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Dedicated to the memory of Dmitry Rudkevich, who died much too early. Those who have worked with him certainly know his very

supportive optimism when showing complicated NMR spectra to him: “Don’t worry, I can see, it’s in there!”

Since the early days of dendrimer chemistry, mass spectrometry has been an important analytical method for determining the
purity and the detection of defects in dendrimers. Meanwhile, growing evidence demonstrates the great potential of mass
spectrometry for the investigation of non-covalent dendritic host—guest complexes. Mass spectrometry provides an efficient
means to isolate them in the high vacuum inside a mass spectrometer under environment-free conditions. Gas-phase
chemistry is particularly beneficial for exploring the intrinsic properties which cannot easily be studied in solution. This mini-
review highlights the versatility of gas-phase chemistry for (1) screening the specificity and stability of multivalent dendritic
host—guest complexes depending on the nature of the guests, (2) revealing a dendritic effect during dendrimer—tweezer
complex fragmentation and (3) monitoring an intra complex movement of small guests along the dendrimer periphery.

Keywords: host—guest chemistry; supramolecular chemistry; dendrimers; mass spectrometry; gas-phase chemistry;

molecular mobility

1. Introduction

The field of host—guest chemistry of dendritic molecules
has grown into a special area of supramolecular chemistry
during the last decades (I, 2). The highly branched
architectures of dendrimers endow them with unique
recognition properties, which are appreciated for construct-
ing diverse supramolecular host—guest systems. Insight
into these systems opens up new opportunities not only to
understand the fundamental principles in biological process
(3, 4), but also to develop functional materials (5—7).
Some 10-15 years ago, there was still a debate,
whether dendrimers would form specific host—guest
complexes at all. Meanwhile it is well known that they
do: polyamino propylene amine (POPAM) dendrimers
have not only shown to bind metal ions, but even exhibit an
interesting kinetic behaviour in that metal ions quickly
complex to the periphery and then need significantly longer
to enter the dendrimer core (8). Dendrimers have also been
equipped with specific binding sites in their peripheries,
e.g. crown ethers (9), urea units (/0), ferrocenyl (/7) and
carbohydrate groups (/2). For drug delivery, core-shell
particles are under intense investigation (/13—15).
However, with the growing complexity of these
systems, the dendritic host—guest complexes are often
large in size and molecular mass, and often display a
highly symmetrical arrangement of building blocks.

Therefore, it is often rather difficult to characterise their
exact structures and to determine the stoichiometries of the
hosts and guests involved. For a convincing analysis and
characterisation, usually a number of different instru-
mental methods need to be applied (/6, /7). Moreover,
many researchers became aware of the often quite
significant influence of the environment on the formation
of dendritic host—guest complexes (/8). They can be
strongly affected by the presence of the solvent or counter-
ions. Stability constants and thermodynamic parameters
determined in solution are always influenced by solvent
effects. The intrinsic interaction between host and guest is
thus inevitably challenging to unravel.

For a long time, mass spectrometry was only
considered as an important analytical method in dendrimer
chemistry. In most laboratory research, mass spectrometry
merely served as an excellent routine analytical tool to
determine the purity and to analyse the defects of
dendrimers in higher generations (/9-21). However,
increasing evidence indicates the utility of mass
spectrometry to go far beyond the mere analytical
characterisation. The gas phase inside the mass spec-
trometer has proved to be particularly beneficial for the
analysis of weakly bound host—guest complexes (22—-26).
The high vacuum inside a mass spectrometer provides an
efficient means to isolate the complexes and to suppress
the highly dynamic guest exchange equilibria in solution.

*Corresponding author. Email: christoph@schalley-lab.de

ISSN 1061-0278 print/ISSN 1029-0478 online
© 2010 Taylor & Francis

DOI: 10.1080/10610278.2010.486438
http://www.informaworld.com



14:38 29 January 2011

Downl oaded At:

Supramolecular Chemistry 673

Once the desired complex ions are generated, mass
selection becomes possible and a large variety of tandem
MS (MS/MS) experiments is available, which enable the
dendrimer chemist to examine the ions under environ-
ment-free conditions. Valuable information of the intrinsic
features of the complexes as well as the reactivity of non-
covalent species can be obtained. A comparison of these
data from the gas phase, i.e. the intrinsic properties, with
results from condensed phase, i.e. the properties as
influenced by the environment, can consequently contrib-
ute significantly to the understanding of non-covalent
bonds, and in return to guide the design of the
supramolecular host—guest system.

