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In 1887, Julius Tr�ger reported the synthesis of a nitrogen
base,[1] whose structure was determined only about 50 years
later.[2] In “Tr�ger bases”, nitrogen atoms serve as chiral
centers because the otherwise rapid nitrogen inversion is
prevented by conformational strain. After Prelog and Wie-
land separated the enantiomers,[3] the chirality and the rigid
V-shape of Tr�ger bases led to widespread applications in
chemistry.[4] A fundamental question in the chemistry of
Tr�ger bases concerns the mechanism of their pseudo-
epimerization,[5] for which either a proton-catalyzed ring
opening or a retro-Diels–Alder (RDA) sequence has been
proposed (Scheme 1).[6]

Herein, we report studies of the bis-Tr�ger bases syn-1
and anti-1 (Scheme 2)[7, 8] using ion-mobility mass spectrom-
etry (IM-MS), a mass-spectrometric method that distin-
guishes ionic species not only by mass, but also in terms of
shape.[9–11] Provided a separation of syn-1 and anti-1 by means
of IM-MS, the epimerization in the gaseous state may be
probed directly, because for 1 this process leads from one
diastereoisomer to another.[12]

We first considered the protonated species syn-1H+ and
anti-1H+ formed by electrospray ionization (ESI).[13] Both
diastereoisomeric samples show two, well-separated compo-
nents in the ion-mobility traces of the protonated ions. syn-1
gives a large signal at an early arrival time ta = 6.8 ms[14] and a
smaller signal at ta = 7.4 ms (Figure 1a). In contrast, anti-1 has

large signal at later arrival time and a small signal for the early
component (Figure 1b). Since syn-1 and anti-1 were diaste-
reomerically pure (according to their NMR spectra), the
small components are attributed to partial isomerization
during ESI (see below).

To induce an interconversion between the diastereoiso-
mers, we pursued two different strategies. In ESI, a liquid
sample is sprayed to the inlet system of a mass spectrometer.
Ionic species, either present as such in solution or formed in
the spray process by microscopic fluctuations, are subse-
quently desolvated and transferred to the mass spectrome-
ter.[15] In ESI no “hard” ionization event is applied, such that
the molecules present in solution are typically transferred to
the gas phase as molecular or quasi-molecular ions.[16]

Scheme 1. Proposed pseudo-epimerization mechanisms of Tr�ger
bases proceeding by a) proton-catalyzed ring opening and b) an RDA
sequence.

Scheme 2. Bis-Tr�ger bases syn-1 and anti-1. The structures shown
correspond to the lowest energy conformers according to density
functional theory.

Figure 1. Ion-mobility traces of the mass-selected protonated ions
(m/z 467) for a) syn-1, b) anti-1, and c) a roughly 1:1 mixture of the
two samples as a control.
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However, the actual conditions within the ESI source can be
varied over a rather wide range such that either weakly bound
noncovalent complexes are generated[17] or the ions are
energized to afford isomerization[18] as well as dissociation.[19]

Adjusting the ionization conditions to higher energies can
easily be achieved by increase of the so-called cone voltage
(Uc)

[20] which is used to extract the ions into the mass
spectrometer. At elevated cone voltages, the ions undergo
multiple collisions with nitrogen (1 bar) which increase their
internal energy. Figure 2 shows such experiments for 1H+

generated at different cone voltages from which two con-
clusions can be drawn: 1) Energizing collisions lead to
interconversions of syn-1H+ and anti-1H+. 2) The amount of
isomerization is somewhat lower for anti-1H+, suggesting it is
the thermochemically preferred isomer.

The second method to induce isomerization also applies
collisional activation, but now this step takes place in vacuum
(10�2 mbar). Specifically, syn-1H+ and anti-1H+ generated at
low cone voltages were subjected to collisional activation in
the ion trap which collects the ions before they enter the IM
stage.[21] Figure 3 demonstrates that the pseudo-epimerization

can also be induced under these conditions by variation of the
voltage setting of the trap (Utr). The consistent findings
provide a direct link between collisional activation at 1 bar
with that at 10�2 mbar.

Figure 4 shows the ion-mobility spectrum of an approx-
imately 1:1 mixture of syn-1H+ and anti-1H+, the correspond-
ing mass spectra upon collision-induced dissociation (CID)

after the ion-mobility section are shown in the insets. While
the fragment ions formed and their ratios are identical for the
two isomers, the total amount of fragmentation shows a slight,
but significant difference. Thus, under perfectly identical
conditions about xfrag = 43%[22] of syn-1H+ dissociates,
whereas this fraction is only 40% for anti-1H+, again
suggesting that the latter ion is slightly more stable than the
syn isomer.

