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A Combined ESI- and MALDI-MS(/MS) Study of Peripherally
Persulfonylated Dendrimers: False Negative Results by MALDI-MS and

Analysis of Defects**
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Abstract: Mass spectrometry, in partic-
ular MALDI-MS, has often been used
as a valuable means to characterize
dendritic molecules with respect to
their molecular masses. Also, it is a val-
uable tool for analyzing potential de-
fects in their structure which result
from incomplete synthetic steps. This
article presents a comparison of ESI
and MALDI mass spectrometric ex-
periments on dendrimers persulfonylat-
ed at their periphery. While the ESI

ing defects are identical to those ex-
pected from incomplete substitution.
Thus, in these cases, MALDI-MS
yields false negative results. With mass-
selected, ESI-generated ions, collision
experiments were performed in an FT-
ICR mass spectrometer cell to provide
detailed insight into the fragmentation
patterns of the various dendrimers. Dif-
ferent fragmentation patterns are ob-
served depending on the exact struc-
ture of the dendrimer. Also, the nature

of the charge is important. The frag-
mentation reactions for protonated
species differ much from those binding
a sodium or potassium ion. These dif-
ferences can be traced back to different
sites for binding H* versus Na* or K*.
Tandem MS experiments on mass-se-
lected dendrimer ions with defects can
be used to distinguish different types of
defects. A concise structural assign-
ment can thus be made on the basis of
these experiments. Even mixtures of

mass spectra easily permit impurities
and defects to be identified and thus
provide evidence for sample purity, re-
actions with acidic matrices occur
during the MALDI process. The result-

reactions
matrix effects

Introduction

Dendrimer chemistry nicely illustrates that the development
of a field of research depends much on the availability of
suitable methods. When Buhleier, Wehner, and Vogtle pub-
lished the first synthesis of what back in 1978 was coined
“cascadanes”,'l unambiguous characterization of dendrimers
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two isobaric defect variants with the
same elemental composition can be
identified.

with high masses was difficult. In principle, NMR experi-
ments could help to identify the presence of structural de-
fects, for example, through odd integrations, but the preci-
sion was not very high, especially for higher generations.
Also, the exact nature of the defects was—and often still
is—difficult to identify by NMR methods, because peaks are
often broadened due to the large number of very similar
building blocks located in different microenvironments.
Mass spectrometry would have been the method of choice,
but in 1978 none of the nowadays routinely used soft ioniza-
tion techniques existed, with the exception of fast atom
bombardment (FAB).”) However, FAB is quite limited in
the availability of a sufficiently large mass range and applic-
ability to substances of low polarity. Consequently, it took
almost a decade® for dendrimer chemistry to develop into a
field of intense research.”) Nowadays, matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry is con-
sidered to be a highly valuable tool for the characterization
of dendrimers due to the large mass range of the mass ana-
lyzers usually coupled to the MALDI ion source.’! Also,
electrospray ionization (ESI) has been used to ionize den-
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drimers and transfer them into the gas phase as intact spe-
cies’! A central question for precise mass spectrometric
characterization of dendrimers is whether additional signals
below the molecular mass of the structurally perfect species
are due to fragments formed during ionization or due to de-
fects!”) originating from the synthesis. To distinguish between
them, it is highly desirable to understand the fragmentation
patterns of dendrimer ions in the gas phase, which can be
unraveled by tandem mass spectrometric experiments (MS/
MS).¥l Mass spectrometry may provide even more informa-
tion, for example, on the site of protonation in the gas
phase” as compared to solution, on the self-assembly of
dendrimers,'” and on weak, noncovalently bound host—
guest complexes of dendritic species.'!! These results dem-
onstrate the remarkable power of mass spectrometry for a
detailed characterization of dendrimers, without which the
fast pace of development in this field would not have been
possible.