The objective of this mini review is to highlight an
emerging area by discussing studies which use tandem
mass spectrometry to investigate dendrimer—guest com-
plexes. It advertises the great potential of gas-phase studies
for dendrimer host—guest chemistry of dendrimers.
We will focus on three different aspects: the first part
will discuss a gas-phase approach to screen the relative
binding strengths of multiple small molecule guests that
can bind to the dendrimer periphery in a dynamic library.
These gas-phase studies allow us to compare different
guests, each of which is bound in a multivalent fashion to
more than one binding site in the dendrimer. In the second
example, dendritic viologen—tweezer complexes represent
another type of dendrimer host—guest structure in which
the complexation occurred at the core. In contrast to the
solution behaviour, a quite pronounced dendritic effect is
observed which has a major effect on the stability and on
the fragment mechanisms of the viologen dications in the
dendrimer core. The differences in the gas-phase
behaviour of dendrimers of different generations can be
traced back to backfolding of the dendrimer branches.
Finally, we will discuss a ‘space walk’ at molecular level.
Crown ethers are able to walk along the periphery of
POPAM dendrimers without intermediate dissociation.
A quite simple hydrogen/deuterium exchange (H/D
exchange) in the gas phase is capable of monitoring this
highly dynamic intramolecular movement in the gas phase.

1.1 Multivalency in the gas phase: multiple guest
binding to urea-terminated POPAM dendrimers

Recently, dendrimers are gaining popularity as frame-
works for the study of multivalent interactions in
biological systems (4, 27). A particularly interesting
example is the third generation POPAM dendrimer D
(Figure 1), which carries 16 peripheral adamantylurea
groups (28). As shown in Figure 2, dendrimer D can serve
as the host scaffold for guests that can be bound through
multivalent interaction. After an initial proton transfer
from the guest acid group to the dendrimer’s tertiary
amines, strong electrostatic interactions exist between the
acid anion of the guest molecule and the tertiary

ammonium ions incorporated in host D. In addition,
multiple hydrogen bonds between the urea units of guest
and host support binding. Therefore, host D enables a
variety of guest molecules based on urea acid structures to
attach on its surface, even including some oligopeptides
such as T (29). The most intriguing feature of such a
multivalent system is the non-covalent decoration of
dendrimer surface, giving rise to a dynamic binding
equilibrium in solution, in which the guests can compete
with each other and the guest with the optimal binding
motif can easily be detected. Moreover, due to the
multibranched structures of dendrimers, a dynamic
combinatorial library of different complexes with various
stoichiometries can consequently form when at least two
different guests compete for binding to the dendrimer.
Consequently, the multivalency of dendrimers surface is
capable of attaching multiple drug molecules, targeting
groups and solubilising moieties coordinately (30).

Although the concept to dynamically modify the
periphery of dendrimers is very attractive, the character-
isation of such a system seems to be a quite challenging
task. Because up to eight guests can bind to the same
dendrimer in a dynamic manner, the determination of
binding stoichiometries for complexes, in particular in a
dynamic library with more than one type of guest is rather
difficult (28).

Meijer and co-workers (37, 32) have studied the
multivalent interaction between host D and a series of
guest molecules by mass spectrometry. The transfer of
dendrimer D and its host—guest complexes into the gas
phase is easily achieved by electrospray ionisation mass
spectrometry (ESI-MS). A small amount of acetic acid is
added to the sample solution to achieve a net protonation
of the dendrimer complexes. Figure 2(a) shows the ESI
spectrum of, for example, a mixture of dendrimer D with 6
equiv. of guest U2 in chloroform. The complexes appear in
charge states 3 + and 4 4 . For each charge state, all
possible assemblies [D-(U2),I>™** with n=0-8 are
detected. Deconvolution of the different charge states
provides a simpler and cleaner picture (Figure 2(b)). Apart
from the naked dendrimer D, eight peaks at higher mass
correspond to the dendrimer with one to eight guest
molecules bound to it. Each mass difference of Am = 244
between two adjacent signals corresponds to one U2 guest
molecule. The ESI-MS experiments unambiguously
identify the individual complexes. Similar spectra are
observed for the other guests listed in Figure 1.

