for radical attack in uracil and uridine. The
reactive intermediate of H atom addition (58) was generated in the gas phase as
shown in Scheme 24. Dissociative ionization of 6-ethyl-5,6-dihydrouracil was
accomplished by charge exchange with COS* that delivered the energy needed
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for ionization and ion dissociation by loss of ethyl radical. COS was chosen on
the basis of ab initio calculations that provided the appearance energy for the
formation of 58"+C,H; which was matched with the recombination energy of
the charge-exchange reagent. These precautions were necessary, because 58" is
substantially less stable than five other protonated uracil isomers (e.g., the most
stable 57*) and energy-selective formation was warranted to prevent ion iso-
merization. Collisional neutralization of 58+ gave a fraction of stable radicals 58
that were detected as survivor ions in the *NR* mass spectrum [247]. Loss of H
from C-5 was a major dissociation of 58 that was shown by deuterium labeling
to be >95% regiospecific.

In contrast to H atom adducts, the elusive OH adduct to N-1 in pyridine (59)
was unstable under NR conditions. The precursor cation (59*) was prepared by
regioselective protonation of pyridine-N-oxide where, according to ab initio cal-
culations, the oxygen atom is the most basic site (Scheme 25) [248]. Collisional
reduction of 59* caused extensive dissociations of the intermediate radical 59 by
loss of H, OH, and ring fragmentations, so that no survivor ion was detected in
the "NR* mass spectrum. The low stability of 59 is explained by the potential en-
ergy surface, which shows that the radical is metastable with respect to the 49 k]
mol-! exothermic loss of OH, and is kinetically stabilized by a small (15 k] mol-!)
barrier to dissociation [248]. This barrier is readily overcome by the vibrational
energy (22 k] mol™) the radical acquires upon vertical electron transfer by
Franck-Condon effects. In light of the facile dissociation by loss of OH, the con-
current loss of H and ring fragmentations should not be competitive, as they re-
quire 124 and 229 k] mol™ in the respective transition states. The fact that these
dissociations are observed was attributed to the formation of excited electronic
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states of 59. While the A state is isoenergetic with the transition state for loss of
H, the B state has sufficient energy to lose H, and the C and higher states can un-
dergo ring dissociations.

Radicals arising by hydrogen atom abstraction from pyridine have also been
generated and studied. NR of isomeric 2-, 3-, and 4-pyridyl cations furnished
survivor ions in the *NR* mass spectra that also showed somewhat different
fragmentation patterns [249]. It was noted that although the NR spectra alone
would not allow unambiguous ion identification, the differences were signifi-
cant enough to prove the existence of distinct pyridyl radicals.

6.6
Alkoxy Radicals and Related Transient Species

Alkoxy radicals are well known intermediates of radical reactions in the gas
phase and solution. The synthetic route to NR generation of alkoxy radicals uses
gas-phase alkoxide anions that are readily produced by deprotonation of alco-
hols [2]. Alkoxy radicals produced by collisional electron detachment have been
studied by the NIDD technique and several dissociations have been identified.
In particular, alkoxy radicals derived from higher alcohols were found to un-
dergo a-cleavage dissociations and hydrogen transfer rearrangements analo-
gous to the Barton reaction upon nitrite photolysis in solution [1]. Isomeric per-
oxy radicals, CH,O0H® and CH;00°, were generated from the respective cation
and anion and analyzed after reionization to cations [250]. CH,O0H® gives only
a very weak survivor cation in the *NR* mass spectrum, possibly due to a com-
bination of extensive radical and ion dissociations that were not resolved in this
case. In contrast, CH;00° gives an abundant survivor cation attesting to the sta-
bility of the radical.

Collisional electron detachment from anion-radicals has been used to gener-
ate transient diradicals that were characterized by "NR* mass spectra comple-
mented by density functional theory calculations. Neutralization of *CH,COO",
followed by reionization to cations, resulted in substantial dissociation yielding
mostly CO, and CO, but also a small peak of the survivor ion. The data were in-
terpreted by the formation of singlet and triplet *CH,COO, where the singlet
was postulated to cyclize to a-acetolactone [251]. The isomeric methylenecar-
boxy diradical, *CH,0CO*, was generated by neutralization of the cation-radi-
cal and found to give a weak survivor ion upon reionization [252].

Another attempt at generating the elusive oxyallyl biradical, *CH,C(O°)=CH,
(60), has been reported recently [253]. While the corresponding cation-radical is
unstable and undergoes spontaneous ring closure to [methyleneoxirane]** [254],
the anion-radical is calculated to be a stable species. Anion CH,C(O")=CH, was
generated from acetone by H, abstraction with O~* and clearly distinguished
from isomeric carbene anion-radicals such as [CH;CO-C-H)~* and [CH;-C-
CH=0]"°. The "NR* mass spectrum of *CH,C(0O~)=CH, shows a very weak peak
at m/z 56 that was assigned to ionization of the triplet state of 60, as the singlet
state was ruled out by calculations. The major dissociation in the "NR* mass
spectrum of 60 is loss of *CH, which forms CH,=C=0. Interestingly, density
functional theory calculations predict triplet 60 to be a very stable species in the
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isolated state, with the threshold energy for the loss of *CH, being as high as
184 kJ mol-L. The low stability of 60 was explained by triplet-singlet intersystem
crossing followed by dissociation on the singlet potential energy surface [253].

6.7
Peptide and Related Amide Radicals

Peptides and proteins are attacked by reactive radicals and cation radicals that
are formed by oxidative processes of cellular metabolism or by ionizing radia-
tion. Radicals can attack peptides and proteins by a variety of chemical reactions
such as hydrogen abstraction, electron transfer, and addition to multiple bonds,
that can cause fragmentation, rearrangements, dimerization, disproportiona-
tion, and substitution in the peptide backbone or side chains [255]. Interestingly,
some enzymes, e.g., pyruvate formate lyase and anaerobic ribonucleotide re-
ductase, adopt radical reactions in their catalytic portfolio and generate tran-
sient intermediates that contain a-glycyl radical residues, -*CH-CO-NH- [256].
The prototypical a-glycyl radical (61) [257-260], its methyl ester (62), and N-
methylamide (63) [260] have been generated in the gas phase by collisional re-
duction of the corresponding cations (Scheme 26). Radical 61 gives an abundant
survivor ion in the *NR* mass spectrum that is evidence of a fraction of 61 be-
ing stable. This finding is supported by combined ab initio and density func-
tional theory calculations [260] that show that dissociations of 61 are substan-
tially endothermic.

For example, the lowest-energy dissociation of 61 to form H,N-CH-OH and
CO requires 129 k] mol™! threshold energy, but must overcome a 310 kJ mol!
barrier for the rate-determining isomerization to H,N-CH(OH)-CO [260]. a-
Radicals derived from methyl glycinate (62) and glycine N-methylamide (63) are
somewhat less stable, but still show fractions of undissociated survivor ions in
the *NR* mass spectra. This increased reactivity is supported by theoretical cal-
culations that show additional dissociation channels, e.g., elimination of CH;OH
from 62 and elimination of CO from 63 [260].

Transient intermediates arising by radical additions to the amide bond have
been studied recently in an effort to explain the complex processes occurring in
electron-capture dissociation of multiply charged peptide and protein cations
[192]. The amino(hydroxy)methyl radical, HC(OH)NH, (64), is a prototypical
species that represents the simplest model for radical additions to peptide
bonds. Radical 64 was generated from cation 64* which in turn was prepared by

o o}

o
HoN < 2 N JJ\ CHgSSCHy N\/H\
—_— X ————» M2 X
“CH,CoHs ® 8 keV :
61: X = OH
62: X = OCHj
63: X = NHCH,

Scheme 26
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gas-phase protonation of formamide. Radical 64 is substantially stable under NR
and gives an abundant fraction of reionized 64" in the *NR* mass spectrum.
Loss of H from the OH group is the major dissociation of 64 as determined by
variable-time spectra and supported by ab initio calculations [261]. The hydro-
gen atom adduct to N-methylacetamide, CH;C(OH)NHCH; (65), is another
model for radical adducts to peptides. Radical 65 dissociates by competing
cleavages of the O-H and N-CHj; bonds that occur in a 1.67:1 branching ratio
[262]. This result is supported by Rice-Ramsperger-Kassel-Marcus calculations
of unimolecular rate constants for the dissociations that used a potential energy
surface from high-level ab initio calculations [262].

7
Transient Metal Compounds

In addition to transient intermediates of organic and inorganic reactions, NRMS
has also been used to generate several short-lived species containing main group
and transition metal atoms. The topic has been thoroughly reviewed [15, 263]
and will not be covered in detail here. An interesting example of transient metal
species is hypervalent radicals Li,F® [264], Li-NHj3 , and Li-OH; [265] that show
substantial stability in the gas phase and present a nice contrast to the proper-
ties of hypervalent onium radicals discussed in Sect. 6.1. The Li,F* precursor
cations were prepared by fast-atom bombardment (FAB) of CF;COOLi and were
found to be very stable, such that no dissociations of metastable ions were de-
tected. Collisional reduction with TMA produced neutral Li,F*® that after reion-
ization gave a dominant peak of the survivor ion. Li,F® was well characterized by
the *NR* mass spectrum in spite of a minor contamination with isobaric
CH,O0H3 from the FAB matrix [264]. Neutralization of CH;OH3 produces an un-
stable methylhydroxonium hypervalent radical which dissociates, and so the
neutral beam is effectively purified as a result of collisional reduction [264]. In-
terestingly, reionization to negative ions also provides an Li,F~ survivor anion,
which is stable in keeping with theoretical predictions [266]. Theory and NRMS
are also in qualitative agreement regarding the stability of neutral Li-NH; and
Li-H,0 complexes [265]. When generated by collisional reduction with TMA of
the corresponding cations, both Li-NH; and Li-H,0° showed fractions of non-
dissociating radicals that were reionized to furnish survivor cations. Vertical
electron transfer in Li-NHJ and Li-H,0" was calculated to result in negligible
Franck-Condon effects, and the radicals were bound by 50-60 kJ mol™ against
Li-O and Li-N bond dissociation [265].

8
Summary and Future Outlook

The extraordinary variety of transient species pertinent to organic, inorganic,
and organometallic chemistry and biochemistry that were generated by colli-
sional neutralization of cations and anions and characterized by NRMS is per-
haps the best evidence of the power and generality of this approach to solving
difficult and tantalizing chemical problems. The future developments in this
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area will likely focus on overcoming the current drawbacks and deficiencies of
the method. Because electron transfer is intrinsically non-selective, the question
of the electronic state(s) of the transient neutral species is of great importance,
in particular because such states can undergo unusual dissociations or provide
routes to superexcited vibrational states. Access to dark excited states, that are
difficult or impossible to generate photochemically, is an added benefit of
NRMS, as recognized in several studies and investigated by laser photoexcita-
tion [33, 60, 78, 207, 208, 217, 220] and photoionization [18, 43, 60]. Extending
NRMS to larger molecules of interest to organometallic chemistry, biochem-
istry, and biology will require using soft ionization techniques, such as electro-
spray (ESI), as recently implemented in this author’s laboratory [267]. This new
ESI-NRMS coupling promises providing access to transient radicals derived
from nucleosides, nucleotides, peptides, and other complex molecules.

So far, NRMS has been mostly a qualitative technique that did not provide di-
rect information on the energetics of neutralized and reionized species. How-
ever, by combining experiment and theory, progress has been made in deter-
mining internal energy distributions in several molecules and radicals [26-30].
The predictive power of high-level theory for designing and planning experi-
ments is also impressive [29, 33,247]. These trends are likely to continue and be
widely adopted, and the progress in technology, both experimental and compu-
tational, will undoubtedly bring new exciting data on short-lived intermediates
of chemical reactions of increasing complexity.

Several studies have appeared recently that deserve a note. C; carbon clusters
produced by neutralization of anions were found by '*C labelling not to undergo
full scrambling of carbon atoms [268]. This contrasts with the recent finding re-
garding NRMS of C} [110]. Silicon dihydroxide, Si(OH), [269] and trihydroxysi-
lyl radical, Si(OH); [270] are stable when formed by collisional neutralization of
the corresponding cations.

Acknowledgement. Financial support was provided by the National Science Foundation (Grants
CHE-9712570 and CHE-0090930 for experimental work and CHE-9808182 for computations).
Sincere thanks are due to all my coworkers whose work is presented and cited in this review.

9
References

. Hornung G, Schalley CA, Dieterle M, Schréder D, Schwarz H (1997) Chem Eur ] 3:1866

. McMahon AW, Chowdhury SK, Harrison AG (1989) Org Mass Spectrom 24:620

. Hop CECA, Holmes JL (1991) Org Mass Spectrom 26:476

. Danis PO, Wesdemiotis C, McLafferty FW (1983) ] Am Chem Soc 105:7454

. Curtis PM, Williams BW, Porter RF (1979) Chem Phys Lett 65:296; Burgers PJ, Holmes JL,
Mommers, AA, Terlouw JK (1983) Chem Phys Lett 102:1

. Gellene GI, Porter RF (1983) Acc Chem Res 16:200

. Wesdemiotis C, McLafferty FW (1987) Chem Rev 87:485

. Terlouw JK, Schwarz H (1987) Angew Chem Int Ed Engl 26:805

. Holmes JL (1989) Mass Spectrom Rev 8:513

10. Turecek F (1992) Org Mass Spectrom 27:1087

11. Goldberg N, Schwarz H (1994) Acc Chem Res 27:347

12. Zagorevski DV, Holmes JL (1994) Mass Spectrom Rev 13:133

Ul N

N

O



124 F. Turec¢ek

13. Schalley CA, Hornung G, Schroder D, Schwarz H (1998) Chem Soc Rev 27:91

14. Turecek F (1998) ] Mass Spectrom 33:779

15. Zagorevski DV, Holmes JL (1999) Mass Spectrom Rev 18:87

16. Gerbaux P, Wentrup C, Flamang R (2000) Mass Spectrom Rev 19:367

17. Cermdk V (1973) J Electron Spectrosc Relat Phenom 2:97

18. Poldsek M, Turecek F (2001) J Phys Chem A 105:1371

19. Metz RB, Cyr DR, Neumark DM (1991) J Phys Chem 95:2900

20. Lorquet JC, Leyh-Nihant B, McLafferty FW (1990) Int ] Mass Spectrom Ion Processes
100:465

21. Bordas-Nagy J, Holmes JL, Hop CECA (1989) Int ] Mass Spectrom Ion Processes 94:189

22. Bordas-Nagy J, Holmes JL (1988) Int ] Mass Spectrom Ion Processes 82:81

23. Griffiths IW, Mukhtar ES, March RE, Harris FM, Beynon JH (1981) Int ] Mass Spectrom
Ton Phys 39:125

24. Beranovd S, Wesdemiotis C (1994) ] Am Soc Mass Spectrom 5:1092

25. Hayakawa S (2001) Int ] Mass Spectrom 212:229

26. Nguyen VQ, Turecek F (1996) ] Mass Spectrom 31:843

27. Wolken JK, Turecek F (1999) ] Am Chem Soc 121:6010

28. Wolken JK, Turecek F (1999) ] Phys Chem A 103:6268

29. Gerbaux P, Turecek F (2002) ] Phys Chem A 106:5938

30. Turecek F (2002) Int ] Mass Spectrom (in press)

31. Adachi H, Basco N, James DGL (1978) Chem Phys Lett 59:502

32. Hop CECA, Holmes JL (1991) Int ] Mass Spectrom Ion Processes 104:213

33. Frank AJ, Turecek F (1999) ] Phys Chem A 103:5348

34. Turecek F, Gu M, Hop CECA (1995) J Phys Chem 99:2278

35. Nguyen VQ, Shaffer SA, Ture¢ek F, Hop CECA (1995) J Phys Chem 99:15,454

36. Syrstad EA, Turecek F (2001) J Phys Chem A 105:11,144

37. Syrstad EA, Turecek F (2002) ] Phys Chem A 105 (submitted)

38. Ramond TM, Davico GE, Schwartz RL, Lineberger WC (2000) ] Chem Phys 112:1158

39. Chupka WA (1993) ] Chem Phys 99:5800

40. Bordas-Nagy J, Holmes JL, Mommers AA (1986) Org Mass Spectrom 21:629

41. Holmes JL, Sirois M (1990) Org Mass Spectrom 25:481

42. Sirois M, George M, Holmes JL (1994) Org Mass Spectrom 29:11

43. Sadilek M, Turecek F (1996) J Phys Chem 100:9610

44. Turecek F, Reid PJ (2002) Int ] Mass Spectrom (in press)

45. Gellene GI, Williams BW, Porter RF (1981) ] Chem Phys 74:5636

46. Griffith KS, Gellene GI (1993) ] Phys Chem 97:9882

47. Gellene GI, Porter RF (1983) ] Chem Phys 79:5975

48. Jeon SJ, Raksit AB, Gellene GI, Porter RF (1985) ] Chem Phys 82:4916

49. Shaffer SA, Turecek F, Cerny RL (1993) ] Am Chem Soc 115:12,117

50. Turecek F, Gu M, Shaffer SA (1992) ] Am Soc Mass Spectrom 3:493

51. Hop CECA, Bordas-Nagy J, Holmes JL, Terlouw JK (1988) Org Mass Spectrom 23:155

52. Feng R, Wesdemiotis C, Baldwin MA, McLafferty FW (1988) Int ] Mass Spectrom Ion
Processes 86:95

53. Wesdemiotis C, McLafferty FW (1987) ] Am Chem Soc 109:4760

54. Turecek F, Drinkwater DE, McLafferty FW, Maquestiau A (1989) Org Mass Spectrom
24:669

55. Fura A, Ture¢ek F, McLafferty FW (1991) ] Am Soc Mass Spectrom 2:492

56. Wesdemiotis C, Feng R, Williams ER, McLafferty FW (1986) Org Mass Spectrom 21:689

57. Danis PO, Feng R, McLafferty FW (1986) Anal Chem 58:348

58. Danis PO, Feng R, McLafferty FW (1986) Anal Chem 58:355

59. Stratmann RE, Scuseria GE, Frisch MJ (1998) ] Chem Phys 109:8218

60. Nguyen VQ, Sadilek M, Frank AJ, Ferrier JG, Ture¢ek F (1997) J Phys Chem A 101:3789

61. Kuhns DW, Shaffer SA, Tran TB, Tureéek F (1994) ] Phys Chem 98:4845

62. Kuhns DW, Turecek F (1994) Org Mass Spectrom 29:463

63. Sadilek M, Turecek F (1996) ] Phys Chem 100:224



Transient Intermediates of Chemical Reactions by Neutralization-Reionization Mass Spectrometry 125

64.

65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.

82.

83.

84.

85.

86.
87.

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.

106.
107.
108.
109.

Schalley CA, Hornung G, Schroder D, Schwarz H (1998) Int ] Mass Spectrom Ion
Processes 172:181

Danis PO, Wesdemiotis C, McLafferty FW (1983) ] Am Chem Soc 105:7454

Kresge AJ (1996) Chem Soc Rev 25:275

Turecek F (1989) Adv Mass Spectrom 11:1079

Holmes JL, Lossing FP (1980) ] Am Chem Soc 102:1591

Turelek F, Vivekananda S, Sadilek M, Poldsek M (2002) ] Am Chem Soc 124 (submitted)
Turecek F, Vivekananda S, Sadilek M, Poldsek M (2002) ] Mass Spectrom 37 (in press)
Polce MJ, Wesdemiotis C (2000) ] Mass Spectrom 35:251

McGibbon GA, Burgers PC, Terlouw JK (1994) Int ] Mass Spectrom Ion Processes 136:191
Suh D, Francis JT, Terlouw JK, Burgers PC, Bowen RD (1995) Eur Mass Spectrom 1:545
van Baar BLM, Weiske T, Terlouw JK, Schwarz H (1986) Angew Chem 98:275

Buschek JM, Holmes JL, Lossing FP (1986) Org Mass Spectrom 21:729

Siilzle D, Verhoeven M, Terlouw JK, Schwarz H (1988) Angew Chem 100:1591

Terlouw JK (1989) Adv Mass Spectrom 11:984

Frank AJ, Sadilek M, Ferrier JG, Turecek F (1997) ] Am Chem Soc 119:12,343

Ture¢ek F, Drinkwater DE, McLafferty FW (1989) ] Am Chem Soc 111:7696

Block E, O’Connor J (1974) ] Am Chem Soc 96:3929

Turecek F, Brabec L, Vondrék T, Hanu$ V, Héji¢ek ], Havlas Z (1988) Collect Czech Chem
Commun 53:2140

Lacombe S, Loudet M, Banchereau E, Simon M, PfisterGuillouzo G (1996) ] Am Chem Soc
118:1131

Langewerf FM, vandeWeert M, Heerma W, Haverkamp ] (1996) Rapid Commun Mass
Spectrom 10:1905

Ture¢ek E, McLafferty FW, Smith BJ, Radom L (1990) Int ] Mass Spectrom Ion Processes
101:283

Egsgaard H, Carlsen L, Florencio H, Drewello T, Schwarz H (1989) Ber Bunsenges Phys
Chem 93:76

McKee ML (1986) ] Am Chem Soc 108:5784

(a) Stacie EW, Show GT (1934) Proc Roy Soc Ser A, A146:388; (b) Fernandez-Ramos A,
Marinez-Nunez E, Rios MA, Rodriguez-Otero ], Vazquez SA, Estevez CM (1998) ] Am
Chem Soc 120:7594

Hop CECA (1994) ] Am Chem Soc 116:3163

Wiedmann FA, Wesdemiotis C (1994) ] Am Chem Soc 116:2481

Turecek F (1987) Unpublished results

Arduengo AJ (1999) Acc Chem Res 913

Moss RA, Jones M Jr (eds) (1973) Carbenes. Wiley, New York

Moss RA (1989) Acc Chem Res 22:15

Flammang R, Nguyen MT, Bouchoux G, Gerbaux P (2000) Int ] Mass Spectrom 202:A8
Siilzle D, Drewello T, van Baar BLM, Schwarz H (1988) ] Am Chem Soc 110:8330

Feng R, Wesdemiotis C, McLafferty FW (1987) ] Am Chem Soc 109:6521

Wesdemiotis C, Leyh B, Fura A, McLafferty FW (1990) ] Am Chem Soc 112:8655

Polce MJ, Wesdemiotis C (1993) ] Am Chem Soc 115:10,849

Wesdemiotis C, McLafferty FW (1987) ] Am Chem Soc 109:4760

Polce MJ, Kim Y, Wesdemiotis C (1997) Int ] Mass Spectrom Ion Processes 167/168:309
Burgers PC, McGibbon GA, Terlouw JK (1994) Chem Phys Lett 224:539

McGibbon GA, Kingsmill CA, Terlouw JK (1994) Chem Phys Lett 222:129

Hop CECA, Chen H, Ruttink PJA, Holmes JL (1991) Org Mass Spectrom 26:679

Lahem D, Flammang R, Nguyen MT (1997) Chem Phys Lett 270:93

Thanh Le H, Lam Nguyen T, Lahem D, Flammang R, Nguyen MT (1999) Phys Chem
ChemPhys 1:755

Vivekananda S, Srinivas R, Manoharan M, Jemmis ED (1999) ] Phys Chem A 103:5123
Turecek F, Drinkwater DE, McLafferty FW (1991) ] Am Chem Soc 113:5958

O’Bannon PE, Siilzle D, Dailey WP, Schwarz H (1992) ] Am Chem Soc 114:344

Goldberg N, Fiedler A, Schwarz H (1995) ] Phys Chem 99:15,327



126

F. Turecek

110.
111.
112.
113.
114.
115.
116.

117.
118.

119.
120.
121.
122.

123.
124.
125.

126.

127.
128.

129.

130.

131.
132.
133.
134.
135.
136.
137.
138.

139.

140.
141.
142.
143.
144.
145.
146.
147.
148.

149.

150.

Fura A, Ture¢ek F, McLafferty FW (2002) Int ] Mass Spectrom 217:81

Blanksby SJ, Schroder D, Dua S, Bowie JH, Schwarz H (2000) ] Am Chem Soc 122:7105
Dua S, Bowie JH (2002) J Phys Chem A 106:1374

Chen H, Holmes JL (1994) Int ] Mass Spectrom Ion Processes 133:111

Siilzle D, Weiske T, Schwarz H (1993) Int ] Mass Spectrom Ion Processes 125:75

Dawson D, Chen H, Holmes JL (1996) Eur Mass Spectrom 2:373

Schréder D, Heinemann C, Schwarz H, Harvey JN, Dua S, Blanksby SJ, Bowie JH (1998)
Chem Eur J 4:2550

Dua S, Blanksby SJ, Bowie JH (2000) Int ] Mass Spectrom 195/196:45

Schréder D, Schwarz H, Dua S, Blanksby SJ, Bowie JH (1999) Int ] Mass Spectrom
188:17

Diels O, Wolf B (1906) Chem Ber 39:689

Reyerson LH, Kobe K (1930) Chem Rev 7:479

Siilzle D, Schwarz H (1988) Angew Chem Int Ed Engl 27:1337

Wentrup C, Kambouris P, Evans RA, Owen D, Macfarlane G, Chuche J, Pommelet JC,
Cheikh AB, Plisnier M, Flammang R (1991) ] Am Chem Soc 113:3130

Flammang R, Wentrup C (1999) Sulfur Rep 21:357

Wong MW, Wentrup C, Flammang R (1995) ] Phys Chem 99:16,836

Flammang R, Van Haverbeke Y, Wong MW, Wentrup C (1995) Rapid Commun Mass Spec-
trom 9:203

Flammang R, Landu D, Laurent S, Barbieux-Flammang M, Kappe CO, Wong MW, Wen-
trup C (1994) ] Am Chem Soc 116:2005

Vivekananda S, Srinivas R, Terlouw JK (1997) Int ] Mass Spectrom Ion Processes 171:L13
Flammang R, Laurent S, Barbieux-Flammang M, Van Haverbeke Y, Wentrup C (1994)
Rapid Commun Mass Spectrom 8:329

Flammang R, Van Haverbeke Y, Laurent S, Barbieux-Flammang M, Wong MW, Wentrup
C (1994) ] Phys Chem 98:5801

Flammang R, Laurent S, Barbieux-Flammang M, Wentrup C (1992) Rapid Commun Mass
Spectrom 6:667

Wong MW, Wentrup C, Morkved EH, Flammang R (1996) ] Phys Chem 100:10,536
Peppe S, Blanksby SJ, Dua S, Bowie JH (2000) ] Phys Chem A 104:5817

Siilzle D, O’Bannon PE, Schwarz H (1992) Chem Ber 125:279

Siilzle D, Schwarz H (1989) Chem Phys Lett 156:397

Goldberg N, Siilzle D, Schwarz H (1993) Chem Phys Lett 213:593

Goldberg N, Schwarz H (1994) ] Phys Chem 98:3080

Radom L, Bouma WJ, Nobes RH, Yates BF (1986) Pure Appl Chem 56:1831

Wesdemiotis C, Feng R, Danis PO, Williams ER, McLafferty FW (1986) ] Am Chem Soc
108:5847

Linstrom PJ, Mallard WG (eds) (2001) IR and mass spectra. In: NIST Chemistry Web-
Book, NIST Standard Reference Database Number 69NIST Mass Spec Data Center, Stein
SE, director, July 2001, National Institute of Standards and Technology, Gaithersburg MD,
20899 (http://webbook.nist.gov)

Yates BE, Bouma WJ, Radom L (1987) ] Am Chem Soc 109:2250

Pople JA (1986) Chem Phys Lett 132:144

Cacace F, de Petris G, Troiani A (2002) Science (Washington D.C.) 295:480

Flammang R, Gerbaux P, Nguyen MT (2002) (submitted)

Keck H, Kuchen W, Tommes P, Terlouw JK, Wong T (1992) Angew Chem Int Ed Engl 31:86
Yates BF, Bouma W], Radom L (1984) ] Am Chem Soc 106:5805

Dyson P, Hammick DL (1937) ] Chem Soc 1724

Ashworth MRE Daffern RP, Hammick DL (1937) ] Chem Soc 809

Lavorato DJ, Terlouw JK, Dargel TK, Koch W, McGibbon GA, Schwarz H (1996) ] Am
Chem Soc 118:11,898

McGibbon GA, Heinemann C, Lavorato DJ, Schwarz H (1997) Angew Chem Int Ed Engl
26:1478

McGibbon GA, Hrusdk J, Lavorato DJ, Schwarz H, Terlouw JK (1997) Chem Eur J 3:232



Transient Intermediates of Chemical Reactions by Neutralization-Reionization Mass Spectrometry 127

151.

152.

153.

154.

155.
156.
157.
158.
159.

160.

161.

162.
163.
164.

165.

166.
167.

168.

169.

170.
171.
172.
173.
174.
175.
176.
177.

178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.

Dargel TK, Koch W, Lavorato DJ, McGibbon GA, Terlouw JK, Schwarz H (1999) Int ] Mass
Spectrom 185/187:925

Lavorato DJ, Dargel TK, Koch W, McGibbon GA, Schwarz H, Terlouw JK (2001) Int ] Mass
Spectrom 210/211:43

Lavorato DJ, Fel LM, McGibbon GA, Sen S, Terlouw JK, Schwarz H (2000) Int ] Mass Spec-
trom 195/196:71

Flammang R, Barbieux-Flammang M, Gualano E, Gerbaux P, Hung TL, Nguyen MT,
Turecek F, Vivekananda S (2001) J Phys Chem A 105:8579

Hop CECA, Chen H, Ruttink PJA, Holmes JL (1991) Org Mass Spectrom 26:679

Poldsek M, Sadilek M, Tureéek F (2000) Int ] Mass Spectrom 195/196:101

Poldsek M, Turec¢ek F (2000) ] Am Chem Soc 122:525

Vivekananda S, Srinivas R, Manoharan M, Jemmis ED (1999) ] Phys Chem A 103:5123
Gerbaux P, Van Haverbeke Y, Flammang R, Wong MW, Wentrup C (1997) ] Phys Chem A
101:6970

Gerbaux P, Flammang R, Morkved EH, Wong MW, Wentrup C (1998) Tetrahedron Lett
39:533

Gerbaux P, Flammang R, Morkved EH, Wong MW, Wentrup C (1998) ] Phys Chem A
102:9021

Nguyen MT, Flammang R (1996) Chem Ber 129:1379

Nguyen MT, Allaf AW, Flammang R, Van Haverbeke Y (1997) THEOCHEM 418:209
Bronstrup M, Schréder D, Kretzschmar I, Schalley CA, Schwarz H (1998) Eur ] Inorg
Chem 1529

Keck H, Kuchen W, Tommes P, Terlouw JK, Wong T (1991) Phosphorus Sulfur Silicon Re-
lat Elem 63:307

Keck H, Kuchen W, Renneberg H, Terlouw JK, Visser HC (1991) Angew Chem 102:331
Keck H, Kuchen W, Renneberg H, Terlouw JK, Visser HC (1990) Anorg Allg Chem 580:
181

Keck H, Kuchen W, Terlouw JK, Tommes P (1999) Phosphorus Sulfur Silicon Relat Elem
149:23

Schroder D, Schwarz H, Wulf M, Sievers H, Jutzi P, Reiher M (1999) Angew Chem Int Ed
Engl 38:3513

Héser M, Treutler O (1995) ] Chem Phys 102:3703

Jones RO, Gantefor G, Hunsicker S, Pieperhoff P (1995) ] Chem Phys 103:9549

Lewis GB (1916) ] Am Chem Soc 38:762

Akiba K (ed) (1999) Chemistry of hypervalent compounds. Wiley-VCH, New York
Schuster A (1872) Br Assoc Adv Sci Rep 38

Schiiler H, Michel A, Griin AE (1955) Naturforsch 10a:1

Herzberg G (1981) Discuss Faraday Soc 71:165

Perkins CW, Martin JC, Arduengo AJ, Lau W, Alegria A, Kochi JK (1980) ] Am Chem Soc
102:7753

Holmes JL, Sirois M (1990) Org Mass Spectrom 25:481

Sirois M, George M, Holmes JL (1994) Org Mass Spectrom 29:11

Raksit AB, Porter RF (1987) ] Chem Soc Chem Commun 500

Wesdemiotis C, Fura A, McLafferty FW (1991) ] Am Soc Mass Spectrom 2:459

Gellene GI, Cleary DA, Porter RF (1982) ] Chem Phys 77:3471

Shaffer SA, Turec¢ek F (1994) ] Am Chem Soc 116:8647

Frosig L, Turecek F (1998) ] Am Soc Mass Spectrom 9:242

Boldyrev Al Simons J (1992) ] Phys Chem 96:8840

Sadilek M, Turecek F (1996) ] Phys Chem 100:9610

Tureeek F, Reid PJ (2002) Int ] Mass Spectrom (in press)

Sadilek M, Ture¢ek F (1996) ] Phys Chem 100:15,027

Sadilek M, Tureéek F (1999) Int ] Mass Spectrom 185/187:639

Schiesser CH, Wild LM (1996) Tetrahedron 52:13,265

Shaffer SA, Sadilek M, Ture¢ek F (1996) ] Org Chem 61:5234

Zubarev RA, Kelleher NL, McLafferty FW (1998) ] Am Chem Soc 120:3265



128

F. Turecek

193.

194.
195.
196.
197.
198.

199.

200.
201.
202.
203.

204.
205.
206.
207.
208.
209.

210.
211.
212.

213.
214.
215.
216.
217.
218.

219.
220.
221.
222.
223.
224.
225.

226.

227.

228.
229.

230.
231.
232.
233.
234.
235.

Shaffer SA, Sadilek M, Ture¢ek F, Hop CECA (1997) Int ] Mass Spectrom Ion Processes
160:137

Shaffer SA, Wolken JK, Turecek F (1997) ] Am Soc Mass Spectrom 8:1111

Shaffer SA, Turecek F (1995) ] Am Soc Mass Spectrom 6:1004

Wolken JK, Nguyen VQ, Turecek F (1997) ] Mass Spectrom 32:1162

Turelek F, Poldsek M, Frank AJ, Sadilek M (2000) ] Am Chem Soc 122:2361

Andrae MO (1985) In: Galloway JN et al. (eds) The biogeochemical cycling of sulfur and
nitrogen in the remote atmosphere. Reiel, New York, p 5

Calvert JG, Stockwell WR (1984) SO,, NO and NO, oxidation mechanism: atmospheric
considerations. Butterworth, Boston, chap 1

Iraqi M, Schwarz H (1994) Chem Phys Lett 221:359

O’Hair RAJ, DePuy CH, Bierbaum VM (1993) J Phys Chem 97:7955

Otto AH, Steudel R (2000) Eur ] Inorg Chem 617

Laakso D, Smith CE, Goumri A, Rocha JDR, Marshall P (1994) Chem Phys Lett 227:
377

Qi JX, Deng WQ, Han KL, He GZ (1997) ] Chem Soc Faraday Trans 93:25

Goumri A, Rocha JDR, Laakso D, Smith CE, Marshall P (1999) ] Phys Chem A 103:11,328
Morris VR, Jackson WM (1994) Chem Phys Lett 223:445

Frank AJ, Sadilek M, Ferrier JG, Turecek F (1996) ] Am Chem Soc 118:11,321

Frank AJ, Sadilek M, Ferrier JG, Ture¢ek F (1997) ] Am Chem Soc 119:12,343

Egsgaard H, Carlsen L, Florencio H, Drewello T, Schwarz H (1988) Chem Phys Lett
148:537

Fehsenfeld FC, Ferguson EE (1974) ] Chem Phys 61:3181

Iraqi M, Goldberg N, Schwarz H (1993) Int ] Mass Spectrom Ion Processes 124:R7
Turnipseed AA, Ravishankara AR (1993) In: Restelli G, Angeletti G (eds) Oceans, atmos-
phere and climate. Kluwer, Dordrecht, p 185

Gu M, Turecek F (1992) ] Am Chem Soc 114:7146

McKee ML (1993) J Phys Chem 97:10,971

Merenyi G, Lind J, Engman L (1996) ] Phys Chem 100:8875

Turecek F (2000) Collect Czech Chem Commun 65:455

Frank AJ, Tureeek F (1999) ] Phys Chem A 103:5348

Egsgaard H (1993) Ion chemistry of the flame. Risg National Laboratory: Roskilde, Den-
mark

Ko T, Flaherty F, Fontijn A (1991) ] Phys Chem 95:6967

Poldsek M, Turecek F (1999) ] Phys Chem A 103:9241

Poldsek M, Turecek F (2000) J Am Chem Soc 122:9511

Poldsek M, Turecek F (2000) ] Am Soc Mass Spectrom 11:380

Berry RS (1960) ] Chem Phys 33:933

Gustafson SM, Cramer CJ (1995) ] Phys Chem 99:2267

Srikanth R, Srinivas R, Bhanuprakash K, Vivekananda S, Syrstad EA, Turecek F (2002) J
Am Soc Mass Spectrom 13:250

Srinivas R, Vivekananda S, Blanksby SJ, Schréder D, Schwarz H, Fell LM, Terlouw JK
(2000) Int ] Mass Spectrom 197:105

Srinivas R, Vivekananda S, Blanksby SJ, Schroder D, Trikoupis MA, Terlouw JK, Schwarz
H (2000) Int ] Mass Spectrom 202:315

Nguyen VQ, Shaffer SA, Ture¢ek F, Hop CECA (1995) ] Phys Chem 99:15,454

Holthausen MC, Schréder D, Zummack W, Koch W, Schwarz H (1996) ] Chem Soc Perkin
22389

Srinivas R, Bohme DK, Siilzle D, Schwarz H (1991) ] Phys Chem 95:9836

Iraqi M, Schwarz H (1993) Chem Phys Lett 205:183

Goldberg N, Hrusgdk, J, Iraqi M, Schwarz H (1993) ] Phys Chem 97:10,687

Srinivas R, B6hme DK, Schwarz H (1993) ] Phys Chem 97:13,643

Srinivas R, Hrus$4k J, Siilzle D, Bohme, DK, Schwarz H (1992) ] Am Chem Soc 114:2802
Goldberg N, Iraqi M, Hru$dk J, Schwarz H (1993) Int ] Mass Spectrom Ion Processes
125:267



Transient Intermediates of Chemical Reactions by Neutralization-Reionization Mass Spectrometry 129

236.

237.

238.
239.
240.
241.
242.
243.
244.
245.
246.
247.
248.
249.
250.
251.

252.
253.

254.
255.
256.
257.
258.
259.
260.
261.
262.
263.
264.
265.
266.
267.

268.

269.
270.

Karni M, Apeloig Y, Schréder D, Zummack W, Rabezzana R, Schwarz H (1999) Angew
Chem Int Ed Engl 38:332

Srinivas R, Siilzle D, Weiske T, Schwarz H (1991) Int ] Mass Spectrom Ion Processes
107:369

Hajdasz DJ, Ho Y, Squires RR (1994) ] Am Chem Soc 116:10,751

Nguyen VQ, Turecek F (1996) ] Mass Spectrom 31:1173

Nguyen VQ, Ture¢ek F (1997) ] Mass Spectrom 32:55

Wolken JK, Tureéek F (1999) J Phys Chem A 103:6268

Wolken JK, Turecek F (1999) ] Am Chem Soc 121:6010

Nguyen VQ, Turecek F (1997) ] Am Chem Soc 119:2280

Tureeek F, Wolken JK (1999) ] Phys Chem A 103:1905

Wolken JK, Syrstad EA, Vivekananda S, Tureéek F (2001) ] Am Chem Soc 123:5804
Wolken JK, Tureéek F (2001) J Phys Chem A 105:8352

Syrstad EA, Vivekananda S, Ture¢ek F (2001) ] Phys Chem A 105:8339

Vivekananda S, Wolken JK, Ture¢ek F (2001) J Phys Chem A 105:9130

Turec¢ek F, Wolken JK, Sadilek M (1998) Eur Mass Spectrom 4:321

Schalley CA, Schréder D, Schwarz H (1996) Int ] Mass Spectrom Ion Processes 153:173
Schréder D, Goldberg N, Zummack W, Schwarz H, Poustma JC, Squires RR (1997) Int J
Mass Spectrom Ion Processes 165/166:71

Polce MJ, Song W, Cerda BA, Wesdemiotis C (2000) Eur Mass Spectrom 6:121

Schalley CA, Blanksby SJ, Harvey JN, Schréder D, Zummack W, Bowie JH, Schwarz H
(1998) Eur J Org Chem 987

Tureéek F, Drinkwater DE, McLafferty FW (1991) ] Am Chem Soc 113:2950

Hawkins CL, Davies MJ (2001) Biochim Biophys Acta 1504:196

Stubbe J, van der Donk W (1998) Chem Rev 98:705

O’Hair RAJ, Blanksby SJ, Styles M, Bowie JH (1999) Int ] Mass Spectrom 182/183:203
Turecek F, Carpenter FH, Polce MJ, Wesdemiotis C (1999) ] Am Chem Soc 121:7955
Polce M]J, Wesdemiotis C (1999) ] Am Soc Mass Spectrom 10:1241

Turecek F, Carpenter FH (1999) ] Chem Soc Perkin Trans 2 2315

Syrstad EA, Turecek F (2001) J Phys Chem A 105:11,144

Syrstad EA, Stephens DD, Turecek F (2003) J Phys Chem A 107:115

Zagorevski DV (2002) Coord Chem Rev 225:5

Polce M]J, Wesdemiotis C (1999) Int ] Mass Spectrom 182/183:45

Wu J, Polce MJ, Wesdemiotis C (2001) Int ] Mass Spectrom 204:125

Gutowski M, Simons J (1994) ] Chem Phys 100:1308

Langley CL, Syrstad EA, Seymour JL, Ture¢ek F (2002) Proceedings of the 50th ASMS
Conference on Mass Spectrometry and Allied Topics, Orlando, FL

McAnoy AM, Dua S, Schréder D, Bowie JH, Schwarz H (2002) ] Chem Soc Perkin Trans 2
1647

Srikanth R, Bhanuprakash K, Srinivas R (2002) Chem Phys Lett 360:294

Dimopoulos G, Srikanth R, Srinivas R, Terlouw JK (2002) Int ] Mass Spectrom 221:219



Top Curr Chem (2003) 225: 133-152
DOI 10.1007/b10474

Diastereoselective Effects in Gas-Phase lon Chemistry

Detlef Schroder - Helmut Schwarz

Institut fiir Chemie, Technische Universitdt Berlin, 10623 Berlin, Germany
E-mail: Helmut.Schwarz@www.chem.tu-berlin.de

A method for the investigation of diastereoselective effects in reactions of gaseous ions bear-
ing flexible backbones is described. It relies on the study of diastereoselectively labeled sub-
strates that are studied by contemporary mass spectrometric means. While most examples
discussed here deal with bond activations mediated by bare transition-metal ions in the gas
phase, it is shown that the method is not restricted to this particular chemistry. Interestingly,
the reason why transition-metal ions show relatively pronounced diastereoselective effects is
that the activation barriers associated with their reactions are sufficiently small to be influ-
enced by even subtle steric modifications of the substrate. Provided that suitable isotopically
labeled precursors are investigated, even complex mechanistic schemes including competing
side reactions can be analyzed by kinetic modeling of the isotope distributions in the reaction
products.