Here a detailed mass spectrometric study of a novel type
of dendrimers is presented. These dendrimers are based on
tris(2-aminoethyl)amine (TREN) and polypropyleneamino

Abstract in German: Massenspektrometrie, insbesondere
MALDI-MS wurde oft als wertvolle Analysenmethode fiir
die Charakterisierung von Dendrimeren hinsichtlich ihrer
Molekiilmasse, aber auch hinsichtlich einer Analyse potentiel-
ler Strukturdefekte eingesetzt, die aus unvollstindig verlau-
fenden Synthesestufen resultieren. In diesem Artikel berichten
wir iiber einen Vergleich von ESI- und MALDI-massenspek-
trometrischen Experimenten mit an ihrer Peripherie persulfo-
nylierten Dendrimeren. Wihrend die ESI-Massenspektren
eine einfache Identifizierung von Verunreinigungen und De-
fekten erlauben und damit eine Reinheitskontrolle ermdogli-
chen, laufen wahrend der lonisierung mittels MALDI Reak-
tionen mit sauren Matrices ab, die genau solche Defekte er-
zeugen, wie man sie aus einer unvollstindigen Synthese er-
warten wiirde. MALDI-MS fiihrt hier also zu einem falsch-
negativen Ergebnis. Mit massenselektierten lonen aus der
Electrospray-lonisierung wurden Stoflexperimente in einer
FT-ICR-Zelle durchgefiihrt, um einen detaillierten Einblick
in das Fragmentierungsmuster der verschiedenen Dendrimere
zu erhalten. Man beobachtet unterschiedliche Fragmentier-
ungsmuster in Abhingigkeit von der genauen Struktur der
Dendrimere. Auch die Art der Ladung ist wichtig, da die
Fragmentierungswege der protonierten Dendrimere sich deut-
lich von denen ihrer Na*- und K*-Addukte unterscheiden.
Diese Unterschiede konnen auf unterschiedliche Bindungs-
stellen fiir H" gegeniiber Nat oder K* zuriickgefiihrt
werden. Tandem MS-Experimente mit massenselektierten,
strukturdefekten Dendrimer-lonen erlauben eine genaue Un-
terscheidung verschiedener Typen von Defekten. Sie konnen
daher fiir eine detaillierte Strukturaufklirung verwendet
werden. Sogar Mischungen zweier isobarer Defektvarianten
mit gleicher Elementarzusammensetzung werden zuverldissig
identifiziert.
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(POPAM) scaffolds that are persulfonylated at their periph-
ery.? While their ESI mass spectra exhibit only a very
small amount of defects and thus ascertain a high degree of
purity, the MALDI mass spectra seemingly suggest the pres-
ence of large amounts of defect variants when acidic matri-
ces are used. These findings are rationalized by reactions of
the dendrimers with the matrix during the MALDI process
which produce exactly those species which would result
from incomplete substitution during synthesis. The possibili-
ty of false negative results from MALDI mass spectrometry
is an important piece of information for the synthetic chem-
ist. On the basis of the MALDI mass spectra, one might
draw wrong conclusions on impurities in the samples that
are actually not present at all. In addition, the fragmentation
patterns of the dendrimers are examined in MS/MS experi-
ments through collision-induced dissociation of the corre-
sponding ions. We provide evidence that tandem MS experi-
ments are capable of distinguishing the structure of defect
variants through differences in their fragmentation patterns.

Results and Discussion

First-generation TREN-based persulfonylated dendrimers:
Comparison of ESI and MALDI mass spectra: Scheme 1
shows generation-1 (G1) dendrimers 1-3 and generation-2
(G2) dendrimers 4 and 5, which are based on the TREN
scaffold. They carry sulfonimide end groups that bear me-
thoxyl, cyano, or alkyl substituents para to the sulfonyl
groups. Since a stepwise synthetic procedure is feasible that
involves formation of sulfonamides in the first step followed
by conversion to sulfonimides in the second step, dendrimer
3 is functionalized with two different methoxy- and cyano-
substituted arylsulfonyl groups, respectively, at each termi-
nal branch. Their synthesis was reported earlier’™? and we
therefore focus on the mass spectrometric characterization
here.