Once the desired complex ions are transferred
successfully into the gas phase, the stability of the ions of
interest can be probed with tandem MS techniques, for
example, by fragmenting them in collision-induced
dissociation (CID) experiments. After the mass selection
of the desired ions, the ions are accelerated, and
subsequently collided with a neutral gas in the analyser
cell of a Fourier transform ion cyclotron resonance (FTICR)
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Figure 1. Top left: Third-generation POPAM dendrimer D with 16 peripheral adamantylurea groups. Top right: The postulated binding
mode of a dendrimer host with (a) a urea-substituted phosphonate; (b) an N-terminal Boc-protected tripeptide. Bottom: A variety of guests
including urea-containing guests U1, U2, C1, P1 and S1. The three guests C2, P2 and S2 lack the urea group and thus serve as reference
compounds for examining the binding mode. The Boc-protected tripeptides T (Boc-GGG, Boc-GGA, Boc-AAA, Boc-FGG, Boc-FFF and
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Boc-GVV) were also investigated in the gas phase (G, glycine; A, alanine; F, phenylalanine; V, valine; Boc, fert-butoxycarbonyl).
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Figure 2. (a) ESI-FTICR mass spectrum of a sample of
dendrimer D with 6 equiv. of guest U2. Two species ions of host—
guest complexes with 4 + and 3 + charge states are observed,
respectively. (b) The deconvoluted mass spectrum shows
complexes [D+(U2),] with n = 0-8. The mass differences of
Am = 244 correspond to individual guests U2. (c) CID
mass spectrum of mass-selected [D<(U2),>". At increasing
collision energies, the guest molecules are successively removed
as neutral molecules, finally only bare dendrimer ions are left.
M.A.C. Broeren, J.L.J. van Dongen, M. Pittelkow, J.B.
Christensen, M.H.P. van Genderen and E.W. Meijjer,
Multivalency in the gas phase; dendritic aggregates studies by
Mass Spectrometry, Angewandte Chemie International Edition
2004 /16, 3641-3646. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.

mass spectrometer. During the collision, part of the kinetic
energy of the ions is converted into rovibrational excitation,
which eventually gives rise to the fragmentation with the
weakest bond to represent the most probable cleavage site.
Figure 2(c) shows the detailed fragmentation picture of
the [D-(U2),]*" complex. At increasing collision energies,
the guests attached to the dendrimer can be removed as
neutral molecules one after the other until finally free D ions
are left.

In the experiments described so far, all guests in the
complexes under study were identical. No drastic change
in the dissociation energies is thus expected, unless the
guests interact with each other. However, when mixed
complexes are treated the same way, a ranking of binding
strengths in the gas phase can be obtained. Detailed insight
into the influence of the guest structure on the binding
strength may provide information about the binding mode.
All guests in Figure 1 form complexes except for C2 (32),
which lacks both the urea units and a strongly acidic end
group. The fact that the urea groups are not mandatory for
complex formation indicates that the attractive electro-
static interactions between the guests’ phosphonate or
sulphonate groups and the tertiary ammonium in the
dendrimer’s binding pockets are strong enough to generate
host—guest complexes with D. For the weaker carboxylic
acid guests, the urea group is nevertheless required. This
might indicate that no ion pair is formed between host and
guest. Instead, hydrogen bonding is likely responsible for
guest binding. Competition experiments are possible,
when heterocomplexes are mass selected and fragmented
in the gas phase. The guest that is more readily expelled
from the complex is the more weakly bound guest. Such
CID experiments can be performed with all possible guest
pairs. The result is that guests are bound significantly more
strongly when they contain the urea groups. Consequently,
hydrogen bonding contributes its share to the binding
energy. This finding is in excellent agreement with the
trend in solution-phase association constants gained for
model systems in chloroform, and thus we conclude
that binding mode to be the same in solution and in the
gas phase.