Keywords. Chirality, Diastereoselectivity, Isotope labelling, Mass spectrometry, Stereochem-
istry

1 Introduction . ... ... ... ... .. ... ... ... 134
2 Arene Hydrogenation . . ........................ 135
3 Activation of One Stereocenter . . ... ................ 137
4 Barton Rearrangement . . . ... ... ................ 143
5 Activation of Both Stereocenters . . . ... ... ........... 143
6 General Considerations . . . . ... .................. 147
7 SyntheticAspects . . . .. ... ... .. .. .. e 149
8 Enantioselective Processes . . .. ... ... ............. 150
9 References . . ... ... ... ... .. ... . 151

© Springer-Verlag Berlin Heidelberg 2003



134 D. Schroder - H. Schwarz

1
Introduction

Although mass spectrometry is a powerful and particularly sensitive tool in
structural analysis, stereochemical aspects are more difficult to resolve by mass
spectrometric means [1]. Of course, there do exist some time-honored examples
for stereochemical effects showing up in mass spectra, and as a good example
may serve the pronounced differences in the Retro-Diels-Alder (RDA) reactions
of polycyclic compounds such as syn-1 and anti-1 upon electron ionization (EI)
as shown in Scheme 1 [2].

T+

Do a =
o =

syn—1

b -C4Hsg

Scheme 1 anb-

mEs

In general, however, detailed protocols for the direct analysis of stereochem-
ical features by mass spectrometric means have not been achieved so far. In-
stead, other analytical methods, such as X-ray analysis or nuclear magnetic res-
onance (NMR), elegantly address these issues [3]. However, with respect to the
analysis of trace compounds and in the context of high-throughput analytical
methods, it would be beneficial to develop tools for rapid stereochemical assays
by mass spectrometric means or hyphenated techniques [4, 5].

Numerous examples of stereospecific reactions in the gas phase are reported
in the mass spectrometric literature [1, 2]. Many if not most of them, however,
deal with relatively rigid systems, e.g., 1, or polyfunctional molecules such as de-
rivatives of tartaric acid [6]; the latter gave rise to the first “chirality effect” ob-
served in mass spectrometry [7]. For stereogenic centers linked by flexible alkyl
chains, however, diastereoisomeric differentiation in ion fragmentation is often
poor. Two epimers of the aminoalkanol 2, for example, show quite small differ-
ences in their mass spectra whereas these differences increase if the two centers
are linked by cyclization upon formation of 3 as indicated in Scheme 2 with the
epimeric center being marked by an asterisk [8].

Here, we report on methods aimed at obtaining stereochemical information
about flexible molecules bearing a single functional group, by a combination of
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diastereospecific synthesis with isotopic labeling. A review of the mass spectro-
metric literature reveals that examples exhibiting significant stereoselective
effects (SEs) in molecules, where the asymmetric centers are part of a flexible
backbone, are quite scarce [9]. However, already back in 1965 Audier et al. re-
ported significant SEs in the McLafferty-type rearrangements of substituted
but-3-en-1-ols [10]. A notable example for the application of diastereoselective
isotopic labeling are the secondary alkylphenolates investigated by Morton and
coworkers. Upon electron ionization, these compounds reveal distinct SEs in the
1,2-elimination of ionized phenol [11]. In this account we describe the utility of
the gas-phase chemistry of bare transition-metal ions for the investigation of
diastereoselective effects in molecules bearing a flexible side chain.

2
Arene Hydrogenation

Before illustrating the concept for a mass spectrometric distinction of stereoiso-
mers, let us refer to some of the problems associated with the stereoselective hy-
drogenation of benzene to cyclohexane; this may serve as a simple and illustra-
tive example. Metal-catalyzed hydrogenation is known to proceed with a large
syn-selectivity, and the reaction involves at least three separate steps in the case
of benzene—cyclohexane (Scheme 3).

Thus, when at a certain stage of the hydrogenation sequence the substrate
leaves the metal catalyst [M], with [M] being a homo- or a heterogeneous
catalyst, it may coordinate with either side upon return to [M] (e.g., 4=4a).
Thereby, a mixture of diastereoisomers (e.g., 5 and 5a) is obtained, even if each
individual hydrogenation step were entirely syn-specific.

Stereochemistry can, of course, not be monitored in the CH¢/H, system
shown in Scheme 3 because 4/4a and 5/5a are indistinguishable. When isotopic
labeling is applied, however, different diastereoisomers may result. Let us there-
fore consider the catalytic hydrogenation of C;D¢in some more detail. If the sub-
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strate remains coordinated to the catalyst throughout the whole hydrogenation
sequence, the all-syn-compound 6a is formed exclusively (Scheme 4). Partial
dissociation and re-coordination of the diene- or ene-intermediates inter alia
leads to 6b and further stereoisomers bearing the syn-relationship of the actual
hydrogenation step. Reversible metal-mediated C-H bond activations, most
likely involving allylic positions, may even afford a random distribution of the
label, e.g., 6¢c. For compounds such as 6a-6¢, the elucidation of the relative stereo-
chemistry by means of 'H- and H-NMR encounters severe problems because
the spectra of 6a-6¢ overlap strongly. In this respect, the gas-phase chemistry of
transition-metal ions offers a viable alternative using mass-spectrometric tech-
niques. Particularly the bare atomic ions of early transition metals triply dehy-
drogenate cyclohexane to afford the corresponding M(C¢H,)* complexes [12].
Because the metal ion initially attacks cyclohexane at one particular side and re-
mains bound to it throughout, triple dehydrogenation may occur, reflecting to a
large extent the original stereochemical features of C;H4D¢. As an example, we
refer to the reaction of Ti* with C;H,D, generated by hydrogenation of C;D¢ with
(*-C3H;)Co[OP(OCHj;);];5 as a catalyst [13]. The gas-phase reaction of mass-
selected Ti* with the substrate C;H D, almost exclusively yields Ti(C¢Hg)* and
Ti(C¢Dg)*, respectively (Fig. 1).

Careful analysis of the isotope pattern reveals a >99.5% all-syn-hydrogena-
tion of C4Dg by the cobalt catalyst. As far as analytical aspects of the stereo-
chemical assignment of C;H¢D, are concerned, such a high degree of sensitivity
is hard to achieve by any other techniques in this particular case. In fact, Freiser
and coworkers have used analogous reactions of bare Co* ion to screen the

I
I
e

= %

I
T

Scheme 4
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Fig. 1. Partial Fourier-transform ion cyclotron resonance mass spectrum of the triple-dehy-
drogenation region for the reaction of 6a with bare Ti* cations at 30% conversion

stereochemical performance of various hydrogenation catalysts by mass spec-
trometric assays [14, 15]. Further, Fig. 1 also proves that the triple dehydrogena-
tion of CgH¢Dg occurs with >99.5% diastereoselectivity. While in the present
example the analysis is unambiguous, in case of mixed eliminations of H,, HD,
and D, analogous conclusions would resemble to some extent a self-fulfilling
prophecy because no straightforward method for an independent analysis of the
stereochemistry in the labeled cyclohexane sample is available; we will return to
this aspect further below.

In the following, we will address strategies applicable to flexible molecules
mostly bearing a single functional group as well as stereospecific labeling. A pri-
ori, there are three scenarios conceivable for the involvement of stereocenters in
the gas-phase ion chemistry of diastereoisomers: (i) none, (ii) one, or (iii) both
of the stereocenters are involved in the bond-breaking/bond-formation
processes in the reactions under investigation. While the first case could play a
role in polycyclic or polyfunctional molecules, only cases (ii) and (iii) are of in-
terest for flexible, acyclic systems bearing a single functional group.

3
Activation of One Stereocenter

Bare cations of late transition-metal ions have been shown to be capable of acti-
vating C-H and C-C bonds in monofunctionalized alkanes in the gas phase. Be-
cause these bond activations occur quite far away from the functional group,
these processes have been termed remote functionalization in the gas phase [16],
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in analogy to Breslow’s seminal concept and studies on steroids [17]. In the gas-
phase variant of remote functionalization, a coordinatively unsaturated transi-
tion-metal ion undergoes initial complexation (“docking”) at a functional group
(e.g., CN, COR, OH, COOH, etc.). Then, the alkyl chain of the substrate is subject
to a recoil (internal solvation) with the consequence that certain positions of the
backbone are exposed to interact with M* and to bring about selective C-H as
well as C-C bond activations. Typical examples are given in Scheme 5.

The recoil of the alkyl chain crucially depends on the nature of the functional
group, the metal atom, as well as additional constraints imposed by the back-
bone. Accordingly, recoil is quite likely to be influenced by introducing stereo-
genic centers along the alkyl chain via diastereoselective substitution. In order
to probe such effects by means of mass spectrometry, however, a detailed stereo-
chemical protocol needs to be developed which allows one to translate the
occurrence of stereoselective processes into measurable mass differences. To
this end, diastereoselective isotopic labeling is applied. Before continuing, it is to
be pointed out that mass spectrometry in general cannot differentiate enan-
tiomers; consequently, only diastereoselective, rather than enantioselective la-
beling is required. In fact, most of the substrates discussed below were prepared
as racemic mixtures of pure diastereoisomers. For the sake of simplicity, only
one of the two enantiomers is shown in the schemes, and in several cases even
just a single diastereoisomer is presented. Further, we use the more simple
prefixes syn and anti instead of the correct CIP nomenclature.

The first example of this kind concerns stereochemical aspects of the re-
giospecific 4,5-dehydrogenation of 3-methyl-pentan-2-one 7 mediated by Fe*
cations [18]. For the labeled variants 7a-7c, dehydrogenation leads to losses of
H, and HD, respectively, with remarkably different ratios (Scheme 6). Obviously,
a particular advantage of this approach is that compounds 7a and 7b only differ
in their relative stereochemistry at C(4). Thus, whatever kinetic isotope effect
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(KIE) is associated with deuteration, any difference observed between the two
diastereoisomers can uniquely be attributed to the SE. Provided that the frag-
mentation occurs regiospecifically, as is the case for 7/Fe*, the complementary
character of the pair of diastereoisomers 7a, 7b further allows the determina-
tion of the relevant parameters KIE and SE from the measured ratios of H, and
HD losses using a simple algebraic formalism (Eqgs. 1 and 2), where I stands for
the measured intensities, ky/kp is representative of the integrated KIEs operative
in the reaction, and K, /k,; describes the steric effect:

IHZ/IHD(7a/Fe+) = kH/kD . ksyn/kanti = KIE - SE (1)
i/ Tiap (7b/Fe™) = Kyg/kp - Kyyo/Kyngs = KIE/SE ©)

Inspection of Egs. (1) and (2) reveals that both effects accumulate for one of the
two diastereoisomers while they attenuate each other for the second. The direc-
tion and the magnitude of the SE bear information about the steric require-
ments of the rate-determining step. Note that a differentiation of the KIEs asso-
ciated with the transfer of the diastereotopic H(D) atoms is not required in
Egs. (1) and (2) because any difference between these KIEs would itself represent
a steric effect and is thus already included in the parameter SE. Further, only one
of the two stereocenters is actively involved in the bond cleavage, while the
second, i.e., the methyl group at C(3),just serves as a spectator. As a consequence,
both diastereoisomers lead to the same products. This distinction is quite im-
portant in comparison to systems in which the activation of both stereocenters
in a diastereoisomer takes place (see below).

For the remote functionalization of 7/Fe*, we arrive at values of KIE=2.1 and
SE=1.5. Effects of similar magnitudes (Table 1) were found for the Fe*-mediated
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Table 1. Kinetic isotope and steric effects observed in the remote bond activation of metal-ion
complexes of several functionalized alkanes?

Substrate/M™* Process KIE SE
3-Methyl-pentan-2-one/Fe* (7/Fe*) [18] 4,5-Dehydrogenation 2.1 1.5
2-Methyl-butyric acid/Fe* (8/Fe*) [19] 3,4-Dehydrogenation 1.8 1.6
3-Methyl-valeramide/Fe* (9/Fe*) [20] 4,5-Dehydrogenation 2.3 2.0
6-Methyl-octanenitrile/Co* (14/Co*) [22] ®-C-C-cleavage 1.4 1.7
7-Methyl-nonanenitrile/Co* (17/Co*) [22] =~ @-C-C-cleavage 1.3 1.6
5-Methyl-7-silyl-heptanenitrile/Mn* 6,7-Dehydrogenation 2.2 2.1
(18/Mn") [21]

5-Methyl-7-silyl-heptanenitrile/Fe* 6,7-Dehydrogenation 2.4 1.5
(18/Fe) [21]

6-Methyl-8-silyl-octanenitrile/Fe* 7,8-Dehydrogenation 2.2 1.9
(19/Mn*) [21]

6-Methyl-8-silyl-octanenitrile/Fe* 7,8-Dehydrogenation 2.1 1.4
(19/Fe™) [21]

5-Methyl-7-silyl-heptanenitrile/Fe* 6,7-Dehydrosilylation 1.6 4.1
(18/Co™) [24]

6-Methyl-8-silyl-octanenitrile/Fe* 7,8-Dehydrosilylation 1.5 3.0

(18/Co*) [24]

2 Monitored by unimolecular decomposition of the mass-selected metastable ions generated
by chemical ionization.

dehydrogenations of the terminal positions in 2-methyl-butyric acid 8 [19] and
3-methylvaleramide 9 [20] (Scheme 7).

There exist two simple rationales to explain the observed direction of the dia-
stereoselective bond activation in 7/Fe*, i.e., more pronounced loss of H, from
7a/Fe™ in comparison to 7b/Fe*. At first, one can safely assume that the reaction
proceeds via insertion of the ‘docked’ Fe* in a terminal C-H bond to form a six-
membered ring. Depending on the relative stereochemistry at C(3) and C(4), the
eliminations of H, and HD, respectively, therefore involve quasi-axial or quasi-
equatorial orientations of the methyl substituents in the intermediates eq- and
ax-10a; of course, similar considerations apply to the associated transition
structures (TSs). By analogy to conventional arguments of conformational
analysis, an equatorial position of the methyl group is assumed to be preferred,
thereby accounting for the experimentally observed H,/HD ratios. Thus, for the
stereoisomer shown in Scheme 8, both the KIE and the equatorial position of the
methyl substituent favor loss of H,, whereas the SE favors loss of HD from
7b/Fe*. However, for the latter this path is impeded by the operation of a kinetic
isotope effect that slows down activation of a C-D bond. Secondly, one arrives at

O DpH )O
Ho)\ﬁﬁ ” W
DH
Scheme 7 8 9
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the same conclusion by consideration of the corresponding Newman projec-
tions, where loss of HD from 10a is disfavored by a gauche interaction
(Scheme 8b). Note that the latter approach is more general because it is not con-
fined to a particular ring size.

The concept of remote functionalization has been applied to the reactions of
the metal ions Mn", Fe*, and Co* with a series of substrates bearing longer alkyl
backbones, e.g., 11-19 (Scheme 9) [21]. While significant diastereoselectivities
are observed in the dehydrogenations of several of these substrates with these
metal ions, e.g., 13/Co*, 14/Mn*, and 16/Co*, only few data can be analyzed
quantitatively in terms of extracting KIE and SE on the ground that the M*-me-
diated C-H bond activations bear limited regioselectivities with these sub-
strates. Interestingly, however, the activation of the (@-2) methyl group in the
alkanenitriles 14 and 17 by gaseous Co™ is associated with pronounced diastereo-

11 (X= CN 14 (X = CN)
12 (X = COOH) 15 (X = COOH)
13 (X = OH) 16 (X = OH)

NC\/\/S(\:;M:,-3 NCWSiMe3
of BH
18 19

Scheme 9
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selective effects [22]. Again, 1,2-repulsions in the corresponding Newman pro-
jections can account for the observed results, e.g., preferred loss of deuterated
methane from 14/Co* due to unfavorable steric demands associated with a H
transfer (Scheme 10 via gauche-14/Co*). Not surprising for C-C bond activa-
tions, SE exceeds KIE in these cases (Table 1). It is important to point out, how-
ever, that only a few of the substrates and metals examined exhibit significant
differences in the metal-mediated bond activations of the diastereoisomeric
pairs. Negligible SEs can either be ascribed to increased flexibility or to increas-
ed steric strain in the cyclic reaction intermediates. The former case is expected
for enlarged ring sizes in that the energy differences of the diastereotopic TSs
are small, e.g., medium rings. Decreasing ring-sizes of the insertion intermedi-
ates in the latter case imply that the overall activation barriers rise significantly
and hence the subtle energetic differences of two competing pathways due to a
change in the relative stereochemistry vanish.

As mentioned above, the stereochemical aspects of the metal-mediated dehy-
drogenation of most substrates shown in Scheme 9 cannot be analyzed quanti-
tatively due to limited regioselectivities of C-H bond activation for these mole-
cules. This obstacle can be bypassed by taking advantage of the directing effect
exerted by silyl groups in organic chemistry in general and metal-mediated re-
mote bond functionalization in the gas phase in particular [23]. In fact, @-sily-
lation of alkanenitriles (i.e., 18 and 19) affords exclusive w/(w-1)-dehydrogena-
tions by Mn* and Fe* cations with notable diastereoselectivities (Table 1). Inter-
estingly, the corresponding Co™ complexes trade-off dehydrogenation and
instead promote C-Si bond cleavage, again with considerable diastereoselectiv-
ities [24]. With regard to the bulkiness of the trimethylsilyl group, it is not at all
surprising that the SEs are particularly pronounced for silyl substitution and ex-
ceed the KIEs more than twice.



Diastereoselective Effects in Gas-Phase lon Chemistry 143

_ -e H .
[0) O -H - OH -e +
/\‘/\/ ——b ——j\) —F-CaHa CH,OH
20
HD DH
X2 X o~o
A
20a 20b

Scheme 11

4
Barton Rearrangement

In an extension of the concept to other reactions, we have found that the Barton
rearrangement of the neutral alkoxy radical 20 (Scheme 11) shows a notable SE.
Thus, analysis of neutralization-reionization and charge-reversal experiments
of alkoxide ions by means of the NIDD scheme (NIDD=neutral and ion decom-
position difference [25, 26]) reveals the occurrence of hydrogen migrations in
transient neutral alkoxy radicals generated upon collisional electron detach-
ment of the corresponding anions (Scheme 11). The rearrangement is probed
by monitoring the hydroxy methyl cation CH,0OH" formed upon collisional
reionization of the (rearranged) radical, thus involving even another electron-
transfer step in these mass spectrometric experiments. For the diastereoselec-
tively labeled radicals 20a and 20b, produced by electron detachment of the cor-
responding anions, the NIDD analysis of the CH,OH*/CH,0OD" ratios implies
SE=3.6x1.3 and KIE=1.8+0.3 for the Barton-type reaction of neutral 20 in the
gas phase [27]. It is worth mentioning that, despite the harsh conditions of ver-
tical electron transfer in keV collisions, application of the NIDD scheme reveals
the operation of a significant SE in 20 which even exceeds the KIE associated
with H (D) atom migration. The direction of the effect (more CH,OD* from 20b)
implies that the reaction proceeds via a chair-like transition structure. The latter
finding is not particularly spectacular for a well-known process like the Barton
reaction. Yet it is to be pointed out that this mass-spectrometric protocol allows
decisive stereochemical insight into the transition structures involved in gas-
phase reactions, thus probing the truly intrinsic features of an isolated radical.
Moreover, this example demonstrates that the use of diastereospecific labeling
as a probe for stereoselective processes is not restricted to transition-metal
complexes and not even confined to charged species.

5
Activation of Both Stereocenters

A somewhat different situation evolves if both stereogenic centers of a dia-
stereoisomer take part in the bond activation. Although the actual SE is small and
the precise mechanistic course may be more complicated than usually anticipated
[28], let us address the Mn*-mediated dehydration of 2-butanol (21) and some of
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its isotopologues (Scheme 12) in more detail. 21 is an interesting candidate for it
constitutes an almost minimal model for probing diastereospecific processes in
which both stereocenters are involved in the actual bond activation. In addition, it
may serve to develop possible strategies to treat competing reactions.
Elimination of water prevails in the unimolecular dissociation of metastable
2-butanol/Mn* [21]. Inspection of the isotopologues 21a/Mn* and 21b/Mn*
(Table 2) indicates reactions involving preferentially the 1,2- and 2,3-positions,
respectively (Scheme 13). To a first approximation, the H/D equilibration which
is indicated by the small amount of HDO loss from 21¢/Mn* might be consid-
ered as a minor perturbation. The diastereoisomers 21d/Mn* and 21e/Mn*
show a small, but significant difference in the H,O/HDO ratios. Because of the
competition of 1,2- and 2,3-eliminations, however, the simple formalism using
Egs. (1) and (2) is not applicable. Specifically, for any possible isotopic labeling,
the competing reaction(s) affect the H,O/HDO ratio due to the operation of iso-
topically sensitive branching [29]. Thus, an eventual KIE associated with deuter-
ation of a certain position inevitably pushes the reaction towards the competing
channel(s). This is qualitatively reflected in the experimental data, in that the
HDO loss from 21a/Mn* implies 15% of 1,2-elimination whereas the loss of H,0
from 21b/Mn" suggests twice as much. In such situations one often refrains from
an explicit quantitative analysis of the labeling data. However, provided that a
sufficiently large set of labeled substrates is available, a simple phenomenologi-

Table 2. Losses of H,0 and HDO from metastable complexes of 2-butanols with Mn* cations
in the gas phase [21]*?

Substrate H,0 HDO
CH,CHOHCH,CH, (21) 100
CD,CHOHCH,CH, (21a) 85 15
CH,CHOHCD,CH, (21b) 32 68
CH,CHOHCH,CD, (21¢) 98 2
syn-CH,CHOHCHDCH, (21d) 67 33
anti-CH,CHOHCHDCH, (21e) 75 25

2 Normalized to =100 for the water losses.
b Other reactions are losses of butene and evaporation of the entire butanol ligand. For the un-
labeled ions the branching ratio for the eliminations of H,0, C,;Hj, and C,H,OH is 65:25:10.
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cal kinetic modeling using some reasonable assumptions can resolve the situa-
tion to a considerable extent.

In such a kinetic modeling, the level of sophistication is determined by the
number of isotopologues examined and the experimental errors associated with
the mass spectrometric measurements [28, 30]. In the present example, there are
five H,O/HDO ratios for isotopologues of 21/Mn* such that five parameters can
be determined. Although the actual mechanism may be more complex [28],let us
employ a simple formalism here. Thus, the regioselectivity of dehydration is phe-
nomenologically described by the rate constants k,-k, with Xk;=1, where the sub-
scripts stand for the position in the alkyl backbone from which the H(D) atom is
delivered; the OH group of the alcohol is assumed to stay intact. Further, a com-
mon KIE is attributed to all HDO losses, and the 2,3-dehydration of the dia-
stereoisomers is attributed to bear an SE. Accordingly, Egs. (3)-(7) are obtained:

T/ Tupo(21a/Mn*) = (K, + ks + k,)/(ky/KIE) 3)
I, o/ Tupo(216/Mn*) = (k, + k, + k,)/(ky/KIE) (4)
Iy, o/ Tupo(21¢/Mn*) = (k, + k, + ks)/(k,/KIE) (5)
Iy, 0/Tupo(21d/Mn*) = (k, + k, + 1/, k/SE + k,)/(1/, ks/KIE) (6)

Tino/Tuno(21e/Mn*) = (k, + k, + 1/, ks/SE + k,)/('/, ky/KIE/SE)  (7)

Equations (3)-(5) provide information about the branching ratios and the KIE
whereas only Egs. (6) and (7) also comprise the SE. Within the experimental
error margins, a perfect match of experimental and modeled data is obtained
for the following set of parameters: k;=0.21£0.02, k,=0.00+0.01, k;=0.76+0.02,
k,=0.03£0.01, SE=1.13%0.04, and KIE=1.511+0.07. Except for the SE, however,
these parameters are of limited relevance because a qualitative inspection of the
experimental data already reveals, for example, that the branching of 2,3-elimi-
nation (k;) must be between 0.67 (21b/Mn*) and 0.85 (21a/Mn*). Nevertheless,
only quantitative analysis permits a reliable evaluation the of SE. In particular,
neglect of the competing reactions may lead to a substantial overestimation of
the SE. For example, a mere comparison of the H,O/HDO ratios of 21d/Mn* and
21e/Mn* might be used to extract SE=(75:25)/(67:33)=1.5, whereas the model-
ing reveals a significantly smaller effect. The neglect of explicit consideration of
competing processes may also explain why Morizur et al. arrived at the some-
how disappointing conclusion that “it is not possible to establish a clear-cut cor-
relation between regioselectivity and stereoselectivity” in the dissociation of
ionized alkylphenolates [11].
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Before proceeding to a more general discussion, let us briefly return to the ti-
tle question of this section, i.e., the particular case in which both stereocenters
take part in bond activation. To this end, consider the Newman projections of
the putative insertion intermediate 22 in the Mn* mediated dehydration of 2-bu-
tanol (Scheme 14). Thus, a syn-elimination of H,O is not only disfavored by
gauche interactions but also leads to a different product,i.e., Z-butene/Mn* from
gauche-22d and E-butene/Mn™ from anti-22d. Accordingly, the observed SEs
may not only be traced back to the asymmetry of the associated transition struc-
tures, but may also arise from mere product stabilization, thus reflecting a ther-
modynamic rather than a kinetic control. While the stability differences be-
tween E- and Z-alkenes are small, the very same applies to steric constraints in
diastereoisomeric transition structures. Accordingly, the formation of products
with different stabilities is likely to modulate the SEs compared to the above
examples with only one stereogenic center being activated and in which only the
stereochemistry of the TS matters. Therefore, we generally conclude that activa-
tion of both stereocenters is less insightful in terms of uncovering intrinsic
details of reaction mechanisms compared to a situation in which one stereo-
center acts as a mere spectator, although having a decisive influence on the SE.
Of course, one way to alleviate the problem of thermodynamic vs kinetic control
is to apply the Hammond postulate, and by doing so to integrate a thermo-
chemical description in a kinetic one.

Nevertheless, some notable effects have been observed in the metal-mediated
activations of alkanols with larger alkyl backbones, where dehydration still per-
sists but activation of internal C-H bonds via remote functionalization also be-
comes accessible. Thus, regiospecific 3,4-dehydrogenation of 1,6-hexandiol/Fe*
[31] is associated with a considerable diastereoselectivity (an SE of about 3.2 can
be derived from the experimental data). Similarly, 3,4-dehydrogenation of 1,8-oc-
tandiol/Fe* occurs diastereoselectively [32]. Note, however, that most complexes
of the monofunctional alkanols 13 and 16 with Mn*-Co* show negligible SEs.
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6
General Considerations

The above examples demonstrate that diastereoselectively labeled substrates
can be used to probe stereochemical features in gas-phase reactions of flexible
molecules. In addition, this approach is not confined to metal-ion chemistry and
not even to charged species, cf. the Barton rearrangement of neutral alkoxy
radicals mentioned above. Instead, the decisive factor for the observation of a
significant SE is a rate-determining activation barrier in an appropriate energy
regime.

Consider the hypothetical potential-energy surfaces shown in Scheme 15 to
illustrate this aspect where we deliberately only shift the relative energy of the
central reaction intermediate. In case of a large activation barrier (Scheme 15a),
the energy difference between the diastereoisomeric transition structures TS
and TS* is small compared to the overall energy demand (E,>>AE,) such that the
steric effect is small (SE=1). For a medium-sized barrier (E,>AE,), a consider-
able SE can be expected (Scheme 15b); this situation is assigned to most of the
cases discussed above. If E, is rather small, however, the diastereotopic TSs may
not be rate-determining anymore in that other factors take over because the cen-
tral intermediate might not be a true minimum any more (Scheme 15¢). In par-
ticular, the conformational barriers existing between TS and TS* (for clarity

\ 4

TS*

A
v

TS TS*

TS*

—7

Scheme 15 Precursor
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omitted in the Scheme) may accordingly determine the accessibility of the reac-
tive conformations from the precursor molecule, rather than the TSs them-
selves. The latter case might appear somewhat artificial. However, we have re-
cently come across an example of this kind in the chemistry of ionized amides
where conformational aspects of the neutral precursor determine the course of
bond activation processes in the molecular ions [30, 33, 34]. Accordingly, only a
small SE is observed for the metastable ions of diastereospecifically labeled 9*'
[35]. This finding is consistent with the small SEs found in the early study of Au-
dier et al. about the McLafferty-type reactions of diastereospecifically deuter-
ated but-3-en-1-ols [10].

Another more general comment on the interplay of KIE and SE is indicated.
Primary KIEs associated with hydrogen migrations depend on the intrinsic
structural details of the key step of bond activation where ring sizes and steric
constraints of the intermediates can be regarded as minor perturbations. In con-
trast, the local details of the TSs are more or less identical for transfer of di-
astereotopic H(D) atoms while conformational aspects of the backbone play a
pivotal role. Therefore, KIEs and SEs provide complementary information on the
reactions observed. With respect to the level of sophistication of contemporary
ab initio methods, an explicit computational treatment of the KIEs and SEs in
one of the above systems is therefore desirable.

Upon a more critical inspection of the above examples, an experienced mass
spectrometrist might ask why most of our results on diastereoselective bond ac-
tivation are derived from metastable ion (MI) studies in which the internal en-
ergy of the incident ion beam is poorly defined if not more or less unknown. In
contrast, well-controlled ion/molecule reactions (IMR) or low-energy collision-
induced dissociation (CID) would provide more insightful information and also
permit a direct comparison with theoretical data. While we have in fact used
other methods, e.g., IMR in the case of cyclohexane and NIDD data of alkoxide
ions (see above), the preference for MI studies is due to the particularly high
precision and reproducibility of these experiments in conjunction with a dedi-
cated energy balance that prevails in metastable ions. Thus, provided that the MI
decomposition is reasonably intense (that is a low E,), error bars in the sub-per-
cent range can be achieved. Small experimental errors are in turn of prime im-
portance for the reliable determination of the relevant parameters, particularly
when competing reactions demand explicit kinetic modeling. Likewise, while
the actual internal energy of the decomposing ions in unknown, MI ensures that
the decomposition takes place in a certain time scale, thereby precisely match-
ing the decisive energy regime for a mass spectrometric distinction of dia-
stereoisomers by means of their fragmentation behavior in that the decompos-
ing ions have just enough energy to dissociate in a microsecond time scale.
Other experimental techniques might, of course, allow similar or even superior
measurements, but worrisome systematic errors, e.g., isotope corrections and
problems in measuring the precise pressures of the reactants in IMR or the col-
lision-gas pressure and the absolute collision energy in low-energy CID, impose
additional uncertainties. In contrast, MI studies of properly mass-selected ions
bear no variable other than the stereochemistry of the precursors. Therefore, MI
experiments are particularly suited for the examination of steric effects.
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7
Synthetic Aspects

Next we will address a non-trivial aspect of the isotopologues 7a-7¢ with a crit-
ical remark on the synthetic procedures used in diastereospecific deuteration,
which forms an essential part of the whole approach. Diastereospecific labeling
is not just limited by the cost of the isotope and the corresponding reagents but
also by the types of synthetic methods available. In this respect, stereoselective
deuteration is not always that unambiguous. For example, the reduction of alkyl
halides or tosylates by complex metal hydrides, e.g., NaBD, or LiAID,, generally
proceeds as an Sy2 reaction and thus is often assumed to involve inversion of
configuration [11]. While this is true in most cases, there exist several counter
examples [36]. Hence, it is fair to ask how many seemingly non-selective reac-
tions of deuterated samples may instead be ascribed to a non-selective synthe-
sis. This objection is quite serious because the otherwise powerful NMR meth-
ods may fail in differentiating diastereoisomers such as 7a and 7b where a flex-
ible alkyl backbone is deuterated. Therefore, most of our studies started with the
reduction of syn- and anti-2,3-epoxybutane by LiAlD, which can quite safely be
assumed to occur as a Sy2 reaction. The resulting racemic [3-D,]-2-butanol
(21d) is then tosylated and converted to the desired substrates using well estab-
lished synthetic procedures as shown in Scheme 16 for the Z-butene.

However, the lack of analytical methods to distinguish clearly diastereoiso-
mers such as 7a and 7b casts some doubt on the above assumptions. Specifically,
it cannot be ensured with ultimate certainty that the reactions have really oc-
curred in the desired manner or whether epimerization has taken place to a cer-
tain extent. In the case of 7a/Fe* and 7b/Fe*, for example, the experimental data
clearly reveal the occurrence of diastereoselective dehydrogenation, but the in-
trinsic SE might even be larger if the samples were not the pure diastereoisomers
7a and 7b but only enriched samples. Epimerization at C(3) is in fact facile via
keto/enol tautomerism of the carbonyl compound occurring upon work-up.
Therefore, the isotopolog 7c was prepared via an independent synthetic route
(N,D, reduction of 2-methyl-but-E-2-enoic acid). As the results obtained with
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7c/Fe* are consistent with those of 7b/Fe* within reasonable error margins, we
simply assume that 7a-7c were obtained as pure diastereoisomers. Quite obvi-
ously, there is a need for alternative techniques to differentiate diastereospecifi-
cally deuterated molecules.

8
Enantioselective Processes

Most of the above examples deal with diastereospecific reactions involving 1,2-
interactions in flexible backbones that can be probed by mass spectrometric
means when appropriate labeling schemes are applied. However, what about the
existence of 1,n interactions or even enantioselective reactions in the gas-phase
chemistry of ions?

Whereas diastereospecific 1,2-deuteration is relatively straightforward (see
above), stereoselective 1,n-deuteration is all but trivial considering the ambigu-
ities in the reduction of R-X compounds (X=halogen, tosylate, etc.) by complex
metal hydrides. In fact, it seems that enantioselective approaches are more suit-
able for 1,n-deuterations than the synthesis of pure, but racemic diastereoiso-
mers. However, we have not realized this option so far. The few relevant data
available for flexible molecules imply that 1,n-interactions with n>2 attenuate
the SEs [37]. Nevertheless, it is certainly worthwhile to go beyond 1,2-interac-
tions because 1,n-interactions would uncover structural details of cyclic inter-
mediates provided that significant SEs are observed. For example, the compari-
son of the diastereoselectivity in the Fe*-mediated remote functionalizations of
[4-D,]-3-methyl-valeramide, 9, and [4-D,]-2-methyl-valeramide may provide
more detailed insight into the intermediates involved.

As far as genuine enantioselective processes are concerned, one first needs to
specify this term because in traditional mass spectrometry one can only distin-
guish diastereoisomeric reactions. In analogy to the general terminology, we
therefore define an enantioselective gas-phase reaction as a process in which a
chiral ion reacts with a chiral neutral molecule in a diastereoselective manner.
As mass spectrometry is insensitive to the absolute configuration, only one of
both partners needs to be varied, e.g., reaction of a chiral ion with the R- and §-
enantiomers of the neutral reagent or vice versa.

Having said this, we have explored several reactions of transition-metal ions
with chiral ligands and substrates. For example, an in-depth investigation of the
reactions of Fe* with mixtures of enantiomeric 2-pentanols (23) has been per-
formed [38]. Much like with n-alkanols [39], 2-pentanol undergoes remote
functionalization by Fe* to afford the corresponding pent-4-en-2-ol/Fe* com-
plex. Assuming that the stereocenter a C(2) does not epimerize during the re-
action, chiral Fe*-complexes are thus formed. Mass-selection of these product
ions and subsequent reactions with mixtures of the enantiomeric 2-pentanols
of which one is fully deuterated in the C(5) position leads to the correspond-
ing adducts (Scheme 17). Experimentally, careful investigation of a set of epi-
mers reveals a slight preference for the formation of the homochiral adducts
[R-24/R-23] and [S-24a/S-23a], respectively, with kpp/kps=1.05£0.03 and kgs/
kgg=1.04%0.02 [38]. While the preferred formation of homochiral ions is in
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agreement with previous findings for gaseous dimers [40], the magnitude of
the observed effects is much too small to draw any decisive mechanistic con-
clusions. Quite obviously, the stereogenic centers in the adducts are way too far
apart from each other in this case to bring about larger stereochemical differ-
entiation. Reactions of several other chiral metal complexes have been exam-
ined in a similar manner; yet, we have so far failed to discover a system with
pronounced “chiral” effects in the gas-phase chemistry of transition-metal ions
[4]. For recent articles on these extremely important as well as related stereo-
chemical topics, see [41-46].
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Applications of electrospray mass spectrometry (ESMS) to the study of reactions mediated by
transition-metal complexes are reviewed. ESMS has become increasingly popular as an ana-
lytical tool in inorganic and organometallic chemistry, in particular with regard to the iden-
tification of short-lived intermediates of catalytic cycles. Going one step further, the coupling
of electrospray ionization to ion-molecule techniques in the gas phase yields detailed infor-
mation about single reaction steps of catalytic cycles. This method allows the study of tran-
sient intermediates that have previously not been within reach of condensed-phase tech-
niques on both a qualitative and quantitative level.
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1
Introduction

Electrospray mass spectrometry (ESMS) is a technique that allows ions present
in solution to be transferred to the gas phase with minimal fragmentation,
followed by conventional ion-molecule techniques and eventual mass-spectro-
metric characterization. Three features of electrospray set it apart from other
mass-spectrometric ionization techniques. The first is the truly unique ability to
produce extensively multiply charged ions. This attribute allows the creation of
highly charged forms of very large molecular-weight compounds which may be
analyzed on virtually all types of mass spectrometers. A second distinguishing
feature of ESI is that samples under analysis must be introduced in solution.
A third unique feature is the extreme softness of the electrospray process which
permits the preservation in the gas phase of weakly binding interactions be-
tween molecules which existed in solution.

ESMS has been widely used for the measurement of molecular masses of non-
volatile and thermally unstable compounds. Characterized by soft ionization,
ESMS in the beginning had its most spectacular successes in the area of mass
spectrometry of large biomolecules. Strangely, despite the enormous impact of
electrospray on the mass spectrometric characterization of biomolecules, appli-
cations to inorganic and organometallic chemistry had been lagging somewhat
behind. With hindsight, there is no reason why ESMS should have been re-
stricted to large protonated molecules such as proteins and, in principle, any
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cation or anion that is present in solution and more or less stable in the solution
environment can in principle be transferred to the gas phase by electrospray.
Thus, all ionic inorganic coordination and organometallic compounds, together
with neutral compounds that can be chemically converted to a closely related
ion, are potential candidates for ESMS studies. There are a number of practical
advantages in ESMS with inorganic/organometallic compounds as compared to
biochemical samples. Charges on most inorganic cations are small, and often
only singly charged ions are observed in the ES mass spectrum, because multi-
ply charged ions frequently form ion-pair adducts with either the counter ion in
the solution or other anions available. Hence, the characteristic isotopic patterns
of metal ions are readily resolved even by quadrupole mass analyzers, and un-
ambiguous identification of metal-containing species is thus possible.

Straightforward analytical applications of ESMS to organometallic and tran-
sition-metal coordination chemistry have become more or less standard nowa-
days. Because of the ease and speed of transferring all solution-phase ions to the
gas phase, ESMS has become increasingly popular as a mechanistic tool for
studying short-lived reactive intermediates in organometallic catalytic cycles.
More recently, the potential of ESMS for mechanistic studies of ion-molecule re-
actions by electrosprayed organometallic ions has started to be exploited. The
focus of the present account will be on the latter two applications of ESMS, high-
lighting the unique advantages of this method as compared to traditional solu-
tion-phase characterization techniques.

2
A Brief History of Electrospray

Electrospray mass spectrometry has developed into a well-established method
of wide scope and potential over the past 15 years. The softness of electrospray
ionization has made this technique an indispensable tool for biochemical and
biomedical research. Electrospray ionization has revolutionized the analysis of
labile biopolymers, with applications ranging from the analysis of DNA, RNA,
oligonucleotides, proteins as well as glycoproteins to carbohydrates, lipids, gly-
colipids, and lipopolysaccharides, often in combination with state-of-the-art
separation techniques like liquid chromatography or capillary electrophoresis
[1,2]. Beyond mere analytical applications, electrospray ionization mass spec-
trometry (ESMS) has proven to be a powerful tool for collision-induced dissoci-
ation (CID) and multiple-stage mass spectrometric (MS") analysis, and - be-
yond the elucidation of primary structures — even for the study of noncovalent
macromolecular complexes [3].

The electrospray process itself is by no means a recent development. Electro-
static spraying of liquids, i.e., applying a high potential to liquids pressed
through a fine capillary, whereby a highly dispersed aerosol consisting of
droplets of relatively uniform size is formed, was already known in the eigh-
teenth century [4]. In 1914, John Zeleny rediscovered the electrospray phenom-
enon and investigated it from the point of view of an electrical discharge from a
liquid point [5-8]. Further experiments with electrified streams of water drops
showed that the electrified water thread split up into narrower jets while the
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large electrified drops split up into smaller ones. A detailed experimental and
theoretical study on the dispersibility of liquids at high electric potentials was
published by Drozin in 1955 [9]. He was able to demonstrate that the dis-
persibility of a liquid can be predicted from knowledge of the value of its di-
electric constant, thus explaining why nonpolar organic liquids could not be
dispersed. The utilization of electrospray led to developments of considerable
technical importance such as paint and crop spraying or ink-jet printing. In the
late 1960s and the 1970s intensive research took place on colloid thrusters for
space-flight applications,i.e.,ion engines that produce thrust by electrostatically
accelerating metallic ions such as cesium or mercury and could potentially be
used as secondary propulsion systems.

Although a well-established technique [4], electrospray was not considered for
mass spectrometric applications before the late 1960s. Interested in determining
molecular weight distributions of synthetic polymers, Dole and co-workers as-
sembled an apparatus designed to stage the following scenario: a dilute solution
of the polymer analyte in a volatile solvent is introduced through a small tube
into an electrospray source chamber through which nitrogen as bath gas flows at
atmospheric pressure. A potential difference of a few kilovolts between the tube
and the chamber walls produces an intense electrostatic field at the tube exit and
disperses the emerging solution into a fine spray of charged droplets. As the
droplets lose solvent by evaporation their charge density increases until the so-
called Rayleigh limit is reached at which Coulomb forces overcome surface ten-
sion and the droplet breaks up into smaller droplets (“Coulomb explosion”) that
repeat that sequence. The rationale behind those experiments was that a succes-
sion of such Coulomb explosions would finally lead to droplets so small that each
would contain only one molecule of analyte. As the last of the solvent evaporates
that residual molecule would retain some of the droplet charge, thereby becom-
ing a free macroion. With polystyrene samples ranging in mass between 50 and
500 kDaltons in a benzene/acetone solvent mixture Dole and co-workers were
able to demonstrate the formation of distinct macroions which were concen-
trated in a supersonic jet and detected in a Faraday cage after small-molecular-
weight ions had been repelled by suitable repeller voltages [10]. Even at this early
stage, the authors mentioned the plan to build a time-of-flight mass spectrome-
ter with an electrospray source. In subsequent studies, the method was further re-
fined (“molecular beams of macroions”) [11,12] and extended to the protein zein
and polyvinyl pyrrolidone [13], but the limitations of the comparably low mass
resolution in their setup could not be overcome due to experimental problems
with the mass analysis and detection of macroions.

After those first attempts to establish analytical applications of electrospray, it
took more than ten years for the first bona fide electrospray mass spectrometer to
emerge [14]. Yamashita and Fenn published the first electrospray MS experiment
in a 1984 paper which was appropriately part of an issue of the Journal of Physical
Chemistry dedicated to John Bennett Fenn [15]. They electrosprayed solvents into
a bath gas to form a dispersion of ions that was expanded into vacuum in a small
supersonic free jet. A portion of the jet was then passed through a skimmer into a
vacuum chamber containing a quadrupole mass filter. With this setup, a variety of
protonated solvent clusters as well as solvent-ion clusters (Na*, Li*) could be de-
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tected. Moreover, they extended the application to molecular beams of negatively
charged ions [16]. A very similar, independent development was reported at ap-
proximately the same time by Aleksandrov and co-workers [17]. Using an im-
proved design of their electrospray ion source, Fenn and co-workers were the first
to couple HPLC to a mass spectrometer via an electrospray interface [18].