When ionization is achieved by electrospray ionization
(ESI) of 50 um solutions of these dendrimers in methanol
with 1% acetic acid to facilitate protonation, these dendrim-
ers give rather clean mass spectra (Figure 1a). It is easy to
detect the quasimolecular ions of, for example, 1 at m/z
1167 and their accompanying sodium and potassium adducts
at m/z 1189 and 1205, respectively. The isotope patterns ob-
tained by experiment closely match those calculated on the
basis of natural abundances. Minor additional signals for the
sodium and potassium adducts of 6 are observed, which in-
dicate that the sample contains a small amount of this
defect as impurity. We were able to trace it back to the im-
purity of commercially available TREN. When the highest
quality of TREN was used in the synthesis, this impurity
was not observed. Consequently, the ESI-FT-ICR mass spec-
trum in Figure 1 provides excellent information on the
purity of the dendrimer samples and permits defects to be
identified.

However, the spectrum changes dramatically when
matrix-assisted laser desorption/ionization (MALDI) was

Chem. Eur. J. 2005, 11, 56255636
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Scheme 1. Persulfonylated dendrimers 1-5 based on a TREN scaffold. Compounds 6-8 are impurities that
were observed in the mass spectra when synthesis-grade TREN was used, which contains some bis(2-aminoe-

thyl)amine.
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Figure 1. a) ESI-FT-ICR mass spectrum of a 50 um methanol solution of
dendrimer 1 containing about 1% acetic acid. Inset: Isotope pattern ob-
tained by experiment (top) and calculated on the basis of natural isotope
abundances (bottom). b) MALDI-TOF mass spectrum of 1 with 2,5-dihy-
droxybenzoic acid (DHB) as matrix. ¢) MALDI-TOF mass spectrum
(DHB) of 3. Asterisks denote Na* and K* adducts of the decomposition
products.

used for the generation of ions from the dendrimer samples.

The MALDI-TOF mass spectrum of the same sample of 1
which was used for the ESI mass spectrum discussed above

Chem. Eur. J. 2005, 11, 56255636
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is shown in Figure 1b. It shows

the same signals that were ob-

served in the ESI mass spec-

trum, but in addition quite in-
R tense signals are found at m/z
997 (Am=170), at 827 (Am=
340=2x170), and 796 (Am=
371). Whereas the first two are
accompanied by sodium and
potassium adducts in roughly
the same intensity ratios as the
parent ion, no such adducts are
found for the signal at m/z 796.
Similar results are obtained for
dendrimers 2 and 3. Dendrim-
er 3 is a special case due to the
two arylsulfonyl groups differ-
ently substituted with either
methoxyl or cyano groups in
the para position. In its
MALDI mass spectrum, peaks
at m/z 967 (Am=165), 822 (Am=330=2x165), and 657
(Am=495=3x165) are seen, all of them accompanied by
sodium and potassium adducts. In addition, a signal appears
at m/z 786 (Am=366) without the corresponding adducts.
Consequently, we observe a regular pattern which can be
correlated with the loss of arylsulfonyl groups, which in the
case of 1 have a mass of 171 Da, and of 166 Da for preferen-
tial loss of the cyano-substituted arylsulfonyl groups from 3
(note that only minor signals for losses of the methoxy-sub-
stituted arylsulfonyl groups from 3 are observed). The differ-
ence of 1 Da between the molecular mass of one of these
terminal branches and the observed mass differences is due
to a proton at the remaining sulfonamide nitrogen atom
which replaces the arylsulfonyl group. The presence of these
protons and the observation of the alkali ion adducts suggest
that the arylsulfonyl groups are lost before the transition of
the ions into the highly diluted gas phase. In contrast, the
signals at m/z 796 (1) and m/z 786 (3) correspond to frag-
mentations occurring in the gas phase after ionization. This
assumption is confirmed by the MS/MS experiments dis-
cussed below. Thus, the ESI mass spectra confirm the ab-
sence of incompletely substituted dendrimers (except for
small contributions of 6-8 when synthesis-grade TREN is
used). In marked contrast, signals are observed in the
MALDI mass spectra which, without the purity information
coming from the ESI mass spectra, could easily be misinter-
preted as incompletely substituted defect variants of the de-
sired dendrimers. Consequently, a more in-depth mass spec-
trometric study employing different ionization techniques is
indicated in cases where the MALDI mass spectra point to
the presence of large amounts of defects, because they may
be formed during laser irradiation.