Finally, the binding strengths of a set of oligopeptides
with butoxycarbonyl (BOC)-protected amino termini to
the dendrimer were also examined. Already, slight
structure differences in the tripeptides led to significant
changes in the binding strengths. For instance, dendrimer
D shows a clear preference for BOC-Gly-Gly-Gly over
BOC-Ala-Ala-Ala. In the corresponding CID spectra, the
initial loss of the latter tripeptide is much more
pronounced than that of the triglycine.

The studies discussed here demonstrate the utility of
tandem mass spectrometry for a fast screening of guest
molecule binding to large molecules. Since dendrimers are
multibranched structures, the effects of multivalent
binding can thus be examined in the gas phase. Moreover,
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the examples also nicely show how an analysis of the gas
phase chemistry of dendrimer—guest complexes elegantly
contributes to a more profound understanding of both the
binding motif (a structural issue) and the binding strengths
(a thermochemical issue).

1.2 A remarkable dendritic effect: complexes of a
molecular tweezer and dendritic viologen dications

Viologens are doubly charged bipyridinium ions which
possess a quite electron-deficient dicationic core. They are
known to be good guests for molecular tweezer Tw (33)
with its extended aromatic systems (Figure 3).
In dichloromethane, viologen—tweezer complexes are
quite stable, which is also true when the viologen is
decorated with Fréchet’s benzylether dendrons on both
sides. The tweezer is located at the central core and thus
additional interactions of the aromatic rings within the
dendrons with the outer convex side of the tweezer may
occur particularly in larger generations.

Upon electrospray ionisation of the GO viologen salt in
the absence of the tweezer, no bare G0 2+ dications could
be detected. Only singly and doubly charged clusters are
observed in which the positive charges are counter-
balanced by a sufficiently high number of counterions.
Density functional calculations for a simple model
compound indeed predict the C—N bond in the viologen
dication to dissociate due to the strong charge repulsion
once the dication is formed in free form. Therefore, the
GO”" dication might be a short-lived metastable ion,
which decomposes before it can be detected on the

OAc

CPC 0

OAc

GO%*(PFg ), O

@”0@

Q)

timescale of the FTICR mass spectrometric experiments.
The two product ions, i.e. a singly substituted, singly
charged bipyridinium ion and the corresponding benzyl
cation, are indeed observed in the ESI mass spectrum.
Besides cluster formation and fragmentation, GO0 has
two other modes of avoiding being a naked dication:
deprotonation that occurs presumably at the benzylic
position and one-electron reduction at the ESI spray
capillary to yield the cation radical.

In marked contrast, the generation of G1 2* dications is
possible, but only under as mild as possible ionisation
conditions. Finally, the generation of bare G2 is even
possible under somewhat harsher ionisation conditions.
Evidently, this marked change indicates a trend towards
higher dication stability with increasing dendron size.

When 1 equiv. of the tweezer Tw is added to the
sample solutions, the mass spectra change dramatically
(34). Even for the least stable GO>", quite intense signals
corresponding to the intact doubly charged 1:1 complexes
are observed. The complexes also form as singly charged
ions carrying one counterion. However, the mere existence
of the complex dication shows the tweezer to stabilise the
dications significantly through charge-transfer interaction.
Simultaneously, this reduces the strong charge-repulsion
effects and thus renders the complex detectable as a free
dication. Similarly, dicationic tweezer—dendrimer com-
plexes can be obtained for the larger generations.

For an analysis of the fragmentation behaviour of the
viologen—tweezer complexes, the desired ions were mass
selected and subjected to a CID experiment. When
monoisotopic tweezer-G0>" dications were isolated and

>

®
(@] ’N[j
O*@\,@/g O
@

L

G12*(PFg ) O

0 D

T ot

ﬁl G2 (PF5),
&

Figure 3. The detailed structures of the molecular tweezer Tw (inset) and dendron-substituted viologens G0>*, G1** and G227
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Figure 4. Two possible pathways for the fragmentation of the tweezer—viologen complexes. The reactivity switches from the upper to

the lower pathway depending on the dendron sizes.