3
Mechanistic Aspects of the Electrospray Process

3.1
Electrospray — A Method for the Transfer of lons from Solution to the Gas Phase

A technique that allows the transfer of ions from solution to the gas phase is of
the greatest importance because a major part of the chemical and biochemical
processes involve ions in solution. Electrospray is such a technique. It affords ion
transfer of a wide variety of ions dissolved in a wide variety of solvents. These
ions include singly and multiply charged inorganic ions such as (1) the alkali
ions; (2) the alkaline earths; (3) singly and doubly charged transition metal ions
and their complexes with mono and polydentate ligands; (4) anions of inorganic
and organic acids such as NO3, CI", HSOy, etc.; (5) singly and multiply protonated
organic bases such as amines, alkaloids, peptides, and proteins; and (6) singly and
multiply deprotonated organic acids or organophosphates such as the nucleic
acids. The solvents include practically all polar, protic as well as aprotic solvents.

The transfer of ions from solution to the gas phase is a strongly endothermic
and endoergic process, due to the strongly binding interactions between the ion
in solution and a number of solvent molecules that form a solvation sphere
around the ion. The energy required, e.g., for Na* (aq)—Na* (g), is larger than
the energy required to break a C-C single bond (~85 kcal/mol), and this suggests
that the process of freeing an organic ion from the solvent can also lead to frag-
mentation. For earlier ionization methods in which the ions are transferred from
solution to the gas phase, such as fast atom bombardment (FAB) and plasma
desorption, abundant energy is supplied in a highly localized fashion over a
short time. These methods lead not only to ion desolvation but also to fragmen-
tation or even net ionization, i.e., the formation of ions from neutrals. Compared
to these methods, ESMS, in which the desolvation is achieved gradually by ther-
mal energy at relatively low temperatures, is a far softer technique. One could
even go so far as to call the commonly used term “electrospray ionization” (ESI)
misleading, since the electrospray process normally does not involve net ioniza-
tion, but desolvation of ions already existing in solution. When defining the soft-
ness of the ion-transfer method as the degree to which fragmentation of the ions
is avoided, ESMS is the softest technique available.

3.2
Production of Gas-Phase lons in the Electrospray Process

There are three major steps in the production of gas-phase ions from electrolyte
ions in solution by electrospray: (1) production of charged droplets at the ES
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capillary tip; (2) shrinkage of the charged droplets by solvent evaporation and
repeated droplet disintegrations,leading ultimately to very small highly charged
droplets capable of producing gas-phase ions; and (3) the actual mechanism by
which gas-phase ions are produced from the very small and highly charged
droplets.

For the production of charged droplets, a voltage V,, typically 3-5 kV, is ap-
plied to the metal capillary which is ~0.1-0.2 mm o.d. and located 1-3 cm from
the counter electrode (Fig. 1). The counter electrode in ESMS may be a plate with
an orifice leading to the mass spectrometric sampling system or a sampling cap-
illary, mounted on a plate, which leads to the MS. Because the electrospray cap-
illary tip is very thin, the electric field E. in the air at the capillary tip is very high
(E,=10°V m™).

A typical solution present in the capillary consists of a polar solvent in which
electrolytes are soluble. Low electrolyte concentrations, 10~ to 10> mol 1!, are
typically used in ESMS. When turned on, the field E. will penetrate the solution
at the capillary tip and the positive and negative electrolyte ions in the solution
will move under the influence of the field until a charge distribution results
which counteracts the imposed field and leads to essentially field-free condi-
tions inside the solution. When the capillary is the positive electrode, positive
ions will have drifted downfield in the solution, i.e., toward the meniscus of the
liquid, and negative ions will have drifted away from the surface. The mutual re-
pulsion between the positive ions at the surface overcomes the surface tension
of the liquid and the surface begins to expand, allowing the positive charges and
liquid to move downfield. A cone forms, the so-called Taylor cone [19],and if the
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Fig. 1. Schematic of major processes occurring in electrospray (positive ion mode)



Metalorganic Chemistry in the Gas Phase: Insight into Catalysis 159

applied field is sufficiently high, a fine jet emerges from the cone tip which
breaks up into small charged droplets.

The droplets are positively charged owing to the excess of positive electrolyte
ions at the surface of the cone and the cone jet. The charged droplets produced
by the spray shrink, owing to solvent evaporation while the charge remains con-
stant. The energy required for solvent evaporation is provided by the thermal
energy of the ambient gas, i.e., air in most cases. The charge of the droplets is ex-
pected to remain constant because the emission of ions from the solution to the
gas phase is highly endoergic. The shrinkage of droplets at constant charge has
been confirmed by direct observation of the droplets in special experiments
[20-22]. The decrease of droplet radius at constant charge leads to an increase of
the electrostatic repulsion of the charges at the surface until the droplets reach
the so-called Rayleigh stability limit. The Rayleigh equation [23] gives the con-
dition at which the electrostatic repulsion becomes equal to the force due to the
surface tension, which holds the droplet together.

It is experimentally observed that the droplets undergo fission when they are
close to the Rayleigh limit. The fragmentation is generally referred to as
Coulombic fission. Even fission, where the droplet fragments into two or three
particles of nearly equal mass and charge, is generally not observed and occurs
only with nonpolar solvents whose conductivities are low [24]. Since ESMS is
normally practiced with polar solvents with higher conductivities, jet fission
(‘uneven fission’), where a fine jet of droplets is ejected, can be expected to be the
dominant process. Droplets that have relieved the Coulombic stress through jet
fission will continue to evaporate solvent until they reach the Rayleigh stability
limit and undergo another jet fission.

Two mechanisms have been proposed to account for the formation of gas-
phase ions from very small and highly charged droplets. The first mechanism,
proposed by Dole et al. [10, 11], depends on the formation of extremely small
droplets which should contain only one ion. Solvent evaporation from such a
droplet will lead to a gas-phase ion. Mass spectrometric determinations by Dole
and co-workers were by and large unsuccessful, but the charge residue model
(CRM) proposed by them survived. A more detailed consideration of, and sup-
port for, the mechanism was later provided by Réllgen et al. [25, 26].

Later on, Iribarne and Thomson proposed a different mechanism for the pro-
duction of gas-phase ions from charged droplets [27, 28]. Interestingly, the mo-
tivation for their studies was far removed from a concern for the needs of mass
spectrometry. Instead, it stemmed from their interest in charged droplets as a
possible source of ions in the atmosphere. They proposed a model for such ion
formation based on the idea that, on charged droplets that were small enough,
evaporation could make the surface field sufficiently intense to lift solute ions
from the droplet into the ambient gas before the Rayleigh limit is reached. This
model is nowadays usually referred to as ion desorption model (IDM).

The basic features of the two models can be summarized as follows. In the
CRM, the droplets shrink until the resulting instability breaks up the parent
droplet into a hatch of offspring droplets, each of which continues to evaporate
until it too reaches the Rayleigh limit. This sequence continues until the off-
spring droplets ultimately become so small that they contain only one analyte
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ion. In the IDM, the charged droplet commences the same sequence of evapora-
tion and Coulombic fission steps as in the CRM scenario. The fundamental dif-
ference between the CRM and IDM is in how an analyte molecule with a charge
becomes separated from all its companions in the droplet. In the IDM this sep-
aration comes about by desorption of a single analyte ion from a droplet that
contains many other solute and solvent molecules. At the present stage, a clear
experimental distinction between the two ion-release mechanisms is not possi-
ble. Indeed, it has been suggested that both mechanisms may be operative, de-
pending on the chemical nature of the analyte [29].

4
Analytical Applications of Electrospray Mass Spectrometry in Inorganic
and Organometallic Chemistry

4.1
Introduction

Because of the ease of transferring large polar organic molecules into gas-phase
ions, applications of electrospray MS soon focused on the analysis of large and
fragile macromolecules that play vital roles in biology and medicine. The first
applications of electrospray to the mass spectrometric characterization of
biopolymers, including oligonucleotides and proteins, were pioneered by J.B.
Fenn [30]. ESMS has developed at a tremendous pace since the end of the 1980s.
A statistical evaluation of the Proceedings of the American Society for Mass
Spectrometry Conferences on Mass Spectrometry and Allied Topics (ASMS Pro-
ceedings) over the period 1979-1995 revealed the following trends [31]: while
new developments such as FAB/SIMS and CI steadily gained in popularity dur-
ing the 1980s, both techniques slowly leveled off in the early 1990s. Matrix as-
sisted laser desorption/ionization (MALDI) is a relatively recent phenomenon
in mass spectrometry and since 1990 it launched into a steep, geometric increase
in the number of publications. ESI, after the longest gestation period of all ma-
jor ionization techniques, has even jumped ahead of electron ionization (EI),
traditionally the most dominant ionization technique, and increased its share
ever since. ESMS has made a major impact on the bio-related area of pure and
applied science and technology. There is no reason to suspect that the popular-
ity of ESMS in these fields will decline in the near future.

Despite the enormous success of ESMS in the mass spectrometric character-
ization of biomolecules, it took some time for inorganic and organometallic
chemistry to follow suit. Electrospray as a method of transferring ions directly
from solution to the gas phase has quickly proven to be ideally suited for in
organic and organometallic compounds. In general, the ions observed in the gas
phase by ESMS for inorganic systems are the same as originally present in solu-
tion, unlike molecular ions generated from neutral species in other forms of
mass spectrometry, and, therefore, the electrospray technique may be used to
explore the solution chemistry directly. Analytical applications of ESMS to
transition-metal chemistry can be roughly divided into two groups: the mass
spectrometric characterization of known and defined solution-phase species,
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and the identification of crucial intermediates in transition-metal mediated
reactions, whereby structural information can be obtained by CID, often in com-
bination with other methods (electrochemistry, NMR spectroscopy). Such appli-
cations were already extensively reviewed by Colton, D’Agostino, and Traeger in
1995 [32]. More recently, applications of ESMS in organometallic chemistry have
been summarized with a focus on the ionization technique itself and its utiliza-
tion in the characterization of transition-metal compounds [33]. The present
account will only cover significant recent work in this area and mainly focus on
the gas-phase ion chemistry of transition metal complexes transferred to the gas
phase by electrospray ionization.

ESMS has become increasingly important as a primary characterization tool
in “small-ion” solution chemistry. In order to assess the impact of ESMS on the
characterization of transition-metal compounds, we conducted a survey based
on the entries in the CAS database (STN CA, July 3,2002). A search for “electro-
spray” plus the common acronyms (“ES”, “ESI”, etc.) yielded 23,219 publica-
tions. Extracting all the compounds indexed in these publications and restrict-
ing them to those containing transition metals, lanthanides, and actinides, gave
a total of 9150 compounds. Taking into account only these compounds restricted
the above publications to 584 which were then inspected on the basis of their ab-
stracts. This analysis confirmed that the overwhelming majority of these articles
indeed described ES mass spectrometric characterization of transition-metal
compounds. Due to the vagaries of indexing in the CAS database [34], this num-
ber just represents a lower limit.

4.2
Early Analytical Work

Before ESMS could be applied on a broad scale to explore novel solution-phase
species in inorganic and organometallic systems, it was mandatory to prove that
the method produces ions in the gas phase that faithfully reflect the species pre-
sent in the electrosprayed solution. Electrospray mass spectra of tetraalkylam-
monium ions,among the simplest of inorganic cations, were already reported by
Yamashita and Fenn in their first electrospray publications [15, 16]. Rafaelli and
Bruins confirmed the relative ease of observing tetraalkylammonium cations by
ESMS under a variety of conditions and in different solvents [35].

The beginning of the general and routine use of electrospray ionization as a
tool for the characterization of ionic transition-metal coordination compounds
is marked by a report on Ru-bipyridyl and 1,10-phentanthroline complexes
by Chait and co-workers [36]. When spraying an acetonitrile solution at low
ion-source collision energies, they observed a signal for the intact cation
[Rull(bpy);]** (bpy=Dbipyridyl) together with a series of lower intensity peaks re-
sulting from the attachment of one to four acetonitrile molecules. At slightly
higher energies, when the collisional activation is just sufficient for complete de-
solvation, the mass spectrum was completely dominated by a single intense peak
of [Ru'(bpy);]** ions. Upon further increase of collisional activation, the doubly
charged ion dissociated, giving rise to signals for the fragments [Ru'(bpy),]**
and [Ru'(bpy)]**. As will be seen from the following paragraphs, it is highly
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characteristic for ES mass spectra of coordination complexes that fragmenta-
tion by collisional activation typically causes loss of a complete ligand rather
than fragmentation of a ligand. This feature is particularly helpful for the iden-
tification and structural assignment of signals in the mass spectra.

Pseudotetrahedral complexes of Cul, [Cu(bpy),]BF, and similar derivatives
with substituted dipyridyl ligands all gave intact cations in their ES mass spec-
tra [37,38]. In an extension of this chemistry, bipyridyl groups were introduced
into amino acid residues and, after reaction with Cul, the intact cations of the
copper(I) complexes of these species were observed [37]. The analogous
[Cu(phen),]* ion and others derived from substituted phenanthrolines have
also been observed [39]. For both the [Cu(bpy),]* and [Cu(phen),]* species, col-
lisional activation led to loss of one ligand.

Although negative ion ESMS has not been used as frequently as the positive
ion mode, a number of anions have been observed. Early reports include obser-
vations of simple anions such as halides, [CN]-, [SCN], [CIO,], etc. [32]. The
emphasis of that work was directed toward analytical and speciation considera-
tions rather than chemical reaction studies. Going to the more complex anions,
the diversity of oligomeric anions in aqueous solutions like isopolyoxovana-
dates and isopolyoxomolybdates made this class of compounds a particularly
rewarding field for ESMS research [40-43].

4.3
Fishing for Intermediates

ESMS opens a straightforward approach to trap and identify short-lived inter-
mediates, because bimolecular processes involving ionic species in solution are
greatly attenuated when the ions pass into the gas phase [44]. Though still not as
firmly established as traditional solution-phase characterization techniques like
NMR, ESMS has become increasingly popular as a tool to identify intermediates
in transition-metal catalysis. Due to the increasing number of applications in
this field, only a few classic and recent representative examples of such work will
be covered here.

ESMS has been used to characterize the intermediate Ni"-complexes formed in
the coupling reaction of 2-bromo-6-methylpyridine in the presence of Raney
nickel (Scheme 1) [45]. The composition of the intermediate had already been de-
termined previously by elemental analysis, but the ES mass spectra, showing a
strong peak for the ion [Ni,(dmbp),Br;]*, pointed to a dimeric structure. It was
concluded that this ion was formed by the loss of Br~ from the dimeric structure
1. An alternative explanation is that the intermediate has the more common four-
coordinate structure 2, and that the observed peak was due to the ion-paired
species {[Ni,(dmbp),Br,]**+Br-}. The dimeric nature of the intermediate was con-
firmed by a cross experiment: when mixtures of differently substituted pyridines
were reacted, mixed ligand dinickel species were observed in the ES mass spectra.

In a seminal paper, Aliprantis and Canary described the use of ESMS for the
characterization of catalytic intermediates in the palladium(0)-catalyzed cross-
coupling reaction of alkyl halides and aryl boronic acids known as the Suzuki
reaction [46]. The now accepted reaction pathway for the Suzuki coupling is out-
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Scheme 1. Raney nickel mediated coupling of 2-bromo-6-methylpyridine

lined in Scheme 2. In the ESMS study, substituted pyridines were used as the aryl
halide components so that the intermediates could be observed as the proto-
nated pyridinium salt [(pyH)Pd(PPh;),Br]*. The intermediates 3 and 4 could
both be detected for the first time in authentic reaction mixtures. A similar ap-
proach was taken by Ripa and Hallberg in order to detect intermediates in the
palladium-catalyzed Heck arylation of cyclic enamidines [47]. ESMS was also
employed by Brown and co-workers in conjunction with NMR spectroscopy to
identify crucial intermediates in the Pd- and Ru-catalyzed Heck arylation of
acrylates [48,49].

Lipshutz and co-workers characterized anionic copper(I) complexes by ESMS
[50]. The preparation of organocopper reagents relies on the combination of a
copper(I) salt and two equivalents of an organolithium reagent to yield R,CuLi
(Gilman cuprates [51]). Solubilization of cuprate precursors, e.g., CuCN, in ethe-
real media is usually effected with lithium salts (LiCl, LiBr). Such mixtures of
salts are usually termed “CuX-nLiX” which describes the stoichiometry but im-
parts little information about composition or structure. Negative-ion ES mass
spectra of THF solutions of CuCN with two equivalents if LiX (X=Cl, Br, I)
showed the same types of homo- and mixed halocyanocuprate anions. Particu-
larly noteworthy was the presence of [CuCN-LiX, ], where Li* is part of the an-
ionic complex. The species can be conceived to arise by either adding X~ or re-
moving Li* from the neutral parent species XCu(CN)Li and Cu(CN)-2LiX, re-
spectively. The same monoanions were observed by ESMS starting from a
copper halide to which had been added one equivalent of LiCN and LiX. Inter-
estingly, no such species [CuX-LiX,]” was detected from mixtures of a copper
halide and two equivalents of lithium halide, attesting to the unique role of
cyanide for drawing Li* into these anionic aggregates. In positive-ion mode, no
species [Li,CN]* could be detected.



164 D.A. Plattner

Ar-Ar' ) ArX
Reductive Elimination C PdL,4 & Oxidative Addition
L
Ar—Pd L X—Pd—Ar 3
Ar
Ar-B(OH),
Trans-Cis Isomerization Transmetallation
Pd Ar
L
A XB(OH),

B N
ArX = | P | _
N OHC N Br

Scheme 2. The catalytic cycle of the Suzuki reaction

Going one step further, Lipshutz and co-workers studied the composition of
synthetically valued mixed lithioorganocuprates by ESMS [52]. They prepared
cuprates of the type “RR’CuLi” derived from Cul, CuBr-SMe,, and CuCN with
various organolithium reagents. The negative-ion ES mass spectra revealed a
surprising complexity of species: lower mass species from monomers to trimers
were prevalent, whereas tetramers and pentamers were present in much smaller
amounts. At low cone voltages, the base peak was typically of dimeric constitu-
tion. When the cone voltage was increased, a gradual decrease occurred in sig-
nal intensities for the aggregates observed at lower cone voltages, while an in-
crease of monomeric species was observed. Cuprates derived from CuCN, how-
ever, afforded much cleaner and simpler spectra, uncomplicated by the presence
of halide ions.

Electrospray mass spectrometry has also been used as a tool to explore the
structural diversity of the {Pt,Se,} core by a highly effective approach [53-55]:
(1) the reaction products of Pt,(u-Se),(PPh;), with a wide range of metal com-
plexes were screened using ESMS; (2) the potentially stable and isolable inter-
metallic aggregates formed in situ were identified based on ion distribution and
simulated isotope patterns; and (3) ‘promising’ reactions were repeated on the
laboratory scale, the target products finally being isolated and characterized.
Full characterization of the products isolated from preparative scale synthesis
corresponded to the respective species deduced from the ESMS data. These re-
sults again emphasized the ability of ESMS and its simplicity to monitor inor-
ganic solution chemistry.
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ESMS was employed to identify reactive intermediates in the enantioselective
hydrogenation of ethyl pyruvate on Pt-alumina, Pt black, and Pt black+alumina
catalysts modified by dihydrocinchonidine in acetic acid [56]. The ESMS spec-
tra of the raw product revealed a large number of species which fell into four
groups: (1) dihydrocinchonidine and its hydrogenated derivatives; (2) the
adducts of ethyl pyruvate and its oligomers; (3) (R)-ethyl lactate, the product of
the enantioselective hydrogenation, and its adducts; and (4) oxonium com-
pounds formed from alumina. The latter most likely play a decisive role in the
development of the chiral environment of the catalyst surface. As suggested by
the authors, these oxonium cations could make the so-called electrostatic cata-
lysis [57], based on electrostatic acceleration, possible.

Kutal and co-workers used ESMS to probe the solution photochemical be-
havior of [CpFe(n®-benzene)]PFq, a visible-light-sensitive photoinitiator for the
polymerization of epoxides [58]. While control experiments showed that in the
absence of light [CpFe(n°-benzene)]* emerged unchanged from the nanospray
tip, irradiation of an acetonitrile solution of the complex produced two major
series of ionic products: [CpFe(CH;CN),_;]* and [Fe(CH;CN);_¢]**, obviously
reflecting the photodissociation of benzene and subsequent thermal loss of the
cyclopentadienide anion. Photolysis of [CpFe(r®-benzene)]PF, in acetonitrile
solutions containing cyclohexene oxide (cho) yielded the same products as well
as [Fe(CH;CN);(cho)]** and [Fe(CH;CN),(cho)]**. Irradiating [CpFe(n°-ben-
zene)]PF, and cyclohexene oxide in a poorly coordinating solvent like 1,2-di-
chloroethane, however, yielded the series [(H,0)Fe(cho),_;,]** and [(H,0)CpFe
(cho),_4]**. The coordinated water originated from traces of moisture intro-
duced during sample preparation or electrospraying. Signals from the water-
free products also appeared in the mass spectrum, but with diminished intensi-
ties. The structures of these species were assigned following the polymer model,
i.e., products such as [(H,0)Fe(cho),,]** or [Fe(cho),]** contain a growing poly-
mer chain bound directly to the metal center.

Intermediates in the copper(I) mediated asymmetric insertion reaction of di-
azoacetates into the Si-H bond of silanes were identified by ESMS [59]. Starting
from [Cu(CH;CN),]PF, and the chiral ligand (R,R)-bis((2,6-dichlorobenzyli-
dene)diamino) cyclohexane (bdc), NMR and ESMS studies established that only
[Cu(bdc)(CH;CN)]* was present in solution in high yields. By ESMS, it was
found that [Cu(bdc)(C(CO,Me)Ph))]* and [Cu(bdc)(C(CO,Me)Ph)(CH;CN)]*
were formed upon addition of PhC(N,)CO,Me.

ESMS, in combination with low-temperature NMR techniques, was used to
characterize reactive intermediates in an enantioselective titanium alkoxide
mediated sulfoxidation reaction [60,61]. Catalyst formation in situ by mixing ti-
tanium(IV) isopropoxide and chiral trialkanolamine ligands was monitored by
ESMS. When a 1:1 stoichiometric ratio was used, monomeric, highly symmetric
complexes were obtained. A slight excess of the trialkanolamine ligand pro-
duced discrete 2:1, 3:2, and 4:3 oligomers in which the excess trialkanolamine
were bridging multiple titanatrane units. In the presence of an oxygen donor like
tert-butyl hydroperoxide, all the precatalyst species were converted to a
mononuclear titanium(IV) peroxo complex which serves as the active species in
the asymmetric sulfoxidation.
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Finally, Hinderling and Chen used ESMS to screen the activity of a small
library of eight Brookhart-type palladium(II) complexes in the solution-phase
polymerization of ethylene [62]. The crude reaction mixture was quenched with
DMSO, diluted, and electrosprayed in order to analyze the growing polymers
chains. Upon CID in the gas phase, the polymer chain was fragmented from the
catalyst by B-hydride elimination, thus facilitating the identification of the most
active catalysts in an otherwise dauntingly complex mass spectrum of a polymer
mixture. Since this analysis can be performed simultaneously for a whole cata-
lyst library, ESMS was hereby proven the method of choice for an assay of mul-
tiple, competitive and simultaneously occurring catalytic reactions.

5
Organometallic Gas-Phase Chemistry

5.1
Advantages of Electrospray Tandem Mass Spectrometry

Gas-phase studies of metal ions and ionic transition-metal compounds and
their reactivity have a long and distinguished history of over 25 years. The ad-
vancement of mass spectrometric ion-molecule techniques has made it possible
to study single, elementary reaction steps mediated by transition-metal ions on
both qualitative and quantitative levels [63]. Unfortunately, due to the limita-
tions of “conventional” ionization techniques, the gas-phase chemistry of tran-
sition metal-compounds has for a long time been restricted to the study of com-
pounds that would hardly be considered as authentic catalysts by synthetic
organometallic chemists. In other words, most studies had to confine themselves
to singly and multiply charged “naked” ions and very simple organometallics of
the type [M(L),]*, with L some simple ligand, e.g., hydride, O, alkyl, CO, H,0, etc.

When considering the possibilities of transferring real-world organometallics
to the gas phase, one arrives at the conclusion that electrospray ionization (ES)
should be the ideal technique due to its softness, i.e., even weakly bound ligands
will remain intact. Once in the gas phase, the species of interest can be singled out
by mass spectrometric techniques, and its reactivity subsequently studied without
perturbation by any of the other compounds present. For further reactivity stud-
ies and in order to get structural information, at least two mass selection steps
should be available. By transferring reactive intermediates to the gas-phase, they
become almost infinitely stable due to the high-vacuum conditions. Their reactiv-
ity can then be probed by directed collision with reaction partners. Finally, ther-
mochemical parameters of single reaction steps can be obtained by quantitative
collision-induced dissociation (CID) threshold measurements.

5.2
Simple Gas-Phase Reactions

The simplest gas-phase reactions of transition-metal compounds just involve an
inert reaction partner as the collision gas, leading to plain bond rupture (frag-
mentation) or elimination reactions in the analyte ion. Since the fragmentation
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pattern of a species of known mass-to-charge ratio is practically the only piece
of information that allows the assignment of a specific structure, these gas-
phase reactions are routinely performed in order to corroborate that the species
detected in the mass spectrometer correspond to the solution-phase composi-
tion. These form a special subgroup of gas-phase reactions which will be just
mentioned en passant in the context of this account. Triggering a chemical reac-
tion upon collisional activation in such cases is just a sort of by-product in
the mass spectrometric characterization. One of the earliest observations of a
chemical reaction induced by gas-phase collisional activation of an electro-
sprayed transition-metal compound that has a well-known analogy in solution
phase was a reductive elimination from palladium(IV) complexes [64].

Dalgaard and McKenzie studied the CO, loss from inorganic carbonato com-
pounds upon collisional activation in the gas phase [65]. This is not simply the
reversal of the synthetic reaction of metal hydroxides with CO, since the lack of
available protons in the gas phase makes the regeneration of the starting hy-
droxide complexes impossible. This way, novel oxide species rather than the
more common hydroxide species were generated; e.g., [Co(tpa)O]* (tpa=tris(2-
pyridylmethyl)methylamine) was found as a major fragment ion upon CID of
the simple carbonate [Co(tpa)CO;]*. Similarly, unusual platinum(II) complexes
of the type [Pt(dien)O]* and [Pt(dien)N]* (dien=diethylenetriamine) were
obtained by collisional activation of electrosprayed [Pt(dien)NO,]* and
[Pt(dien)N;]*, vialoss of NO and N,, respectively [66]. Hor and co-workers stud-
ied the fragmentation pathways of the p-oxo bridged dinuclear rhenium com-
plexes [Re,(u-OH);(CO)4]™ and [Re,(u-OMe);(CO)¢l~ by ESMS [67]. The hy-
droxy complex underwent dehydration followed by CO loss, whereas for the
methoxy complex B-hydride elimination and CO loss was observed.

One of the earliest examples of non-analytical applications of electro-
spray ionization was the coupling of ES to ion-molecule techniques in the gas
phase by Posey and co-workers. They electrosprayed methanolic solutions of
Fe(bpy);(ClO,), to produce molecular beams of complexes of divalent transition
metal ions [68-70]. The residual electrospray solvent was removed from the gas-
phase ions by collisional activation, and clusters were formed by association of
solvent molecules from the purge in an expansion as the ions passed through the
tirst and second stages of differential pumping in the ES source. By this method,
clusters of [Fe(bpy);]** with a variety of solvents (acetone, acetonitrile, N,N-di-
methylformamide, alcohols, etc.) were prepared by introducing the solvent of
choice to the nitrogen purge [68]. Metal-to-ligand charge transfer in the gas-
phase ions and clusters was then probed by laser photofragmentation mass
spectrometry. Excitation in clusters triggers evaporation of neutral solvent
molecules, e.g., methanol, as the system relaxes. The wavelength-dependent
photodissociation yield was measured between 530 and 600 nm for mass-
selected [Fe(bpy)s-(CH;0H),]?* clusters (n=2-6). The resulting photodissocia-
tion action spectra reflected the onset of the metal-to-ligand charge transfer
absorption band as a function of cluster size [69]. The solvent dependence of the
charge transfer was further studied for terpyridyl iron complexes [Fe(terpy),]**
in clusters with one or four molecules of polar, organic solvents (acetone,
acetonitrile, dimethylsulfoxide, N,N-dimethylformamide, etc.) [70].
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Reactions of coordinatively unsaturated transition metal complexes with
molecular oxygen in the gas phase have been reported by McKenzie and cowork-
ers [71]. Using a triple-quadrupole setup with an atmospheric pressure ioniza-
tion source operating in electrospray mode they investigated the reactivity of
[M(bipy),]** (M=Cr, Mn, Fe, Co, Ni, Cu, Ru, Os) and [M(bipy)]* (M=Nij, Co, Cu)
toward O,. In the case of the bis(pyridine) ions, the complexes with M=Cr, Ru,
and Os yielded the dioxygen adducts [M(bipy),0,]*" upon collision with O, in
the collision octopol. This behavior correlates well with the propensity of Cr, Ru,
and Os for attaining the high oxidation states known from solution and solid-
state chemistry. As for the mono(pyridine) complex ions, only the Ni- and Co-
containing species gave detectable dioxygen adducts of the composition
[M(bipy)O,]*. The structural assignment of the oxidized products was at-
tempted by MS/MS/MS experiments. [M(bipy),]** and [M(bipy)]* were gener-
ated in the skimmer region and allowed to react with O, in the source octopole
in a similar experimental setup as described below. The adducts [M(bipy),0,]**
and [M(bipy)O,]* were then subjected to CID in the collision octopole (Ar as
collision gas). The loss of a mass equivalent to two oxygen atoms was found
as the predominant process for [M(bipy),0,]** (M=Cr, Ru) and [M(bipy)O,]*
(M=Ni, Co), thus indicating an intact O-O bond in the structure of the dioxygen
adducts. In the case of [Os(bipy),0,]**, however, no formation of [Os(bipy),]**
was observed. Instead, weak signals assigned to [Os(bipy)0,]*, [Os(bipy)O,]**,
and the bipyridyl radical cation indicated loss of a bipyridine ligand in prefer-
ence to O,, suggesting that the dioxygen adduct was of an “osmyl” type complex
cation with both oxygen atoms independently bound to the osmium center.

5.3
Experimental Setup for the Gas-Phase Reaction Studies

An experimental setup that meets the demands posed in Sect. 5.1 is an electro-
spray ionization tandem mass spectrometer. The apparatus which was used in
the experiments described in the following chapters is a modified Finnigan MAT
TSQ7000 spectrometer. In a typical experiment,a 10~* to 10~ mol 1! solution of
the transition-metal compound in a polar organic solvent (preferentially ace-
tonitrile or dichloromethane) is pressed through a capillary at a flow rate of
7-15 pl min~! and electrosprayed at a potential of 4-5 kV using N, as sheath gas.
The ions are then passed through a heated capillary (typically at 150-200°C)
where they are declustered and the remaining solvent molecules evaporate. The
extent of desolvation and collisional activation can further be controlled by a
tube lens potential in the electrospray source, which typically ranges from 35
(mild conditions) to 100 V (hard conditions). The first octopole (O1) acts as an
ion guide to separate the ions from neutral molecules which are pumped off by
a turbo pump located underneath the octopole. O1 is fitted with an open cylin-
drical sheath around the rods into which, depending on the setup used, a colli-
sion gas can be bled for thermalization or reaction at pressures up to 100 mTorr.
The ions then enter the actual mass spectrometer, which is at 10~° Torr and 70°C
manifold temperature during operation. The configuration is quadrupole/octo-
pole/quadrupole (Q1/02/Q2), with the two quadrupoles as mass selection stages
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and the second octopole operating as a collision-induced dissociation (CID)
cell. Spectra can be recorded in three different modes. In the normal ESMS
mode, only one quadrupole is operated (either Q1 or Q2), and a mass spectrum
of the electrosprayed ions is recorded. This mode serves primarily to character-
ize the ions produced by a given set of conditions. In the daughter-ion mode, Q1
is used to mass-select ions of a single mass-to-charge-ratio from among all of
the ions produced in O1, which are then collided or reacted with a target gas in
02, and finally mass-analyzed by Q2. This mode is used to obtain structural in-
formation (by analysis of the fragments) or the specific reactivity of a species of
a given mass. The third mode of operation, the RFD mode (radio frequency
daughter mode), is used to record CID thresholds for quantitative thermochem-
ical measurements (see Sect. 5.8). Ions produced in O1 are mass-selected, with
Q1 acting as a high-pass filter. The selected ions are then collided with a target
gas in 02, and mass-analyzed in Q2. In the RFD mode, the reactions of ions in a
particular mass range are isolated by setting the mass cutoff above and below
the desired range and substracting the latter from the former spectra.

5.4
C-H Activation by Cationic Iridium(lll) Complexes

5.4.1
Introduction

The search for a homogeneous transition metal-catalyst capable of selective in-
sertion into non-activated C-H bonds of alkanes and arenes is generally ac-
knowledged to be one of the most challenging and important tasks in chemistry
[72]. In the early 1980s, rhodium and iridium Cp*-complexes with the metal in
the oxidation states +1 and +3, respectively, were found to be the most promis-
ing candidates to achieve this task [73-75]. The search for a catalyst active under
milder conditions led Bergman to the introduction of cationic iridium(III) com-
plexes [76]. These complexes perform C-H activation without prior photo-
chemical or thermal activation, and are therefore particularly interesting as
model systems ultimately leading to catalytic cycles. The actual reactive species
was presumed to be the 16-electron complex [Cp*Ir(PMe;)(CH;)]*, which
would be formed from the 18-electron precursor by dissociation of a weakly
bound ligand in solution. Two mechanisms have been suggested by Bergman
and co-workers [76-78] for the observed o-bond metathesis reaction by cationic
Ir'™ complexes (Scheme 3): an oxidative addition/reductive elimination se-
quence of reactions and a concerted o-bond metathesis reaction. This concerted
mechanism comes into consideration for the iridium(III) complex because it
might be unfavorable for the strongly electron-deficient 16-electron Ir'-com-
plex to engage in an oxidative addition step resulting in a formally iridium(V)
species. On the basis of the increase in reactivity as the ligand binding is weak-
ened, going from triflate to dichloromethane, the actual reactive species was pre-
sumed to be 6, which would be formed from 5 in a pre-equilibrium in the solu-
tion-phase studies. For the dichloromethane-ligated complex, activation of C-H
bonds was observed well below room temperature. A similar pattern of reactiv-
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Scheme 3. Mechanism for the C-H activation by cationic iridium(III) complexes proposed by
Bergman and co-workers

ity, with the same set of mechanistic possibilities, was reported by Bercaw and
co-workers for platinum(II) complexes [79].

5.4.2
ESMS Studies

In order to obtain insight into the detailed mechanism of C-H activation ESMS
was used for the study of the gas-phase reactivity of both [Cp*Ir(PMe;)(CH;)]*,
the proposed reactive species in the Bergman system, and the Cp-analogue
[CpIr(PMe;)(CH;)]* [80, 81]. The Bergman system was deemed particularly
suitable for an ESMS study since all the species of interest are present as ions in
solution without the need for further derivatization. The 16-electron complex
cations were generated by electrospray of acetonitrile solutions of
[Cp*Ir(PMe;)(CH;)(CH;CN)]* ClO; and the corresponding salt of the Cp ana-
logue. Electrospray ionization produced the molecular ion of organometallic
complexes, with even weakly-bound ligands still intact, i.e., electrospray under
mild desolvation conditions produces the unfragmented cation. A slight in-
crease in the tube lens potential, i.e., higher collisional activation in the desolva-
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tion region of the electrospray source, led to almost complete loss of the ace-
tonitrile ligand, leaving predominantly the bare, unsolvated 16-electron com-
plex cation [Cp®)Ir(PMe;)(CH;)]*. With some small differences (see below), the
reactions of the [Cp*Ir(PMe;)(CH;)]* and [CpIr(PMe;)(CH;)]* complexes 6 and
10 were entirely parallel, with the Cp series of complexes showing qualitatively
higher reactivity than their Cp* analogs (Scheme 4).
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Scheme 4. Dissociative-associative mechanism for the C-H activation by cationic iridium(III)
complexes observed in the gas phase

The gas-phase chemistry of the coordinatively unsaturated complex cations
can be summarized as follows. (1) Properties related to the coordination chem-
istry behavior in solution were probed in the gas phase. The ion assigned as 10,
prepared by collisional removal of CH;CN from 9 and thermalized, picked up
neutral 2-electron ligands such as acetonitrile or CO with high efficiency at very
low collision energies. (2) Neither [Cp*Ir(PMe;)(CH;)]* nor the more electron-
deficient [CpIr(PMe;)(CH;)]* showed any appreciable reactivity towards hydro-
carbons in the gas phase. This behavior clearly contradicts the pathways out-
lined in Scheme 3. (3) Higher collisional activation of [Cp*Ir(PMe;)(CHs,)
(CH;CN)]* and [CpIr(PMe;)(CH;)(CH;CN)]* not only caused complete dissoci-
ation of acetonitrile, but also induced a chemical reaction leading to a loss of 16
mass units. The mass loss was interpreted as methane elimination in an in-
tramolecular cyclometalation reaction. (4) In the gas phase, all detectable
cyclometalation proceeded exclusively on the methyl groups of the phosphine,
and not on the Cp or Cp*. (5) The cyclometalation products 7 and 11 reacted
readily with pentane and benzene to yield the products of an overall o-bond
metathesis. Based on deuterium-labeling experiments (Scheme 5), the structure
of these species was assigned as [Cp“®Ir(1>-CH,PMe,)]*, the product of cy-
clometalation with one of the phosphine methyl groups and concomitant loss of
methane. (6) The addition of [Cp*Ir(1>-CH,PMe,)]* or [CpIr(7?-CH,PMe,)]* to
benzene is reversible upon further CID. An elegant proof for the structure of the
cyclometalation intermediate was provided by the reactivity of the Cp complex
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Scheme 5. Deuterium-labeling experiments suggesting the presence of a three-membered
ring intermediate

[CpIr(PMe;s-dy)(CH;)]*. In this case, not only one deuterium is incorporated in
the ligand, but the six deuterium atoms of the incoming benzene were com-
pletely scrambled over the phosphine (Fig. 2). (7) The three-membered ring in-
termediate did not only react with benzene, but also added to less reactive hy-
drocarbons such as methane, pentane, or cyclohexane. However, the C-H acti-
vation products displayed a different reactivity pattern. The product of the
addition to pentane, [Cp*Ir(PMe;)(CsH;;)]*, underwent B-hydride elimination
when collided with a target gas to yield [Cp*Ir(PMe;)(H)]*. With alkyl ligands
at Ir'"l, the reverse cyclometalation is obviously not a feasible pathway in com-
petition with the facile elimination of pentene.

The differences in the gas-phase chemistry of the Cp* complexes 5-8 and the
Cp analogs 9-12 are confined to two areas. While the Cp-substituted complexes
added to pentane, cyclohexane, or benzene, the Cp*-substituted analogs reacted
with pentane or benzene only. No cyclohexane adducts were observed in the
gas-phase reactions of [Cp*Ir(PMe;)(CH;)]* or [Cp*Ir(7?-CH,PMe,)]*. Second,
in the CID of the two phenyl-substituted complexes 8 and 12 (R=Ph), there was
complete deuterium scrambling in 12, but only partial scrambling in 8.

5.4.3
The Gas-Phase Mechanism of C-H Activation by the Iridium(lll) Complex Cations

The gas-phase reactions of the cationic Ir' complexes follow a previously unre-
ported mechanism for their observed o-bond metathesis reactions. Previous
discussions had considered a two-step mechanism involving intermolecular ox-
idative addition of either [Cp*Ir(PMe;)(CH;)]* or [Cplr(PMe;)(CH;)]* to the
C-H bond of an alkane or arene producing an Ir¥ intermediate, followed by re-
ductive elimination of methane, or a concerted o-bond metathesis reaction sim-
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Fig. 2. Expansion of the CID spectrum of [CpIr(PMe;)(Ph)]*-d,, showing the formation of
various deuterated three-ring species [Cplr(n*-CH,PMe,)]*-d, (x=0-6)

ilar to that seen in early transition metals (Scheme 3). The electrospray mass
spectra show another mechanism involving initial elimination of methane, fol-
lowed by addition to an alkane or arene, with all detected reactive intermediates
retaining a formal +3 oxidation state (Scheme 4). The structures of the interme-
diate species, [Cp*Ir(n*-CH,PMe,)]* and [CpIr(n>-CH,PMe,)]*, were assigned
on the basis of experimental observations from ESMS, indicating a cyclic struc-
ture with cyclometalation occurring on the phosphine and not the Cp or Cp* li-
gand. The observed threshold for methane loss from [Cplr(n*-CH,PMe,)]* of
13.6 kcal/mol (see Sect. 5.8.2) is also consistent with the structural assignment.
The facile addition of [Cplr(n*-CH,PMe,)]" to alkanes and arenes indicates that
the reactions of [CpIr(?-CH,PMe,)]* occur over a rather low barrier.

The difference in the extent of isotopic exchange between the trimethylphos-
phine and the phenyl ligand upon CID of 8 vs 12 (R=Ph) comes from a general
feature of ion-molecule reactions. In the gas phase, ion-molecule reactions pro-
ceed through a charge-dipole or charge-induced dipole complex bound by any-
where from a few to several kilocalories per mole relative to the separated mol-
ecules. The non-negligible attractive potential amounts to a potential well in
which the reacting partners of a bimolecular ion-molecule reaction are trapped
prior to reaction. In the absence of subsequent thermalizing collisions, the
charge-dipole or charge-induced dipole interaction can provide the energy
needed to surmount an activation barrier for the trapped reactants as long as the
transition state is not substantially higher in energy than the separated reac-
tants. By microscopic reversibility, CID of 12 (R=Ph) to produce 11 and benzene
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should go through the same charge-induced dipole complex. As long as the tran-
sition state for the conversion of the complex to the adduct lies below the as-
ymptotic limit for separate molecules, the first step of the dissociation should be
reversible, leading to the extensive isotopic scrambling.

Going to the Cp* series, a shallower well is to be expected for the complex rel-
ative to the separated molecules. One would justify this change by invoking both
the increased steric bulk of the Cp* ligand and the greater degree of charge-de-
localization in [Cp*Ir(n*-CH,PMe,)]" (relative to [Cplr(n*-CH,PMe,)]*) as fac-
tors making the charge-induced dipole interaction less stabilizing. Having low-
ered the asymptote relative to the two minima and the transition state for reac-
tion, a small activation energy now appears for the bimolecular gas-phase
reaction. The reverse reaction, CID of 8 (R=Ph), would now proceed without re-
versibility in the first step of the dissociation, limiting the isotopic exchange to
zero or one label. As a consequence, benzene is highly reactive with the cationic
metallaphosphacyclopropanes because, with its large 7-system, it is highly po-
larizable. Pentane reacts because the primary C-H bonds at its termini can ap-
proach even a sterically hindered ion. Cyclohexane, with its secondary C-H
bonds, cannot approach as closely, so the reaction is worse. Last, methane, al-
though it is small, is the least polarizable of the aliphatic hydrocarbons, and
therefore forms only weakly-bound charge-induced dipole complexes, giving
the lowest reactivity.