It is well known that sulfonamides can be used as photo-
cleavable protective groups for amino groups.'*! Usually, the
wavelength of the light required for deprotection is in the
UV range (254 nm),"™ far below the wavelength of the N,
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laser of our MALDI instrument (337 nm). To exclude induc-
tion of such a photochemical reaction by the MALDI laser,
UV spectra of the dendrimers were recorded (Figure 2).
They all show hardly any absorption around 337 nm and
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Figure 2. UV spectra of two matrices and dendrimers 1 and 3, each dis-
solved in methanol at a concentration of 0.1 mg/10 mL. Clearly, the ma-
trices show absorption bands at the wavelength of the MALDI laser
(337 nm), which is not the case for the dendrimers. A =absorbance.

thus should not absorb light energy from the MALDI laser.
Furthermore, 2,5-dihydroxybenzoic acid has a strong absorp-
tion in this region, so that a photochemical cleavage of the
S—N bonds of the dendrimers can be safely ruled out. This
is in line with an attempt to ionize the dendrimers with laser
desorption/ionization (LDI) in the absence of a matrix. No
signals for dendrimer ions were observed, in line with the
fact that the light energy of the laser is not efficiently absor-
bed. This contrasts with an earlier literature report™ on a
different type of dendrimer, which suggested that bond clea-
vages in the branches of dendrimers are due to photochemi-
cal reactions. For the dendrimers studied here, we conclude
that a thermal reaction with the matrix occurs.

A reasonable mechanism which accounts for these ther-
mal reactions during the MALDI process is shown in
Scheme 2. In the acidic matrix, protonation at a sulfonimide

DHB (= Nu)
MeQ CN MeQ (( CN
R H* _z ®
O=/;S\ /S\\—O P — O—”S\ /S\\_OH
N B (from DHB) o NH o}
RVR RNVR
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Scheme 2. Mechanism which rationalizes the observed fragmentations of
the dendrimers during the MALDI process in terms of a thermal reaction
with the 2,5-dihydroxybenzoic acid (DHB) matrix. RDS =rate-determin-
ing step.
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group occurs to some extent followed by attack of a matrix
molecule acting as a nucleophile. The remaining sulfona-
mide anion is well stabilized by conjugation with the adja-
cent sulfonyl group and finally is protonated. In view of the
rather high temperatures reached in the sample by laser ir-
radiation, this reaction may become fast enough to compete
efficiently with desorption of the analyte from the matrix.
The proposed mechanism is also in line with the observation
of almost exclusive cleavage of the cyano-substituted aryl-
sulfonyl groups in 3. Electron-withdrawing substituents like
the cyano group help to increase the electrophilicity at the
SO, group and thus favor nucleophilic attack in the rate-de-
termining step, while electron-donating substituents such as
methoxy decrease it and thus hamper the reaction. Other
matrices were tested, and the results are discussed below in
the context of the second-generation dendrimers.

First-generation TREN-based persulfonylated dendrimers:
Tandem-MS experiments:'® ESI-generated protonated
parent ions of intact dendrimers 1-3 were isolated as their
monoisotopic ions in the cell of the Fourier-transform ion-
cyclotron-resonance (FT-ICR) mass spectrometer. Subse-
quently, collisions with argon as the collision gas induced
fragmentation. The collision-induced decay (CID) spectra
show a series of fragmentation products (Figure 3), which
can be categorized into four classes (A-D), as shown in
Scheme 3 for protonated 1. These four reactions are
common to all three dendrimers irrespective of their substi-
tution with methoxy or cyano groups at the periphery. All
four primary fragments are followed by successive losses of
terminal arylsulfonyl branches (dotted arrows in Figure 3),
generated by S—N bond cleavages (Am =171 for 1 and 3
and minor contributions of Am=166 for 3). Note that no
fragment ion is observed at the m/z values for cleaved
branches that were observed in the MALDI mass spectra,
and this confirms that these MALDI-induced processes are
not gas-phase reactions, but occur during ionization in the
matrix.