examined, one would probably expect to see an initial loss
of the tweezer followed by an immediate consecutive
fragmentation of the remaining metastable dication
(bottom pathway in Figure 4). Indeed, the two expected
fingerprint fragments from GO are observed (Figure 5).
However, an additional fragment at m/z 1059 corresponds
to a singly charged tweezer—bipyridinium ion and clearly
indicates the loss of a di-z-butylbenzyl cation from the
complete complex to be operative in the fragmentation of
[Tw-G0]*". Clearly, it is also possible that the supra-
molecular interaction is stronger than the covalent N-
benzyl bond. This finding raises the question, which of the
two pathways shown in Figure 4 contributes to what extent.
A double resonance experiment provides the answer: in this
experiment, the ions with m/z 1059 are constantly removed
from the FTICR analyser cell during the whole duration
of the MS/MS experiment, and thus all consecutive
fragments formed through this ion as an intermediate
should vanish as well. The comparison of Figure 5(a)
and (b) clearly shows that almost all of the bipyridinium
cations at m/z 359 vanish in the double resonance
experiment and thus must be due to a consecutive
fragmentation through the intermediate complex at m/z
1059. Instead, the loss of tweezer followed by the Coulomb
explosion of the GO dication contributes at best a few per
cent to the bipyridinium fragment at m/z 359. This
experiment clearly identifies the upper fragmentation
channel in Figure 4 to the major one in the dissociation of
the [Tw-G0]*" complex. The covalent benzylic C—N bond
is thus weaker in this complex than the supramolecular
interaction between host and guest.

The same reactivity pattern was also observed for the
tweezer complex with G1?". However, the fragmentation
behaviour reversed for the complex with the G2%"

viologen guest. Here, the loss of tweezer represents the
first step and generates the bare G2 dication at m/z 1005,
which can undergo further fragmentation by benzyl cation
loss. The benzyl loss intermediate, however, is not
observed at all. Consequently, the size of the dendrons
plays an important role for the change in fragmentation
behaviour.

At this point, we have encountered two interesting
dendritic effects which need to be explained: (1) A clear
trend in dication stabilities emerges: the larger
the dendrons the better stabilised the dication is.
(2) A reversal in the sequence of fragmentation steps
occurs between [Tw-G1]*" and [Tw-G2]*". The origin of
these dendritic effects can be traced back to the
backfolding of branches in the larger dendrons which
leads to self-solvation in the gas phase (Figure 6). For
GO0?", the relatively small benzyl substituents are unable
to backfold into the vicinity of the dicationic viologen
core. Consequently, no self-solvation occurs and the cation
remains unstabilised causing the instability of the benzyl-
N bond. In G1**, the naphthyl methyl end groups can fold
to approach the central viologen in a geometrically
favourable manner. However, only a minor stabilisation of
the dication is achieved, since the naphthalene moieties are
not very electron rich. In contrast, G22* is not only more
flexible, but also provides the electron rich, dihydroxy-
benzyl branching units which provide efficient internal
solvation through the formation of intramolecular charge-
transfer complexes. The backfolding of dendrimer
branches not only explains the dication stability order,
but also the reversed fragmentation sequence of
[Tw-G2]**. The tweezer competes with the backfolded
branches of the larger dendrons for binding to the
viologen. Consequently, the supramolecular interaction
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Figure 5. (a) CID of mass-selected tweezer—G0*" complex.
(b) Double-resonance experiment with the same ions, in which
the fragment at m/z 1059 was ejected from the reaction cell
during the whole experiment. (c) CID experiment with the
tweezer—G1%" complex. (d) CID experiment with the tweezer—
G2?* complex revealing a complete change in reactivity.
Tweezer loss is the major fragmentation pathway giving rise to
dicationic G2*" at m/z 1005.

between tweezer and viologen decreases with increase in
the dendron size. At the same time, the reduced charge
repulsion stabilises the covalent benzyl-N bond with
increasing dendron size. For the complex of G22+, the
covalent bond is finally stronger than the non-covalent
interaction between host and guest.

The gas phase experiments with the tweezer—
dendrimer host—guest complexes add valuable insight
into the reactivity of such species which cannot be gained

from solution studies. In solution, not only solvent
molecules change the properties of the complexes. Even
more important, the counterions significantly stabilise the
dications and reduce charge repulsion. Also, reversible
binding which constantly leads to an exchange of the guest
hampers the analysis of such a reaction. Such an exchange
is not possible in the gas phase, because the complexes are
isolated from each other in the high vacuum of a mass
spectrometer.