The question may arise how the knowledge of the intrinsic reactivity of
cationic iridium(III) complexes displayed in the gas-phase studies can be ap-
plied to the design of more efficient catalysts. It did not take too long before an
answer to this question was given. Less than one year after publication of the
gas-phase results summarized above, Luecke and Bergman reported the solu-
tion-phase reactivity of Cp*Ir(n?-CH,PMe,)(OTf) (TfO =trifluoromethanesul-
fonate), a catalyst which had been designed according to the reactivity scheme
found in the ESMS work (Scheme 6) [82]. The rate of disappearance of the pre-
cursor complex Cp*Ir(r?-CH,PMe,)(Cl), from which Cp*Ir(?>-CH,PMe,)(OTf)
was formed by adding AgOTf{, in neat benzene was extremely rapid (#,,,=5 min
at 25°C), much faster than the analogous reaction of Cp*Ir(PMe;)(CH,)(OTf)
(t;,=24 h at 25°C). The iridaphosphacyclopropane complex is much superior in

,||r;'C' LICHzPMe;
DMSO  CI
MgClp, THF
30%
YIeld Me2PCH2MgC|

cl —

~OTf b OTF

Al g o ,
MeP—N  —AgCl MeoP—N 90%  MesP” “CeHs

Scheme 6. Reactivity of an iridaphosphacyclopropane catalyst
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C-H activation than is the 16-electron complex [Cp*Ir(PMe;)(CH;)]OTf. This
solution-phase reactivity resembles exactly the order of reactivity as found in
the gas-phase experiments.

Both the similarities and the differences between the observed gas-phase and
solution-phase chemistry hold information useful to the dissection of complex re-
action pathways. In the particular case of C-H activation by cationic iridium(IIT)
complexes, a novel mechanism involving metallaphosphacyclopropane intermedi-
ates was found. The balance favoring this mechanism over competing mechanisms
not involving cyclometalation depends on the presence or absence of solvent, and
may be adjustable by perturbations in structure or surroundings. The multiplic-
ity of competing mechanisms and energetically similar structural types in
organometallic chemistry has often been blamed for the poor state of mechanistic
understanding in the field, but with the introduction of new, powerful physical
techniques, this problem can potentially become an asset. We see that changes in
mechanism can be induced by small changes in the molecule or its surroundings,
which if properly understood can then be used to fine-tune reactivity rationally.

5.5
Ziegler-Natta-Like Olefin Oligomerization by Alkylzirconocene Cations

5.5.1
Introduction

The Ziegler-Natta polymerization of olefins is a technical process of utmost im-
portance for the synthesis of high-molecular-weight polymers [83]. The techni-
cal process is based on the activation of a suitable zirconocene precursor, typi-
cally Cp,ZrMe, or Cp,ZrCl,, by a strong Lewis acid as co-catalyst (e.g., methyl-
aluminoxane MAO, the product of a partial hydrolysis of AlMe;). The co-catalyst
has a twofold function in the technical process: (1) it assures partial or complete
alkylation if the precursor is a zirconocene dihalide; and (2) due to its strong
Lewis acidity, MAO removes one of the methyl groups of dimethylzirconocene,
thus forming an ion pair [Cp,ZrCH;]* CH;-MAO~ where the cation is not free,
but stabilized by Al,O—Zr or AICH;—Zr contacts.

Mechanistic studies on Ziegler-Natta-like polymerization soon focused on
the role of cationic alkylzirconocene species in the catalysis. In the 1980s, Jordan
and co-workers were the first to isolate and characterize an alkylzirconocene
cation in the form of the salt [Cp,Zr(CH;)(THF)]* [BPh,]~ (Scheme 7) [84, 85].

CH3CN
CpoZrMes + Ag[BPhy)

[CpQZr(CH3)(CH30N)]+ [BPh4]7 + Ag + CQHG

—|+
¥ CH BPh,s~
Zry s N

recrystallization from THF yields QD

Scheme 7. Preparation and isolation of a methylzirconocene salt by Jordan et al. [84, 85]
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Due to the predissociation of THF being the rate-limiting step, the ethylene
polymerization activity of this methylzirconocene salt was relatively low. In sol-
vents acting as donor ligands (THF, acetonitrile) its polymerization activity was
shut down completely. These results supported the original proposal (the so-
called Long-Breslow-Newburg mechanism) that a cationic alkylzirconocene is
the active species in Ziegler-Natta polymerization. A breakthrough was achieved
by the introduction of perfluorinated tetraphenylborate as a counterion
(Scheme 8) [86]. Those salts were the first well-defined zirconocene complexes
that could polymerize propene and higher olefins without addition of an acti-
vator.

—CH,4
CpoZrMe; + [HNMesPhl* [B(CgFs)a]™ —— ar
—NMeyPh ﬁ [B(CsFs)al”
I Zr—CHg

CpoZrMes + [PhsClt [B(CgFs)al™ —_—
P2 2 [PhsC]* [B(CsFs)al _PhaCMe

Scheme 8. Synthesis of the perfluorinated tetraphenylborate of methylzirconocene

5.5.2
ESMS Studies

There had been previous mass spectrometric studies of isolated metallocene
ions in the gas phase, most notably by Eyler, Richardson, and co-workers
[87-89]. They prepared [Cp,ZrCH;]* by electron impact on dimethylzircono-
cene and studied its reactivity towards olefinic substrates in an ICR spectrome-
ter. For the wide range of a-olefins investigated by Richardson and Eyler, allylic
complexes, formed by loss of H,, were the sole observed products of reaction of
[Cp,ZrCH;]* with olefins bearing a f-hydrogen (Scheme 9). In the case of other
a-olefins lacking a B-hydrogen, e.g., isobutylene and a-methylstyrene, Richard-
son and Eyler report exclusive conversion to products coming from loss of CH,.
The H,-loss and the CH,-loss products, assumed to have rr-allyl structures, are
catalytically inactive in further Ziegler-Natta steps. Accordingly, addition of
more than one unit of an olefin was not seen. On the other hand, reaction of
olefins with laser-vaporized Ti* and Al* in high-pressure mass spectrometric
experiments [90-93] gave multiple additions, frequently accompanied by exten-

[Cp2ZrCH3l* + CyHm — [CpaZrCriiHmu]" + Ho

+ + + +
Q\CH; insertion ﬁz h 7 H h -Ha @ E

— Zr.

<& E T &

Scheme 9. Reaction of [Cp,ZrCH;]* with a-olefins in an ICR spectrometer
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sive dehydrogenation. There had been no solution-phase analogues for these
atomic cations or their reactions. Richardson and Eyler attributed the difference
between their results and the condensed-phase reactivity to incomplete ther-
malization of the intermediate ions formed by olefin insertion in the very low-
pressure environment of an ICR spectrometer cell. Since the reaction chamber
in the ESMS setup is operated at significantly higher pressures, the conditions to
carry off the reaction energy and thus to observe the Ziegler-Natta-type reac-
tivity were much more favorable.

Stable solutions of the tetrakis(pentafluorophenyl)borate salt of the methylzir-
conocene cation [Cp,ZrCHj;]*, suitable for electrospray, were prepared by treat-
ment of a 10> mol 1! solution of Cp,Zr(CHj), in acetonitrile with dimethylanilin-
ium tetrakis (pentafluorophenyl)borate [94]. The solution was then diluted with
CH,Cl, and electrosprayed. Due to the extremely high sensitivity of methylzir-
conocene with regard to traces of water, large peaks consistent with oxygen-
bridged binuclear complexes [Cp,Zr(L)O(L")ZrCp,]* with the additional ligands
L being methyl, acetonitrile, or triflate could not be suppressed completely. Never-
theless, a dominant peak corresponding to [Cp,Zr(CH;)(CH;CN)]* could be re-
producibly observed. More severe desolvation conditions (higher tube lens poten-
tial) converted [Cp,Zr(CH;)(CH;CN)]* to [Cp,ZrCH;]*, from which collision-in-
duced dissociation (CID) in the second octopole gave loss of methyl.

Selection of [Cp,ZrCH;]" in the first quadrupole and reaction with 1-butene
generated the species shown in Fig. 3. The products observed reflected the reac-
tivity which had already been seen in the ICR experiments: the insertion prod-

Lo0- 220.0 [CPQZV(C4H8)]+
1 275.7
oo ] [Cp,Zr(CHg)I™
235.1 +
. [CpoZr(CgHg)]

] 289.0
I ] /

40 1

20 1

200 220 240 260 280 300 320

Fig. 3. Daughter-ion spectrum of the products from the gas-phase reaction of mass-selected
[Cp,Zr(CH3)]* (m/z=235) and 1-butene
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uct of the Ziegler-Natta reaction [Cp,Zr(CsH,;)]" (m/z=291) was not detected,
but instead the allylic complex [Cp,Zr(CsHy)]*. The remaining prominent peaks
in the spectrum were due to methyl loss from [Cp,ZrCH;]* yielding the zir-
conocene cation [Cp,Zr]* (m/z=220). This highly unsaturated complex readily
picks up 1-butene, thus forming the olefin complex [Cp,Zr(C,Hg)]* (m/z=276).

Use of 1-butene in the first octopole region, i.e., use of 1-butene for reaction
and thermalization, and a tube lens potential set to produce [Cp,ZrCH;]* gave
new peaks, prominent among which were the masses corresponding to 13 (n=1)
and 14. The adduct 13 (n=1) corresponded to the product of insertion of the
olefin into the Zr-C bond of the methylzirconocene cation, while 14 corre-
sponded to the product arising from H, loss from 13 (Scheme 10). Characteriza-
tion by CID of the mass-selected ions in the second octopole gave the expected
results. For 13 (n=1), loss of H, was the predominant process when the gas pres-
sure in the second octopole was low (below a few millitorr). Mass selection of 13
(n=1) in the first quadrupole and collision with more 1-butene (10 mTorr, near-
zero collision energy) in the second octopole produced the daughter-ion mass
spectrum shown in Fig. 4. The reaction of mass-selected 13 (n=1) in the second
octopole was remarkably clean. As expected from a Ziegler-Natta-type reaction,
addition of up to three units of the olefin had occurred.

+ + +
i 1-butene ﬁ E —Ha ﬁ h

Zr—(CHoCHER),CHa Rég /

13 14

Scheme 10. Ziegler-Natta oligomerization of 1-butene by [Cp,ZrCH,]*

Reaction of the methylzirconocene cation with isobutylene instead of 1-
butene in the first octopole gave a prominent peak due to the addition product,
with no accompanying loss of H, and only a small peak corresponding to CH,
loss. Experiments with ethylene and propylene gave similar results, although H,
loss from the analogue of 13 (n=1) was more difficult to suppress. For ethylene,
propylene, 1-butene, and isobutylene, a novel alkene dehydrogenation reaction
could also be observed for methylzirconocene, but not for 13. These results con-
stituted the first observation of multiple olefin additions to a gas-phase metal-
locene cation that also performs Ziegler-Natta polymerization in solution.
While electrospray mass spectrometry has been used to study catalytic reac-
tions (see Sect.4.3), reports in the literature have been limited to analysis of so-
lutions which were catalytically active. The gas-phase ions themselves have been
never shown to be competent as catalysts in those studies.

5.5.3
The Gas-Phase Reactivity of the Methylzirconocene Cation

By and large, the gas-phase reaction resembles that for the condensed phase. The
complete absence of H, loss from 13 (n>1) indicates that the increased density
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Fig. 4. Daughter-ion spectrum of the products from the gas-phase reaction of [Cp,Zr(CsH,;)]*
(m/z=291) and 1-butene. The peaks at m/z=347 and 403 correspond to the addition of one and
two olefin molecules

of states associated with the growing alkyl side chain sufficiently slows the H,-
loss reaction, allowing collisional stabilization of the adduct and/or further ad-
dition reactions under conditions where higher pressures and shorter reaction
times work against chemically activated reactions. The alkene dehydrogenation
reaction, also a chemically activated reaction, is similarly quenched by higher
pressure and longer chain lengths.

The most notable difference between the gas-phase results and the analo-
gous reaction in solution is the large rate acceleration. A kinetic study of the
Cp,ZrCl,/MAO system in solution-phase olefin polymerization found k,=168-
1670 M™' s7! at 70°C with an absolute upper-bound of k,<5000 M~ s with
75-100% of the available zirconium available in a catalytically active form [95].
To estimate the second-order rate constant for addition of 1-butene to
[Cp,ZrR]* in the ESMS setup, ion mobility in the octopole collision cell at “high”
pressure, i.e., tens of millitorr, was modeled using a Monte Carlo simulation
assuming a Langevin cross section for the collision rate in the presence of the
radiofrequency field. The collision cell was found to behave similarly to an ion
drift cell, with the incident ions undergoing (depending on conditions) up to
100,000 collisions with gas molecules before exit. The model was validated by
measured ion residence times in the collision cell and found to give excellent
quantitative agreement. Comparing the measured product yield with the num-
ber of collisions gave a reaction probability per collision of about 103, which
means that the 1-butene addition to [Cp,ZrR]* occurs with a second-order rate
constant of k~10%-10° M~! s7! (at 70°C), which is entirely consistent with a com-
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posite rate constant of (3.5+0.4)x10® M~! s! reported by Richardson et al. [89].
The addition of 1-butene to the unsolvated cations occurs at a rate up to a few
orders of magnitude slower than diffusion-controlled, which is still approxi-
mately 10° times faster than the corresponding solution-phase addition, for
which the metallocene cation is part of an ion pair, often with one or more
additional coordinating ligands (e.g., solvent). The result is qualitatively reason-
able on two grounds: (1) lacking a counterion or any charge donation by even a
weakly coordinating solvent molecule, and furthermore lacking any preequilib-
ria to form the active species, the isolated cations should be intrinsically more
reactive; and (2) the electrostatic interaction, either ion dipole or ion induced-
dipole, which is screened out in solution, effectively lowers the activation energy
of a bimolecular ion-molecule reaction by perhaps 10 kcal/mol relative to the
same reaction in solution.

5.6
High-Valent Oxomanganese-Salen Complexes

5.6.1
Introduction

The transition metal-catalyzed oxidation of various organic substrates is of ut-
most importance in synthetic applications as well as in biochemical transfor-
mations. High-valent oxomanganese and oxoiron complexes play a crucial role
in oxygen transfer to otherwise unreactive organic substrates. The paradigmatic
system for oxidative transformations in biological systems is the enzyme cyto-
chrome P-450 [96]. Numerous studies point to oxoiron intermediates being in-
volved in the mechanism of cytochrome P-450. The study of cytochrome P-450
and porphyrin model complexes designed to mimic its reactivity has yielded a
number of synthetically useful catalysts for the epoxidation and hydroxylation
of organic substrates [97,98]. In addition to their importance in enzymatic oxy-
genations, oxometal complexes have often been suggested as the catalytically ac-
tive species in epoxidations catalyzed by metal-salen and porphyrin complexes.
Designed for synthetic purposes, metal-salen complexes (salen=N,N’-bis(sali-
cylidene)ethylenediamine), which can be viewed as simplified synthetic models
of their porphyrin analogs, were introduced by Kochi and co-workers as versa-
tile epoxidation catalysts in the 1980s [99-103]. A breakthrough was achieved in
the field of enantioselective epoxidation through the introduction of chiral
manganese-salen catalysts by Jacobsen and co-workers [104], with a closely re-
lated but somewhat less effective system by Katsuki and co-workers developed
at about the same time [105]. The Jacobsen-Katsuki reaction is now recognized
as one of the most useful and widely applicable methods for the epoxidation of
non-functionalized olefins [106].

The mechanistic scheme adopted for oxygen transfer to organic substrates by
salen complexes is based on the isolation and characterization of the ox-
ochromium(V) species by Kochi and co-workers (Scheme 11) [99, 101]. The
(salen)Cr-oxo complex was prepared by oxidation of the chromium(III) precur-
sor with PhIO, isolated, and shown to be competent in epoxidizing alkenes
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Scheme 11. The mechanism of alkene epoxidation catalyzed by chromium-salen complexes

under stoichiometric and catalytic conditions [100]. This result was in accor-
dance with the properties and reactivity of an analogous oxoporphyrinato-
chromium(V) complex studied earlier by Groves and Kruper [107]. The metal-
oxo species in these reactions are acting as a staging post for oxygen transfer,
which is why the mechanism was termed “oxygen-rebound”. The chromium
complexes were useful for mechanistic studies, but their utility as epoxidation
catalysts is limited to electron-rich olefins. Switching to manganese as the metal
center, Kochi and co-workers established a much more versatile salen-based oxi-
dation catalyst [102, 103]. However, mechanistic studies on these systems were
always hampered by the fact that the catalytically active oxomanganese species
appear as fleeting putative intermediates.

In view of the fact that oxygen transfer reactions are so common and impor-
tant in biological systems as well as in organic synthesis it may come as a sur-
prise that our knowledge of the detailed mechanisms of these reactions leaves so
much to be desired. Two factors are mainly responsible for the lack of mecha-
nistic insight. (1) Oxygen transfer to the transition metal by dioxygen or some
oxygen atom donor can yield several different species with quite diverse reac-
tivities. In the case of manganese-porphyrin complexes, Groves and Stern were
able to isolate several different oxomanganese(IV) complexes, none of which
showed the reactivity typical for the intermediate in question [108, 109]. More-
over, insight into the detailed mechanism of oxygen transfer by cytochrome
P-450 is enormously complicated by the different reaction steps which can be
envisioned after the initial formation of the ferric peroxocomplex: heterolytic
0-0 cleavage (—(porphyrin)Fe"=0), homolytic O-O cleavage (—(porphyrin)
FelV=0), or direct nucleophilic attack on enzyme-bound substrate. (2) The tran-
sient nature of the catalytically active species. Groves and co-workers measured
the conversion of a reactive intermediate in the manganese-porphyrin catalyzed
oxidation, to which they assigned an oxomanganese(V) structure. They deter-
mined that the reaction followed a first-order rate constant of 5.7 s7! [110].

Both problems can easily be overcome by transfer of the metal-oxo complexes
to the gas-phase. By mass selection, the species of interest can be singled out and
studied separately without interference by additional complexes present in so-
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lution. The reactivity of the crucial intermediates can be monitored by directed
collision with an appropriate substrate. Their short solution-phase lifetimes do
not pose a problem anymore due to high-vacuum conditions.

5.6.2
Gas-Phase Coordination Chemistry of Manganese(lll)-Salen Complexes

Many open questions concerning the mechanism of the catalytic oxidation can
be addressed in a unique way by using electrospray tandem mass spectrometry.
In the beginning, our gas-phase studies were focused on two basic questions: (1)
how is the oxygen transfer to the metal center achieved; and (2) what are the
species produced upon oxidation under typical reaction conditions. Electro-
spray of unsubstituted manganese(III) salen complexes in acetonitrile gave
mainly the singly charged, five-coordinate cation [(salen)Mn™(CH,CN)]* [111].
When the ions were collisionally activated by applying higher tube lens poten-
tials of ~130 V, some of the ligated acetonitrile molecules could be dissociated
from the manganese centers resulting in the detection of the “naked” salen com-
plex [(salen)Mn!™]*. It is well known from numerous crystallographic studies
that manganese(III)-salen complexes can bind one or two ligands (usually the
solvent used for recrystallization, i.e., acetone, ethanol, etc.) in the axial posi-
tions, thus forming five- or six-coordinate species in the solid state [112]. In the
tetra- and penta-coordinate modes of these complexes, the salen ligand is always
in a planar conformation. In the octahedral coordination mode, an alternative
arrangement has been occasionally observed, where one of the oxygens of the
salen ligand moves out of the plane and occupies an apical position. The axial
ligands can easily be exchanged in solution, indicating that they are only weakly
bound to the manganese center [113].

When electrospraying manganese-salen complexes in acetonitrile no six-co-
ordinate species bearing two acetonitrile ligands were detected [111]. The pres-
ence of significant amounts of the five-coordinate species, however, posed the
question whether or not acetonitrile is bound strongly enough to survive the
spraying process. When a 10~> mol 1! stock solution of [(salen)Mn]ClO, in ace-
tonitrile was diluted to 10> mol 1! with CH,Cl, and electrosprayed, only small
traces of the five-coordinate complex with CH;CN as a ligand remained. The
acetonitrile could then be completely removed by applying high tube lens po-
tentials. The presence of [(salen)Mn[(CH;CN)]* was thus probably due to re-
combination during the electrospray process when acetonitrile was used as the
electrospray solvent. Ligand pick-up experiments in the collision cell confirmed
this hypothesis. While the “naked” salen complex readily picked up one mole-
cule of acetonitrile, no traces of the acetonitrile bisadduct were detected.
Accordingly, when the five-coordinate complex [(salen)Mn™(CH;CN)]* was
mass-selected in the first quadrupole, no addition of acetonitrile could be in-
duced.

A similar picture emerged from experiments performed with methanol as the
axial ligand. The picture changed somewhat when a better coordinating ligand
was used, namely pyridine. Pick-up experiments in the collision cell led to ex-
clusive formation of the five-coordinate complex. However, when a solution of
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[(salen)Mn]ClO, with a large excess of pyridine in CH;CN was electrosprayed, a
small amount of the six-coordinate species [py(salen)Mn™'py]* bearing two ax-
ial pyridine ligands was also observed. Electronic factors play a decisive role in
the formation of six- vs five-coordinate manganese-salen complexes. One would
conceive intuitively that Mn-salen complexes with a more electron-deficient
metal center bind axial ligands more strongly. With [(5,5"-dinitrosalen)Mn]*, a
species corresponding to the complex with two axial acetonitrile ligands was ob-
served in the ES mass spectrum. Accordingly, pick-up experiments with [(5,5’-
dinitrosalen)Mn]* in the collision cell clearly showed addition of one or two
molecules CH;CN.

5.6.3
Preparation of Oxomanganese(V)-Salen Complexes: The Mechanism of Oxygen Transfer

Oxomanganese(V)-salen and porphyrin complexes have so far remained elusive
in condensed-phase studies. Electrospray of in situ mixtures of [(salen)Mn']
ClO, and a suitable oxygen transferring agent, however, should reveal the nature
of the oxidation products, since all ionic species in solution will be transferred
to the gas phase and thus be detectable. The oxidizing species were prepared fol-
lowing the two most common literature procedures: (1) addition of a solution of
the complex to a suspension of iodosobenzene in acetonitrile; and (2) oxidation
of the Mn"" complex with bleach in a two-phase system CH,Cl,/H,0. Following
procedure (1), the qualitative mass spectrometric analysis of the electrosprayed
ions revealed a plethora of new species formed upon addition of the oxidant
(Scheme 12, Fig. 5) [114]. The Mn™ complexes [(salen)Mn™(CH;CN)]* and
[(salen)Mn]* were still present in the spectrum, albeit with strongly reduced
intensities. The two oxidized species most prominent in the spectrum were the
parent oxo complex [O=Mn"(salen)]* (m/z=337) and the p-oxo bridged di-
nuclear complex with two terminal PhIO ligands [PhIO(salen)Mn-O-
Mn(salen)OIPh]** (m/z=549). Following a similar approach, Lindsay Smith and
co-workers were able to identify oxomanganese(V) species in the oxidation of
4-methoxyphenol by H,0, catalyzed by manganese 1,4,7-triazacyclononane
complexes [115].

The detection of [PhIO(salen)Mn-O-Mn(salen)OIPh]?* in the ESMS experi-
ments was the first direct observation of the conproportionation of Mn'! and
Mn"-oxo species as the mechanism for parking the catalytically active complex
in a more persistent form, the mechanism postulated earlier by Kochi et al.
[102]. The microscopic reverse process, the disproportionation of the p-oxo
bridged dinuclear complex, would lead to the release of [O=Mn"(salen)]*. This

1 [O=MnV(salen)]* + [O=Mn"(salen)(CH3CN)I*

N e
N\Mﬁlw PhlO + [Mn'(salen)OIPh]*
O/ ’ o) acetonitrile + [0=Mn"(salen)OIPh]*
CH3CN

+ [PhlO(salen)Mn'VOMn'"V(salen)OIPh]?*

Scheme 12. Species detected by ESMS upon oxidation of [(salen)Mn!]*
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Fig. 5. Electrospray mass spectrum of an authentic epoxidation reagent mixture obtained by
adding PhIO to an acetonitrile solution of [(salen)Mn(CH;CN)]*

reaction can be triggered by collision with argon in the gas phase, thus provid-
ing a structural proof for the parent dication as well as for the putative reactive
oxomanganese(V) cation. The two primary daughter ions formed by collisional
activation immediately fragmented further, leading to a quite complex product
pattern.

This behavior made it possible to study in detail the ligand properties of
iodosobenzene and the mechanism of oxygen transfer to the metal center [116].
By adjusting the tube lens potential in the electrospray source it was possible to
generate the complex [(salen)Mn".PhIO]* in high enough yields to conduct
MS/MS experiments. The daughter-ion spectrum of [PhIO(salen)Mn']* gave
predominantly [O=Mn"(salen)]* due to the facile fragmentation of the O-I
bond. Loss of PhIO leading to [(salen)Mn™]* was only a minor pathway. The fol-
lowing conclusions for the mechanism of oxidation by iodosobenzene could be
drawn from this experiment. Due to the polymeric structure (with an O-I-O
backbone) in the solid state, the solubility of PhIO in organic solvents is very low,
and consequently at any time there are only small amounts available for ligation.
The detection of [Mn(salen)PhIO] proved that iodosobenzene coordinates
strongly enough to the metal center to survive electrospray conditions, thus in-
dicating that the major part of dissolved PhIO will be effectively bound to the
manganese complex. From the fragmentation experiments it was obvious that
O-Ibond scission dominates by far over the alternative O-Mn breakdown in the
energy range of the CID experiments, thus leading to the preferred formation of
[O=MnV"(salen)]* and PhI over [(salen)Mn™]* and PhIO.
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5.6.4
Reactivity and Coordination Chemistry of Oxomanganese(V)-Salen Complexes

Does the oxomanganese(V)-salen complex also display oxygen-transfer reactiv-
ity in the gas phase? When [(salen)Mn=0]" was collided with an inert gas (Ar,
Xe), no fragmentation was observed due to the stable metal-oxo multiple bond
[117]. With substrates that are readily oxidized in solution (electron-rich olefins
or sulfides), however, the picture changed drastically. As there was no way of
observing the oxidized products directly in this MS experiment, the reactivity
had to be deduced by correlating the turnover with the appearance of the
[(salen)Mn™]* complex in the daughter spectrum. With 2,3-dihydrofuran, di-
methyl sulfide, or phenyl methyl sulfide in the reaction chamber, [(salen)Mn]*
was produced to a considerable amount from [(salen)Mn=0]* [114]. A control
experiment with tetrahydrofuran as collision gas showed no such fragmentation
at the chosen collision energies.

p-Oxomanganese(IV) complexes without terminal ligands or with acetoni-
trile instead of iodosobenzene were conspicuously absent in all the mass spec-
tra recorded. Iodosobenzene is obviously efficient in stabilizing a u-oxo com-
plex, but the lability of the I-O bond and the problems experienced with dif-
ferent samples of varying properties forced us to look for more reliable
alternatives. Amine N-oxides have proven to be a viable alternative. The best
method to obtain relatively stable p-oxo complexes was found in the mixing
of [(salen)Mn™]* and an amine N-oxide (~1:10) in a slurry of iodosoben-
zene in acetonitrile [118]. A representative spectrum of the electrosprayed
supernatant solution with p-CN-C¢H,NMe,O as ligand is shown in Fig. 6.
The species which appear most prominently in the spectrum are [p-CN-
C¢H,NMe,O(salen)Mn™]*  (m/z=483), [p-CN-CsH,NMe,O(salen)Mn"=0]*
(m/z=499), and [p-CN-C,H,NMe,O(salen)Mn!'V-O-Mn'Y(salen)OMe,N-p-CN-
CeH4]** (m/z=491). The signal at m/z=325 was assigned to the H*-bridged N-
oxide adduct [p-CN-C¢H, NMe,O-H-ONMe,-p-CN-C¢H,]*. Amine N-oxides
apparently are much better ligands than iodobenzene or acetonitrile, which
were both displaced, and they are very effective in stabilizing the p-oxo bridged
manganese(IV) complexes.

Tertiary amine N-oxides were quite useful as stabilizing capping ligands for
the p-oxo bridged dinuclear complexes, but the ambiguities in the fragmenta-
tion of ligated N-oxides made the search for an alternative neutral ligand desir-
able. Phosphine oxides turned out to be the ligands of choice because of the
oxophilicity of Mn'" on the one hand and the strong, fragmentation-stable P=0
bond on the other. Since triethylphosphine oxide does not act as an oxidant, a
good method to prepare relatively stable p-oxo complexes was found in the mix-
ing of [(salen)Mn™]* and the phosphine oxide in a slurry of iodosobenzene in
acetonitrile. The species thus generated in substantial yields were [Et;PO
(salen)Mn™]*, [Et;PO(salen)MnV=0]"*, and [Et;PO(salen)Mn'V-O-Mn!V(salen)
Et;PO]?*. Phosphine oxides apparently are much better ligands than either io-
dosobenzene or acetonitrile, which are both largely displaced, and they are very
effective in stabilizing the p-oxo bridged manganese(IV) dimers.
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Fig. 6. Electrospray mass spectrum of an acetonitrile solution of [(salen)Mn]ClO,, p-CN-N,N-
dimethylaniline N-oxide, and iodosobenzene, showing the formation of N-oxide ligated man-
ganese(III) and oxomanganese species

5.6.5
Electronic Tuning of the Salen Ligand

Electronic tuning of the salen ligand, i.e., substitution on the aryl portion of the
ligand, can drastically alter the catalyst properties. With a source for oxoman-
ganese(V) salen complexes available, the effects of salen substitution on the cat-
alyst reactivity can in principle be measured directly in the gas phase. The ob-
vious way to probe the influence of electronic tuning, namely CID (collision-
induced dissociation) threshold measurements (see Sect. 5.8) of differently
substituted [(salen)Mn!™.PhIO] adducts, was precluded by the sheer size of the
molecules. In the case of the cyclometallation reaction [CpIr(PMe;)(CH;)]*—
[CpIr(7*-CH,PMe,)]*+CH,, we had been able to demonstrate that reliable ther-
mochemical data can be obtained by CID threshold measurements within the
ESMS setup, but it also became clear from this study that the number of degrees
of freedom and the quality of the frequencies obtained from quantum chemical
calculations needed for the RRKM correction pose a substantial problem when
solution-phase species with a full ligand sphere are studied [81].

The presence of the p-oxomanganese(IV) complexes opens an alternative
route to assess substituent effects on the reactivity of the Mn=0 species. When
a dinuclear p-oxo complex with different salen ligands on each side is frag-
mented, the ratio of the resulting two oxo-manganese(V) complexes (and, ac-
cordingly, the corresponding (salen)Mn™ fragments) will reflect their kinetic
stability (Scheme 13) [118]. On the assumption that the reverse barrier for both
reaction channels is roughly equal, entropic factors cancel, and that the energy
distribution of the reactant ions can be approximated by a Boltzmann distribu-
tion, the observed difference in kinetic stability will reflect the difference in ther-
modynamic stability as well. Thus, it becomes possible to establish an ordering of



Metalorganic Chemistry in the Gas Phase: Insight into Catalysis 187

m |
(e}
AN
r—=<
7=\
|
)
I
X
'__®
uy)
|
+

L Icl) + I+

|
R1-C_Min DRy R‘®R1 + R2®R2

|

5 CID L L

| 1t (") 1t
Re-Chin >-r R~ >Ry + Rp-C M -Ro

| |
L L L

Scheme 13. Possible fragmentation products upon CID of p-oxomanganese(IV)-salen com-
plexes with salen ligands differently substituted in the 5 and 5’ positions

the relative stabilities of oxomanganese(V) salen complexes depending on the
electronic influence of the salen substituents.

It has long been known that substituents in the 5 and 5" positions of the salen
ligand strongly perturb the redox properties of metal salen complexes. There-
fore, the following salen derivatives were studied: 5,5"-dinitro; 5,5’-difluoro; 5,5’
dichloro; 5,5"-dimethyl; 5,5"-dimethoxy; and the unsubstituted salen itself. The
results of the fragmentation of the “mixed” p-oxo complexes can be summarized
as follows. The destabilizing effects on the oxomanganese(V) complex were in
the following order: NO,>Cl=H>F>CH;>OMe. The net effect of the 5,5"-di-
chloro substituted ligand as compared to the unsubstituted salen was zero
within the limits of experimental error. Going to the electron-donating sub-
stituents, the 5,5"-dimethyl-oxomanganese(V) complex was twice as stable as
the unsubstituted one. The maximum stability was provided by the 5,5’-di-
methoxy substitution yielding an oxomanganese(V) species 15 times more
stable than the unsubstituted salen complex (Fig. 7). A small stabilizing effect
was found with the 5,5-difluorosubstituted salen. Conversely, substitution with
electron-withdrawing groups decreased the stability of the oxygen-transferring
species markedly. The dinuclear p-oxo complex with the 5,5’-dinitro-substituted
salen could only be detected right after mixing with amine N-oxide/PhIO and
disappeared within seconds from the spectrum. Accordingly, the formation of
mixed dinuclear complexes with 5,5 -dinitrosalen was very difficult to detect,
and they were simply too short-lived in order to conduct subsequent fragmen-
tation experiments.

The product yields seen in the fragmentation experiments reflect the trend in
stability of the oxomanganese(V) ions that one would conceive intuitively con-



188 D.A.Plattner

100+ 491.3
+
[L(salen)Mn] 11-0%0
\ complex
. 483.2 / mixed

pn-oxo complex
! \
40 1 521.3 +
i [L((MeO),-salen)Mn]

20 1 \‘ U-0X0o
543.2551.4 mplex
| | /CO ple

a 0 n\s_/LA—

T T Y T v T v T
480 500 520 540 560

mlz —p

1004 mixed 521.1
007 u-oxo complex
80 *
60 -
, [L(salen)Mn]*
so ] / [L((MeO),-salen)Mn=0]*
1% [Lsalenn=0]" /
] [L{salemMn=O1" || 1 (Me0),-salen)Mn*
20 ' / \ 55I9 .0
1 499.4 J\
J ] 54%.9
b 0 . , /J. j e

480 500 520 540 560
mlz ——p

Fig. 7. a Electrospray mass spectrum of an acetonitrile solution of [((MeO),-salen)Mn]ClO,,
[(salen)-Mn]ClO,, p-CN-N,N-dimethylaniline N-oxide, and iodosobenzene, showing the for-
mation of homogeneous and mixed j1-oxo complexes with terminal N-oxide ligands. b Daugh-
ter-ion spectrum (0.7 mTorr Ar, collision energy 34 eV) of the mixed dinuclear complex
[L((MeO),-salen)Mn-O-Mn(salen)L]** (m/z=521, L=p-CN-N,N-dimethylaniline N-oxide),
showing both the fragmentation to [L((MeO),-salen)Mn]* (m/z=543) and to the correspond-
ing oxo complex (m/z=559)
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Fig. 8. Correlation of the branching ratios of “mixed” p-oxomanganese(IV)-salen complexes
and o values of the 5,5” substituents

sidering the electronic properties of the substituted salen ligands. The Mn=0
moiety in these high-valent complexes is stabilized by electron-donating and
destabilized by electron-withdrawing substituents. This result can easily be ra-
tionalized by the electron deficiency imposed on the manganese center upon ox-
idation to Mn"=0. The differences in stability derived from gas-phase experi-
ments are quite pronounced. The ordering of the substituent effects suggests an
underlying linear-free-energy relationship. When plotting In(k,/k,) vs Hammett
parameters found in the literature, the best correlation was obtained with the o*
values given by Brown and Okamoto (Fig. 8) [119]. The good correlation with
the ot values in the gas-phase fragmentation experiments can be rationalized by
the analogy between a developing carbocation and the increase in oxidation
state of the manganese center in the course of the fragmentation.

The mechanistic picture obtained from the ESMS studies fully explain the so-
lution-phase observations. It was early recognized by Kochi et al. that (salen)Mn
complexes with electron-donating substituents such as the 5,5’-dimethoxy de-
rivative effect only poor yields of epoxide, whereas the catalyst with 5,5"-dinitro
substituents gave the best product yields [102]. While the reactivity differences
seen with differently substituted achiral salens led to the conclusion that the
more electron-deficient ligand will give the more effective catalyst, the interplay
between epoxidation efficiency and selectivity is much more subtle and less pre-
dictable for asymmetric epoxidation. In 1991, Jacobsen reported the dramatic
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effects of electronic tuning, i.e., using different substituents in the para position
to the ligating oxygens (5,5’-disubstitution), on the enantioselectivity of the
(salen)Mn catalyzed epoxidation of cis-disubstituted olefins [120]. In a later
account, Jacobsen and co-workers systematically investigated the correlation of
enantioselectivity and the electronic character of the Jacobsen catalyst by vary-
ing the substituents in the 5,5 positions (NO,, Cl, H, Me, OMe) [121].In all cases,
electron-donating groups on the catalyst were found to give higher enantiose-
lectivities in epoxidation, whereas electron-withdrawing substituents led to de-
creased enantioselectivity. The possibility that the substituents might induce
conformational distortions in the oxygen-transferring complexes or provoke
changes in the Mn-O bond lengths and thus in the substrate-ligand interactions
were dismissed as highly improbable by these authors. Instead, the electronic
effect on the enantioselectivity was attributed to changes in the reactivity of the
Mn"=0 moiety.

The ESMS gas-phase experiments provided the first direct probe for the in-
trinsic properties of the reactive intermediates in the Jacobsen-Katsuki epoxi-
dation. The intermolecular experiment in which the two metal centers in the
“mixed” p-oxo complex compete for the bridging oxygen atom give a direct
measure of the oxygen-transfer reactivities of the oxomanganese(V) species,
with the benefit that no olefinic substrate has to be present. Electron-donating
substituents stabilize the oxomanganese(V) moiety, which should attenuate its
reactivity and give a relatively milder oxidant. Electron-withdrawing sub-
stituents, on the other hand, destabilize the oxomanganese(V) moiety, making it
a more reactive oxidant. Accordingly, the milder oxidant which delivers the oxy-
gen to the substrate in a more product-like transition state will achieve a higher
degree of stereochemical communication between substrate and catalyst,
whereas the more reactive oxidant’s differentiation of the diastereomeric tran-
sition structures will be much poorer. The analogous trends in the reactivities
seen in solution phase and in the gas-phase stability measurements indicate that
the mechanism of oxygen transfer to the substrate in solution is primarily gov-
erned by the intrinsic reactivity of the oxomanganese(V) complexes.

5.6.6
Effects of Axial Ligands

The reactivity of salen catalysts in epoxidation reactions is not only tuned by
substitution of the salen, but also by adding donor ligands to the reaction mix-
ture [100, 103]. The basic question that had been posed was whether or not
donor ligands directly modulate the reactivity of the oxygen-transferring
species by ligation [122]. The methodology employed for the investigation of
electronic influences on the stability of the oxomanganese(V) complexes can
readily be extended to study the effects of additional axial ligands. For this pur-
pose, a p-oxomanganese(IV) complex with two different terminal ligands has to
be prepared, which upon fragmentation will give rise to two differently ligated
MnV=0 species (Scheme 14) [118]. This experiment provided a direct probe for
possible stabilizing/destabilizing effects of donor ligands on the Mn=0 moiety.
The following ligands were studied: p-CN-N,N-dimethylaniline N-oxide, p-Me-



Metalorganic Chemistry in the Gas Phase: Insight into Catalysis 191

+
N N _| +
— = Bl
\N
Ma = >
(0) L (0] |
L
\ 7\
L = CH3CN, Et3PO, O“/N R, O=N
Ly -2+ (”) 1+ -1+
Ciin> >  + "{'@
|
(I) CID Ly Lo
| I+ ?l) 1+
Mn + ( Mn >
! [ [
Lo Lq Lo

Scheme 14. Possible fragmentation products upon CID of p-oxomanganese(IV)-salen com-
plexes bearing two different terminal ligands

N,N-dimethylaniline N-oxide, p-Br-N,N-dimethylaniline N-oxide, N,N-di-
methylaniline N-oxide, acetonitrile, pyridine N-oxide, and triethylphosphine
oxide.

Pyridine N-oxide was the first axial ligand studied. Kochi had already reported
the use of pyridine N-oxide in manganese- and chromium-salen catalyzed e-
poxidations, which resulted in a significant enhancement of epoxide yields [100,
102]. Fragmentation of the asymmetrical dinuclear p-oxo complex [pyO(salen)
Mn-0O-Mn(salen)]** in the gas phase led to [(salen)Mn=0]* and [pyO(salen)
Mn'"]* as fragmentation products, with no traces of the alternative fragmentation
products detectable (Scheme 15). Fragmentation of the bridging p-oxo bond oc-
curred exclusively on the side where the terminal ligand was bound.
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Scheme 15. Fragmentation of the asymmetrical p-oxo complex [(salen)Mn-O-Mn(salen)
Opy]?* upon CID
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The relative destabilizing effects of different promoters of the catalytic oxi-
dation on the Mn-oxo moiety can be seen from the fragmentation of the p-oxo-
manganese(IV) complex with p-CN-N,N-dimethylaniline N-oxide and pyridine
N-oxide, respectively, as terminal ligands. Fragmentation of the Mn-O bond oc-
curred predominantly on the side where the aniline N-oxide was bound, i.e.,
pyridine N-oxide is much less destabilizing and will thus be the less effective
promoter for oxidation catalysis. Triethylphosphine oxide, also known to be a
good promoter in metal salen catalyzed epoxidations [100], had a similar desta-
bilizing effect as p-CN-N,N-dimethylaniline N-oxide.

The following mechanistic picture emerged from the ESMS data. Since p-oxo
complexes without terminal ligands have never been detected in the in situ
mixtures, it is obvious that additional axial ligands strongly promote formation
of dinuclear complexes. This can simply be rationalized by viewing the forma-
tion of the p-oxomanganese(IV) species as a partial oxygen transfer from
[L(salen)Mn=0]" to [L(salen)Mn]*. As evidenced by the stability measure-
ments, axial ligands enhance the oxygen-transfer capability and thus the forma-
tion of dinuclear p-oxo complexes. The conproportionation can be viewed as an
escape route for the extremely reactive oxomanganese(V) species to “hide” in a
more persistent form. After disproportionation of the dinuclear complex, i.e.,
after the release of [L(salen)Mn=0]", the coordinating ligand will stay ligated at
the metal center and will now promote the reactivity of the catalyst in the epox-
idation (or in the back reaction to the p-oxo complex).

5.7
ESMS Studies of Olefin Metathesis by Ruthenium Carbene Complexes

Olefin metathesis has become one of the most important large-scale technical
processes for the manufacture of olefins in the petrochemical industry [123].
When cyclic olefins are used as substrates, high-molecular polymers, which are
formed by the so-called ring-opening metathesis (ROM), have found applica-
tions as elastomers and plastics. Gas-phase studies on the mechanism of olefin
metathesis had been confined to simple metal carbenes, for example
[Mn=CH,]", [Fe=CH,]",and [Co=CH,]* [124-127]. Most of the metatheses have
been observed with deuterated ethylene.

In order to parallel solution-phase reactivity and ion-molecule reactions in
the gas phase, the reactivity of a typical homogeneous catalyst, described earlier
by Grubbs and co-workers [128], was studied by ESMS [129]. Electrospray of the
dichloride salt of 15 and increasing the collisional activation potential first
yielded predominantly the monocation 16, but with raising the tube lens poten-
tial even higher the intensity of 16 decreased due to loss of the second phosphine
ligand, loss of trimethylamine, and loss of HCI. The observed fragmentation pat-
tern was consistent with the assumed structure of the ruthenium complex.

When 1-butene was used as reaction partner and thermalization gas in the
first octopole, a new signal with the mass corresponding to the propylidene
complex 17 appeared in the spectrum, indicating that an olefin metathesis reac-
tion had occurred. This reactivity was confirmed by mass-selecting either 15 or
16 in the first quadrupole and reaction with 1-butene in the collision cell. The
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Scheme 16. Reactions of ruthenium carbene 16 in the mass spectrometer

only metathesis product observed in both cases was 17. With cyclobutene or
norbornene in the first octopole, the complexes 18 and 19 were formed pre-
dominantly as a result of ROM (Scheme 16). When the reaction was performed
in the collision cell, addition of up to three cycloolefin units was detected.