Fragmentation pathway A corresponds to a favorable 1,2-
elimination reaction at one of the six branches. The fact that
fragmentation channel A leads predominantly to the loss of
the methoxyl-substituted arylsulfonyl group for protonated
3 rather than the cyano-substituted one underlines that the
gas-phase fragmentation pathways significantly differ from
the reaction observed in the matrix, where the cyano-substi-
tuted branches were cleaved with high preference. Path-
way B is only a very minor reaction channel and represents
a 1,2-elimination reaction within the TREN scaffold. The
most intense fragment in the CID spectrum of [1+H]" is
due to channel C, in which an immonium ion is formed as
the product. It is this fragment which also appears in the
MALDI mass spectra, unaccompanied by any sodium or po-
tassium adduct. Thus, these signals in the MALDI mass
spectrum were assigned to a real gas-phase reaction rather
than a thermal reaction in the matrix. Finally, in pathway D,
the protonated, central tertiary amine acts as a leaving
group. A stable ionic product can easily be formed through

Chem. Eur. J. 2005, 11, 56255636
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Figure 3. Collision-induced decay (CID) spectra of mass-selected proton-
ated dendrimer ions [1+H]* (top) and [3+H]* (center). Bottom: For
comparison, the CID spectrum of the mass-selected sodium adduct [1+
Na]* is shown. Labels A-D and B’ refer to the reaction mechanisms de-
picted in Schemes 3 and 4; dotted arrows represent consecutive losses of
arylsulfonyl branches.
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a Wagner-Meerwein-type 1,2-hydride shift, which generates
a resonance-stabilized cation at m/z 384 (for 1) and m/z 379
(for 3). All fragmentation mechanisms are in agreement
with the assumption of protonation of the dendrimer at the
most basic site, which is certainly the central tertiary amine.

Much cleaner CID spectra are obtained when the sodium
adducts [1+Na]*—[3+Na]*t or their potassium analogues
are subjected to collisional activation. As a representative
example, the spectrum obtained for [1+Na]* is shown at
the bottom of Figure 3. Besides two minor fragments at m/z
171 (the arylsulfonyl cation) and at m/z 384 (the product of
channel D in Scheme 3), only one major product is observed
at m/z 810, which can be attributed to a reaction analogous
to channel B and is therefore denoted B’ (Scheme 4). It be-
comes clear now why no Nat and K* adducts accompany
the ion at m/z 796 observed in the MALDI mass spectrum
of 1. While decomposition of [1+H]* in the gas phase
yields this ion with high abundance (Figure 3, top), the
alkali metal adducts do not induce the same reaction. The
large difference in the CID spectra of the protonated den-
drimers as compared to the sodium adducts can easily be
understood by assuming different locations for the charge.
While protonation occurs at the central tertiary amine nitro-
gen atom, the alkali metal ions rather bind to the periphery,
as shown in Scheme 4. This assignment is in line with the
finding that impurities such as 6 do not appear in the ESI
mass spectrum as protonated ions, but preferentially bind
Na* or K* (Figure 1). These impurities do not bear any
amine nitrogen atom and thus do not have a position where
they can easily be protonated. Instead, the intact dendrimer
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m/z 384 ; ; ;
OQS}E,SOZ involved in reaction D of type A 05,50,
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N \ ®
H o NH Am 172
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Scheme 3. Fragmentation reactions of [1+H]" as observed in the CID experiment.
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Scheme 4. Most prominent fragmentation reaction of [1+Na]*.

with its basic amino nitrogen atom generates much more
abundant proton than alkali metal adducts.