1.3 A molecular space walk: 18-crown-6 walks along
the periphery of POPAM dendrimers

Molecular mobility has attracted considerable attention in
supramolecular chemistry and biochemistry. Recently, a
simple but challenging question (Figure 7) has been
answered: can 18-crown-6 (18¢6) travel on the surface of a
POPAM dendrimer? Can they walk from binding site to
binding site without intermediate dissociation (35, 36)?
Answering this question is difficult, if not impossible in
solution, because the guest is always involved in
dissociation/reassociation equilibria and intercomplex
exchange. The critical issue of detecting such an
intracomplex movement is to isolate the complexes from
each other and from their free components. From the two
preceding parts, one might assume the high vacuum of a
mass spectrometry to be a good choice, since the gas phase
is ideally suitable for studying the isolated complex.
However, a simple mass analysis is obviously unable to
provide direct evidence, as the intramolecular movement
will not cause any mass change. Therefore, a gas phase
reaction is required as a probe, which must meet the
following criteria: (1) it has to proceed energetically below
the complex dissociation energy (for 18-crown-6
ammonium complexes ca. 180—200kJ/mol), (2) must
cause a mass change and (3) needs to be directly linked to
the guest movement. These requirements are met by a gas
phase H/D exchange reaction (37). 18C6 is well known to
bind to primary ammonium ions in solution (38) as well as
in the gas phase (39). Furthermore, it efficiently protects
the ammonium group to which it is attached against H/D
exchange in the gas phase (40, 41). Consequently, one
would expect that a complete exchange of all labile
hydrogen atoms in the dendrimer periphery is possible, if
the crown ether moves around. Instead, 3n hydrogen atoms
should be protected against exchange in a dendrimer—
crown complex containing n crown ethers, when the crown
ether is positionally fixed.

Dendritic crown ether/ammonium complexes can
easily be generated by ESI, when a mixture of host and
guest in methanol with 1% formic or acetic acid is sprayed.
A broad charge-state distribution (up to z = +8 for G5)
with various stoichiometries of crown molecule bound to
dendrimer (up to n=>5 for G5) is observed. The H/D
exchange experiments were carried out with complexes of
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Figure 6. Lowest energy conformations of the viologen derivatives substituted by two 3,5-di-r-butylbenzyl groups (G0>1), by methyl
and the G1 dendron (G1'>"), and by methyl and the G2 dendron (G2'*") calculated by the Monte Carlo conformer search using the
MMFF force field implemented in SPARTAN 04. For the two larger structures, one dendron was replaced by methyl in order to reduce the

necessary computer time.

G1-G5 POPAM dendrimers. Figure 8(a) shows the H/D
exchange results from G1. When there is no crown bound
to singly protonated G1, all labile hydrogen atoms are
rapidly exchanged. the exchange is almost complete after
ca. 50 ms. A doubly charged 1:1 complex, which parallels
the singly protonated POPAM since it also bears one free
ammonium site, undergoes a similarly fast exchange.
Already after 50 ms, the whole isotope pattern has moved
behind the threshold at which it would be expected to
come to a halt, when three protons were protected against
exchange. Instead, a special case is encountered, when
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Figure 7. Schematic representation of crown ether movement
along a G4 POPAM dendrimer.

both ammonium sites are occupied by crown ethers: the
exchange is almost completely suppressed. The last
experiment shows that the exchange proceeds through a
so-called (40, 41) relay mechanism (Figure 8(b)). One
ammonium site must remain unoccupied in order to permit
a fast H/D-exchange process.

The same scenario is found up to G5 POPAM
dendrimer complexes. The results for G2 are shown in
Figure 8(c), those obtained with G3 and G4 in Figure 9.
The following G2 experiment further confirmed the
exchange behaviour observed in G1 (Figure 8(c)). These
results clearly demonstrate the crown ethers to move quite
rapidly along the dendrimer periphery.