Many features that appear in solution-phase metathesis reactions also ap-
peared in the gas-phase reactions. (1) Dissociation of one phosphine ligand is a
prerequisite for metathesis reactions, as evidenced by the complete absence of
products containing two phosphine ligands. (2) The monocation 16 showed no
metathesis reactivity with carbonyl compounds. (3) In the reaction with 1-
butene, only the propylidene complex was formed, while the alternative methyl-
ene complex could not be detected. This kinetic preference became evident be-
cause of the nonequilibrating conditions in the gas-phase reaction. (4) In ROM,
the addition of the first cycloolefin unit was much faster than the subsequent
addition steps, which resembles the observation in solution-phase studies that
the rates of initiation are much larger than the rates of propagation. The one
exception to the similarity of the gas-phase and solution-phase reactions was
the absolute rate. As in the case of the Ziegler-Natta-like polymerization by
unsolvated [Cp,ZrR]* described in Sect. 5.5, the olefin metathesis and ROM re-
actions were accelerated by up to a factor of 10* relative to the solution phase. As
with the zirconocene cations, the rate acceleration can be attributed to the com-
plete absence of preequilibria as well as ion-pairing effects, but mainly to the en-
ergy gained by the ion dipole or ion induced-dipole interactions common to all
ion-molecule reactions.
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The perfect parallelism of gas- and solution-phase reactivities shows once
again the validity of the ESMS approach as a tool for mechanistic research. Ex-
tending the previous work, substituted ruthenium benzylidene monophosphine
complexes were prepared by reaction of the electrosprayed parent ruthenium
benzylidene with a variety of substituted styrenes [130]. The substituent effects
found in the gas-phase reactions can be summarized as follows. For the reaction
with 1-butene, a modest acceleration of the acyclic metathesis reaction by elec-
tron-withdrawing groups on the aryl group of the substituted ruthenium ben-
zylidene was found. For the reaction with norbornene, on the other hand,
essentially no electronic influence on the rate of the ring-opening metathesis
reaction was observed. In the solution phase, investigation of the metathesis re-
action of ruthenium benzylidenes substituted on the aryl group of the carbene
found no clearly interpretable electronic substituent effects [131, 132]. One has
to bear in mind that in solution there is a ligand exchange preceding metathesis
in which one phosphine ligand must first dissociate, and a further ligand ex-
change at the end of the reaction after metathesis has occurred. The first ligand
exchange enters into the overall solution-phase rate as a multiplicative factor,
and is adversely affected by electron withdrawal on the benzylidene. Accord-
ingly, the two effects run in opposite directions, thus reconciling the gas phase
results with the solution-phase studies.

An experimental probe of reversibility in ROMP was accomplished by using
bifunctional substrates which offer the product of a ring-opening metathesis re-
action the chance to undergo a nondegenerate ring-closing metathesis to a iso-
topically or otherwise substituted complex distinguishable from the original
complex by mass [130]. The ROMP substrate 4-[(Z)-2-pentenyl-3,4,4,5,5,5-d;]-
cyclopentene, e.g., upon reaction with the ruthenium propylidene complex 20
led to a significant conversion of 20 to 20-dj, indicating that the ring-opening
metathesis of cyclopentene had occurred in a reversible fashion (Scheme 17).

+
Me3N/\/PCYZ
Cl., L~ .CoHs
Ru=—=
1 H
Cl

20

Scheme 17. Reversibility of ROM in the gas-phase metathesis of 20
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Ring-opening metathesis of the substrate 5-vinylnorborn-2-ene, on the other
hand, could not be reversed under those experimental conditions. As had been
suggested much earlier [133-135], strain release in the substrate is not the prin-
cipal determinant in the several orders-of-magnitude difference in apparent
ROMP reactivity of cyclohexene vs norbornene. Instead, the easy intramolecu-
lar m-complexation and concomitant ring-closing metathesis are the controlling
factors.

5.8
Quantitative CID Threshold Determinations

5.8.1
General Remarks

We have already pointed out that one of the advantages of carrying out
organometallic reactions in the gas phase is the possibility to obtain thermo-
chemical data for single reaction steps. This is in strong contrast to measure-
ments in solution, e.g., calorimetry, where reaction enthalpies of a single trans-
formation can in principle be measured, but will always be affected by side re-
actions, solvent effects (if only caused by reorganization of the solvent sphere),
etc. The actual problem with transition metal-chemistry in condensed phases
lies in its complexity. One can never be sure about the nature of the actual reac-
tive species, which may even be present at less than 1%. The multiplicity of com-
peting mechanisms and energetically similar structural types in organometallic
chemistry has often been blamed for the poor state of mechanistic understand-
ing in this field. One of the main reasons for the lack of quantitative structure-
reactivity correlations in transition metal-chemistry which would go beyond
the qualitative achievements in this field (e.g., the isolobal analogy) is the
paucity of quantitative thermochemical data for metal-ligand bond energies
and elemental reaction steps for real-world organometallics. While the binding
of simple ligands, e.g., hydride, alkyl, CO, etc. in homoleptic complexes has been
approached previously, reliable data for even marginally more complicated
complexes is rare [136]. With the powerful physical techniques at hand, we are
now in a position to address this task.

A very useful method by which ion-ligand dissociation energies or ion frag-
mentation energies can be determined depends on threshold measurements for
collision-induced dissociation. The CID threshold method utilizing tandem
mass spectrometry has experienced significant growth and is currently used
for quantitative measurements by several groups [137]. This methodology has
been pioneered and continuously refined over the past 15 years by Armentrout
[138]. In principal, reduction of the experimentally observed threshold to
meaningful chemical information requires two determinations: the structure
of the initial ions needs to be determined, and the binding energy needs to be
extracted from the experimental threshold. The measured intensities of the re-
actant and product ions are converted to a total cross section; the energy
thresholds E, are then obtained by fitting the product ion energy profiles with
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the CRUNCH program developed by Armentrout [137]. The fitting procedure
is based on the equation

o= Oozigi(E + Ei + Emt - Eo)n/E

where o is the cross section, which is proportional to the observed product ion
intensity at single collision conditions, E is the kinetic energy in the center-of-
mass-frame, E; is the internal vibrational energy of the precursor ion whose rel-
ative abundance at a given temperature is g, where X;g;=1, and E,, is the thresh-
old energy, corresponding to the energy required for the dissociation reaction at
0 K. The fitting procedure treats n and E, as variable parameters which are de-
termined through the best fit. The vibrational energies E; are calculated from the
frequencies of the normal vibrations of the precursor ion. The frequencies are
generally obtained from quantum chemical calculations. An important feature
underlying the above equation is the assumption that, due to the relatively
long residence time of the excited ions in the collision cell dissociation at the
threshold involves the process where the internal energy of the products is close
to 0 K, i.e., essentially all the internal energy of the precursor ion is used up in
the dissociation at the observed threshold.

5.8.2
Model Studie

As a control to check that established CID thresholds could be reproduced
with the ESMS setup, the thresholds for the reaction [(H,0),(H;0)]*—
[(H,0),_;(H;0)]*+H,0, which had been determined earlier by Armentrout et
al. [139] and Kebarle et al. [140], were measured. Generation of protonated wa-
ter clusters is particularly simple by electrospray of a 10-* mol I"! aqueous HCl
solution (Fig. 9a). Thresholds were measured at four different, decreasing pres-
sures and extrapolated to zero pressure in order to eliminate the contribution of
multiple collisions to the foot of the threshold curve. The threshold for n=1,
measured in daughter-ion mode, was extracted from our data with Armentrout’s
CRUNCH program, yielding a value of 1.29 eV (see Fig. 9b) [81], in excellent
agreement with the published data.

In a second experiment, the threshold for the reaction [Mn(CO)¢]*—
[Mn(CO)s]*+CO in RFD mode was determined. A meaningful reaction enthalpy
can be extracted from the threshold only when the initial kinetic energy dis-
tribution of the ions is narrow. With heavier ions, a narrow kinetic energy dis-
tribution is achievable when the first quadrupole is operated in RFD mode. The
distribution in RFD mode was <0.6 eV fwhm in the laboratory frame, corre-
sponding to <0.1 eV in the center-of-mass frame and, furthermore, nearly
Gaussian (argon or xenon as collision gas). Fitting the curve to Armentrout’s
threshold function yielded a value of 1.48 eV [141], also in good agreement with
literature data [138].

When going to the reaction [Cplr(PMe;)(CH;)]*—[Cplr(n>-CH,PMe,)]*+
CH,, another factor comes into play which has to be taken into account. So far,
the fits of the experimental profiles were based on the assumption that the en-
ergized reactant ions, whose total energy is equal or larger than E,, will decom-
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Fig. 9. a Electrospray mass spectrum of a 10~* mol 1! solution of HCI in H,O under mild
declustering conditions, showing the presence of different clusters [(H;0)(H,0),]*, the clus-
ters with n=1, 2, and 3 being most prominent. b CID threshold curve (collision gas Ar), show-
ing the dependence of the dissociation cross section against collision energy, and fit to Ar-
mentrout’s threshold function
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pose within the residence time ¢ of the ion in O2 before entering the mass ana-
lyzer Q2. For the experimental setup used, complete dissociation within the res-
idence time can be expected only for small polyatomic ions. Ions with many in-
ternal degrees of freedom will attain the required dissociation rate only at inter-
nal energies which are somewhat higher than E,. This “kinetic shift” will lead to
E, values that are too high. This effect becomes larger as the number of normal
modes increases, making it non-negligible for the complexes described here.
The kinetic shift can be corrected by including in the fitting procedure only the
fraction of the precursor ions which react during the residence time. This frac-
tion can be evaluated with the RRKM formalism [142]. The quantitative CID
threshold for the reaction [CpIr(PMe;)(CH;)]*—[Cplr(n?>-CH,PMe,)]*+CH, is
shown in Fig. 10. The data was deconvoluted using Armentrout’s CRUNCH pro-
gram with the internal energy of the ions set by the 70 °C manifold temperature
to which they were thermalized.

Values for transition-state frequencies were assumed following the argu-
ments by Armentrout et al. [143, 144] and Squires et al. [145]. For an endother-
mic dissociation of gas-phase ions, a loose transition state can be assumed. Ac-
cordingly, the product frequencies can be used where available. For the five nor-
mal modes that correspond, at the asymptotic limit of dissociation, to relative
rotations and translations of the departing fragments, further estimates had to
be made. Numerical estimates for these five frequencies were taken from com-
putations of analogous oxidative addition, reductive elimination, and o-bond
metathesis transition states. The deconvoluted threshold, with the methyl
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Scheme 18. Fragmentation of [(bipy)Rh(P=CH)]* upon CID

groups, the phosphine as a whole, and the Cp ligand treated as internal rotors,
yields a value of E;=0.59 eV (13.6 kcal/mol) [81].

In a further application of the ES tandem-MS methodology for obtaining
quantitative thermochemical data, the ligand binding energy in [(bpy)Rh(P=
CH)]* was determined (Scheme 18) [146]. The phosphaethyne complex was pre-
pared in the gas phase by sequential loss of methane from the precursor ion
[(bpy)Rh(PMe;),(H),]* by collisional activation. Thermalization was achieved
by ~10 mTorr N, in the first octopole. For the quantitative threshold measure-
ment, the first quadrupole was operated in RFD mode as a high-pass filter,
thereby rendering a narrow kinetic energy distribution of 0.4-0.5 eV fwhm (lab
frame, xenon as collision gas). For the RRKM correction, calculations were per-
formed at the BALYP/LANL2DZ level. The side-on complex is favored over the
end-on coordination by 25 kcal/mol at this level of theory. The five remaining
transition-state frequencies for the kinetic-shift correction were obtained by
taking the appropriate normal modes in the starting ion and reducing the
frequencies by a factor of 2. Using these values, the threshold was fitted to yield
E,=2.02+0.15 eV.

As has now been demonstrated convincingly [81, 146, 147], the CID threshold
methodology can be applied to molecules with relatively many degrees of free-
dom, yielding experimental thermochemical data of high quality. It is well
known that enthalpies for transition-metal reactions and metal-ligand binding
are notoriously difficult to calculate. In contrast to “simple” organic reactions, a
systematic approach to the improvement of calculated reaction energies is not
feasible for transition-metal compounds with full ligand spheres. Because of the
restrictions of post-HF calculations on the system size, semi-empirical and hy-
brid ab initio/semi-empirical methods like DFT are clearly the methods of
choice in this field. Unfortunately, there are severe restrictions on the possibility
of a thorough parametrization of semi-empirical methods due to the lack of
reliable thermochemical data for transition-metal binding. Thermochemical
parameters derived from collision-induced dissociation threshold measure-
ments could open the door to a pool of gas-phase data which can directly be
used for such parametrizations. Of course, since the deconvolution of the CID
threshold measurement itself requires some kind of quantum chemical calcula-
tions for geometries and frequencies, one might conclude that such a procedure
represents circular logic. However, previous experience suggests that geometries
and frequencies are usually well-modeled by DFT methods, yet the accuracy of
these methods for the prediction of energy differences in transition metal com-
plexes can be quite poor. The general success of DFT methods in predicting
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equilibrium geometries indicated that the local features of a potential surface in
the immediate vicinity of a minimum are well treated. This means that a decon-
volution scheme based on these frequencies should be sound. The relative ener-
gies of two separate minima, however, may not be equally well described. In this
light, the use of the more reliable aspects of a computation to deconvolute ex-
perimental data that pertain to the less reliable aspects of that same computa-
tion is legitimate. Measurements of this kind should serve as benchmarks for the
evaluation of the level of theory needed to obtain accurate thermochemistry for
transition-metal complexes.
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Ion mobility spectrometry coupled to mass spectrometry provides a powerful tool to explore
the three-dimensional shape of polyatomic ions. Applications include the investigation of
cluster ion geometries and conformations of flexible molecules such as biopolymers and
synthetic polymers. The ion structure is obtained by measuring collision cross sections in a
high pressure drift tube filled with helium and comparing it to model structures obtained by
various theoretical methods such as molecular modeling and electronic structure calcula-
tions. The temperature of the drift tube is generally adjustable (typically from 80 to 800 K)
providing a unique opportunity to address topics such as the thermal motion of floppy mole-
cules, the unfolding process of folded structures, the kinetics of structural interconversion,
and the kinetics of dissociation processes. In addition, the ion mobility instrumentation can
be used to obtain thermochemical data of ligand addition reactions, giving important addi-
tional information about the polyatomic ions under investigation. The theoretical back-
ground and the concepts of these ion mobility based experiments and the instrumentation
employed are briefly reviewed in this chapter. Furthermore, some detailed examples and a
very brief summary of selected applications found in the literature are given.

Keywords. Molecular geometry, Polymer, Protein, Peptide, Cluster

1 Introduction . .. ......... ... ... ... 0. 209
2 Concepts . . . . v oot e 210
2.1 TIon Mobilityand Cross Section . . . .. ... ............. 210
22 ModelStructures . . . . .. ... 211
2.3 Kinetic and Thermochemical Data . . ... ... ........... 211
3 Instrumentation . ... ... ......... .. .. ... ... 212
31 BasicSetup . . ... 212
3.2 Temperature Controlled Drift Cell . . ... ... ........... 213
3.3 High Resolution Drift Tube . .. ... ... ... ... .. ..... 214
3.4 Two-Dimensional Mobility-MassData . . . . ... .......... 215
4 Methodsand Examples . . . ... ... ................ 216
4.1 Cross Sections: Experimentand Theory . . ... ........... 216
42 Kinetics . . ... ... e 217
4.2.1 SerineClusters . . . ... ... .t 217
4.2.2 BradykininDimer . ....... ... ... ... ... .. 219

© Springer-Verlag Berlin Heidelberg 2003



208 T. Wyttenbach - M. T. Bowers

423 PETTrimer . .. ... .o v it e i
4.3  Equilibrium: Ligand Binding Energy . . . ... ... .........

5 Overview of Applications . . .. ... .................

5.1 Conformations of Flexible Molecules . .. ..............

5.2 Geometriesof Clusters . . .. .. ... i
6 Conclusions . . . . . . . . . . i e e
7 References . . . . . . . . i i i i i it i e e e
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A Arrhenius pre-exponential factor

Ac Acetyl
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arg Arginine

argOMe  Arginine methyl ester

ATD Arrival time distribution

BPTI Bovine pancrease trypsin inhibitor

e Electric charge

E Electric field

E, Arrhenius activation energy

ESI Electrospray ionization

FT-ICR  Fourier transform ion cyclotron resonance
gly Glycine

IMS Ion mobility spectrometry/spectrometer
K Ion mobility

k Rate constant
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LHRH Luteinizing hormone releasing hormone
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m/z Mass to charge ratio

MALDI  Matrix assisted laser desorption ionization
MD Molecular dynamics

MM Molecular mechanics
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N Particle number density
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TOF Time of flight

u Atomic mass unit

val Valine

Vb Drift velocity

Vb Drift voltage

AH° Standard enthalpy change
AS° Standard entropy change
Aty Drift time spread

u Reduced mass

o Cross section

1

Introduction

This chapter is a brief summary of recent advances in the field of ion mobil-
ity-mass spectrometry (IMS-MS) used to obtain structural information of ionic
species such as the conformations of biological molecules and the three-dimen-
sional arrangement of atoms in cluster ions. Such IMS-MS applications typically
include extensive theoretical work for generating reasonable model structures
of the molecular systems studied experimentally, as it is really the synergics of
experiment and theory that provides detailed information on molecular struc-
ture using the ion mobility technique (or ion chromatography technique as it is
sometimes called in this context to set it apart from conventional IMS applica-
tions). We will review the concepts and instrumentation used to obtain molecule
structure information by IMS-MS and demonstrate the methods on a number of
examples. Finally, we will attempt to summarize the major conclusions obtained
from the body of work, that emerged in the past five years. IMS applications sim-
ply to separate ions of different mobility, generally analytical in nature, are not
included in this work. Further, we are not attempting to be totally exhaustive in
the review and have chosen detailed examples primarily from our own work,
much of which is unpublished at this time.

The area of ion mobility research to obtain structural information started to
emerge in the early 1990s and was pioneered by the groups of Bowers [1-5] and
Jarrold [6, 7]. Most of the early work was reviewed by Clemmer and Jarrold [8]
in 1997 and we focus here on the work that has appeared since then. One major
point of interest in the field is clearly the structure of biological molecules in the
presence and absence of solvation molecules. Molecules as small as glycine and
as large as cytochrome ¢, a heme protein composed of more than 100 amino
acids, were studied to address issues such as zwitterion formation in peptides,
proteins, and oligonucleotides; protein folding; peptide helix formation; the
dynamics of interconversion between conformations; and the effects of hydra-
tion. Other significant results were obtained for synthetic polymers, for non-
metal, semiconductor, and metal clusters, and for salt and ion-molecule clusters.
In Sect. 5 we will give references to these recent applications together with a
short overview of the major conclusions.
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2
Concepts

2.1
lon Mobility and Cross Section

Ions drifting through a buffer gas under the influence of a weak uniform electric
field E quickly reach an equilibrium between forward acceleration due to the elec-
tric field and retarding effect due to collisions with the buffer gas resulting in a
constant drift velocity vp,. The drift field is weak when the steady flow of ions along
the electric field is much slower than the random motion leading to diffusion. The
low field mobility K is the proportionality constant between v and E [9]:

vp=KE. (1)

Hence, measuring the drift time #; for a given drift length and given E yields an
experimental value for K. For a given pressure (or particle density N) and tem-
perature T of the buffer gas the ion mobility K is given by the collision cross sec-

tion o by
_ 3e ( 2m )”zl 2)
" 16N \pkyT) o

where e is the charge of the ion, u the reduced mass of ion and buffer gas, and kj
the Boltzman constant [9]. Thus, ions with compact structures have a small cross
section and a large ion mobility, whereas the opposite is true for large extended
structures. Hence, in ion mobility spectrometry (IMS) ions are separated (there-
fore the term “ion chromatography”) by size (collision cross section) in contrast
to mass spectrometry, where they are dispersed by mass (mass to charge ratio).
The collision cross section is not only determined by the geometry of the ion but
also by the interaction between ion and buffer gas. This is particularly true for
small ions, large and polarizable buffer gases, and at low temperatures. There-
fore, helium is the buffer gas of choice for obtaining structural information by
ion mobility techniques and it is the only buffer gas used in all the work re-
viewed here.

While it is straightforward to measure an experimental collision cross section
via drift time and ion mobility, it is far more difficult to obtain a reliable value
for a given model structure for comparison with experiment. A number of mod-
els have been proposed to calculate theoretical cross sections. A simple approach
is to calculate an orientation averaged projection cross section of the model
geometry using hard spheres with a specified radius for each atom in the system.
In sophisticated methods the radii are adjusted as a function of temperature and
ion size (number of atoms) on the basis of ion-buffer gas interaction potentials,
which are generally of a (12, 6,4) form [10, 11]. For small ions with less than 200
atoms and using He as buffer gas the projection approximation agrees with the
ion mobility experiment rather well [10-12]. However, it obviously fails to de-
scribe the scattering process that is actually taking place in the experiment, and
it is momentum transfer that determines the collision cross section. Hence,
models based on calculating collision integrals using trajectory calculations [13]
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are potentially more accurate. Again, for smaller ions with several hundred
atoms the ion-buffer gas interaction has to be treated accurately, usually with a
(12,6, 4) potential, in order to get good agreement with experiment and to get a
reasonable temperature dependence. For larger ions (e.g., proteins) the interac-
tion potential is much less important and a hard sphere scattering model yields
very good results [14]. Other models including scattering from an iso-electron
density surface are presently also being used [15].

2.2
Model Structures

Generating model structures of the ionic molecular species under investigation
is essential for interpreting ion mobility data. Computational methods are gen-
erally used to obtain candidate model geometries, although crystal structures
obtained by X-ray crystallography and solution structures obtained by nuclear
magnetic resonance techniques are sometimes useful as well. Molecular me-
chanics/molecular dynamics (MM/MD) is often the method of choice for calcu-
lations because the size of the systems does not allow use of higher level theo-
ries. MM is also used for smaller systems to thoroughly search conformational
space. However, MM methods are limited to systems where empirical force field
parameters are available, i.e., systems composed of elements typically found in
organic molecules. For all other types of systems ab initio and density functional
calculations are an alternative. However, because of limitations to computer
power geometry optimization using such electronic structure calculations are
only possible for smaller systems, typically in the range of tens of atoms. Hence,
the only possibility for large systems with organically atypical atoms is to para-
meterize the atypical atom(s) for inclusion in standard force fields. An example
of this procedure is parameterization of the silicon atom for use in the AMBER
[16] force field allowing MM/MD calculations on polyhedral silsesquioxone
(POSS) polymers [17,18].

2.3
Kinetic and Thermochemical Data

The ion drift tube setup used to measure ion mobilities can also be used to ob-
tain kinetic and thermochemical data often providing important information
about the ion under investigation in addition to the collision cross section. If a
chemical reaction like an isomerization (change in cross section) or a dissocia-
tion (change in cross section or mass to charge ratio) occurs on the time scale of
the experiment a reaction rate constant can be measured precisely, since the re-
action time (i.e., the drift time) and the temperature are both well defined and
readily measured. In addition, since the drift tube temperature can be changed,
an Arrhenius type of analysis yields activation energies and pre-exponential
factors for the reaction. More details and examples for such experiments are
given in Sect. 4.2.

If the time scale of a chemical reaction is much shorter than the experimen-
tal time scale a chemical equilibrium will be established. However, an isomer-
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ization equilibrium cannot be studied on the basis of cross section (even if dif-
ferent isomers have different cross sections), because the fraction of time an ion
travels as one isomer or the other is the same for each ion and therefore every
ion exhibits the same cross section, an average of all interconverting isomers.

However, an equilibrium between products and reactants that have different
mass to charge ratios can be examined by means of mass spectrometry at the
exit of the drift tube. In such an equilibrium, care has to be taken that products
and reactants, including any non-ionic species, are present with defined concen-
trations. The type of equilibrium typically studied using this technique are re-
actions where ligands are added to ions which were injected into the drift tube.
In this case the neutral ligand is present in the drift cell with a defined pressure.
Such reactions include ligation of metal ions and solvation of ions by solvent
molecules. Studying an equilibrium as a function of temperature yields AH® and
AS° values for the reaction in question. Details and an example of this type of
experiment are given in Sect. 4.3.

3
Instrumentation

3.1
Basic Setup

The basic setup allowing for most flexibility to carry out ion mobility experi-
ments is schematically depicted in Fig. 1. Ions are generated in an ion source,
mass selected in a first mass filter MS1, and injected into the drift tube. If the ion
source produces a continuous ion beam, the beam has to be gated in front of the
drift cell, the gate triggering the clock for measuring the drift time of the ion
pulse. Sophisticated equipment like a quadrupole ion trap [19-21] or an ion fun-
nel [22] can be used as a gate and ion storage device to convert a continuous ion
beam into a pulsed one without significant ion loss.

Ions exiting the drift tube are mass analyzed in mass spectrometer MS2, an
important feature if reactions are occurring in the drift cell. Ions are generally
detected after MS2 by ion counting techniques. The mass spectrometers MS1
and MS2 are typically quadrupole mass filters, and either one or the other can
be run in RF-only mode for better signal but without mass selection, if desired.

The setup in Fig. 1 is conceptually not new. It has been used for decades by a
number of groups [23-26] after pioneering work of Hasted and coworkers in
1966 [27]. Also the selected ion flow drift tube (SIFDT) technique [28-33]
emerging in the 1980s by combining the features of a drift tube with a flowing
afterglow apparatus [34] is equivalent to the setup in Fig. 1. However, all of the

lon Drift
Source MS1 Tube MS2 Detector

Fig. 1. Schematic outline of the basic ion mobility-mass spectrometry setup using mass se-
lection before (MS1) and after (MS2) the drift tube
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instrumentation employed in these earlier studies was used to examine the
chemistry and the interaction of various small, often atomic ions with various
buffer gases, and a large part of this research was geared towards understanding
atmospheric ion chemistry processes.

Injecting ions into a drift tube becomes increasingly more difficult with in-
creasing drift tube pressure. However, high drift tube pressure is desirable for
high ion mobility resolution. For these reasons omitting MS1 is a common sim-
plification of the basic setup in Fig. 1 and is typically found in analytical IMS-
MS [35] and other high pressure drift tube applications (see Sect. 3.3) [36].

As mentioned above, the mass spectrometers MS1 and MS2 are often quadru-
pole mass filters, but other types of mass spectrometers have been coupled to
IMS as well, including magnetic sectors [37], FT-ICR [38], quadrupole ion trap
[21] and time of flight (TOF) mass spectrometers [39-45]. TOF-MS has the ad-
vantage that there are no theoretical limits to the mass to charge ratio (m/z) cov-
ered, whereas quadrupoles typically operate up to a maximum m/z of several
thousand mass units. Hence, TOF-MS delivering pulses of mass dispersed ions,
one of which can be selected by an ion gate, works very naturally as a front end
(MS1) to the drift cell to study ions with very high m/z values. In this setup a
pulsed ion source, such as MALD], is an ideal choice [45]. Another important
feature of TOF-MS is that ions of different m/z are non-destructively dispersed
in time and not in space like in quadrupole filters, where non-selected ions are
lost due to unstable trajectories. Therefore, coupling a TOF-MS to the exit of the
drift tube is particularly interesting (MS2) and yields a setup that allows one to
obtain two-dimensional mobility-mass information theoretically within sec-
onds (see Sect. 3.4) [39-44].

3.2
Temperature Controlled Drift Cell

Most drift cells used in the applications outlined in this article can be tempera-
ture controlled to some degree. In this section we describe the basic design of
Kemper and Bowers [22,37,46] as an example of a drift cell that is very suitable
for applications where high ion transmission of several percent and adjustable
temperatures within a large range from typically 80 K (liquid nitrogen) to 800 K
are desirable. The upper temperature limit is given by the materials used and by
the mechanical design providing a uniform temperature distribution and allow-
ing for expansion of the material at high temperatures.

The temperature controlled drift cell shown in Fig. 2 is fabricated from a
copper block with the ring electrodes (providing the drift field) in the interior
of the cell. Heating is provided by electrical heaters inserted from the outside
into bores in the copper cell. Cooling is achieved by running a pre-cooled gas
(typically nitrogen cooled in liquid nitrogen) through a set of bores in the cell
block that makes up a cooling cycle. The resistor chain connecting the ring elec-
trodes can be either run in the interior (preferred) or exterior (using
feedthroughs) of the cell. The ring electrodes are spaced by ceramic spacers on
ceramic rods and by springs to allow for temperature affected contraction and
expansion.
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N e

Fig. 2. Perspective cross sectional view of the temperature controlled drift cell after Kemper
and Bowers’ design [22]: (a) cooling line, (b) cell body, (c) buffer gas inlet, (d) cell end cap, (e)
drift guard ring, (f) ion entrance hole, (g) ion focusing lens, (h) ceramic ring, (i) ion exit hole,
(j) ceramic rod holding guard rings, (k) ceramic rods holding cell assembly

The ion entrance plate (~0.1 mm thick) with a small hole (typically 0.5 mm di-
ameter) has the same electric potential as the copper cell, whereas the exit plate
(same dimensions) is mounted to a cell end cap that is electrically isolated from the
cell body by a ceramic ring. The end cap has its own cooling and heating systems.

The entire cell assembly is supported by two large ceramic rods running left
and right of the cell parallel to and on the same height as the ion beam. The cell
assembly is self-centered between the two rods by a leaf-spring setup that also
allows for expansion and contraction of the assembly.

This cell is typically 4-5 cm long and operates at pressures of 3-5 torr and
drift voltages of 10-100 V across the cell.

33
High Resolution Drift Tube

The resolution t,/Aty, of a drift tube is proportional to the square root of the drift
voltage V', across the tube [9]:

ty [meVp\? 3)
Aty \ 4kgT
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where t}, is the average drift time, At} the drift time spread due to diffusion, e the
ion charge, ky the Boltzman constant, and T the temperature. Hence, to increase
resolution it is desirable to increase Vp, while still fulfilling the weak field con-
dition (see Sect. 2.1). This is achieved in two ways: by increasing the drift length
and by increasing the pressure. In the design used in Jarrold’s laboratory and
briefly described below, a drift voltage V;, of up to 15,000 V can be used by em-
ploying a pressure of 500 torr and a tube that is 63 cm long [36]. Since ions can-
not be injected from vacuum into a drift tube maintained at such high pressures,
mass selection prior to the high resolution drift tube is not possible. Ions are
formed immediately in front of the tube at high pressure and pulled into the
drift region through an “ion gate”. The ion gate prevents neutral species from en-
tering the drift tube by a counter flow of helium and carries ions through by an
electric field.

The high resolution drift tube is fabricated from a six-inch diameter steel
tube divided into three sections separated by ceramic breaks. The field in the in-
terior is maintained by copper beryllium drift guard rings, connected to each
other by a resistor chain. In Jarrold’s apparatus [36] the ion exit hole has a di-
ameter of 0.13 mm. The drift tube temperature is controlled by jackets around
each section and by a recirculator with non-conducting temperature regulated
fluorocarbon fluids.

Similar drift tubes with similar dimensions are used as medium resolution
devices employing a V7, of several hundred to 1000 V and pressures of several
torrs [39].In this lower pressure, medium resolution setup ions are generally in-
jected into the drift tube from vacuum, often with mass selection prior to the
drift tube.

3.4
Two-Dimensional Mobility-Mass Data

In this section we would like to point out one of the many possible ion mobility-
mass spectrometer combinations, that appear to make up a particularly intrigu-
ing setup, the drift tube-TOF-MS combination [39-44]. In this setup shape sep-
arated ions exiting the drift tube are further dispersed in time by their mass to
charge ratio. The timing works out such that ions are first shape separated on a
several millisecond time scale and subsequently mass-to-charge separated on
the fly on a 10-ps time scale [39]. Thus pulses of ions are injected into the drift
tube at a repetition rate of the order of 10 Hz and ions exiting the drift tube are
injected into the TOF-MS at a repetition rate of 10* Hz. Timing is one of the rea-
sons why the ion mobility-TOF-MS combination works so well together, but it is
also the fact that both techniques work with ion pulses and that TOF is not a
scanning technique, where all ions are lost except for those with the m/z value
selected. However, coupling ion mobility to TOF-MS is technically challenging as
nearly ten orders of magnitude of pressure difference between drift tube and
TOF-MS have to be overcome. In addition, optimizing the duty cycle of pulsing
ions into the TOF-MS is critical for getting good data in a short period of time
[47], otherwise long signal accumulation times counteract the extraordinary
time advantage gained by TOF-MS.
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4
Methods and Examples

4.1
Cross Sections: Experiment and Theory

As mentioned in Sect. 2.1 the mobility measurement of a polyatomic ion pro-
vides a value for its orientation averaged cross section and hence information
about its shape. Extended, elongated structures of a given molecule have larger
rotationally averaged cross sections than compact more spherical structures.
For instance, the projection cross section of a right-handed a-helix of the pep-
tide (gly-ala),Cs*, an extended structure (Fig. 3b), is expected to be 243+10 A2,
whereas that of a globular, near spherical structure of the same molecule is of
the order of 213+5 A2 (Fig.3a) [48]. Most of the “error” bars indicated with these
values are due to geometry changes as a function of time during thermal motion
at 300 K. The models in Fig. 3 have been obtained by molecular modeling calcu-
lations using the AMBER force field [16].1t is of interest that globular structures
are only stable if the cesiated (gly-ala), peptide is assumed to be a zwitterion. As
soon as the proton is transferred from the N-terminus (NH3-) to the C-termi-
nus (-COO-) the peptide prefers to fold into a 95% a-helical conformation,
where Cs™* caps the helix on the C-terminus side. If Cs* is replaced by smaller al-
kali ions more globular charge solvation structures become competitive com-
pared to the helix. An analysis of the Ramachandran plot for a typical (gly-
ala),Li* charge solvation structure indicates that only 23% is a-helical, just like
the protonated form (gly-ala),H* (26% helical, 0=213 A2). The sodiated, potas-

Fig. 3a,b. Structures of (gly-ala),Cs* obtained by molecular mechanics calculations: a globu-
lar zwitterion structure; b a-helical non-zwitterion structure
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siated, and rubidiated peptides yield conformations which are 59%, 77%, and
90% helical, respectively. The zwitterionic structures for all alkali ions are com-
pact and <20% helical.

Thus, this type of system is ideally set up to be explored by ion mobility. Ex-
perimental cross sections for all of the (gly-ala),X* systems, X*=H"*, Li* through
Cs*, are in the range of 211-216 A2 at 300 K [48] thus ruling out extensive helix
formation for any of the systems. For (gly-ala),H* the experiment (216+5 A2) is
in agreement with theory which predicts a non-helical compact charge solvation
structure (213 A2). For the alkali ion cationized systems both globular and heli-
cal conformations are theoretically plausible. However, the experiment indicates
that globular structures win out for all alkali ions. For the small alkali ions both
compact charge solvation and zwitterion structures are potential candidates.
For Cs* globular charge solvation structures can be ruled out on theoretical
grounds, since they are expected to be less stable than an a-helix by more than
10 kcal mol~'. Hence, experiment leads to the conclusion that the structures of
the (gly-ala),X* are all similar for any choice of X* (X*=H?, alkali ion). However,
the combination of experiment and theory makes structural assignments possi-
ble and leads in this case to the conclusion that all the structures are non-helical
and that the cesiated peptide assumes a compact zwitterion structure.

4.2
Kinetics

If an ion injected into the drift tube is undergoing a reaction from one species
with cross section A to another one with cross section B#A during the drift time,
the cross section measured for that ion is between A and B. An ensemble of re-
acting ions gives a cross section distribution ranging from A (late or no reac-
tion) to B (early reaction). Using kinetic theory the expected cross section dis-
tribution for such a system can be calculated for given A, B, and reaction rate
constant [49]. Therefore, the only unknown parameter, the rate constant, can be
obtained by fitting the theoretical distribution to experiment.

It should be emphasized that the reaction is occurring under thermal condi-
tions at a temperature defined by the helium buffer gas. Measuring rate con-
stants k as a function of temperature yields activation energies E, and pre-ex-
ponential factors A for the reaction, assuming Arrhenius-type behavior:

k = Ae Ed/ksT (4)

Below we will discuss three examples of reactions that have been studied using
ion mobility instrumentation. The first example is a dissociation with loss of a
neutral fragment (decrease of m/z), the second example is a dissociation where
both fragments have identical m/z, and the third example is an isomerization.

4.2.1
Serine Clusters

Recent ESI studies of serine showed extensive formation of singly or multiply
protonated clusters (ser) HZ* (Fig. 4a) [50-54]. In many cases “magic” numbers
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Fig. 4. a Electrospray mass spectrum of a 100 mmol 1! solution of L-serine; extensive cluster-
ing of serine units is observed for charge states z=1, 2, and 3. b Ion mobility spectrum of ions
with m/z=841 showing the three features assigned as protonated octamer, doubly protonated
16-mer, and triply protonated 24-mer

for n have been reported in the literature. The presence [50-53] or absence [54]
(Fig. 4) of “magic” numbers appears to be strongly dependent on source condi-
tions. The mass spectrum shown in Fig. 4a shows a smooth distribution of
singly, doubly, and triply protonated clusters. The ion mobility spectrum (or ion
arrival time distribution, ATD) recorded at constant m/z=841 (Fig. 4b) indicates
the presence of three features, that can readily be assigned as (ser)sH",
(ser),;H3", and (ser),,H3" [54].

If serine clusters are injected into an ion mobility cell held at elevated tem-
perature the clusters dissociate. Figure 5a shows mass spectra obtained with
source conditions that produce only the small clusters (ser) H*, n=1,2, 3, which
are injected into the drift cell maintained at the temperature indicated [54]. It
can be seen that the trimer dissociates just above room temperature and disap-
pears from the mass spectrum recorded after the ions have left the drift cell. The
ion mobility spectrum recorded at an m/z of 211 (serine dimer) at 334 K (Fig. 5b)
shows that there is a slow component at longer drift times stemming from the
larger trimer that dissociated during the drift time into the dimer. At 464 K there
is a slow component for m/z=106 (Fig. 5¢) indicating that the dimer is dissociat-
ing into the monomer at this temperature. Analyzing the ion mobility and mass
spectra as a function of temperature yields a trimer dissociation threshold of
~4 kcal mol~!. The dimer is much more stable and dissociates only at tempera-
tures near 450 K and above. The dimer binding energy is determined to be
~20 kcal mol .
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Fig. 5. a Mass spectra of L-serine obtained after ions spent ~200 ps in the drift cell at the tem-
perature indicated. With increasing temperature first the trimer (ser);H* and then the dimer
(ser),H* disappear from the spectrum; Relative intensities of peaks corresponding to sodiated
species (marked with *) are not reproducible. b 334 K ion arrival time distribution (ATD) of
dimer jons exiting the cell (m/z=211). c 464 K ATD of serine monomer (m/z=106)

4.2.2
Bradykinin Dimer

It has been found by ESI mass spectrometry techniques that singly protonated
small peptides tend to form aggregates of the type (nM+nH)™* [22, 55-59]. Dis-
sociation of such aggregates into smaller units can be studied by ion mobility
techniques. Figure 6 shows ion mobility data for m/z=1061 of bradykinin
recorded at different temperatures [22]. The two large features present at 441 K
are the monomer (M+H)* and the dimer (2M+2H)?* with identical m/z=1061
ratio. The dimer feature disappears from the spectrum at a temperature of
>500 K. The data at 463 K shows a fill-in between the monomer and dimer fea-
ture indicating that dissociation is occurring during the drift time. A fraction of
the dimer ions, starting out with the larger dimer mobility, converted into two
monomer units drifting for the remaining time with a smaller monomer mobil-
ity. The (M+H)* mobility is smaller than the (2M+2H)*" mobility because the
ion mobility is proportional to the charge. Therefore singly charged ions drift
half as quickly as doubly charged ions of same size. However, the dimer does not
have the same size as the monomer, but the cross section is apparently less than
twice that of the monomer (223 is expected for a sphere).
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Bradykinin
(2M+2H)2+ —> 2 (M+H)*

(2M+2H)2+
NJ| (MeH)
441 K
463 K

- - 5
lon Arrival Time

b
c

Fig. 6a—c. Ion mobility spectra of bradykinin ions at m/z=1061: a the two features seen at
441 K are the singly protonated monomer (M+H)* and the doubly protonated dimer
(2M+2H)*; b at a cell temperature of 463 K the dimer dissociates into two monomer units ac-
counting for the fill-in between the two peaks; c at 510 K all of the dimer ions have disappeared
upon exiting the cell

Fitting theoretical ion arrival time distributions to the experimental data
where the rate constant for dissociation is the only adjustable parameter yields
the Arrhenius plot shown in Fig. 7. The resulting dimer binding energy is
~30 kcal mol™! and the pre-exponential factor is ~1017 s71.

4.2.3
PET Trimer

PET, poly(ethylene terephthalate), the primary constituent of a commonly used
type of plastic, is composed of the rigid planar terephthalic acid units
(HOCO-C4H,~COOH), which are esterified with the flexible ethylene glycol
links (HOCH,-CH,OH):

T T
HO{CHZCHz—O—COC—O+CHZCHZ-OH
n

In a typical MALDI mass spectrum of PET samples a series of equally spaced
peaks can readily be assigned as [HO-(C,,HzO,4),-C,H,OH]Na* [60,61]. Tuning
the mass spectrometer to one oligomer size, n=3, and injecting these ions into
the ion mobility cell at 300 K yields one narrow peak in the ion mobility spec-
trum (Fig. 8, left panel). The corresponding cross section is 175 A2. This value is
right in between the values obtained theoretically for two plausible families of
low energy conformations (164 and 182 A?) calculated by molecular mechanics
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6 {1 (2M+2H)2*—» 2 (M+H)*
E, = 30 = 3 kcal/mol

0.0019 0.0020 0.0021 0.0022 0.0023
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Fig. 7. Arrhenius plot for the dissociation of bradykinin dimer ions (2M+2H)?". Rate constant
k in s7!, temperature T in K

300K 80K

mixture closed

open

arrival time arrival time

Fig. 8. Ion arrival time distributions of the sodiated PET trimer. The closed and open geome-
tries (see Fig.9) interconvert rapidly at 300 K (left), but are frozen out at 80 K (right)

techniques [60]. Typical representatives of the two families are shown in Fig. 9.
In the closed structure (164 A2) the sodium ion is bound to oxygen atoms of both
terminal ~-COOC,H,OH groups, whereas this is not the case in the open (182 A?)
form. In both families two of the three rigid m-systems stack up, whereas the
third one is either bent in towards the sodium ion (closed structure) or extends
out away from the sodium ion (open structure).

The 80 K ion mobility spectrum, shown in the right panel of Fig. 8, exhibits
two distinct features, which are readily assigned to the two families of closed and
open structures [60]. This means that interconversion between the two families
of structures is frozen out at 80 K, but is rapid at 300 K. Data taken between 110
and 190 K show that the two peaks present at low temperature melt into one at
higher temperatures. Analysis analogous to the previous examples yields an ac-
tivation barrier for the open-to-closed conversion of 1.6 kcal mol-'. The open-
to-closed reaction turns on more rapidly than the reverse reaction, and the
closed form is found to be ~0.5 kcal mol-! more stable than the open form [60].
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closed

Fig. 9. Closed and open structure for the sodiated PET trimer obtained by molecular model-
ing

4.3
Equilibrium: Ligand Binding Energy

Ion mobility equipment can be used to obtain precise thermochemical data. The
concepts briefly outlined in Sect. 2.3 are here applied to the example of hydra-
tion of protonated arginine methyl ester (argOMe)H*. Molecular mechanics cal-
culations indicate that the water molecule only binds to the guanidinium group
and not (simultaneously) to any of the other functional groups [62]. Therefore,
(argOMe)H" is a good model compound to measure the intrinsic binding en-
ergy of water bound to a guanidinium group in an arginine residue of a peptide
or protein.