Second-generation TREN-based persulfonylated dendrim-
ers: The experience with the first-generation dendrimers
was confirmed with their second-generation analogues.
Figure 4 compares the ESI-FT-ICR mass spectrum (top) and
the MALDI-TOF mass spectrum (bottom) of 4 (Scheme 1).
Differences between the two ionization methods similar to
those of the first-generation dendrimers are observed. How-
ever, one difference is remarkable: no more than three
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Figure 4. a) ESI-FT-ICR mass spectrum of a 50 pM solution of 4 in meth-
anol with 1% acetic acid added. The inset shows the experimental (top)
and the calculated (bottom) isotope patterns. b) MALDI-TOF mass spec-
trum of 4 with DHB as matrix. Signals of angiotensin, which was used for
internal calibration, are visible between 900 and 1000 Da.
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branches were cleaved from 1-
irrespective of the laser

these dendrimers. Likely, only
one arylsulfonyl group can
thus be removed from each of
0,8 the three sulfonimides. This is

Y different for both second-gen-

eration dendrimers 4 and 5, for
both of which up to nine miss-
ing branches could be detect-
ed. Due to the rather low
signal-to-noise ratio, we were
unable to detect more than
that, but it seems reasonable to extrapolate that all twelve
peripheral sulfonyl groups could finally be removed. In
marked contrast, no cleavage was observed at the interior
sulfonamide groups. These findings can be rationalized by
considering the stability of the leaving group according to
the mechanism depicted in Scheme 2.

In the case of 1-3, the N-centered anion is stabilized
through conjugation with the second sulfonyl group. Cleav-
age of the second S—N bond would leave an unstabilized N-
centered anion and thus does not occur. For 4 and 5, the sit-
uation is similar as far as the first sulfonyl group is con-
cerned. Breaking the second S—N bond leads to an anion
which can be stabilized by conjugation with the adjacent ar-
omatic ring. Consequently, this reaction is feasible. Cleavage
of the inner sulfonamides again gives rise to an anion that is
not stabilized by conjugation and thus does not occur. Fur-
thermore, these sulfonamides are buried inside the dendrim-
er structure and thus are likely shielded against reactions
with the matrix by steric hindrance of the peripheral branch-
es. One conclusion from these findings is that the MALDI
mass spectra provide some information about the number of
sulfonimide groups for dendrimers in which the third sub-
stituent at the imide nitrogen atom is an alkyl group.

A second series of signals is found for Am=907+154D,
where b=1-4 (Figure 4). As was found for the G1 dendrim-
ers 1-3, the signals in this series are not accompanied by
sodium and potassium adducts. Consequently, they can be
attributed to a gas-phase reaction of the protonated species
following ionization. Figure 4 shows the fragment corre-
sponding to a loss of 907 Da. According to the categoriza-
tion in Scheme 3, it is formed by fragmentation pathway C.
The mass difference is, of course higher, because of the
larger dendron size. CID experiments with protonated
[4+H]" reveal the loss of 907 Da to correspond to one of
the major fragmentation products. Dendrimer 5 exhibits an
analogous behavior, so we refrain from an in-depth discus-
sion here.

Other matrices were tested,!'”! that is, 2,4,6-trihydroxyace-
tophenone (THAP), 1,8,9-trihydroxyanthracene (dithranol),
3-B-indole acrylic acid (IAA), 9-nitroanthracene (9-NA),
and  2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylide-
ne]malononitrile (DCTB)!™! (Figure 5). Whereas THAP
yielded only very noisy spectra with hardly visible signals
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Figure 5. MALDI mass spectra of 4 in different matrices, obtained under
the same conditions. From top to bottom: IAA, dithranol, 9-NA, DCTB.