The conclusions derived from experiment were further
supported by calculations using density functional theory.[23]

For the neutral compounds, anti-1 is predicted to be
1.5 kJmol�1 more stable than isomeric syn-1. For 1H+,
protonation at nitrogen is highly preferred and both stereo-
isomers are energetically very close with the anti isomer being
predicted to be 2.0 kJ mol�1 more stable.[24]

Next, we considered the sodium adducts syn-1Na+ and
anti-1Na+. The change of the cationizing species has two
important effects. At first, protonation of a base B is often
understood in Brønsted terms in that a free proton is attached
to B. But this is a rather formal view that neglects the
pronounced covalent character of the new H�B bond, in that
most of the positive charge is located in B rather than on the
hydrogen atom.[25] In marked contrast, the sodiated species
can be regarded as purely electrostatic adducts of Na+ with B.
The sodiated Tr�ger bases accordingly serve as gas-phase
models for the neutral bases which are charge tagged by
sodium to enable mass-spectrometric handling and detec-
tion.[26] If the pseudo-epimerization described above is an
inherent feature of the backbone of the Tr�ger base regard-
less of the actual charge state (e.g. by RDA), it should occur
for both 1H+ and 1Na+, whereas in the case of proton
catalysis, only 1H+ should undergo isomerization. The second

Figure 2. Ion-mobility traces of the mass-selected protonated ions
(m/z 467) generated from a) syn-1 and b) anti-1 at different cone
voltages (Uc) in the ESI source. The larger Uc, the more the ions are
heated in multiple collisions. The gray numbers are the ratios of the
integrated areas of the fast (early) and slow (late) components of 1H+

at each Uc. The upper sketch of the IM-MS highlights where activation
takes place (for details, see Ref. [10]).

Figure 3. Ion-mobility traces of syn-1H+ (m/z 467, Uc =20 V) at differ-
ent voltages (Utr) applied to the ion trap in front of the ion-mobility
device. The larger Utr, the more the ions are heated in multiple
collisions and also undergo fragmentation, but isomerization appa-
rently starts to occur prior to dissociation. The gray numbers are the
ratio of the integrated areas of the fast (early) and slow (late)
components of 1H+ at each Utr.

Figure 4. Ion-mobility trace of the protonated ions 1H+ (m/z 467,
Uc = 20 V) generated from a roughly 1:1 mixture of syn-1 and anti-1,
and the CID mass spectra of the fast and the slow components.
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effect is that since the radius of Na+ is larger than that of H+,
the additional (empty) valence orbitals available open up new
kinds of coordination geometries.

Quite interestingly, the separation of syn-1Na+ and anti-
1Na+ by IM-MS is much better than that of the protonated
variants, and despite their slightly larger masses the sodiated
ions have higher mobilities than the protonated forms
(Figure 5). We note in passing that the ion-mobility traces

of the diastereomeric samples show only very small contri-
butions of the other diastereoisomer (< 2%), such that the
corresponding signals observed for 1H+ at lowest cone
voltages (Figure 1) can already be assigned to a proton-
catalyzed epimerization in the spray process.

Computational chemistry[23] provides a straightforward
explanation of the pronounced differences between 1H+ and
1Na+. Firstly, for Na+, coordination to the p system of the
aromatic rings is largely preferred over coordination to the
nitrogen atoms. Secondly, in the case of syn-1Na+, the metal
cation interacts with the central benzene ring and the
aromatic residues on both sides of the molecule leading to a
rather compact geometry. In anti-1Na+, a similar but much
less pronounced effect is operative owing to coordination
with an outer naphthalene unit and the central benzene ring.
Given these pronounced differences in coordination geome-
try, it is not surprising that the cage structure syn-1Na+ is
computed to be 39.8 kJ mol�1 more stable than anti-1Na+.

As a result of chelation, the sodiated species are more
compact than their protonated variants, which accounts for
their higher mobilities. As demonstrated by the overlay of the
optimized structures in Figure 6, this difference is small
between anti-1H+ and anti-1Na+, but much greater between
syn-1H+ and syn-1Na+. This result perfectly matches the
experimental finding that the difference between the arrival
times of syn-1H+ and syn-1Na+ (Dta = 1.0 ms) is much greater
than between anti-1H+ and anti-1Na+ (Dta = 0.2 ms).

Finally, the sodiated species do not show any evidence of
isomerization upon collisional activation either in the source
region by means of the cone voltage nor in the ion trap
preceding the ion-mobility cell (see the Supporting Informa-
tion). If an RDA sequence were a viable alternative
mechanism for pseudo-epimerization, it should also occur
for the sodiated species. The absence of this process thereby
suggests a proton-catalyzed ring-opening sequence as the

more probable mechanism for the isomerization of Tr�ger
bases.

In addition to the implications for the chemistry of Tr�ger
bases, the present study demonstrates the useful chemical
insight provided by ion-mobility mass spectrometry. More-
over, by parallel monitoring of the isomerization in the source
region with atmospheric pressure and in the dilute vacuum of
the collision cell, this work contributes to bridging the
“pressure gap”[27] between idealized studies in the gas phase
and real chemistry in the bulk.
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Chem. Commun. 2002, 67, 609 – 621; b) M. Havl�k, V. Kr�l, B.
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