In the experiment the (argOMe)H" ions are formed by ESI and injected into
an ion mobility cell, which is filled with a defined pressure of water of 0.1-2 torr
[22,62]. The ions undergo collisions with water molecules and an equilibrium of
the form

(argOMe)H* + H,0 = (argOMe)H* - H,0 (5)
is established. Product and reactant ions are analyzed by recording a mass spec-

trum after ions have left the drift cell. The neutral reactant H,O enters the equa-
tion as the water pressure p(H,0):
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« _ largOMeH" - (H,0),] ©
" [(argOMe)H" - (H,0),.,] p(H,0)

The presence of an equilibrium is confirmed by verifying that mass spectra
recorded at different drift voltages (resulting in different drift times) are identi-
cal. Measuring K., as a function of temperature and generating a van’t Hoff plot
(Fig. 10) results in values of AH°=-9 kcal mol-! and AS°=-17 cal mol-! K-! for the
reaction (5). These values are relatively small compared to values measured
for alkyl amines and other amino acids [63, 64] (Table 1) indicating that water
binds less strongly to a guanidinium group than to an ammonium group. This
can be rationalized by the fact that the charge is more delocalized in the larger
guanidinium group.

The water binding energy of protonated arginine is measured [62] to be very
similar to that of (argOMe)H* (Table 1) suggesting that argH* is not a zwitte-
rion. If it were, the H,0 molecule would most probably make as strong a bond to
the protonated amine as it does with the simple alkyl amines and with pro and
val. Instead, a weak bond is observed indicating the water binds to a protonated
arginine side chain. The issue is somewhat ambiguous, however, because if there
is a zwitterion the deprotonated carboxylate group could potentially reduce the

0.012

0ot 4 (argOMe)H* + H,0 = (argOMe)H*+H,0O

0.010 A T

0.009 -
0.008 240 K

00074 350K .

0.006 - i

0.005 4

In(Keg)

0.004 -

0.003 T T T
0.0025 0.0030 0.0035 0.0040 0.0045
1T

Fig. 10. Van’t Hoff plot for the addition of one water molecule to protonated arginine methyl
ester

Table 1. Standard enthalpy and entropy of hydration for the protonated species indicated

-AH® (kcal mol™) -AS° (cal mol™' K1)
Alkyl amines [64] ~16 ~23
pro [63] 18.9 36.8
val [63] 19.3 36.3
arg [62] 9.0 15.4

argOMe [62] 9.2 17.2
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amount of positive charge on the amine and therefore reduce the water binding
energy of that binding site. Calculations need to be done to draw unambiguous
conclusions.

Whatever the detailed interpretation of these results may be in this particular
case, the point to make here is that the ion mobility setup provides the opportu-
nity to obtain true thermochemical data, as experiments are carried out under
thermal equilibrium conditions.

5
Overview of Applications

5.1
Conformations of Flexible Molecules

For sufficiently small flexible molecules conformational space is fairly limited
and only a small number of conformations are energetically reasonable, which
makes interpretation of ion mobility data in these cases generally straightfor-
ward. If multiple peaks are observed in the ion arrival time distribution (ATD),
structural assignment of the peaks is usually unambiguous with help of model
structures. If two peaks are present at a given temperature, it can be concluded
that the energy barrier between the corresponding two conformations is high
compared to the thermal energy available to the molecule. If the two peaks melt
into one at higher temperatures, temperature dependent studies can be used to
determine the barrier height. Examples for such small flexible molecules with a
small number of resolved conformations are oligomers of relatively rigid units.
Examples in the literature of this type of systems are the di- and trinucleotides
[65] and the trimer of PET (see also Sect. 4.2.3) [60,61].

A common structural motif of flexible small and medium sized systems, such
as synthetic polymers and peptides, is that the charge carrying unit (alkali ion
or protonated group) is buried in the interior of the molecule and is well self-sol-
vated by electron rich functional groups [12, 66-71]. As systems get larger mul-
tiple shells of self-solvation are observed yielding globular molecular shapes
[72]. Functional groups in the second solvation shell are not as tightly bound to
the charged center and undergo a fair amount of thermal motion. This is clearly
observed as an increase in cross section when temperatures are raised by several
100 K above room temperature [70]. In certain cases structural motifs other
than charge solvation can become predominant once the first solvation shell is
filled. For instance, in cationized poly(styrene) oligomers two benzene rings
fully solvate the metal cation [73]. The remaining benzene rings stack up on top
of each other, giving the molecule a distinct “secondary” structure other than
spherical. Another very nice example, where maximizing charge solvation is not
the only geometry determining factor, is a-helix formation in peptides (10-20
amino acids). In this case hydrogen bonding, alignment of the helix dipole
with the charge, and sterical effects are the driving forces for secondary struc-
ture formation [74, 75].

Exploring a-helix formation as a function of peptide primary structure
enabled Jarrold and coworkers to establish intrinsic helix propensity data for a
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number of amino acids [76]. Using these data peptides could be designed where
the globular charge solvation structure is comparable in stability to the a-helix
[77-79]. Temperature dependent studies on these systems allowed examination
of the helix-globule transition and determination of the corresponding barrier
height. These studies also showed that there is an intermediate in the transition,
possibly a helix, which is less tightly twisted than the a-helix [78].

For larger peptides (~30 amino acids) secondary as well as tertiary structure
can be observed. For ala,H3* (n=25-35) two helical sections connected by a loop
appear to form an antiparallel helical bundle [80].

Another structural motif, the zwitterion, is potentially present in molecules
that contain both acidic and basic functional groups, a situation present in many
biomolecules [81-90]. However, zwitterions are intrinsically not stable (for com-
mon acids and bases) and require a large amount of stabilization by (self-) sol-
vation and Coulomb interaction with other charges. Zwitterions and non-zwit-
terions of flexible molecules sometimes assume sufficiently different geometries
that the ion mobility technique can be used to distinguish between the two
forms. The best examples reported to date are the sodiated oligoglycines that
were found not to be zwitterions [91].

Ion mobility data have been obtained for peptide aggregates (nM+zH)*,
that are formed in electrospray ionization sources [22, 55-59]. Multimers of
larger helical peptides show interesting tertiary structure [58, 59]. In the
Ac-lysH*-ala, dimer the charge of one peptide stabilizes the helix of the other
in a head to toe fashion, yielding a helical bundle. However, in the Ac-ala,,-lysH*
dimer favorable interaction of the charge of one unit with the helix of the other
unit leads to a nearly collinear or vee-shaped arrangement of the two peptides
[58]. A similar situation is found in the Ac-(gly-ala),-lysH* dimer and trimer.
In the trimer the three charges are in the center and the three helices extend out-
wards away from each other forming an interesting pinwheel structure [59].

The largest molecules studied by the ion mobility technique to date are pro-
teins with masses of up to ~15,000 u [92-102]. The most thoroughly studied pro-
tein is cytochrome ¢ where a number of folded and unfolded structures have
been observed [92-95]. Ion mobility data suggests that the most tightly folded
structures, observed for the low charge states (<+5), are very similar to the na-
tive structure and that the unfolded structures (charge states ~10-15) agree with
structures where the tertiary structure is lost, but most of the secondary struc-
ture is in place. The highest charge states (~+20) are very stretched out and es-
sentially no secondary structure is present. Unfolding of the protein has been
followed for the charge states +5 and +6 by raising the temperature from 300 to
near 600 K. A series of transitions is observed in this temperature range from
near fully folded at 300 K (cross section of ~1100 A2) to substantially unfolded
(~2000 A2) above 500 K. Other proteins that show multiple conformations in-
clude ubiquitin [99-101], lysozyme [98], and apomyoglobin [96, 97]. BPTI, on
the other hand, is a protein tied together by three covalent disulfide bridges and
only one compact structure is observed in ion mobility experiments [95].

In our lab we have looked at calmodulin, a 146 residue protein involved in cal-
cium regulation. This protein also shows multiple conformations at low charge
states (Fig. 11) and has the interesting property that essentially identical cross



226 T. Wyttenbach - M. T. Bowers

Calmodulin
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-7
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Drift time (us)

Fig. 11a,b. Ion arrival time distributions of charge states +7 and -7 of the calcium-free protein
calmodulin (T=300 K, p=4.9 torr, V,=90 V, drift length 4.5 cm). For +7 two distinctly different
families of structures are present, one with larger cross sections (main peak) and one with
smaller cross sections (shoulder to the left). The broad peak for -7 indicates an even distrib-
ution of structures with smaller and larger cross sections

sections are observed for equivalent charge states of negative and positive ions
[102]. Modeling needs to be done to understand these results, but that is not a
simple task for a protein this size.

The study of hydrated biomolecules has only just begun and very few papers
have been published on that topic [103-107]. Hydration enthalpies and en-
tropies for the peptides LHRH and bradykinin [108] and for the protein BPTI
[106, 107] have been measured and the amount of water addition to folded vs
unfolded states of cytochrome c has been studied [103-105]. At this point it is
too early to draw general conclusions but it is already apparent that only a few
water molecules can have significant structural consequences [107, 108].

Adding deuterated water to the ion mobility cell induces H/D-exchange of la-
bile hydrogen atoms in the ion, similar to H/D-exchange observed in FT-ICR
mass spectrometers [109-116]. However, this type of ion mobility application
has not been widely used. The method has been demonstrated for cytochrome ¢
[94,117], but it is not clear how useful the technique will generally be to obtain
structural information of ions.

5.2
Geometries of Clusters

The first applications of ion mobility methods to obtain structural information
of polyatomic ions were on cluster ions, that is carbon [1-5] and silicon [6, 7]
cluster ions. In carbon clusters atoms are bound to each other by covalent bonds,
leading to structures like chains for small clusters (<10 atoms), rings, polycyclic
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planar and cup shaped structures, and cage structures, the fullerenes for larger
clusters (>30 atoms). Carbon clusters were still an area of active research during
the last five years and new and more complex structures have been found, pre-
dominantly due to increased ion mobility resolution [118-123]. New structures
include possible intermediates for fullerene formation, as well as multimers of
Cg fullerene. For instance, for fullerene dimers multiple geometries of fused
monomer cage units have been found including two cages connected by a chain
[121-123]. Recent work on carbon based cage structures also include studies on
silicon, niobium, and scandium containing clusters SiC}, Nb,C¢, (x=1-5), and
Sc,Cf (x=1-3). The SiC; clusters form virtually identical clusters like C} except
that one carbon atom is replaced by a silicon atom [124]. The Nb,C¥, clusters are
composed of a fullerene Cy, cage coated by a Nb, cluster, which can be annealed
to Nb,_;(Nb@Cy)*, a cluster with one Nb atom in the interior of the Cy, cage
[125]. In the ScC} (1n~80) fullerene clusters Sc sits in the interior of the C, cage
[126]. The Sc,C; clusters show two different structures, one where Sc, is inside
the C, cage and one where scandium carbide Sc,C, is inside a C,,_, cage. Simi-
larly, the Sc;C mobilities agree with a (Sc;C,)@CY,_, structure.

Clusters of the semiconductor elements Si and Ge are much more dense than
carbon clusters, but they are not spherical, either, as expected for closed packed
atomic spheres. Si} and Ge; clusters are prolate with geometries based on
stacked tricapped trigonal prisms [127-131]. At a certain cluster size (n~25 for
Si}) a structural transition occurs from prolate (1<25) to near spherical (1n>25).
Interestingly, clusters of tin, which is a metal at room temperature, exhibit very
similar structures as Si and Ge, indicating that they are semiconductors as well
[131, 132]. Bulk Sn does have a semiconductor form (a-tin), that has the same
diamond lattice as Si and Ge. Typical metal clusters appear to pack as tightly as
possible and exhibit near spherical shapes as observed for the lead [131,133],in-
dium [134],and gold [135] clusters. However, the smaller gold clusters Au; (n<7)
are completely planar [135].

Another class of systems studied by ion mobility is salt clusters, (NaCl),Cl-
(n<50) [136, 137]. Steps in the ion mobility values as a function of n indicate
completion of the 4x3x3,4x4x3, 4x4x4, and 5x4x4 cuboids. For n>30 several
isomers are observed at room temperature, which can be assigned to near cubic
and more planar or elongated geometries. At 70°C the less cubic geometries an-
neal into cuboids with activation barriers of <0.6 eV.

Recent hydration studies of small (NaI),Na* clusters (n=1, 2) indicate that
dissociation of [(Nal),Na*](H,0), into Na*(H,0), (“dissolution”) occurs readily
at room temperature for x>6 when n=1 and x>1 when n=2 [138]. For
[(NaI)Na*](H,0), theory indicates that at least four water molecules are re-
quired to solvate one Na* ion and form a contact ion pair (i.e.,loosen it from the
remaining Nal molecule). However, two additional water molecules (six in total)
are required to make the Na*(H,0),-Nal(H,0),_, cluster a candidate for dissoci-
ation under typical experimental conditions [138].

Finally, some ion mobility data is available for a number of clusters composed
of an ion and small neutral molecules. Such clusters include H;0%(H,0)s,
NH}(NH,),, n=1-3, NO*(CH;COCH,),, n=2, 3 [139-141], complexes between
protonated amines and polyethers [21], and ligated transition metal ions
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[142-150]. The most unusual geometries among these types of clusters are
clearly the multiple-decker sandwich structures observed for vanadium ion-
benzene clusters V, (CsHy)f, [142, 151-157]. One interesting finding is that
“early” transition metals all appear to form sandwich compounds with benzene
but for the late metals the benzene adducts coat a central metal cluster [158].

Ligated transition metal ions have been extensively studied by Bowers and
coworkers by measuring ligand — metal binding energies AH® and entropies AS®
(as in Sect. 4.3) [143-149]. If AH® and AS° values are studied as a function of
number of ligands added, important information about the electronic structure
of the metal center, the arrangement of the ligands, and ligand sigma bond acti-
vation can be obtained. For instance, the Fe*-(CH,) bond is relatively weak
(18 kcal mol™) compared to the bond energy of the second methane in the
Fe*(CH,), cluster (26 kcal mol™'),indicating that there is a spin change in the Fe*
ion upon addition of the first ligand requiring a substantial promotion energy
[143]. Large binding entropies (~20 cal mol™! K!) for the first four CH, ligands
of Fe* and Ni* and small values (~10 cal mol™ K-!) for the fifth and sixth ligand
give information about how the ligands are arranged: four ligands in the first
solvation shell and the fifth and higher in a second shell [143]. This conclusion
based on entropy data is consistent with very small binding energies measured
for the fifth and sixth ligands (~2 kcal mol™).

Sigma bond activation is observed in several cases for ligands bound to tran-
sition metals. For instance, on the basis of binding energy patterns and support-
ing calculations it was found that H, bound to Zr* has an H-Zr*-H structure,
where the Zr" ion inserted into the H-H sigma bond [149]. The following two H,
ligands in (H-Zr*-H)(H,), bind as H, molecules. Interestingly uninsertion is ob-
served when more ligands are added yielding Zr*(H,), clusters for n>4. Sigma
bond activation is also observed for hydrocarbon molecules bound to transition
metals as in Co*(CH,),, Ti*(CH,),, Ti*(C,H,), V*(C,H,), Ti*(C;H,), V*(C;Hy)
[159-163], and interestingly for clusters of B* [164] and possibly Al* [165].

6
Conclusions

We have shown that combining ion mobility spectrometry (IMS) equipment
with mass spectrometry (MS) provides a powerful tool to examine the three-di-
mensional structure of polyatomic ions by measuring collision cross sections of
mass identified ions. The technique is particularly useful in conjunction with
molecular modeling or electronic structure calculations. Further, we have re-
viewed applications where the IMS-MS equipment is used to obtain kinetic and
thermochemical data of ions.

IMS-MS applications published in the literature can be grouped into two cat-
egories. The first contains studies of conformations of flexible molecules. Such
flexible molecules include synthetic polymers and biopolymers such as pep-
tides, proteins, and oligonucleotides. The studies of the second category deal
with the geometry of cluster ions such as carbon clusters, semiconductor clus-
ters, metal clusters, salt clusters, ion-ligand clusters. The major conclusions re-
garding structure of these systems are reviewed in Sect. 5.
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cal species. In this article, the experimental methods required to collect the data, most notably
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the details of the requisite data analysis. Although the emphasis of the article is on collision-
induced dissociation (CID) reactions, similar methods can also be applied to endothermic bi-
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List of Abbreviations

BDE Bond dissociation energy
BIRD  Blackbody infrared dissociation

CID Collision-induced dissociation

CM Center-of-mass

dc direct current

eV Electron volts

GIBMS Guided ion beam tandem mass spectrometer
lab Laboratory

MAD  mean absolute deviation

PSL Phase space limit

rf Radiofrequency

RRKM Rice-Ramsperger-Kassel-Marcus

TCID  Threshold collision-induced dissociation
TTS Tight transition state

1
Introduction

The determination of thermochemistry using threshold collision-induced dis-
sociation (TCID) relies on a deceptively simple experiment: determine the en-
ergy threshold for the endothermic reaction (Eq. 1), the dissociation of the mol-
ecular ion AB*:

AB* + Xe > At + B + Xe (1)

This CID reaction is intrinsically endothermic. Figure 1 shows a typical example
of the data for such a process. At the lowest collision energies, no reaction is ob-
served (any signal observed below about 0.4 eV is equivalent to the noise level of
this experiment). This is because insufficient energy is available to allow the
Cr*(CO)4 reactant molecule to decompose. As the energy is increased, first one,
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Fig. 1. Integral cross sections for the CID of Cr(CO){ with Xe at a pressure of 0.1 mTorr as a
function of collision energy in the center-of-mass frame (lower x-axis) and laboratory frame
(upper x-axis). The symbols represent the product cross sections: Cr(CO)Z (open circles),
Cr(CO)j (solid triangles), Cr(CO)7 (open squares), and Cr(CO); (solid diamonds). The solid
line represents the total cross section. Adapted from [9]

then a second, then a third and fourth carbonyl ligand are lost from the complex.
Note that the total cross section varies smoothly with energy, reaching a nearly
constant plateau at the highest energies shown. Thus, the CO losses are clearly
sequential, as further indicated by the observation that the cross section for the
Cr*(CO)s primary product declines when the Cr*(CO), secondary product be-
gins to have an appreciable intensity.

The threshold measured for the reaction in Eq. (1), E,, corresponds to the
highest energy along the reaction coordinate for dissociation, i.e., the activation
barrier, which occurs at the transition state for the reaction. Such a transition
state is termed “tight” if it corresponds to a specific molecular conformation; see
Fig. 2a. Interestingly, in the dissociation of many ions, there is no activation bar-
rier for the reverse process (the association reaction), such that the activation
energy for dissociation equals the overall reaction endothermicity for the
process in Eq. (1); see Fig. 2b. In such a case, the measured threshold is equiva-
lent to the bond dissociation energy (BDE) of AB* (Eq. 2):

Dy(A* - B) =E, (2)

Now the transition state, termed “loose”, is ill-defined and product-like. For ion-
molecule reactions, reverse activation barriers are often absent because of the
strong long-range ion-induced dipole or ion-dipole potential [1]. Further, for
many systems of interest, the cleavage of the AB* bond is heterolytic (i.e., the
pair of electrons forming the bond is removed by one of the fragments). Quan-
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Fig. 2a,b. Potential energy surfaces for dissociation of the AB* molecular ion involving: a a
tight transition state; b a loose transition state. The threshold energy, E, is shown in both
cases. Part b also shows the effects of rotational energy on the dissociation

tum mechanics shows that the electronic surfaces for heterolytic bond dissocia-
tions have no barriers [2], although this conclusion may be altered if there are
curve crossings and efficient coupling with surfaces of different spin. Overall, it
is well-known that exothermic ion-molecule reactions often proceed without an
activation energy, and thus the converse should ordinarily be true, i.e., en-
dothermic ion-molecule reactions should proceed once the available energy ex-
ceeds the thermodynamic threshold. This assumption has been tested by exam-
ining several systems where the thermochemistry is well established, e.g., see
[3-7].

To verify that the measured thresholds really do correspond to the thermo-
dynamic limit, it is desirable to measure a particular BDE using more than one
reaction system. However, such multiple determinations are often not possible,
especially for systems involving noncovalent bond cleavages. In such cases,
comparison with values from other experiments (notably equilibrium measure-
ments) and ab initio theory can be used to verify the accuracy of the BDEs ob-
tained.
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2
Experimental Methods

2.1
Guided lon Beam Mass Spectrometry

Although any tandem mass spectrometer can be used to examine the CID reac-
tion (Eq. 1), the accurate measurement of an absolute threshold energy requires
much more rigorous experimental instrumentation. A guided ion beam tandem
mass spectrometer (GIBMS) is specifically designed for such experiments, and
it has proven its ability to provide high quality threshold data that can be ana-
lyzed to provide accurate thermodynamic information as described below.
Qualitatively, the distinguishing feature of a GIBMS instrument is that the reac-
tion region is larger than the mass-selective regions, in contrast to most com-
mercial mass spectrometers. Details of the GIBMS have been discussed before
[3,8,9]. One of our instruments is shown in Fig. 3.

In a guided ion beam experiment, reactant ions are created in the source re-
gion, mass selected by a mass spectrometer (a magnetic sector in our instru-
ments), decelerated to a desired kinetic energy, and injected into a radiofre-
quency (rf) octopole ion beam “guide” [10, 11]. This device comprises eight rods
cylindrically surrounding the ion beam path. Opposite phases of an rf potential

FIRST SECOND QUADRUPOLE
OCTOEZOLE OCTOPROLE ANALYZER

MAGNETIC
ANALYZER

wmm::::::u
i————r

800 L/S

DIFFERENTIAL

REGION
DALY
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300 L/s

1500 L/s

FLOW TUBE 10 cM 100 cM

Ion Sources
Microwave discharge - shown
Glow discharge
Electron impact
Laser vaporization
Surface ionization

Fig. 3. Schematic diagram of the guided ion beam tandem mass spectrometer, double octo-
pole configuration. Pumping speeds are shown. Ion sources available are listed and the mi-
crowave discharge source is shown. Adapted from [9]
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are applied to alternate rods to create a radial trap (having an r° dependence
where r is the distance away from the central axis of the guide) for charged par-
ticles, without affecting the ion motion along the axis of the octopole. This trap
prevents the loss of ions at low energies resulting from space charge effects and
ensures efficient collection of product ions. Compared to an rf-only quadrupole
(which has a quadratic 2 potential), an octopole provides a more homogeneous
potential, less perturbation of the kinetic energy distribution of the reactant
ions, and thus much better control of the energy.

In our instrument, the octopole passes through a collision cell (which has a
length less than half that of the octopole) where the neutral reagent is intro-
duced. (In most triple quad instruments the collision cell extends to the end of
the central rf-only quadrupole such that reactive collisions occur in the regions
between the quadrupoles where the ion energy is poorly defined.) Reactions
take place inside the collision cell (where the pressure is well-defined) and in the
regions leading to the cell where the pressure is still appreciable. The effective
length of the collision cell is needed for calculation of absolute cross sections
and this length can be determined either by calculation or calibration with pre-
vious results. It is important to keep the pressure of the neutral reagent suffi-
ciently low that multiple collisions between the ion and neutral reactants are un-
likely. In truth, the effects of multiple collisions cannot be avoided completely in
any real experiment; however, such effects can be removed easily by performing
studies at several different neutral pressures and extrapolating to zero neutral
pressure, rigorously single collision conditions [3, 12]. This pressure extrapola-
tion has been found to be particularly important in the analysis of CID reactions
because multiple collisions can induce dissociation at energies below the thres-
hold associated with a single collision. Without removing the contribution from
multiple collisions, the measured threshold will be too small.

After passing through the collision cell, remaining reactant and newly formed
product ions drift to the end of the octopole. There, all ions are extracted, fo-
cused into a second mass spectrometer (quadrupole mass filters in our instru-
ments) for mass separation, and detected using an ion counter [13]. Our instru-
ments use a Daly detector, which utilizes a high voltage (28 kV) first dynode
coupled with a secondary electron scintillator and photomultiplier, thereby pro-
viding very high sensitivity (detection efficiencies near 100%).

Acquisition of data involves the measurement of reactant and product ion in-
tensities as a function of ion kinetic energy in the laboratory frame. The latter
can be varied from essentially room temperature to hundreds of electron volts
by changing the bias potential on the octopole and collision cell relative to the
ion source (see below). The ability to vary easily the kinetic energy of the ion
through the range of chemical interest is the key capability of the GIBMS. A nu-
ance in the data acquisition for threshold studies is to measure ion intensities
with the neutral reagent directed to the collision cell and, on alternate energy
scans, to the background of the chamber. This background signal (which in-
cludes all random noise as well as reactions taking place outside of the collision
chamber) provides a direct measurement of the absolute zero of the cross sec-
tions for all product ions formed inside the collision cell. Apparatus-indepen-
dent results are obtained by converting the raw data to absolute reaction cross
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sections as a function of the relative kinetic energy, or energy in the center-of-
mass (CM) frame, o(E). The cross section is a direct measure of the probability
of reaction and can be thought of as a microscopic rate constant because k=ov,
where v is the relative velocity of the reactants. The center-of-mass energy is
used because it excludes the kinetic energy of the entire reaction system moving
through the laboratory (which must be conserved and therefore is unavailable
for driving chemical reactions). Ion intensities are converted to cross sections
using a Beer’s law type of formula [8]. Laboratory energies are converted to rel-
ative energies using a simple stationary target approximation, E(CM)={E(lab)-
E,(lab)}m/(m+M), where m and M are the masses of the neutral and ionic reac-
tants, respectively, and E, is the absolute zero of energy. The distribution of ion
kinetic energies and E, are directly measured in each experiment by a retarding
potential analysis that is made particularly accurate by the use of the octopole
ion guide. The accuracy of this retarding analysis has been verified by time-of-
flight measurements [8,9] and comparisons with theoretical cross sections [14].
In the low energy region where the ion beam begins to be truncated (because not
all ions have sufficient energy to be transmitted by the octopole), the conversion
from lab to CM frame explicitly accounts for this change in the ion energy dis-
tribution [8].

2.2
Generation of lons

To acquire accurate thermochemical data from a TCID experiment, the energy
available to the reactants must be characterized in detail. The kinetic energy dis-
tributions of the ionic reactant are measured directly, as outlined in the previous
section,and those of the neutral reagents are described by a Maxwell-Boltzmann
distribution at the temperature of the collision cell (~300 K). This same temper-
ature characterizes the internal energy of the neutral reagent (although for the
monatomic gas often used in TCID studies, this point is moot). The internal en-
ergies of the ions are the most difficult quantities to determine because ioniza-
tion is generally an energetic process that leaves ions with poorly characterized
vibrational and rotational energies. Although a number of ionization methods
can be used to minimize the internal excitation, most of these methods are still
poorly characterized with regard to the extent of internal excitation in all de-
grees of freedom.

To overcome these limitations, we utilize a flowing afterglow ion source
[15-17] in which ions undergo about 10° collisions with a flowing He bath gas
(present at a pressure of ~0.5 Torr and a temperature of ~300 K). The collisions
thermalize the ions rotationally and vibrationally no matter how they are
formed. For many systems of interest in our laboratory, we generate metal-lig-
and complexes by condensing the ligand on the bare metal ion (three-body com-
plexation that is enabled by the high pressure bath gas). Metal ions are generated
in a d.c.-discharge where the metal of interest is the cathode [3]. Alternatively,
we can start with a stable organometallic or organic precursor and ionize it by
electron impact ionization, charge transfer from He", or Penning ionization with
He*. Having carefully thermalized the ions, it is also critical to remove them
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from the high-pressure flow tube without collisional excitation altering the in-
ternal energy distribution of the ions. Differential pumping and low voltage
lenses provide this capability in our apparatus [3, 18].

Ions produced in the flow tube ion source should have internal energies char-
acterized by a Maxwell-Boltzmann distribution at 300 K. No direct measure of
the internal temperature of the ions is available, but extensive studies of systems
for which thermodynamic information is available in the literature provide
some confidence that this assumption is valid. These studies include TCID mea-
surements on N} [18], Fe(CO)} (x=1-5) [3], Cr(CO)} (x=1-6) [5,9], SiF} (x=1-4)
[19], H;0*(H,0), (x=1-5) [4], Cu*(H,0), (x=1-4) [20], Li*(H,0), (x=1-6) [7],
and K*(NH;), (x=1-4) [21].

3
Data Analysis

Having obtained reaction cross sections as a function of relative kinetic energy,
the data must be analyzed to extract the onset for the endothermic process of in-
terest. Because of the extensive distributions of energies, accurate location of
this onset is a difficult process. In our work, we choose to model the experimen-
tal cross sections with a mathematical expression that is theoretically justified
[22-24], Eq. (3). In addition, this expression has proven to yield accurate ther-
mochemistry in a number of systems, providing a reasonable empirical justifi-
cation for its use:

o(E) = %Zgi (E + E; - Ey)"/E™ 3)

In Eq. (3), 0y is a scaling factor, E is the relative (CM) kinetic energy, E, is the
threshold energy, and n and m are adjustable parameters. The sum is over indi-
vidual reactant states (vibrational, rotational, and/or electronic), denoted by i,
with energies E; and populations g (£g;=1). An exposition of theoretically justi-
fied values of n and m has been provided recently [24]. Empirically, experimen-
tal results for TCID processes can generally be described using m=1, as pre-
dicted for translationally driven reactions [25]. Recent work has shown that
when the reaction of interest involves a spin change, it may be more appropriate
to use m=3/2 in order to account for the E-'/? dependence of crossing between
surfaces [26]. A detailed understanding of the value of n has not been developed,
although a value near unity is common (the so-called line-of-centers model).
Generally, n increases as the complexity of the system increases and decreases as
the threshold decreases. In TCID studies, recent work has shown that the value
of nalso describes the distribution of energy transferred in the collision referred
to in Eq. (1) [9], as discussed further below.

However, Eq. (3) is not yet complete as it does not include the distributions of
the kinetic energy of the neutral and ionic reactants. These are included as first
described by Chantry [27] and later developed elsewhere [8,28]. Once these dis-
tributions are included, the o, n,and E, parameters of Eq. (3) are optimized us-
ing a non-linear least squares analysis to give the best reproduction of the data.
Because all sources of energy are included in the analysis of the data, the thresh-
old obtained is believed to correspond to a BDE at 0 K, Eq. (2) [4,29].
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Uncertainties in E, are calculated from the range of threshold values obtained
for different data sets with different values of n coupled with the error in the ab-
solute energy scale (0.05 eV lab). If the internal energy of the reactant ion is non-
negligible and the vibrational frequencies are not well known, the uncertainty in
E, includes variations in the calculated internal energy distribution of Eq. (3).
Nowadays, vibrational frequencies and rotational constants of the reactant ion
complexes are generally taken from ab initio calculations. Precise values are not
required as it is most important that the correct number of low frequency vi-
brations be correctly identified. The accuracy of the thermochemistry obtained
by this modeling procedure depends on a number of experimental parameters
discussed in detail elsewhere and reviewed below [29-31].It might be noted that
this modeling procedure is not limited to TCID reactions but can also be used to
measure the thresholds for chemical exchange reactions, A*+BC—AB*+C, in
which covalent bonds are made and broken [29].

An example of this modeling procedure is shown in Fig. 4 for the total disso-
ciation cross section of the Cr*(CO)¢ complex [9]. The energy at which the
Cr*(CO); product signal first deviates from zero clearly depends on the sensi-
tivity of the experiment, but certainly rises above the background at about
0.5 eV (Fig. 1). This apparent threshold energy differs appreciably from the E,
value obtained from modeling with Eq. (3), 1.59%0.09 eV, as indicated by where
the dashed line deviates from zero in Fig. 4. The convolution of Eq. (3) over the

Collision energy (eV, lab)

0 2 4 6 8
25 L L A 1 L L L 1 L L . 1 A L .

Cross section (10~ cm?)

Collision energy (eV, CM)

Fig. 4. Total cross section for the CID of Cr(CO),* with Xe, extrapolated to zero pressure, as a
function of collision energy in the center-of-mass frame (lower x-axis) and laboratory frame
(upper x-axis). The solid line shows a representative fit to the data using the model of Eq. (4)
convoluted over the energy distributions of the two reactants. The dashed line shows the same
model in the absence of energy convolution, for reactants with an internal temperature of 0 K.
A 50x magnification of the threshold region of the cross section is presented in the upper left
side of the figure. Adapted from [9]
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internal and kinetic energy distributions is shown by the full line, which repro-
duces the data extremely well over a wide range of magnitudes and energies. To
assess the accuracy of this modeling, the threshold can be compared with liter-
ature values; however, the effect of kinetic shifts needs to be included before this
comparison is meaningful.

3.1
Kinetic Shifts

An energized molecule AB* that has enough energy to dissociate has a lifetime
that depends on the available energy and the complexity of the molecule. Small
molecules dissociate rapidly because it is straightforward for the energy to find
its way into the vibration corresponding to the reaction coordinate. For the dis-
sociation of large molecules having many degrees of freedom, it is possible to
have enough internal energy to allow dissociation, but the average time needed
for the decomposition exceeds the flight time of the ion from the collision region
to the analysis mass spectrometer, 7. In the instrument shown in Fig. 3, this time
scale is about 5x107 s. Thus, as the lifetime of the energized molecule ap-
proaches this limit, the apparent threshold for reaction shifts to higher transla-
tional energies, resulting in a “kinetic” shift. The magnitude of this shift is
instrument dependent and varies with the sensitivity of the apparatus and the
experimental time scale available. The lifetime for dissociation of an energized
molecule can be quantified using statistical kinetic theories, such as Rice-
Ramsperger-Kassel-Marcus (RRKM) theory [32], for predicting the unimolecu-
lar dissociation rate constant, k(E*), at an available energy, E*. The specifics of
how RRKM theory is incorporated into Eq. (3) (for m=1) has evolved [5, 33, 34],
but is presently described by Eq. (4):

E
0(E) = (noy/E) 2 g | [1-e BT (E- gl de (4)

E,-E

In this equation, all quantities are as described above and ¢ is the energy de-
posited in the complex upon collision with the neutral reagent. The energy de-
position distribution has been measured recently by measuring the kinetic en-
ergy of the reactants after collision, specifically for the Cr*(CO)s complex dis-
cussed above [9]. This work finds that the distribution can be parameterized
using 1, Eq. (5), where 7 is the same parameter used in Eq. (3):

P(€) = oyn(E - e)™'/E (5)

These two forms are self-consistent in that the same value of n can describe the
energy dependence of the cross section and the distribution of deposited ener-
gies. In cases where the decomposition rate is fast compared to 7, the integration
over €in Eq. (4) recovers Eq. (3).

As for most applications of statistical rate theory, the most difficult aspect is
the characterization of the transition state. As discussed above, if the E, value de-
termined from a TCID experiment corresponds to the bond energy of AB*, then
the transition state must be a loose one. In such a case, it is generally appropri-
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ate to utilize a “phase space limit” (PSL), which assumes that the transition state
is located at the centrifugal barrier for dissociation. Then, the TS is product-like,
such that the molecular parameters for the transition state are easily calculated
[34]. In this analysis of the data, the uncertainties in the threshold now include
uncertainties associated with the RRKM analysis of lifetime effects. This gener-
ally involves +10% uncertainties in the vibrational frequencies and an uncer-
tainty of a factor of two in the time available for dissociation.

The importance of including such kinetic shifts in the modeling is now ab-
solutely clear, and the accuracy of this PSL model for estimating kinetic shifts
has now been verified in several applications [6, 34-41]. An extreme case is il-
lustrated by the dissociation of Na*(18-crown-6). When modeled without con-
sideration of the lifetime for dissociation, a threshold of 7.37+0.24 eV is ob-
tained, but when lifetime effects are included using the PSL model, a threshold
of 3.07+0.20 eV is found [38]. The accuracy of the latter value is confirmed by
high-level ab initio calculations that predict a bond energy at 0 K of 3.44 eV [42].
It generally appears that lifetime effects begin to be important when the total
number of heavy atoms in the complex exceeds five and when the BDE for the
bond being broken is greater than about 1 eV. Lifetime effects become more sig-
nificant as the complexity of the system increases and as the bond strength in-
creases (and less significant for weaker bonds).

We now return to our example of Cr*(CO)y dissociation, which exhibits a
threshold energy of 1.59+0.09 eV without consideration of lifetime effects and
1.43140.09 eV when these are included. As discussed elsewhere [5], the most reli-
able values from the literature for this bond energy come from appearance energy
measurements of Michels et al. [43] (1.38+0.04 eV) and the threshold photoelec-
tron-photoion coincidence measurements of Meisels and co-workers [44]
(1.44%0.25 eV). Another check of the thermochemistry is to compare the sum of
the individual BDEs of all six Cr*(CO), (x=1-6) systems with the known value for
the enthalpy of reaction for losing all six CO ligands from Cr*(CO); at 298 K,
5.23%0.09 eV [5]. When all six individual bond energies are measured using TCID
methods, we obtain an experimental sum of 5.25+0.09 eV (5.41£0.09 eV if lifetime
effects are excluded) [5, 9]. These comparisons demonstrate that the agreement
between the literature and TCID values with lifetime effects included is very good.

3.2
Competitive Shifts

In addition to kinetic shifts, the threshold for a CID process can be delayed by

competition with another decomposition channel. Consider the bis-ligated

sodium cation, Na*(H,0)(NHj;), which can decompose by losing either ligand,
Eq. (6):

Na*(H,0)(NH;) + Xe — Na*(NH,) + H,0 + Xe (6a)

— Na*(H,0) + NH; + Xe (6b)

Although the lowest energy dissociation pathway can be described accurately
using Egs. (3) or (4) up to the energy where the second channel starts, the higher



244 P.B. Armentrout

Energy (eV, Lab)

0 1 2 3 4
20 " " " +. 1 " " " " 1 " " " " 1 " L L " 1
{(HyO)Na*(NH3) + Xe —>
£ 151 -
S
= P _— L
§ 101 s L
Q
w
@ 1 £
8 ]
S 57 r
0 -!-? L B A DO A A L R B B S R B R R
0.0 05 1.0 15 2.0 25

Energy (eV, CM)

Fig. 5. Zero pressure extrapolated cross sections for the competitive collision-induced disso-
ciation processes of (H,0)Na*(NH;) with xenon in the threshold region as a function of ki-
netic energy in the center-of-mass frame (lower axis) and laboratory frame (upper axis). Solid
lines show the best fits to the data using the model of Eq. (7) convoluted over the neutral and
ion kinetic energies and the internal energies of the reactants, using common scaling factors.
Dashed lines show the model cross sections in the absence of experimental energy broaden-
ing for reactants with an internal energy of 0 K. Adapted from [45]

energy process is inhibited by the competition with the energetically more fa-
vorable dissociation pathway. As is evident in Fig. 5 [45], the lower energy chan-
nel has a cross section that rises rapidly from threshold, whereas the higher en-
ergy channel increases more slowly because of the competition. The conse-
quences of this competition are made evident when it is realized that the true
difference in thresholds between the two channels is only 0.15%0.03 eV, whereas
the apparent difference is several tenths of an electron volt.

The effects of competition can be estimated by extending the statistical
method introduced above for handling kinetic shifts [46]. This is accomplished
by introducing a branching ratio for multiple channels indexed using j (Eq. 7):

E
(k) [1 - XS] (- gyt de (7)
)

0,(E) = (noy/E) X g
i E,E

where k,,(e+E;)=2k;(e+E)). Significantly, this method allows simultaneous de-
termination of reaction thermochemistry for multiple dissociation channels, as
illustrated in Fig. 5. Because both channels are constrained to use the same value
of n, the precision of the method is actually higher than for single channel CID
processes. However, various entropic factors can influence the relative magni-
tudes of the two channels, and these need to be considered carefully [45]. This is
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both a difficulty (because the data cannot be reproduced accurately unless the
character and molecular parameters of the transition state are properly chosen)
and a benefit (for instance, it is straightforward to identify loose vs tight transi-
tion states). Equation (7) was originally developed for competitive pathways that
dissociate by loose (PSL) transition states [46] and has proven useful in several
additional studies [45, 47, 48]. It has also been shown to be effective in systems
of mixed transition states (loose and tight) [49], and it should be applicable in
systems that have only tight transition states (although any applications involv-
ing tight transition states rely on determining accurate molecular parameters).
The method has been applied to two and three competing channels, but the
methodology should be applicable to systems having even more competitive
processes. Finally, although precise relative thresholds are determined, much
like in equilibrium studies, competitive TCID studies also yield the absolute
BDEs for both ligands bound to a solvated ion.

33
Theoretical Support

Theoretical calculations augment experimental TCID work in several ways, al-
though they are never necessary for the accurate measurement of CID thresh-
olds. Most importantly, ab initio calculations can provide the vibrational fre-
quencies and rotational constants needed to evaluate the internal energy of the
reactant complex and required for the statistical calculations of rate constants
used to estimate kinetic and competitive shifts. Such calculations are needed for
the dissociating complex (AB*) and the products (A* and B). For these purposes,
low level calculations are sufficient because there are accurate scaling proce-
dures that have been developed [50-52]. Calculations are also used to envision
the structure of the dissociating molecule, thereby making sure that the dissoci-
ation is unlikely to involve a reverse activation barrier. Finally, calculated ener-
gies double check the accuracy of the experimentally measured BDEs and can
identify ambiguities associated with electronic or structural isomers. Such the-
oretical energetics need to involve calculations at a fairly high level of theory.
Thus, structures need to be calculated using methods that include electron cor-
relation, such as MPx [53] or density functional methods [54-58] and a double-
zeta basis set like 6-31G* that includes polarization. For final energetics, single
point energy calculations using a larger basis set (e.g., triple-zeta 6-311+
G(2d,2p), that includes more polarization and diffuse functions) are needed. It
is critical to correct for zero point energies (ZPE), and even though it is still a
point of debate, basis set superposition errors (BSSE) are also usually corrected
for in the full counterpoise approximation [59, 60].

An example of the utility of such calculations involves the bis-ligated sodium
cation complexes Na*(H,0)(NH;) and Na*(H,0)(C,H;OH), which are calcu-
lated to have the structures shown in Fig. 6 [45]. In both cases, the two ligands
are well separated such that there should be little interaction between them
upon dissociation. However, in the Na*(H,0)(C,H;OH) complex, the calcula-
tions show that the ethanol ligand, which binds to Na* primarily through the
lone pair electrons on oxygen, also has a weak interaction using the methyl
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(H,0)Na*(NH;

(H,0)Na'(C,Hs0H)

Fig. 6. Ground state geometries of (H,0)Na*(NH;) and (H,0)Na*(C,H;OH) complexes opti-
mized at the MP2(full)/6-31G* level of theory. Adapted from [45]

group. This greatly hinders the rotation about the C-C bond such that the en-
tropy for dissociation of the ethanol ligand is particularly large, favoring this
channel appreciably. The effects of this are easily seen in the competitive disso-
ciation of the Na*(H,0)(C,H;0H) complex [45].

Typical agreement between experimental and theoretical bond energies can
also be illustrated by these complexes, as shown in Table 1 for each ligand alone
and their sum. It can be seen that the values generally agree within experimen-
tal error. A more comprehensive comparison between eight different levels of
theory and TCID experimental bond energies for 18 different Na*(ligand) com-

Table 1. Experimental and theoretical absolute Na*-L bond dissociation energies at 0 K
(in kJ mol™)

Bond Experiment Theory®

TCID® Literature MP2 B3LYP G2 CBS-Q
Na*-C,H;0H 110.0 (5.5) 110.1 (5.1)¢ 108.9 114.7 107.6  104.4
Na*-NH; 102.2 (5.4) 102.6 (4.0)¢ 102.5 108.7 102.2 96.7

103.1 (0.8)¢

Na*-OH, 87.8 (6.0) 89.4 (5.2)¢ 89.2 94.6 88.8 88.8
Na*-(OH,+NH,) 184.2 (7.5) 179.6
Na*-(OH,+C,H,OH) 187.2 (8.9) 184.7
2 [45].

b [39] and [45]; MP2=MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G*, BALYP=B3LYP/6-311+
G(2d,2p)//B3LYP/6-31G*.