Mechanistically, the crown ether space walk must
proceed stepwise: a new hydrogen bridge is formed with a
neighbouring amine followed by the release of one to the
old binding site. Then, the next new hydrogen bond is
formed and so on. A dissociation—reassociation mechan-
ism can safely be excluded, because the crown ether would
not return to the dendrimer once it has dissociated in the
high vacuum inside the mass spectrometer. Similarly, a
back-side attack mechanism with an intermediate in which
both binding sites are fully bound is unlikely. This would
require much longer alkyl chains between the two binding
sites. So far, the mechanism is quite clear. One question,
however, remains: does the crown ether move as a neutral
crown from one ammonium site to another ammonium site
or does it move together with a proton from an ammonium
to a neutral amino group? These two scenarios are shown in
Figure 10(a) and (b) and can be resolved by H/D exchange
experiments on 1,12-diaminododecane (DAD) as a model
compound mimicking the dendrimer (Figure 10(c)).
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Figure 8. (a) Left: H/D exchange experiment with singly protonated G1 (0 and 50 ms reaction time). Center: H/D exchange of all 10 NH
protons of the doubly protonated 1:1 18-crown-6/G1 complex (0 and 50 ms). Right: An extremely slow H/D exchange is observed for the
doubly charged 2:1 18-crown-6/G1 complex (0 and 1000 ms). (b) A ‘relay’ mechanism for the gas-phase H/D exchange at protonated
POPAM dendrimers explains why the exchange is so slow in [18C6,@G1 + 2H]*". (c) The same scenario is observed for higher

generation dendrimers.

Now, the doubly protonated 1:1 complex bears two
ammonium groups, one of which is bound to the crown
ether. This corresponds to the situation in Figure 10(a).
Exchange of only three hydrogen atoms from the free
ammonium ion would indicate the crown to be positionally
fixed and rule out the ammonium—ammonium scenario.
An exchange of all six protons would clearly show that
a crown movement between two ammonium ions is indeed
possible. The singly protonated 1:1 complex, instead, has
one ammonium group carrying the crown ether and a free
ammonium group and thus corresponds to the situation in

Figure 10(b). Exchange of only two protons would again
indicate the crown to be fixed at the ammonium ion and
would rule out the ammonium—amine scenario, while the
exchange of all five protons would provide evidence for
the transfer of a protonated crown ether. The result is
clear-cut: the doubly charged complex only exchanges
three hydrogen atoms, while all five can be exchanged
in the singly protonated complex. This clearly indicates a
protonated crown ether to move from the ammonium to
the amine terminus of the DAD chain. Likely, charge
repulsion prohibits the ammonium—ammonium scenario.
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Figure 9. H/D exchange experiments conducted with 18-crown-6 complexes of (a) G3 and (b) G4 POPAM dendrimers. Already after
50 ms, the exchange has proceeded beyond the positions at which it would be expected to stop, if the crown ethers would protect the
ammonium protons against exchange (vertical solid arrows). Minor signals in the spectra are due to the typical defects in the dendrimer

structure which unavoidably accumulate in the higher generations.

2. Conclusions

Three applications of tandem mass spectrometry in
dendrimer host—guest chemistry show the versatility and
the potential of this method: stoichiometries can be
determined. In competition experiments, the binding
strengths of different guest can be compared and yield
information on the binding mode. Comparison with the
solution binding parameters may allow to draw con-

clusions on the similarities and the solvation-mediated
differences. In particular, however, it is interesting to
investigate the reactivity in the gas phase, because all
dynamic host—guest exchange processes are suppressed in
the gas phase. Consequently, only direct dissociation
reactions or intramolecular processes can occur providing
an insight into a completely new reactivity which cannot
easily be examined in solution. In our examples, the
energetic issues are closely related to structural aspects as
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Figure 10. Two possible mechanisms for crown ‘space walk’:
(a) ammonium-to-ammonium scenario and (b) ammonium-to-
amine scenario. (¢) The model compound DAD.

well as reactivity. Through a detailed analysis of
fragmentation reactions and their relative energies,
indications for backfolding could be obtained. With the
help of bimolecular reactions, i.e. the H/D exchange with
methanol-OD, an insight into the intramolecular dynamics
and molecular mobility in dendrimer guest complexes
could be obtained.
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