¢ Calculated from experimental AG,gq values reported by McMahon and Ohanessian [199] and
enthalpy and entropy corrections determined at the MP2(full)/6-31G* level, [39].

d170].
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plexes is also available [39]. Mean absolute deviations (MADs) between experi-
ment and theory are generally around 5 k] mol™!, except for B3LYP/6-311+
G(2d,2p)//B3LYP/6-31G* and G3 [61] calculations, which deviate by averages of
8 and 12 kJ mol, respectively.

4
Necessities for Accurate Thermochemistry

Although the idea of measuring a threshold from an endothermic cross section
appears deceptively simple, the discussion above should make it clear that accu-
rate thermochemistry requires attention to a number of specific steps that need
to be addressed in both the experiment and the data analysis. Systems presently
amenable to study could not have been accurately treated a decade ago, since
which time our current understanding of the importance of these various steps
has evolved. The TCID methods are seeing increased application using both
equipment designed for such studies (such as the GIBMS) and instrumentation
that has been developed primarily for other tasks (e.g., triple quads, ion cy-
clotron resonance mass spectrometers, and ion traps). Here, the specific details
that are crucial to measurements of accurate thermodynamics using TCID
methods are outlined briefly:

- Collision energies must be well defined. In our apparatus this definition is
achieved using an octopole ion beam guide that is substantially longer than
the collision cell. This provides a homogeneous electronic environment with
no end effects in regions where the ion energy is poorly controlled.

- Ions of interest must have well-characterized internal energies. This is gener-
ally achieved in my laboratory by using a flow tube ion source, where ions are
thoroughly thermalized by about 10° collisions with room temperature bath
gases. (One might question whether the use of a supersonic jet expansion
source might provide colder ions, thereby lessening the effects of internal en-
ergy. Although such a source would yield ions having lower internal energies,
the energy distribution can change from translation to rotation to individual
vibrational modes, such that the overall ion temperature is poorly character-
ized.) Other types of ion sources could certainly be used in TCID experiments
given that the internal temperature is characterized.

- The absolute zero of the cross-section scale must be accurately measured.
Fully 50% of our data acquisition time is spent collecting background signals.

- The collision gas should provide efficient kinetic to internal energy transfer.
Several studies [30, 62, 63] convincingly demonstrate that Xe is a preferred
collision gas for TCID studies. Because Xe is atomic, it cannot carry away en-
ergy in internal modes. Further it is heavy, so the interaction time with the ion
is long, and it is polarizable, making the collision “sticky”. The latter two at-
tributes mean that the transient ABXe* complex behaves more statistically,
which maximizes the energy transfer (as little energy is generally released
into kinetic energy in statistical processes).

- Cross sections corresponding to single collision conditions should be ana-
lyzed. As noted above, this requires that cross sections be measured at several
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neutral reactant pressures and then extrapolated to zero pressure. This pro-
cedure analytically eliminates the effects of secondary collisions that can in-
duce dissociation below the threshold for single collision CID. Although time-
consuming, we always measure the pressure dependence of TCID cross sec-
tions.

- Analysis of the energy dependent cross sections must explicitly include all
sources of energy (internal and kinetic) and their distributions. Considera-
tion of these factors is achieved using the model in Eq. (3) and its derivative
forms, Egs. (4) and (7), and includes convolution over the kinetic energy dis-
tributions. A computer program that facilitates this analysis, CRUNCH, is
available by contacting the author.

- For larger ions (approximately six heavy atoms or more), the kinetics of the
dissociation process must be included in the data analysis. This requires the
use of Egs. (4) or (7), a capability included in the CRUNCH program.

- Direct competition between parallel reaction channels should be explicitly
considered in the systems where multiple dissociation channels exist. Again,
CRUNCH includes this capability.

5
Comparison with Other Methods

Of course, thermochemistry in the form of bond energies can be measured by a
variety of other experimental techniques. Key among these are temperature-de-
pendent equilibrium methods [64-74]. More recently, absolute BDEs have also
been measured using blackbody infrared radiative dissociation (BIRD) [75-81]
and radiative association [82-84] methods. In addition, precise relative BDEs
can be determined using equilibrium [85, 86] and kinetic method procedures
[87-90]. Direct comparisons between results of TCID methods and those of
these alternative techniques provide some confidence that all these various
methods, when adequately interpreted, do yield accurate thermochemistry.

Some distinctions and similarities between these various techniques are
worth mentioning. Threshold CID has proven to be a fairly robust method ca-
pable of measuring absolute bond energies over a very wide range of values,
~10-400 kJ mol!. Because they are dependent on establishing constant tem-
perature conditions, equilibrium, BIRD, and radiative association methods are
generally limited to a smaller range, ~40-200 k] mol~'. Likewise, a larger range
appears to be available to relative measurements made by competitive CID
methods, up to about 30 k] mol™! [46], whereas other methods are often limited
to differences of less than 10 k] mol-'. In addition, competitive CID studies also
provide absolute BDEs for two ligands simultaneously along with a precise
measure of the relative difference between them. A primary limitation of the
threshold CID method is that it is model dependent, as is obvious from the ex-
position above, although efforts are underway to provide a more quantitative
basis for these models. Likewise, BIRD, radiative association, and kinetic
method approaches share a dependence on models. In contrast, the underpin-
nings of equilibrium methods are a very well established part of thermody-
namics.
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6
Thermodynamics of Reaction Barriers and Bimolecular Reactions

6.1
Reaction Barriers

As noted above, most systems chosen for study by TCID are designed such that
there is no reverse activation barrier, hence the threshold corresponds to the
BDE of the bond being broken. In some systems, however, there is an activation
barrier that must be overcome for the reaction to rearrange to the observed
products. The earliest examination of such a system involved threshold colli-
sional activation of Fe*(C;Hg) [91], which has the energetics shown in Fig. 7.
Three major product channels are observed at lower collision energies (below
2 eV): Fe*(C,H,)+CH,, Fe*(CsH4)+H,, and Fe*+C;H;. The threshold for the lat-
ter channel, simple CID, showed that the complex was bound by 0.82+0.07 eV.On
the basis of other related studies [29], thermodynamic thresholds for the first
two channels are approximately 0.1 and 0.5 eV, respectively. In contrast, dissoci-
ation of Fe*(C;H,) to form these two product channels both exhibited thresholds
0f 0.47+0.12 eV. Thus, the thresholds correspond to a barrier attributed to a tight
transition state for C-H bond activation, which can lead to both products. This
is consistent with density functional calculations on the related Co*(C;Hj) sys-
tem [92], although these calculations also suggest the possibility that the rate
limiting tight transition states are associated with the S-H transfer steps in
which the CH, and H, molecules are formed. (See [93] for a complete discussion
of the mechanisms of alkane activation by transition metal ions.)

More recently, studies that combine TCID studies with high level computa-
tions allow for accurate assessment of tight transition states and the competition
between these and entropically favored, but higher energy, decomposition path-
ways. This work includes case studies of the (OCS-C,H,)* complex [49] and the
dissociation of phenol cation (which forms C;Hg*+CO) [94]. Similar studies that
combine TCID work with theory have been performed for protonated biological
molecules, which have only covalent bonds and hence their dissociation path-
ways generally involve activation barriers [95, 96].

1.0 —

08 Fe” +C3Hg .

- Fe'(CHg)

3 081 .
& 04f -
(9]
4 o2t .

00t . Fe'(CoH,)

Fe (C4Hg) +CH,

Reaction Coordinate

Fig. 7. Energetics of the Fe*(C;H,) system. The uncertainty in the determination of the reac-
tion barrier is shown by the error bar at the transition state. Adapted from [91]
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6.2
Bimolecular Reactions

The methods introduced above for measuring the kinetic energy dependence of
CID reactions can also be applied with success to bimolecular reactions, such as

A*+BC —>ABT+C (8)

Indeed, these methods were largely developed for such systems and then applied
to CID processes. One key advantage of bimolecular reactions is the absence of
a third body, such that the energy available to the reaction intermediate, ABC*,
is the entire kinetic energy of the collision. In such a case, the parameter 7 no
longer describes the energy deposition process, but rather the efficiency of the
reaction, such that Eq. (3) is still an appropriate means to determine the thresh-
old for such reactions.

This is illustrated in Fig. 8 which shows the reaction of platinum cations with
dihydrogen [97], where Pt* has been formed in its ground electronic state, *Ds,.
The dashed line shows Eq. (3) with n=1.1, m=1.0,and E,=1.68+0.06 eV, whereas
results on the analogous D, system find Ey=1.71£0.05 eV. The full line has been
convoluted with the kinetic energy distributions and can be seen to reproduce
the data very nicely. At high energies, above the bond energy of H, at 4.475 eV, a
model for the subsequent dissociation of the PtH* product to Pt*+H is included
[98]. The threshold values for the H, and D, systems should differ by the zero-
point energy differences in the reactions. Calculations indicate that the thresh-
old for reaction with H, should be 0.04 eV lower than that of the D, reaction,

Energy (eV, Lab )
0 100 200 300 400 500

] Pt'+H; — PtH* +H

Cross section (10-'¢ cm?)

i : —
0 1 2 3 4 5 6

Energy ( eV, CM )

Fig. 8. Cross sections for reaction of Pt*(?D;,,) with H, as a function of kinetic energy in the
center-of-mass frame (lower axis) and laboratory frame (upper axis). The best fit of Eq. (3)
with parameters given in the text to the data is shown as a dashed line. The solid line shows

this model convoluted over the kinetic and internal energy distributions of the reactant neu-
tral and ion. Adapted from [97]
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consistent with the experimental results and showing that they exhibit very
good precision. In this simple reaction, the H, (D,) bond is broken and the PtH*
(PtD™") bond is made such that the threshold energy is simply the difference be-
tween these two bond energies. This fact is used to extract an average Pt*-H
bond energy of 2.81+0.05 eV (2715 kJ mol™).

This methodology, which allows the measurement of covalent bond energies,
has been applied to a wide variety of systems. Many of these have been reviewed
elsewhere and include atomic transition metal cations bonded to H, C,N, O, CH,
NH, OH, CH,, NH,, CH; [29, 93], S, and 2S [99]; transition metal cluster cations
bound to D, O, [100], S [101], CH, CH,, and CH; [102]; and various inorganic
species relevant to plasma chemistry [103].

7
Range of Systems Amenable to TCID Studies

7.1
Small Molecules: Covalently Bound

711
Inorganic Cations

The thermochemistry of a number of inorganic cations has been examined us-
ing TCID methods. These include UO* and UOj [104], VO* [62], SiD} [105], CS}
[106], SFf (x=1-5) [107], SiF} (x=1-4) [19], N¥ [108], Si(CH;)f (x=1-4) [109],
and the acids H,NO? [110] and H;SO} [48]. The VO* work examined CID with
all five rare gases and demonstrated that the efficiency of energy transfer was
best with Xe, as discussed above. The study of CS} was interesting as both CS*+$
and S*+CS products were observed, thereby allowing the heat of formation of
the CS radical to be measured. The Si(CH;)," work provided a favorable com-
parison between bond energies measured using TCID methods and BIRD.
However, studies of small, strongly bound inorganic ions have highlighted
one of the potential difficulties with TCID techniques, namely, that energy is in-
efficiently transferred from the kinetic energy of the collision to the internal en-
ergy of the ion. Certainly the smaller the ion and the more strongly bound it is,
the less likely the collision is to behave statistically. Indeed, TCID studies of di-
atomic transition metal oxide cations routinely provide only upper limits to the
true bond energies, as measured using bimolecular reactions. The accuracy of
CID thermochemistry in such cases can be illustrated using two examples that
provide extremes in the results. Studies of the CID of SiF} (x=1-4) [19] provided
bond energies for the cations and complementary studies of related bimolecu-
lar reactions and charge transfer processes also yielded thermochemistry for
the neutral SiF, (x=1-4) molecules. The results for the cations (measured di-
rectly by TCID) are shown in Table 2 along with subsequent high level, CCSD(T),
calculations [111]. It can be seen that the agreement is quite satisfying with an
average absolute deviation of 0.09+0.07 eV, comparable to the experimental er-
ror. In contrast to these results are those for SF}, also listed in Table 2 along with
the results of G2 [112] and G2(MP2) [113] calculations from two separate inves-
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Table 2. Bond dissociation energies (eV) at 0 K of SiF; (x=1-4) and SF] (x=1-5)

Bond Experiment (TCID) Theory

Si*-F 7.04+0.062 6.90°

SiF*-F 3.1840.042 3.34b

SiFf-F 6.29+0.102 6.34°

SiF:-F 0.85+0.162 0.83°

S*-F 3.56+0.05¢ 3.80+0.084,3.35¢
SF*-F 4.17+0.10¢ 3.86+0.069,4.09¢
SFi-F 4.54+0.08°¢ 4.15+0.069,4.16¢,4.30°¢
SFi-F 0.36+0.05¢ 0.58+0.079,0.56°¢
SF}-F 4.60+0.10°¢ 3.84+0.074,3.87¢
3 [19].

b CCSD(T) results from [111].

< [107].

4 G2 results from [114].
¢ G2 and G2(MP2) results from [115].

tigations [114, 115]. Oddly, the theoretical values for x=1 and 2 do not agree, but
the experimental values for x=1-3 lie about 0.2+0.1 eV above the theoretical val-
ues from Cheung et al. This is satisfactory agreement, especially given the un-
certainties in the theoretical values, but the systematically larger experimental
values could indicate some inefficiencies in energy transfer. A similar discrep-
ancy of 0.2 eV is observed for the bond energy of SF{, but here the experimental
value lies below theory. It is possible that incomplete thermalization of this ion
left it with excess internal energy leading to a slightly lower threshold. The bond
energy for SF{ measured by TCID lies well above the theoretical predictions,
which have now been confirmed within about 0.1 eV by other experiments
[116]. Collisional dissociation of SFf is complicated because the initially formed
SF; product rapidly dissociates to SF} at slightly collision higher energies be-
cause of the small SF}-F bond energy (Table 2). This complication coupled with
the possibility that energy transfer is inefficient may have led to the large dis-
crepancy with theory, although some sort of activation barrier might also be
imagined. Fortunately, in the multitude of cases where comparisons can be
made, such large deviations are quite uncommon. Nevertheless, the measure-
ment of strong bonds of small molecules by TCID can be problematic and cau-
tion should be exercised in the interpretation of the data.

7.1.2
Inorganic Anions

TCID methods have been employed, primarily by Sunderlin and coworkers, to
study a number of inorganic anions, generally involving halogens. These include
the polyhalide anions: F3, F3, Cl;, Br;, Brs; group 15 halides: ACl; (A=P, As, Sb, Bi),
PBrj, and PI;; sulfur and sulfoxy halides: SCl3, SF;, SF;, SOCl3, and SO,F~; and
other species such as N;0; and X (HCOOH), (x=1, 2 and X=Cl, Br, I). This work
has been reviewed elsewhere [117].
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713
Organic lons

Squires pioneered the use of CID methods to elucidate the thermochemistry of
a wide range of organic species. The work of his group includes carboxylates
[118], carbenes (from CID of carbene-X~ where X is a halogen atom) [119-123],
carbynes [124, 125], benzynes [126-129], and radical anions [130-133]. Contri-
butions from other groups include the gas-phase acidity and C-H bond energy
of diacetylene [134], gas-phase acidities for a series of alcohols [47], investiga-
tions of isonitrile [135], m-xylylene [136], triradicals [137, 138], phenyltrifluo-
rosilane [139], and diazeniumdiolates [140].

7.2
Small Molecules: Non-Covalent

A number of small non-covalently bound complexes have also been examined
using CID methods including (N,) [18], (N,0-H,0)* [141], (OCS-C,H,)* [49],
and protonated water clusters, (H;0)*(H,0), (x=1-5) [4]. The latter study pro-
vided an excellent test of the absolute accuracy of TCID experiments, as ther-
mochemistry for these clusters is available from a number of equilibrium stud-
ies. Compared to results of Meot-Ner and Speller [142], the TCID bond energies
had an average deviation of 2.9+4.0 k] mol~! (MAD=4.4£1.4 k] mol™!),and com-
pared to results of Kebarle and coworkers [143, 144], the average deviation was
1.0+3.7 k] mol™ (MAD=3.0+1.9 k] mol™). Considering that the uncertainties
are 6 k] mol™ in the TCID measurements and +4 k] mol™' in the equilibrium
studies, this is excellent agreement.

7.3
Metal Ligand Complexes and lon Solvation

A great deal of work utilizing CID has involved the interactions of metal ions
with various ligands. Molecules studied include the binding of metal ions to rare
gases (Ar, Kr, Xe), diatomics (H,, CO, N,, NO, CS), triatomics (H,0, CO,, CS,),
simple solvents (H,0, NH;, acetonitrile, acetone), hydrocarbons (alkanes,
alkenes, benzene), substituted benzenes (C;Hs;X where X=F, OH, NH,, OCHj,,
NH,, CH;), alcohols (methanol-butanols), ethers (dimethyl ether, dimethoxy
ethane, and cyclic crown ethers), aldehydes and ketones, azoles (five-membered
ring heterocycles containing N including imidazole, triazoles, and tetrazoles),
and azines (six-membered ring heterocycles containing N including pyridine,
pyridazine, pyrimidine, pyrazine, s-triazine). Metals in this work are generally
singly charged cations and include the alkali metals (Li*, Na*, K*, Rb*, and Cs*),
Mg*, and Al", the first-row transition metals (Sc*-Zn*), and several second-row
and third-row transition metals. Some anionic studies are also available [145,
146]. A comprehensive listing of most of these metal-ligand bond dissociation
energies as determined by threshold CID has been provided [147]. This review
includes a discussion of the trends in these values, thereby elucidating the im-
portance of ion-dipole and ion-induced dipole interactions, chelation, different
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conformers and tautomers, steric interactions, solvation phenomena, and elec-
tronic effects such as hybridization and promotion.

Work performed subsequent to this review includes a systematic evaluation
of the binding of alkali metal ions with one and two ligands such as substituted
pyridines (c-CsH,NX, X=H [40], CH; [148],NH, [149]), substituted benzenes (c-
C¢H;X, X=CH; [150], NH, [151], OH [152], OCH; [153], F [154]), and azoles
[155]. Periodic trends in the binding of first-row transition metal cations with
pyridine [156], pyrimidine [157], and adenine [158] have been studied. Solva-
tion of Na* by acetonitrile [159], K* by ammonia [21],and Cu* by NO [160], ace-
tonitrile [161], acetone [162], dimethyl ether [163], and dimethoxyethane [164]
have been examined. Several studies of Ag* bound to organonitriles [165], small
oxygen- [166] and nitrogen-containing ligands [167] have been published. Two
TCID studies involving Pt* include the sequential binding energies of CO [168]
and interactions with methane [169].

As alluded to above, some of these studies include an examination of solva-
tion from a very fundamental level, i.e., the measurement of sequential bond en-
ergies up to (and sometimes past) the first solvent shell. Notable among such
work are TCID studies involving the ligands of H,0, CO,NH3, and dimethyl ether
which have been performed for a range of different metal ions [147,170]. An ex-
ample of such data for the case of the ubiquitous H,0 molecule is given in
Table 3. In addition to these ligands, solvation of Mg" by CO, and CH;0H [41]
and Fe* by N, [171], CH, [172], CH,0 [171], and CS, [173] have been studied.
Mono and bis complexes of several metal ions with C,H, [174], CsH [174], sub-
stituted benzenes [150-154], and dimethoxyethane (CH;OCH,CH,0CH,) [164,
175] have been examined. The trends in these sequential bond energies can be
very interesting and illuminating, as illustrated in Fig. 9 which shows hydration

180 T T T T T —
r Cu (Hp0)y ]
160 - 3
° [ .+ ]
IS F Li (HyO) ]
S MoET TR ;
- C -
Cl) 120 - . y +(H o ]
+ C n (A2 ]
Py L4 ]
O I Na (H,O 1
éﬂ 80 - (H20)x -
S e f 3
40 E L L

X (number of ligands)

Fig. 9. Sequential hydration energies in kJ/mol of the singly charged alkali ions, lithium (open
circles) and sodium (open diamonds), the alkaline earth, magnesium (open triangles),and two
first row transition metal ions, manganese (solid triangles) and copper (closed circles). All
data taken from Table 3
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Table 3. Sequential bond energies of (H,0),_;M*-H,0 (kJ/mol)?

M x=1 x=2 x=3 x=4 x=5 x=6
LiP 135 (8)¢ 113 (10) 94 (4) 70 (5) 57 (4) 60 (5)
Na¢ 95 (8) 82 (6) 70 (6) 55 (6)

Mg¢ 119 (13) 94 (7) 72 (9) 48 (9)

Ald 104 (15) 67 (5) 64 (8) 52 (6)

Ti¢ 154 (6) 136 (5) 67 (7) 84 (8)

ve 147 (5) 151 (10) 68 (5) 68 (8)

Cre 129 (9) 142 (6) 50 (5) 51 (7)

Mn* 119 (6) 90 (5) 108 (6) 50 (5)

Fef 128 (5) 164 (4) 76 (4) 50 (7)

Co¢® 161 (6) 162 (7) 65 (5) 58 (6)

Ni¢ 180 (3) 168 (8) 68 (6) 52 (6)

Cu® 157 (8) 170 (7) 57 (8) 54 (4)

@ All values are at 0 K with uncertainties listed in parentheses.

b7].

¢ Reevaluated in [46].

41200].

¢ [20].

£ [172], reevaluated in [20].

of five different metal ions. Note that the BDEs decrease with increasing solva-
tion for Li*, Na*, and Mg™, the trend that might be expected for purely electro-
static bonding. However, the BDEs for Na* and Mg* cross one another, i.e., those
for x=1-3 are stronger for Mg* compared to Na*, but weaker for x=4. In more
striking contrast to the monotonic trends in the BDEs for these three metals are
the trends for Mn* and Cu*. The explanation of the trends in all five cases, which
involve hybridization (sp for Mg* and sd for Mn* and Cu*) and changes in spin
state (Mn*), are straightforward and can be found in detail elsewhere [147,170].
These expositions also demonstrate that the trends are sensitive to the nature of
the ligand, e.g., whether it is a T-donor or m-acceptor.

7.4
Metal Clusters

CID methods have proven to be very useful in measuring the stabilities of clus-
ters of bare transition metal atoms, providing many more thermochemical val-
ues than photodissociation methods. In our laboratory, we have used CID to
study the cationic clusters of ten different transition metal elements, including
Tit (x=2-22),V} (x=2-20), Crf (x=2-21), Mn3, Fe (x=2-19), Co} (x=2-18), Nif
(x=2-18), and Cuf; the second row transition metal clusters of Nb} (x=2-11);
and the third row transition metal clusters of Ta} (x=2-4). These results have
been summarized and trends analyzed previously [176, 177]. CID methods have
also been used by Ervin et al. to measure the stabilities of anionic clusters of the
coinage metals: Cu; (x=2-8) [178], Ag; (x=2-11) [179], and Au; (x=2-7) [180];
and group 10 metals: Pd; [181] and Pt; (x=3-6) [182]. A multiple collision-in-



256 P.B. Armentrout

duced dissociation experiment in an ICR trap has recently been used to measure
dissociation energies for Ag} (x=2-25) [183] and Ag* (x=9-25) [184]. The var-
ious CID results compare well with values obtained from photodissociation
methods for a much more limited number of small cluster cations, a more com-
prehensive set of Ag} (x=8-21) clusters [185], and several cluster anions: Ag;
(x=7-11) [186], and Au; (x=6, 7) [180]. Such comparisons have been reviewed
elsewhere [100, 176].

TCID experiments have also been used to examine the binding of small mol-
ecules to metal clusters. An extensive set of data for transition metal cluster car-
bonyls has been reviewed by Ervin [187]. Kinetic energy dependent bimolecular
reactions have also been used to provide binding energies of atoms (D, C, O) to
metal clusters as well, as reviewed elsewhere [100]. Sulfur atoms have recently
been included in such studies, partly because of their biological interest [101].
Further such work has been extended to molecular fragments such as CH, CH,,
and CH; [102], which is particularly interesting as no comparable information
is available for the binding of such fragments to metal surfaces.

7.5
Isomers

Collision-induced dissociation techniques have long been utilized in mass spec-
trometry as a tool for structural elucidation. Especially at high collision ener-
gies, the connectivity of the molecular ion is reflected in the fragment ions that
appear. TCID provides another view of such structural assignments because dif-
ferent isomers of the molecular ion should have different energy content, which
can be reflected in the threshold observed. Such energetic information can
sometimes be correlated with fragmentation patterns for structural identifica-
tion, but in other cases the threshold process (the lowest energy decomposition
pathway) will lead to the same fragment ions as this is the lowest energy asymp-
tote no matter what structure the molecular ion starts with.

One example of such a study involved an examination of the potential energy
surface for carbon-dioxide activation by V* [188]. Here, complexes of V*(CO,)
and OV*(CO) were independently generated and collisionally activated. At low
collision energies these complexes dissociate exclusively to form V*+CO, and
VO*+CO, respectively, such that the results are characteristic of the structure of
the complexes and the V*-CO, and OV*-CO bond energies can be measured.
However, bimolecular reactions of V*+CO, and VO*+CO demonstrate that these
two complexes share common potential energy surfaces, but do not interconvert
readily because their electronic ground states have different spin and there is a
potential barrier separating them. Related studies of MCOj species have pro-
vided similar results for M=Y, Zr, Nb, and Mo [189-192]. Other studies have ex-
amined isomers such as Fe*(C,Hg) vs Fe(CH;)% [193], metallacycle and metal-
alkene isomers of MC;H} where M=Fe [194] and Co [195]. In these cases, the
structures were distinguished largely on the basis of the means used to form the
initial complexes and confirmed by different energetics. In a recent example
[169], the complex of Pt*(CH,) was collisionally activated and found to form
appreciable amounts of Pt* and PtH*, suggesting that the complex actually had
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the H-Pt*-CHj; structure. This suggestion was confirmed by good agreement
between the thermochemistry obtained from the thresholds for both product
channels and high level ab initio calculations, which show that the hydrido
methyl complex is the global minimum.

7.6
Biomolecules

One of the exciting new applications of TCID methods is in the area of biomol-
ecules. The earliest work is that of Klassen et al. [196] who used TCID methods
to study the binding of Na* and K* to acetamide, N-methylacetamide, N,N-di-
methylacetamide, glycine, and glycylglycine. This has been followed by another
measurement of the Na*(glycine) bond energy, which was then compared to
those of Na* binding to related molecules having single (1-propanol, 1-pro-
pylamine, methyl ethyl ketone) and double (propionic acid and 1-amino-2-
ethanol) functional groups [197]. This permits the details of the metal ion-
glycine interaction to be more clearly understood. Rodgers and Armentrout
have measured the binding energies of several nucleic acid bases (adenine,
uracil, and thymine) to Li*, Na*, and K* [198] and the first-row transition metal
ions (V*-Zn*) to adenine [158]. In the latter study, the early transition metal
ions (Sc*, Ti*,and V*) are observed to activate covalent bonds in the adenine lig-
and, making thermodynamic information impossible to obtain in the first two
metal systems. Rodgers and coworkers have also provided a series of TCID stud-
ies on the interactions of the alkali metal ions (Li*, Na*, and K*) with various
substituted benzenes [150-154]. This work is designed to elucidate the system-
atic influences on cation m-interactions, which are of potential interest in many
biological systems, and in particular, for metal ion selective channels. Finally, the
energetics for fragmentation of protonated glycine, glycinamide, and some re-
lated small peptides and peptide amino amides [95] and the (Gly); tripeptide
[96] have been elucidated by using TCID in comparison with theory. Although
most TCID studies in the biological area to date have been confined to model
systems and small biologically relevant molecules, the prospects for continued
work on increasingly large systems are very good.
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1
Introduction

Mass spectrometry is an emerging technology and now a core resource in all ar-
eas of viral research [1, 2]. It is becoming a fundamental tool for work in areas
such as protein characterization [3-6], structural virology [7-12], drug discov-
ery [12, 13], and clinical chemistry [14]. Most of the increased interest in this
technique has been due to the development of matrix-assisted laser desorp-
tion/ionization [15] (MALDI) and electrospray ionization (ESI) [16], which are
highly sensitive and “soft” ionization techniques.

Electrospray ionization involves the introduction of a liquid solution directly
into the atmospheric pressure source through an emitter. The liquid forms a
droplet at the end of the emitter, where it is exposed to a high electrical field
(Fig. 1). This results in a buildup of multiple charges on the surface of the
droplet. The coulombic forces from these charges ultimately result in the
droplet’s expulsion from the surface. The ions produced in the ion source are
then extracted into the mass analyzer. ESI is now widely used for identifying
small molecules, proteins, studying large non-covalent complexes, structural
analysis, and as a detector for separation methods such as HPLC and capillary

Electrospray Ionization (ESI)

. mass analyzer
- .'15?23 2

Fig. 1. MALDI and electrospray processes are represented schematically. Electrospray ioniza-
tion involves the formation of charged droplets, while MALDI occurs through the laser evap-
oration from a crystallized sample/matrix mixture. In both techniques, the sample ions are ex-
tracted and transmitted through electrostatic lenses to a mass analyzer
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zone electrophoresis (CZE). The low tolerance of ESI to salt (<10 mmol/l) has
been overcome by coupling liquid chromatography to ESI-MS. Nanoliter/min
low flow nanoESI-MS/MS has extended the application of ESI to highly sensitive
means of protein identification.

MALDI MS has also emerged as an extremely useful method in biological
analysis. A pulsed laser is used to irradiate a sample that is co-crystallized on a
surface along with a matrix (e.g., 2,5-dihydroxybenzoic acid). The matrix ab-
sorbs the excess laser energy and facilitates ionization of the sample as the sam-
ple/matrix mixture is vaporized (Fig. 1). The matrix acts as a receptacle for the
laser energy, therefore minimizing the decomposition of the analyte ion that
would normally occur from direct laser desorption. The ions are then directed
into the mass analyzer using a combination of electrostatic lens elements. While
MALDI is not amenable to direct LC/MS applications, MALDI is more tolerant
to salts and also better suited for direct complex mixture analysis than ESI. For
this reason MALDI is very useful in the direct analysis of proteolytic digests with
reported sensitivities in the low femtomole to attomole level.

ESIand MALDI-MS are routinely used for both accurate mass information on
intact proteins and their proteolytic digests. As a result these methods have
already helped detect viral mutants, identify capsid proteins, and post-transla-
tional modifications. Recent work has also included the detection of the first
intact viral particles as well as a viral protein capsid. Other mass-based
approaches like time-resolved proteolysis is giving new insight into the dynam-
ics of viral capsid proteins in solution. This information, when combined with
complementary information from X-ray crystallography studies is leading to a
better understanding of viral structure and function.

2
Identification of Viruses and Viral Proteins

Mass spectrometry has been highly successful for identifying all classes of pro-
teins including those originating from viral capsids and membrane proteins
from enveloped viruses using existing genomic databases. Protein identification
generally involves purification (commonly performing using gel electrophore-
sis), proteolytic digestion, and mass analysis. Trypsin is most often used to gen-
erate fragments since it cleaves at Lys and Arg, two amino acids which are in high
abundance and usually situated in accessible regions in most proteins, therefore
resulting in a significant number of peptides. Computer-aided data analysis con-
ducted by comparing observed mass of proteolytic fragments against the pre-
dicted mass can be used to generate a list of potential matches. The computer-
based analysis also provides confidence levels for each match that helps in dis-
tinguishing between statistically random and significant hits. This approach
relies on the availability of the genomic sequences within the database. However,
because of the small size of viral genomes, their genomes are readily available.
As a demonstration of the power of mass mapping for viral identification
MALDI-MS and LC/MS/MS experiments were performed on Hong Kong 97
(HK97) icosohedral virus capsid [17]. HK97 presents an interesting system for
these analyses because it has a highly stable interlinked “chain-mail” capsid that
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1263
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500 m/z 4000

Fig. 2. Thermolysin rapidly cleaves the highly interlinked capsid from Hong Kong 97 virus at
65°C. Cleavage reaction was performed for 2 h in 100 mmol/l Tris-HCI, 10 mmol/l CaCl,.
Trypsin cleavage showed no significant fragmentation within this time. Inset: an image of
HK97

is relatively impervious to enzyme digestion. Attempts at trypsin digestion of
this capsid generated minimal peptide cleavage, even after 24 h. However, high
temperature digestion with thermolysin generated significant cleavage within
2h (Fig.2).The 1263 (1263.66) mass peptide fragment appears most rapidly dur-
ing the digestion process. This peptide corresponds to residues 172-181 or
173-182 in the capsid sequence. These peptides are situated at a beta sheet in-
terface between capsid proteins and demonstrate this to be the first region of the
virus coat to be susceptible to denaturation.

To establish whether thermolysin was a viable enzyme for identification us-
ing mass mapping, BSA and HK97 virus were digested and further analyzed. The
molecular masses of the fragments were obtained and searches were undertaken
using Profound. Using only F, L, I, and V as amino acid cleavage sites, we ob-
tained an unequivocal identification of both BSA and HK97 virus capsid pro-
teins. These identifications were made using the molecular weight range of
0-100 kDa and the database searches were constrained to mammals for BSA and
viruses for HK97. Expanding the searches to include all taxa in the mass range
of 0-500 kDa did not alter the identification significantly. This data indicates
that thermolysin allows for identification of proteins that would be difficult or
impossible to identify otherwise.

3
Identification of Mutations and Post-Translational Modifications

DNA sequencing methods have been traditionally used to identify viral mutants
yet peptide mass mapping has recently been successfully used to localize muta-
tions. By comparing proteolytic fragments from wild-type viruses and genetic
mutants their characterization has been successful. The mass mapping strategy
schematically, represented in Fig. 3, was first shown for identifying the mutants
of the human rhinovirus (HRV) and the tobacco mosaic virus (TMV) [10].
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Fig. 3. The strategy for detecting viral mutations is represented. Differences between two
strains of a virus are characterized by comparing mass spectra of proteolytic fragments. The
specific peptide ion modification can then be localized by tandem mass spectrometry in com-
bination with MALDI or ESI

Trypsin digests of both wild type HRV virus and the mutant were analyzed us-
ing MALDI-TOF and MALDI Fourier transform mass spectrometry (FTMS). For
HRYV, the mass spectra for both wild-type and mutant were identical except for
one peptide occurring at m/z 4700. This corresponds to residues 187-227 in the
wild type sequence. The corresponding peak in the mutant mass spectrum oc-
curs at 4783.5 (Fig. 4, inset). This mass difference of 83 Da corresponds exactly
to a mutation of a Cys to Trp residue and there are no other possible mutations
that would be separated by 83 Da. Since there is only one Cys in the peptide
187-227 at position 199, the mutant can be localized as HRV14-Cys199Trp,
which contains a Trp at position 199 instead of Cys in the wild type.

Another mutant for the tobacco mosaic virus (TMV Asp77Arg) (Fig. 4), was
identified using the same approach. MALDI mass spectra of the digests of the
capsid protein were identical except for the fragment occurring at 2051.4 Da in
the wild type and 2091.8 Da in the mutant. The mass of the peptide for the wild
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Fig. 4. The detection of mutations is shown for two viruses, HRV 14 and tobacco mosaic virus.
The 83 Da mass difference for the HRV14 mutant helps identify the mutation as Cys199Tyr as
the only possible mutation. For the tobacco mosaic virus,a mutation at Asp77Arg is identified
similarly by comparison of mass difference with the known sequence for the tryptic fragment

type corresponds to the amino acids 72-90 in the sequence. Of the three possi-
ble mutations that cause an increase in the mass of the mutant by 40 Da, only one
was possible in residues 72-90. The mutation at residue 77 replaces the Asp with
Arg. Other mutations that differed by as little as 1 Da could be identified by a
combination of high resolution/accurate mass measurement, tandem mass
spectrometry, and genomic sequencing. In cases where genomic sequencing was
required, the region to be sequenced was greatly reduced by using mass spec-
trometry.

Another wide application of mass spectrometry is the detection and charac-
terization of post-translational modifications such as myristoylation, phospho-
rylation, disulfide bridging, etc. The detection and localization of post-transla-
tional modifications has been a rapidly developing area of mass spectrometry
due to the functional importance of these modifications in biological systems.
An example of this was recently shown for the case of the human rhinovirus
HRV14 [10]. Electron density maps from crystallography data indicated a
myristoylation of VP4. Mass analysis of VP4 also indicated a mass difference of
212 Da (consistent with myristoylation of VP4). Additional experiments with
proteolytic digestion and tandem mass spectrometry were able to localize the
modification to the N-terminus of VP4.

MALDI quadrupole ion trap mass spectrometry has also been used to localize
and identify the post-translational modifications on the Sindai virus [18]. The
polymerase associated protein (P protein) from this virus is reported in the liter-
ature to be highly phosphorylated. In vitro studies have detected phosphoryla-
tion in different regions of the protein, while a single phosphorylation site was
found in the in vivo studies. Mass spectral data, along with computer-aided
analysis, enabled the identification and localization of two phosphorylation sites.



Investigating Viral Proteins and Intact Viruses with Mass Spectrometry 271

Mass spectrometry was also used to localize disulfide bridging in the human
respiratory syncitial virus (RSV) [19]. The attachment protein was digested with
trypsin and separated using reversed phase high-performance liquid chro-
matography (HPLC). One tryptic peptide in the digest was detected using
MALDI time-of-flight mass spectrometry that corresponded to residues
152-187 in the sequence, with four Cys residues in a disulfide linkage. Further
selective digestion with thermolysin and pepsin was able to identify the linkages
between Cys 173 and Cys 186 and between Cys 176 and Cys 182.

4
Peptide Mass Mapping for Protein Structure

The same proteolytic digestion methods used to analyze primary protein struc-
ture can be applied to the study of higher order structure of macromolecular as-
semblies. This is because the degree of proteolytic degradation for a protein
complex will depend on the exposure of accessible regions on its surface. En-
zymes such as trypsin when used under native conditions will be limited to sur-
face accessible regions of the protein [4,20-22]. The choice of proteases selected
to probe the structure of the complex depends on the distribution of amino
acids within the protein. Trypsin and V8 are frequently employed since these
have a cleavage specificity for the hydrophilic amino acids, generally found on
the surface of native proteins (R, K and D, E). The basic strategy for mass map-
ping for protein complexes involves the contrasting of associated and unassoci-
ated states after proteolytic digestion. The adduction of a macromolecule on the
surface of the protein protects the surface in such a way as to reduce access of the
protease to potential cleavage sites. This effect results in a dramatic reduction in
proteolysis in the region of complexation. The basic experiment is shown in
Fig. 5. Arrows mark susceptible cleavage sites on the surface and flexible loop re-
gions. Only some of the possible tryptic fragments are generated due to presence
of inaccessible regions on the protein surface.

Mass mapping for protein structure has been utilized for studying protein-
protein [4, 15] and protein-DNA complexes [23]. An example of this is shown in
Fig. 6 for cell cycle regulatory proteins Cdk2 and p21. A comparison of the pro-
teolysis products of p21B for the associated and unassociated states was used to
identify a 24 amino acid region on p21B as the binding site. The relative inten-
sity of the proteolytic fragments was reduced for the p21/Cdk2 complex. Due to
limited mass accuracy of the available equipment at the time and the general
complexity of the mass spectra, 1°N labeling was used to identify unambiguously
peaks originating from the p21B subunit. With the availability of more accurate
MALDI-TOF mass spectrometers that facilitate ppm mass accuracy, the inter-
pretation of mass spectra obtained from the digestion of complex assemblies is
becoming easier without the need for additional steps taken in this experiment.
However, it is important to note that information on the binding site of these two
proteins was obtained in a matter of minutes in a mass spectrum without the
need for additional separation and purification steps such as SDS/PAGE and re-
verse phase chromatography. This work was later corroborated by Pavletich and
co-workers [24]. The structures of more complex viral protein assemblies have



272 S.A. Trauger et al.

in theory - proteolysis of a protein and a protein/protein complex

a proteolysis o b b
— c
¢ MALDI-MS at
b
T m/z
X a b+e
a proteolysis X
— X,
MALDI-MS
m/z

in practice - limited proteolysis of a p21-B/Cdk2 complex
b - narp Proteolysis of p21-B (Cdk2 present)
B3 COOH, NH, proteolysis of 15N-pﬁl-B (Cdk2 present)
100 =

80 L&

60 L

region of interaction

40 <

z"IICOOII.N'Ha

20 <

cleavage site

Fig. 5. The approach to probing higher order protein structure by mass spectrometry is
shown. The cleavage of a hypothetical protein generates fragments (a, b, ¢, a+b, and b+c) that
can be monitored by MALDI-MS. Here, arrows denote possible cleavage sites for proteolysis.
The adduction of this protein with another to form a complex leads to a suppression of pro-
teolysis in the region of association as well as fragments from the other protein (x¢). An ex-
ample is shown for the limited proteolysis of p21-B/Cdk2 complex. The suppression of prote-
olysis in a 24 residue region of the sequence helps identify this area of association

since been explored using protein mass mapping and building on the success of
the earlier work described above [8,9,11, 25].

5
Probing Viral Capsid Dynamics

A natural extension of protein mass mapping is getting a greater understanding
of the local and global viral capsid structure. The viral capsid consists of a pro-
tein coat that can be mapped using limited and selective proteolytic digestion,
since the proteins lying exterior to the viral surface are expected to be more sus-
ceptible to cleavage. Because proteolytic digestion is performed in solution, this
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technique is capable of detecting multiple conformers of the viral capsid and
thereby extending our understanding of the dynamic domains within the virus
structure.

Limited proteolysis was used on the human rhinovirus 14 (HRV14) and the
Flock House virus (FHV) [9]. Four proteins, VP1, VP2, VP3, and VP4 comprise
the protein coat of the HRV. According to crystal structure, VP4 lies inside the
virus at the RNA/capsid interface. FHV has a protein coat which is made up of a
single protein that autocatalytically dissociates to S-protein and y-peptide dur-
ing maturation. These, according to the crystal structure, have regions which lie
internally and externally on the surface (Fig. 6). Time resolved proteolysis, in
combination with MALDI MS analysis, was used to map the surface accessible
proteins in the virus capsid. The experiment involved sequential digestion by
trypsin (endoprotease), followed by carboxypeptidase Y (exoprotease). In both
HRV and FHYV, the analysis was able to identify surface proteins. However, frag-
ments resulting from the digestion of internal regions, as determined by crys-
tallography data, were also observed very early on in the time course of the pro-
teolysis experiments. Although these results were initially perplexing, additional
studies along with crystallography data suggest that the internal proteins within
the capsid are highly mobile. The domains lying internally can be transiently ex-
posed on the surface of the virus in solution. For FHYV, the regions of the -pro-
tein and y-peptide that were transiently exposed correlate with the regions im-
plicated in the RNA release and delivery. More recently, mass spectrometry,
along with proteolytic digestion, were used to distinguish between FHV and
virus-like particles (VLP) [26]. These virus-like particles are cystallographically
identical to the wild-type virus except that they are generated in a special bac-
ulovirus expression system to contain the cellular RNA instead of the viral RNA.
The degree of proteolysis was found to be much higher for the VLP, suggesting
that the viral capsid mobility and stability in solution is significantly affected by
the specific interaction at the RNA-capsid interface.

Another way of examining viral dynamics is through chemical modification.
Proteins within the capsid can be exposed to modifying agents. The analysis of

capsid
proteins
7

Fig. 6. The Flock House virus has an icosahedral symmetry with the y-peptide and the C and
N termini of the -protein lying internally and away from the surface. However, time resolved
proteolysis data indicates that the viral capsid is highly mobile and that internal domains are
transiently exposed on the surface
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the products helps identify regions of the proteins that are transiently exposed
on the surface. In addition, hydrogen-deuterium (H/D) exchange experiments
can yield information on different conformer populations present for a protein.
For example, denatured proteins will be more susceptible to H/D exchange than
proteins in a more folded state. These experiments can give helpful information
on both the degree of folding and the number of conformations present. Two ex-
amples of structural characterization of viruses using chemical modification
and H/D exchange are shown in Fig. 7. Here, acetylation is using to help localize
the surface exposed region of the y-peptide. An H/D exchange experiment is also
shown in which the number of exchangeable hydrogen atoms reveals informa-
tion about the structure of the capsid protein. Recently, H/D exchange experi-
ments have been used to probe stages of viral capsid assembly for the dsDNA
bacteriophage [27]. Here, limited proteolysis and the degree of back exchange of
deuterated capsid protein were used to characterize the surface exposed regions
of the virus during its dynamic transformation to the mature capsid form. In an-
other study, pH-induced structural changes in the viral capsid that cause desta-
bilization were characterized using mass spectrometry [28]. Therefore, time-

Acetylation
+2 Ac
Y - peptide
+1 Ac
|43 Ac

miz “

Y - peptide J

mlz

H-D exchange

mlz

Fig. 7. Top: mass spectra of FHV y-peptide after acetylation. The degree and site of acetyla-
tions, determined by tandem mass spectrometry, can be used to characterize surface accessi-
ble regions of the peptide. Bottom: a viral capsid protein ion generated by ESI undergoes hy-
drogen-deuterium exchange. The multiple populations of ions generated can help distinguish
between multiple conformers present for a capsid protein
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course proteolysis and chemical modification methods, when combined with
mass spectrometry, provide complimentary information to X-ray crystallo-
graphy. These, when taken together, can help broaden our understanding of the
dynamic domains of the viral capsid.

6
Screening for Antiviral Drugs

There are many human diseases caused by viruses, but not many anti-viral
drugs that directly attack the virus. Screening of new and existing compounds
for anti-viral activity is a necessary step towards the development of new drugs.
Inhibition of viral enzymatic reactions can be monitored with mass spectrome-
try. These approaches have already been developed for non-viral enzymatic re-
actions such as glycosylation. In the mass based approach to screening activity,
the substrate, inhibitor, product, and internal standard mixture are introduced
into a mass spectrometer. The product formation for a reaction can be moni-
tored by mass analysis. This methodology was illustrated for a galactosyltrans-
ferase catalyzed reaction (Fig. 8) [13]. The inhibition of this reaction was ana-
lyzed using a library of 20 small molecules. The experiment involved monitor-
ing product formation for 22 parallel reactions which included two controls
without any inhibitor (Fig.9). These reactions were quenched by the addition of
methanol before their introduction into an ESI mass spectrometer. Three new
inhibitors were identified through the screening procedure. Although this ex-
ample involves a non-viral enzyme system, this technique is a fast and efficient
technique that can be used to screen for antiviral drugs that target viral en-
zymes.

The traditional method for determining anti-viral drug activity involves
conducting a plaque assay. A preliminary mass based screening can be helpful
in reducing the number of drug candidates that need to be screened by more

Enzyme reaction library
each contammg a differnt inhibitor

- 7
N potential inhibitors \\ C
SR
7 B
/,’
JJM L/
B /.f A
(; meamrmg inhibition

ESI-MS

Fig. 8. A quantitative enzyme assay of enzyme inhibition is shown. The ESI/MS analysis can
be automated. Samples introduced include enzyme, substrate, product, potential inhibitor and
internal standard. (A) Total ion current is measured for each sample. (B) Product ion forma-
tion is plotted with respect to internal standard. (C) If an inhibitor is found, the degree of in-
hibition is derived using ESI-MS
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Fig. 9. A Total current observed for all 22 reactions; 20 of these had each a different inhibitor.
Insets show data for control (left) and an effective inhibitor (right). B A bar graph was plotted
of product ion/reference ion intensity ratio to help identify potential inhibitors
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Fig. 10. Proteolysis is used to probe the antiviral activity of WIN52084, an experimental anti-
viral drug. The binding of WIN52084 to the viral capsid results in a suppression of proteoly-
sis that can be monitored by mass spectrometry
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time consuming plaque assays. Most antiviral drugs are targeted at the protein
coat of a virus. The picornaviruses are a class of icosahedral viruses of which
the human rhinovirus 14 (HRV14) is a member. These are known to have 25-A
canyons on each of the fivefold symmetry axes. The experimental drug
WINS52084 is known to bind to a hydrophobic pocket within the canyon. This is
of particular interest to researchers since the canyon is also believed to be the
site of the cell receptor attachment before endocytosis. The binding of the an-
tiviral drug WIN52084 has been observed to block cell attachment, inhibit un-
coating, and make it easier to inactivate the virus thermally. A family of the
WIN drugs were analyzed for suppression of capsid proteolysis [29]. This ef-
fect, which results from the drug binding to the protein coat, was observed for
other drugs, but was most pronounced in WIN52084 (Fig. 10). Other viruses
were also analyzed using this method and their capsid proteolysis was found
not to be inhibited by WIN52084. This was further evidence of the specificity of
the drug for HRV14, and that proteolysis suppression was not an effect result-
ing from the inhibition of the enzyme. The dramatic reduction of proteolysis
for the virus in the presence of WIN52084 is believed to result from the inter-
ruption of virus capsid mobility which is essential for the virus to initiate re-
ceptor attachment and the ensuing endocytosis.

7
Differentiating Viral Genomes by Mass

The analysis of viral DNA and RNA directly using mass spectrometry has been
challenging due to the low levels present in biological samples and the limited
mass range offered by most commercial mass spectrometers. However, nested
polymerase chain reaction (PCR), along with MALDI/TOF analysis, has been
used to detect the presence of low levels of virus in hepatitis B patients [30].
The hepatitis B virus related products were purified, immobilized, denatured,
and analyzed using MALDI/TOF mass spectrometry. Very massive single ions of
DNA of several megadaltons molecular weight have been observed using ESI
Fourier transform mass spectrometry (FTMS) [31] and charge detection mass
spectrometry [32, 33]. Both techniques employ the amplification and measure-
ment of a weak image current induced by the ion. In charge detection mass spec-
trometry, a very sensitive amplifier is used to measure directly the charge and
velocity of an ion. The velocity is used to deduce the m/z which can be used along
with the measured charge to give molecular weights of very heavy ions. These
techniques may be promising for measuring viral DNA directly as a means for
identification and characterization of genetic variability. The first observation
of an intact virus particle was made by charge detection mass spectrometry as
discussed in the section below.

8
Analyzing Whole Viruses

There have been significant developments in the past few years in the area of
macromolecular analysis of whole viruses and viral capsids. The first was the
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Fig. 11. The experiment of indirectly “detecting” an intact viral particle after its transmission
through an electrospray mass spectrometer. The viral particles were observed under an elec-
tron microscope after collection since the massive particles exceeded the working range of the
electron multiplier normally used with this mass spectrometer

examination of virus viability following transmission of the whole virus through
amass spectrometer [34]. A brass plate was placed between Q2 and Q3 in a triple
quadrupole mass spectrometer where viral particles could be collected (Fig. 11).
The plates, when examined using electron microscopy, were found to have intact
viral particles. The mass analyzed and collected TMV viral particles were suc-
cessfully used to infect tobacco plants. The surprising results of these studies
demonstrated that intact viruses could be transmitted through the ESI mass
spectrometer and that the ionization method was gentle enough for the viruses
to retain their virulence. More recently, the measurement of an intact viral cap-
sid was accomplished using ESI/TOF mass spectrometry by Robinson and co-
workers [35].

Because of the size of viruses the challenge of measuring them intact required
the development of new technology. The direct measurement of the charge state
of very massive ions has been shown using charge detection TOF/MS through
image current measurement. In charge detection mass spectrometry, both the
charge and the time-of-flight, yielding m/z, are measured one ion at a time. In-
tact viral particles of the rice yellow mottle virus (RYMV) and the tobacco mo-
saic virus (TMV) were studied using this methodology [36]. The RYMV is an
icosahedral non-enveloped virus consisting of a single strand of RNA and mul-
tiple copies of a single protein. The RYMV and TMV have theoretical molecular
weights of 6.5x10° Da and 40.5x10° Da, respectively. The mass spectra obtained
for RYMV and TMV are shown in Fig. 12. The broad peaks obtained for each
virus correlated with the calculated masses. This work demonstrates the use of
mass spectrometry for identifying pathogenic viruses.
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Whole Virus Mass Spectrometry
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Fig. 12. Mass spectra of Rice Yellow Mottle Virus (RYMV) and Tobacco Mosaic Virus (TMV)
particles analyzed with an electrospray ionization charge detection time-of-flight mass spec-
trometer. Inset: electron micrographs of the icosahedral RYMV (diameter 28.8 nm) and the
cylindrical TMV (~300 nm long and 17 nm in diameter). The known molecular weight of
RYMV and TMV are 6.5x10° and 40.5x10° Daltons, respectively
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9
Future Prospects and Conclusions

Mass spectrometry has opened up new opportunities for understanding viruses.
ESI, MALDI, and emerging new technologies such as desorption ionization on
silicon (DIOS) [37-39] are in a continual state of flux, with significant improve-
ments accruing yearly. The ultra high accuracy provided by FTMS is being in-
creasingly applied to solve biologically significant problems and promises to be-
come an important tool for probing viruses. The use of proteolysis, with mass
based approaches is helping researchers not only to probe the functional and
genetic diversity within viral species, but also to understand the dynamic nature
of the viral capsid. One of the most exciting developments has been the use of
time-resolved proteolysis to study capsid dynamics, and as a means to charac-
terize protein-protein and RNA-capsid interactions. Since proteolysis is per-
formed in solution, it can yield complementary information to crystallography
data. These techniques, when extended to even more complex enveloped viruses
like HIV and influenza, will surely provide valuable information about these im-
portant pathogens, and may lead to the development of new and more effective
anti-viral drugs.
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List of Abbreviations

APCI  Atmospheric pressure chemical ionization
API Atmospheric pressure ionization

APPI Atmospheric pressure photoionization
CLND  Chemiluminescent nitrogen detection
DIOS  Desorption ionization on porous silicon
DMPK Drug metabolism and pharmacokinetics

EI Electron ionization

ELSD  Evaporative light scattering detection
ESI Electrospray ionization

FIA Flow injection analysis

FTICR Fourier transform ion cyclotron resonance
HPLC  High performance liquid chromatography
HT High throughput

LIMS Laboratory information management system
MALDI Matrix assisted laser desorption ionization
MS Mass spectrometry

MS/MS Tandem mass spectrometry

SEC Supercritical fluid chromatography

TIC Total ion current

TOF Time of flight

1
Introduction

In the last decade, key steps in drug discovery have been accelerated by remark-
able technology breakthroughs: genomics and proteomics have disclosed a large
number of potential targets, which can be rapidly tested for biological activity
by high throughput screening techniques. The proliferation of chemical com-
pounds for testing has been speeded up by combinatorial chemistry. The re-
markable increase in compound output challenged analytical chemistry to keep
pace by providing a) analytical techniques with sufficient throughput and b)
tools to interpret the large quantity of generated data. The techniques have to
follow changes in combinatorial chemistry strategies, where split-and-mix syn-
thesis of complex mixture libraries has by and large given way to parallel syn-
thesis of single substances in separate vials. In addition, focus has shifted from
large, diverse collections for lead identification to the synthesis of smaller com-
pound series directed by medicinal chemistry programs to establish structure-
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activity relationships. In consequence, the requirements on quality of analytical
data has increased, because a correct determination of structural integrity as
well as relative and absolute purity are crucial for parallel compound profiling
programs. Thorough profiling at early project stages has proven to be cost- and
time-saving and includes structural, physicochemical,and DMPK characteriza-
tion next to biological activity determination. Thus, the review deals with the
three simple analytical questions ‘What is it?’, ‘What is the relative purity?’, and
‘What is the absolute content?’. Ideally, a synergistic combination of comple-
mentary analytical techniques is applied to give a thorough answer. Consider-
able advances in NMR [1-3] or infrared spectroscopy [4, 5] have facilitated this
combined approach, which is indispensable for safe confirmation or even eluci-
dation of chemical structures. This contribution is confined to techniques using
mass spectrometry. As demonstrated in precedent reviews [6-13], mass spec-
trometry undoubtedly plays a key role in high throughput compound charac-
terization, mainly since established MS-merits like sensitivity and specificity
have been successfully combined with ruggedness, LC-compatibility, and speed.
For example, small molecules can routinely be investigated with a sample con-
sumption at the low pmol level. Advances on all instrument components includ-
ing sample delivery, ion sources, mass analyzers, and software control have en-
hanced performance and in particular robustness, rendering the open-access
operation of instruments by a large number of users without extensive training
possible [14-17]. Mixture analysis is readily achieved and can be extended to
exceedingly complex compositions. As more than 10,000 compounds have been
resolved in a single FTICR mass spectrum [18], and as HPLC is able to separate
more than 1000 compounds in time [19], the resolution of >10° compounds is
conceivable by HPLC/MS. For applications of mass spectrometry in closely re-
lated drug discovery areas like genomics [20, 21], proteomics [22], library
purification [8, 9, 13, 23], or pharmacokinetics [6, 12], the reader is referred to
the literature. An innovative approach to lead generation uses mass spectrome-
try to screen for small molecules that bind to biomolecular targets. Experiments
that involve detection of the high-mass target are reviewed elsewhere [24-27]. If
small molecules are monitored [27-29], the same MS techniques as described
below are relevant. The speed of analysis is a central aspect of this review. Fac-
tors contributing to speed are discussed for a suite of analytical steps starting
from sample introduction via separation techniques, ionization, mass analysis,
to data analysis.

2
Flow Injection Analysis

One of the most basic characteristics of a compound is its molecular mass; in
this context, much of today’s popularity of MS can be traced back to the sim-
plicity of molecular mass readout from API spectra. A common experiment is
flow injection analysis (FIA). Here, an autosampler is used to inject an aliquot of
dissolved sample into a liquid stream, which is provided by an LC pump, to the
MS-detector. FIA offers the advantages of easy automation and fast cycle times
of about 30 s per sample. In order to increase throughput, multiprobe autosam-
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Fig. 1a,b. FIA-MS single ion chromatogram of quinine (MW=324.2, C,;H,,N,0,): a single set
of eight injections; b full 96-well microtiter plate, obtained with a flow rate of 2 ml/min, and
no split prior to sample introduction to the mass spectrometer. The switching valves were trig-
gered at a rate of ~0.8 s/sample. The peak widths were measured as 0.5 s at fwhm (a) and 0.9 s
at the base (b). Reprinted with permission from K. Morand [31]
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plers have been applied to inject eight samples to eight injector valves, which are
connected sequentially to the detector in short time distances [30, 31]. Morand
et al. have reported an optimized setup with average analysis times of 4 s per
sample (Fig. 1). As the width of the flow injection peak with baseline resolution
is only 0.9 s, further optimization will focus on a reduction of the intraplate cy-
cling time, which accounted for 74% of the total analysis time [31].

Approaches to miniaturize FIA completely omit the pumping unit; sample in-
troduction is achieved with a short connection from the sample vial to the source
by either reducing the pressure in the source or by applying headspace gas pres-
sure on the sample. Main advantages of automated nano-ESI systems are high sen-
sitivity, very low sample consumption, and variable analysis times. Felton et al. de-
scribe the direct connection of the sample vials of a microtiter plate to the ESI in-
terface with a single ESI-nozzle to achieve a cycle time of about 10 s per sample
with a sample volume consumption of 120 nl [32]. An integrated washing device
reduces sample carry-over. Carry-over is completely avoided by arrays of ESI cap-
illary tips, rendering a throughput of 5 s per sample possible, as reported by Liu et
al. [33]. A fully automated setup has been released commercially by Advion Bio-
sciences recently [34]. The sample is aspirated from a 96-well plate into a conduc-
tive pipette, which is then connected to a microfabricated 3.9x3.9 cm chip that
holds a 10x10 array of nanoelectrospray nozzles with 10 pm ID (Fig. 2). For each
sample, a new pipette tip and a separate nozzle is used. Spray current fluctuations
during the spraytime as well as nozzle-to-nozzle variability have been shown to be
very small, allowing applications in quantitative MS, proteomics, or noncovalent
interactions. Further progression leaps towards the ‘lab on a chip’ are conceivable
when miniaturized sprayers are coupled to microfluidic separation devices
[35-37] and, ultimately, to miniaturized mass analyzers [38].

Fig. 2. Advion’s ESI Chip is an array of 100 independent nanoelectrospray nozzles etched in
silicon. Image 1: the 10x10 array ESI Chip (chip dimensions=3.9x3.9 cm). Image 2: magnifi-
cation of 10x10 array. Image 3: magnification on one nanoelectrospray device. Image 4: mag-
nification on one nanoelectrospray nozzle. Reprinted with permission from Advion Bio-
Sciences, Inc
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3
Separations

The most frequently chosen method for compound characterization in the
pharmaceutical industry is LC/MS [6]. Replacing flow injection by a chromato-
graphic separation prior to MS analysis offers three major advantages: i) impu-
rities or by-products are separated in time from the product of interest, render-
ing a purity assessment of the sample possible; ii) ionization suppression of the
compound of interest by salts, detergents, or by-products is avoided; iii) the
interpretation of mass spectra of ‘pure’ compounds is much easier than the MS
analysis of mixtures. Combinations of separation techniques with mass spec-
trometry have been reviewed recently by Tomer [39].

Compared to LC/MS, GC/MS methods are applied to a much smaller extent,
mainly because many pharmaceutical compounds cannot be eluted from a GC
column without prior derivatization steps. However, GC/MS is still the method
of choice for the analysis of small molecules that can be evaporated without
decomposition due to its unmatched chromatographic resolution and highly
reproducible, compound-characteristic EI-MS spectra [40]. Whereas com-
pound-specific derivatization is time-consuming, the GC/MS analysis itself can
be very fast, as a review by Leclercq and Cramers demonstrates [41].

3.1
Fast LC/MS

The LC-runtimes can be minimized by employing elements of fast LC/MS like
short columns (50-20 mm length, 4.6-2 mm inner diameter) with small parti-
cles (<5 um), high flow rates (2-5 ml min~!) and steep gradients. Fortunately, the
gain in speed is associated with only little sacrifice in chromatographic resolu-
tion, as proven by several groups [42-46]. Kennedy et al. [47] have comprehen-
sively reviewed recent progress in fast LC. A concise theoretical and experimen-
tal overview is given by Cheng et al. [48]; the authors investigated the effect of
flow rates, column dimensions, particle size, gradient duration, and solvent pH
on peak capacity,and demonstrate that separation times <1 min can be realized.
Under their ‘ultrafast’ conditions, which comprise a 2.1 mmx20 mm column
with 2.5 pm particles, 1.5 ml flow rate and a gradient duration of 0.7 min, a mix-
ture of five compounds is eluted within 9 s with a peak width of <1 s (Fig. 3). An
upper limit on the applicable flow rate is set by the maximum back-pressure of
the system, which is mainly determined by the column. Reduction of back-pres-
sure has been achieved through heating the column (to ca. 40-60°C), thereby
lowering the viscosity of the mobile phase [49]. Another approach makes use of
monolithic silica columns, which are featured by a sponge-like, continuous silica
network structure with high through-pore-size/skeleton-size ratio and high
porosity, and a much lower back-pressure compared to particulate column ma-
terial [50, 51]. For example, flow rates as high as 6 ml min™! at standard column
dimensions and pressures (4.6 mmx50 mm, 61 bar) could be applied for the sep-
aration of a test mixture in <1 min [52]. Increasing the flow rate from 1 ml min~!
to 6 ml min~' did not harm separation efficiency, signal-to-noise ratio, and re-
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Fig. 3. Strategy to achieve fast, faster, and ultrafast analysis. Both the particle size and the gra-
dient duration are scaled down in proportion to the column length. This ultrafast analysis
demonstrates that the smallest particle size (2.5 pm) in the shortest column length (20 mm),
together with the shortest gradient duration time (t,=0.7 min), resulted in a baseline resolu-
tion of a wide range of analytes in a 9 s window. The size of the detector cell was 2.6 pl.
Reprinted with permission from U. Neue [48]

solution. We note in passing that fast LC also imposes special requirements for
MS instrumentation. Small peak widths of 1 s or less require fast acquisition of
full-range mass spectra; TOF analyzers that can achieve sampling rates beyond
100 spectra per second are superior to other principles in this respect [53-56].
As today’s ESI sources usually operate at flow rates <1 ml min~!, a considerable
portion of the analyte has to be split away from the MS detector for applications
with mobile phase flows of several milliliters. In order to minimize peak broad-
ening effects caused by splitting, atmospheric pressure ion sources that can han-
dle higher flow rates whilst maintaining sensitivity are desirable.

3.2
SFC/MS

An alternative separation technique that has attracted growing interest during
the last years is supercritical fluid chromatography (SFC) [57, 58]. In SEC, the
mobile phase is carbon dioxide compressed to its supercritical state. A gradient
of a polar, organic modifier like methanol is added in order to improve the sol-
ubility of polar analytes in the mobile phase. Being a normal-phase method, the
separation characteristics of packed column SFC are complementary to conven-
tional reversed-phase HPLC. As the mobile phase has a lower viscosity and
higher diffusion coefficients, the range of optimum linear velocity is increased
up to fivefold according to Van Deemter plots, and the number of theoretical
plates is up to three times higher compared to HPLC [59]. In consequence, very
high flow rates are applicable, which renders the chromatographic resolution or
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the achievable separation speed higher than in HPLC. Convincing examples for
the high resolving power of SFC come, inter alia, from enantiomeric separations
[60-62]. Coupling SFC to MS detectors is facilitated by the fact that carbon diox-
ide is much more volatile than LC solvents; therefore, the effluent from SFC sys-
tems can be directly coupled to MS detectors without flow splitting to give TIC
traces without any loss in resolution [60]. Its speed has been demonstrated by
Ventura et al., who analyzed combinatorial library compounds by SEC/MS using
APCl in positive and negative modes [63,64]. Compared to their standard HPLC
method (6.5 min gradient, 2.1 mmx30 mm column with 3 pm particles, 0.55 ml
min~! flow), the authors observe enhanced selectivity, more precise quantitation
of mixtures,and a threefold reduction in cycle times. Recently, the high through-
put capabilities for compound characterization have been fully exploited by
Bolanos et al., who reported SFC/ESI-TOE-MS cycle times of 40 s at a flow rate
of 10 ml min~' [65], which boosts the maximum capacity of a single instrument
in serial mode far beyond 100,000 samples per year. Even faster runtimes are
possible in DMPK applications, as demonstrated by Hoke et al. [66]. The group
coupled the multiinjector setup described above for FIA-MS [31] with SFC, a
short guard column (2x10 mm, 5 pm), and a triple quadrupole mass spectrom-
eter to determine dextromethorphan with a cycle time of 5 s per sample only.

4
Parallel Separations

The answer for high-throughput analytical chemistry to parallel organic synthe-
sis must be parallel compound characterization. In the case of LC/MS, parallel
analysis cannot be realized by multiplication of the number of instruments due to
limited benchspace, limited number of operators, and limited budgets. Fully in-
dexed, parallel chromatographic systems with either four or eight channels have
been developed instead [67-71]. In the eight channel configuration depicted in
Fig. 4, the flow from one HPLC pump is equally split to eight columns that are con-
nected to one multichannel UV detector and one TOF mass spectrometer. The sys-
tem’s heart is a multiple electrospray source (MUX, Micromass, Manchester, UK)
with a sampling rotor that connects only one spray at a time with the TOF mass
analyzer, thereby blocking the seven other sprays (Fig. 5). A cross contamination
from the other sprays is practically absent. After an acquisition time of typically
100 msec per channel, the rotor hops to the next spray within =50 msec, yielding
an overall cycle time of ca. 1.2 s71. The computer software generates a unique sin-
gle data file for each channel with the corresponding MS and UV data. Although
ultrafast LC methods as described above, that are featured by peak widths of about
1 s, cannot be applied due to the limited MUX duty cycle, the gain in throughput
over conventional systems is tremendous. After careful optimization of LC para-
meters like columns, flow rates, or splitter position, Fang et al. achieve a long-term
throughput of 3200 compounds per day [71] with a 3.5 min cycle time for eight
samples from combinatorial chemistry. The setup depicted in Fig. 4 with a non-
regulated tee-device after the LC pump only provides eight equal flow rates if all
channels exhibit identical back-pressures; this condition may not be maintained
due to contamination effects. Tolson et al. reported a significantly improved chro-
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LC Pump
8-Port Autosampler LC Columns
Waters 2488 TOF-Mass Spectrometer
Multichannel
UV-Detector  MUX-ESI
Inferface
Splitter Splitters

Fig. 4. Schematic representation of a commercial parallel LC/MS system. Liquid flow is deliv-
ered to eight columns by a pump and a flowsplitter. Peaks are detected by a multichannel UV
detector and a TOF mass spectrometer with a multiplexed electrospray source

Fig. 5. Schematic diagram of an eight-channel multiplexed electrospray source. At the current
representation, only spray 1 can pass through the sampling rotor to the mass analyzer, whereas
sprays 2-8 are blocked. Reprinted with permission from Micromass, UK
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matographic performance if equal gradient flows for all channels are assured by a
system with two pumps for gradient mixing and eight pumps for flow delivery
[72]. A related advantage of this setup is the possibility to use different columns on
the eight channels in order to optimize LC conditions [73]. The four-channel MUX
device has also been coupled to quadrupole mass analyzers for quantification pur-
poses [51, 74-76]. Other applications of MUX include catalyst screening [77], li-
brary purification [23],logP measurements [78], or protein analysis [73, 79]. Par-
allel LC/MS systems with non-indexed dual sprayers have been described by Zeng
and Kassel [80] and Hiller et al. [81].

In addition, parallel approaches that apply a single-spray mass spectrometer
have been established. They address the fact that in serial LC, a considerable por-
tion of the cycle time has to be devoted to sample loading or column re-equili-
bration after a gradient run, thereby pausing data acquisition. This problem may
be avoided by a switching procedure between two columns. In a setup described
by Janiszewski et al., one sample is eluted and analyzed through the first column,
while the second column is regenerated by an auxiliary pump and loaded with

Fluid Direction Sample a is loaded Column
Valve Sample b is eluted Valve

From
Sample Loop 2 From Sample Loop 1
Y r'g
Organic
Mobile Phase
~
r'e N To Mass
To Sample Loop 2 To Sample Loop 1 Spectrometer
Aqueous Mobile Phase
From
Sample Loop 2 From Sample Loop 1
¥
Organic
Mobile Phase
3 To Mass
To Sample Loop 2 To Sample Loop 1 — Spectrometer
Agueous Mobile Phase Waste

Sample a is eluted
Sample b+1 is loaded

Fig. 6. Schematic representation of a two-column chromatographic system with a six-port
fluid direction valve and a ten-port column valve as described in [82]. The column toggles be-
tween load and elution modes. Note that the fluid direction valve, and aqueous loading flow,
are always directed to waste, and likewise, elution flow is always directed to the detector.
Reprinted from [82] with permission from J.S. Janiszewski
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the next sample [82]. In this manner, capacities for 2000 DMPK samples per day
per instrument have been provided using conventional LC equipment. The two
mobile phases, an aqueous phase for loading, and an organic phase for elution
are directed via a six-port fluid direction valve and a ten-port column valve as
depicted in Fig. 6. Jemal et al. [83] reported a similar two column system; here,
two independent pump/autosampler/column units are joined to one mass spec-
trometer. The alternate injections from each system were staggered in time, and
individual data files for each column were obtained, yielding an increase in
throughput by a factor of 2. Wu coupled the two-column method to online
extraction in order to enable the direct infusion of biofluids [84]. A very close
staggering of columns can be applied for quantitative analysis, where the reten-
tion times of the analytes are known. The mass spectrometer only monitors the
signal from a column as long as the peaks of interest elute, and is connected to
other columns for the rest of the cycle time. Thus, a significant amount of ‘dead
time’ during data acquisition, which is spent to wait for peak elution, is saved.
Van Pelt et al. have staggered injections using a combination of three valves, four
columns, and one single-spray mass spectrometer. A decrease of overall runtime
from 4.5 to 1.65 min has been achieved, which is only slightly greater than the
sum of the width of the individual peaks [85].

5
Purity Analysis

The most common method for purity analysis today is liquid chromatography
followed by UV or TIC detection. For the determination of absolute content,
knowledge about the amount of material injected as well as a pure calibration
standard are required for these techniques. As these pieces of information are
not available for compounds being synthesized for the first time, only the
relative purity, i.e., the peak area of the compound of interest divided by the
sum of all peak areas in an LC run, is generally given. Even the relative value is
not more than a crude estimation due to the strong dependence of UV extinc-
tion on chromophors and the large variability of ionization cross sections that
determine TIC. In addition, the contamination of the sample with water, sol-
vents, or inorganic material is not detected. An alternative quantitation tool is
evaporative light scattering detection (ELSD), which exhibits a response on the
amount of material after solvent evaporation,independent of its structure. How-
ever, volatile compounds may be evaporated prior to detection and are therefore
underestimated or not detected at all. The theory of ELSD and the design of
commercial instruments have been reviewed by Hsu et al. [86]; in applications
to library analysis, ELSD was found to be the most suited detector in terms of
accuracy and sensitivity. Fang et al. compared quantitation errors for ELSD and
UV from pure representatives of combinatorial libraries and found that the er-
rors decreased in the order UV (254 nm)>UV (220 nm)>UV (214 nm)>ELSD.
The ELSD quantitation of 84 compounds from 15 different libraries from a sin-
gle calibration curve was associated with an average error of 16.4% [87].In a
subsequent study [88], the authors confirm that absolute quantity determina-
tion by ELSD is more accurate (RSD 28%) than by UV at 214 nm (48%) using a
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calibration curve generated from one set of compounds with diverse molecular
weights. However, they note that relative purity measurement by ELSD underes-
timates the amounts of impurities due to the reduced ELSD response to smaller
molecular weight compounds like unreacted starting materials.

The absolute and relative quantification of nitrogen-containing compounds
can be obtained with chemiluminescent nitrogen detection (CLND). In this
method, all nitrogen atoms in a molecule are combusted at 1050°C to NO, which
is further reacted with ozone to yield excited NOj. The fluorescence emitted
upon transition to the NO, ground state is quantitatively detected. In spite of the
complex reaction scheme, the benchtop-sized detector can be readily coupled
online to HPLC systems. As CLND responds to mole of N, absolute quantitations
based on external, structurally nonrelated calibrants are possible. A trivial limi-
tation of CLND is that only nitrogen-containing compounds are detected. The
fact that about 90% of the drugs registered in the commercial database MDL
drug data report contain nitrogen demonstrates that only a minority is not
suited for CLND [89]. In addition, molecules with N-N double bonds like azo-
compounds, azides, or tetrazoles are underestimated due to the partial forma-
tion of N, instead of NO [90]. Minor chromatographic restrictions are that of
course only nitrogen-free solvents (and not acetonitrile) can be used as mobile
phases, and that the flow rate is currently limited to a few hundred microliters
per minute into the CLND.

Fitch et al. were among the first to apply LC/CLND for reaction monitoring
and purity assessment [91]. Shah et al. [92] used a FIA/MS/CLND system for the
characterization of combinatorial libraries. Each compound was structurally
confirmed by MS and quantified by CLND with a throughput of 60 s per sample.
An LC-coupled CLND exhibited an average quantitation error of £10%, with a
linear response between 25 and 6400 pmol according to a study by Taylor et al.
[89]. The authors embedded the detector in an LC/UV/CLND/MS system for
evaluation of identity, quantity, and purity. The combination of all detection
techniques described above was realized by Yurek et al. [93] in form of an
LC/UV/ELSD/CLND/TOEMS setup. The authors used the accurate mass capa-
bility of the TOF-MS to derive sum formulas for impurities; knowing the num-
ber of nitrogen atoms, the impurities were then quantitated by CLND. In addi-
tion, CLND revealed that many of the samples investigated had a high relative
purity, but low absolute content; the corresponding biological activities were
then corrected using the concentration information. Recently, the use of CLND
has been extended to pharmacokinetic applications [94].In a comparative study
of three quantitation techniques, the accuracy of quantitation was found to be
higher for CLND than for ELSD [90]. An example for TIC-, UV-, ELSD-, and
CLND-chromatograms of an equimolar four-component mixture that illustrates
the largely differing responses is depicted in Fig. 7. Thus, only mebendazole
(C,6H3N30;) responds well in all detectors, whereas tolbutamide (C;,H,3N,0,S)
hardly gives a UV response at 254 nm, the ionization cross section of Fmoc-Ile-
OH (C,,H;;NO,) is relatively weak, and prednisolone (C,;H,305) is discrimi-
nated by MS and, due to the lack of nitrogen, by CLND.
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Fig. 7A-D. SFC/ELSD/CLND/MS analysis of an equimolar mixture of Tolbutamide, Fmoc-Ile-
OH, Mebendazole, and Prednisolone. The column flow rate was 5 ml/min. A portion of the col-
umn effluent was split to each of the three detectors (CLND, 200 pl/min; ELSD, 200 ul/min; MS,
100 pl/min). A makeup flow of 50/50 MeOH/H,0 (300 pl/min) was added to the flow stream
diverted to the mass spectrometer ion source. Mass spectra were acquired using electrospray
ionization with no special modifications to the ion source: A total ion current chromatogram
showing two of the four components ionize efficiently under electrospray ionization condi-
tions; B ELSD chromatogram of the four components, all showing comparable response; C UV
chromatogram (254 nm) shows some selectivity in detection as does D; D CLND detection.
Reprinted from [7] with permission from D.B. Kassel
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6
lonization Techniques

Many examples mentioned above focus on minimizing acquisition times; how-
ever, total analysis times are significantly lengthened if re-analysis due to insuf-
ficient ionization becomes necessary. Most organic drug-like compounds have
functional groups with distinct basicity or acidity and are therefore amenable to
ESI+/-[95,96] or APCI+/- [97]. ESI is most widely used due to the small degree
of fragmentation. However, the class of compound determines whether ESI or
APCI is the method of choice for ionization [98-100]. In order to cover a maxi-
mum range of molecules in one analysis, devices that apply more than one ion-
ization technique have been developed. Polarity switching, i.e., the alternate
recording of positive and negative ion spectra in one experiment, is imple-
mented in most commercial instruments with ESI or APCI sources today. In ad-
dition, dual sources that ionize via two mechanisms have been introduced. Siegel
and coworkers reported that alternate ionization with a combined ESI/APCI
source instead of single mode ionization increases the success rate for drug-like
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compounds from 90% to 98% [101]. Simultaneous dual ionization has shown to
be feasible for ESI/APCI [102] and APCI/APPI [103] couples. Atmospheric pres-
sure photoionization (APPI) uses a Krypton lamp that emits VUV photons of
10.0 eV and 10.5 eV for either the direct photoionization of the analyte, or the
photoionization of a dopant like toluene or acetone that consecutively proto-
nates the analyte [104, 105]. A main advantage lies in the LC-coupled ionization
of unpolar, unfunctionalized molecules with ionization energies <10.5 eV, which
are hardly amenable to ESI/APCI.

Among matrix-based ionization techniques, MALDI [106] has replaced FAB for
most applications due to its higher sensitivity, higher mass range of analytes, and
in particular due to large advantages in speed of sample acquisition, permitting
analysis times of a few seconds per sample. Interfaces that couple liquid phase sep-
arations to MALDI may lead to a further extension of applications [35]. A main
obstacle in the analysis of low-mass analytes is the presence of abundant matrix-
related ion signals in the spectrum. Successful approaches to overcome this issue
include the use of high-mass matrices [107], additives for matrix suppression
[108], or matrix-free porous silicon surfaces [109]. The latter technology has been
termed DIOS-MS (desorption ionization on porous silicon); the sample is directly
deposited onto a modified silicon surface and ionized using standard UV or IR
lasers, yielding spectra with little fragmentation and no matrix interference [110,
111]. The method is inexpensive, exhibits good sensitivity at the femto- to atto-
mole level, and can be applied with standard MALDI sources [112].

7
Mass Spectrometric Experiments

The confirmation of the expected nominal molecular mass is not more than a
necessary hint to structural integrity. Recent trends aimed at lending further
credibility to MS-based structural characterizations comprise accurate mass de-
terminations and MS/MS experiments.

7.1
Accurate Mass Measurements

Accurate mass determinations prove the compliance of the precisely determined
monoisotopic mass with the expected elemental composition, thereby ruling out
many other compositions at the same nominal mass [113]. However, the number
of possible elemental compositions within a given error of measurement expo-
nentially increases with increasing mass; an unambiguous determination of the
elemental formula from an accurate mass measurement is only possible for the
low-mass range with a restricted set of elements. In addition, isomers cannot be
distinguished. For the formerly tedious and lengthy experiment, automated data
acquisition and reporting of results has been reported for various mass analyz-
ers. Tutko et al. [114] automated a MALDI-FTICR to acquire internally calibrated
MS and MS/MS spectra. Huang et al. [115] developed FIA-ESI-FTICR with auto-
matic acquisition, analysis, and e-mailing of reports to analyze nearly 700 sam-
ples with a fitted standard deviation of 0.32 mmu (<1 ppm for 62% of samples)
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using external calibration. Internal calibration of FTICR spectra leads to a fur-
ther decrease in mass errors [116, 117]; this setup represents the most precise
technique for obtaining accurate masses. LC-coupled FTICR for small-molecule
analysis has been described by Walk et al. [118] and Speir et al. [119]. For volatile
samples that are best analyzed with electron impact or chemical ionization, a
completely automated sector field instrument has been described by Huang et
al., who achieve a standard deviation of 1.61 mmu [120]. In terms of routine
high-throughput LC/MS accurate mass determinations, best results have been
obtained with internally calibrated ESI-TOF analyzers with typical mass errors
<5 ppm [121-127]. Recently, high-resolution quadrupole analyzers for accurate
mass determinations have been introduced [128].

7.2
MS/MS Experiments

A major advantage of API techniques, the low degree of fragmentation of the mol-
ecular ion, decreases on the other hand the information content of spectra. In con-
trast, classical electron ionization (EI) provides in-source fragments that (i) al-
lowed deducing structural information and (ii) served as fingerprints valuable
for database identifications [129]. In order to regain the fragment information,
dissociation of mass-isolated ions is induced in MS/MS experiments by collisions,
a surface, or infrared irradiation; it should be noticed, however, that the abundance
of ESI-MS/MS fragments depends much more on experimental conditions com-
pared to that of in-source-EI fragments. The variance is caused by widely differing
time and energy frames of dissociation associated with the respective tandem-
in-space (sectors, multiple quadrupoles, TOFTOE, or hybrids) or tandem-in-time
(ion traps, ICR) instruments [130-132]. A key software tool for automatic
MS/MS acquisitions is a data-dependent scanning function that selects one or
more precursor ions from an MS spectrum to initiate automatically MS/MS exper-
iments. The function is implemented in most modern software packages and con-
siders, for example, explicit inclusion or exclusion of precursor ion masses from
user-defined lists, heavier isotopes, or multiple charge states. Sanders et al. [133] de-
veloped a method for the routine characterization of lead candidates on an ion trap
instrument that comprises four alternate scan modes, i.e., MS+, MS—, MS/MS+, and
MS/MS-, ‘on the fly’ within a single, standard LC/MS run. Applications of MS/MS
for the characterization of combinatorial libraries have been described by
Dunayevskiy et al. [134], Gibson et al. [135] and Triolo et al. [11]. Structure elucida-
tion is strongly facilitated if the elemental compositions of fragment masses are
available. The assignment of complex fragmentations gained credibility using ac-
curate-mass MS/MS data from TOF and FTICR mass analyzers [136-140]. Again,
internal calibration gives the highest precision of the fragment masses. An elegant
method has been reported recently by Kruppa et al. [141], who isolated a mixture
of the precursor ion of interest and several calibrant ions in an FTICR by multiple
correlated harmonic excitation fields (multi-CHEF). Subsequently, only the pre-
cursor ion is excited to give an MS/MS spectrum of product ions and the (unex-
cited) calibrant ions. In that manner, fragmentations of rapamycin and angiotensin
I have been obtained with a fragment mass accuracy <1 ppm.
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8
Software Developments

The crucial step in high throughput compound characterization is no longer ac-
quisition of data, but their interpretation, i.e., the conversion of MS-peaks into
knowledge valuable for drug discovery. Whereas in ‘classical’ mass spectrometry
spectra have been processed and evaluated manually by a trained analyst, the sheer
amount of generated data renders this procedure impossible nowadays. Instead,
software tools have been developed for the automation of various post-acquisition
steps. Commercial laboratory information management systems (LIMS) like Q-
DIS/R (Creon Lab Control), SDMS (NuGenesis), NeoLink (Groton NeoChem), or
SQL-LIMS (Applied Biosystems) can be customized to individual user require-
ments and include, among other functions, gathering of analytical requests, track-
ing of the analysis status, collection and reporting of results, their distribution to
customers, data archival, retrieval, and integration into other databases. Programs
from instrument manufacturers provide overall plate viewers in combination with
easy access to all chromatogram traces and the corresponding mass spectra of in-
dividual samples. However, data evaluation processes are often so user-specific
that self-written software macros are required. The core of a highly automated
FIA-MS system by Tong et al. [17] is a data interpretation algorithm applying ex-
tensive knowledge about common isotope patterns, artifacts,adducts, and impuri-
ties in ESI mass spectra. Williams et al. developed MassAssign, a program that dis-
tinguishes the expected quasimolecular ions from other ions in ESI mass spectra
and bins into three predefined result cases, i.e., single compound, multiple com-
pounds, molecular weight undetermined, with a success rate of 90% compared to
manual evaluations [142]. A networked Visual Basic application, the Rackviewer by
Richmond et al., enables a quick evaluation of FIA-MS of LC-fractions [143]. Au-
tomatic sample purity calculations based on LC-separated compounds have been
reported by Yurek et al. [93] and Choi et al. [144]. The latter authors implemented
visual basics macros to forward automatically those samples that gave negative re-
sults in the first analysis to a secondary analysis. The selection criterion for the
choice of the second chromatographic method is the calculated logP value.

9
Conclusions

It has been stated (by a mass spectrometrist) that “the use of mass spectrome-
ters as molecular weight detectors was the single most important driver in cre-
ating the modern drug discovery process” [145]. This opinion may not be shared
by all chemists, but the benefit of MS and LC/MS for drug discovery is unques-
tionable. A great achievement of the past years is that MS-based compound
characterization is no longer a bottleneck in high-throughput chemistry. This is
especially true for the data acquisition part, where a throughput of <1 min per
sample can be provided with several separation-coupled technologies like fast-
LC/MS, SFC/MS, or parallel LC/MS. The obtained sensitivity has never been a
critical issue, but is expected to improve further from miniaturization and high-
efficiency ion sources.
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As soon as the quantities of samples can be handled, the requirements on the
quality of data are augmented. Thus, a need to provide more accurate relative
and also absolute quantities asks for other methods than UV or TIC integration.
In addition to the nominal mass of the molecular ion, accurate masses and a
fragmentation pattern for each compound may become desirable.

A strong demand for future developments concerns information technology
issues. The overall contribution of analytics strongly depends on the question
how efficient data storage, processing, interpretation, mining, and in particular
the difficult data-to-knowledge transformation is achieved.

Finally, it should be pointed out that the production of millions of compounds
and associated data guarantees high costs of research, but certainly not success
in drug discovery. Challenges in drug discovery will not be mastered by high
throughput alone, but by embedding it in an overall concept [146].
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