for the dendrimers, the other matrices nicely permitted the
ionization of 1-5 (Figure 5). Depending on the acidity of the
matrix, different abundances of cleavage products are ob-
served. IAA, which is a carboxylic acid like DHB, shows a
reduced, but still significant number of sulfonyl group losses.
Dithranol with its less acidic phenolic OH groups yields
quite a clean spectrum which contains only minor signals for
the decomposition products. In the MALDI mass spectra
obtained with aprotic matrices such as 9-NA and DCTB, sig-
nificant cleavage products are no longer observed. Instead,
the intensity of the gas-phase process corresponding to
Am =907 (Figure 4) increases. One advantage of DCTB
over 9-NA is the much lower laser power necessary to gen-
erate sufficiently high signal intensities for high-quality mass
spectra. These findings, in particular, the dependence of the
extent of dendrimer—matrix reactions on the acidity of the
matrix, support the mechanism for the thermal reaction of
the dendrimers with matrix molecules as discussed above
(Scheme 2).
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POPAM-based persulfonylated dendrimers: A second series
of dendrimers was investigated which are based on a poly-
propyleneamino (POPAM) scaffold. While the synthesis of
structurally perfect persulfonylated G1 POPAM dendrimers
9 is possible, the G2 analogue 16 could not be obtained
(Scheme 5)."! In the synthesis of 9, several defect variants
were formed some of which (10-15) could be isolated for a
mass spectrometric investigation. All attempts to prepare 16
yielded only products corresponding to half a POPAM scaf-
fold (17-Cl, 18) or defects thereof (19). Although the unsuc-
cessful synthesis of higher generation persulfonylated den-
drimers is certainly a drawback, these molecules are highly
interesting targets in the context of the present MS study,
because they allow us to differentiate different defects by
mass spectrometric means.

The ESI mass spectrum (Figure 6) of 17-Cl serves as an
example. Although it is not as clean as those obtained for 1-
5, it shows a prominent signal for 17%, the experimental iso-
tope pattern of which is in excellent agreement with the cal-
culated one. The MALDI-TOF mass spectrum (DHB
matrix) again exhibits the parent ion 17% and a series of up
to four losses of sulfonyl groups, presumably one from each
sulfonimide group. These signals are not seen in the ESI
mass spectra, except for a small signal for the loss of the
first sulfonyl group. Consequently, the same pattern and the
same differences between ESI and MALDI mass spectrome-
try are found as obtained for 1-5.

More interestingly, the CID mass spectra of POPAM-
based 9-15 (Figure 7) permit the type of defects present in
the molecules to be identified. Structurally perfect 9 under-
goes only one fragmentation reaction and follows a mecha-
nism earlier described by Meijer et al. for unsubstituted
POPAM dendrimers (Scheme 6).’*! Protonation at one of
the central tertiary amino groups generates a good leaving
group. The second tertiary amine attacks the carbon atom
adjacent to the protonated amine and generates the frag-
ment at m/z 802 by formation of a five-membered ring (Fig-
ure 7a). This reaction is energetically favorable and also
occurs for the defect variants 10-12. If one sulfonyl group is
missing, the dendrimer is no longer symmetrically substitut-
ed and thus fragmentation generates two different products
at m/z 648 and 802 (Figure 7b). For this defect (10), only
one possible isomer can be generated. This is different if
two branches are missing. Two isobaric isomers with the
same elemental composition can be formed, one with one
defect on each of the two dendrimer halves (11) and anoth-
er one which has both defects on the same side (12).
Indeed, the fraction obtained after column chromatography
containing dendrimers with a molecular mass of 1240 Da
contained both isomers. While this cannot be deduced from
the ESI or MALDI mass spectra alone, the CID spectrum
of mass-selected [114+H]" and [12+H]* (Figure 7¢) exhib-
its three fragments. The ion at m/z 648 cannot be formed
from [124+H]" and thus must be due to the presence of 11
in the sample. Vice versa, the two ions at m/z 494 and m/z
802 cannot be formed from [11+H]" and therefore are gen-
erated in the fragmentation of protonated 12.
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Scheme 5. Persulfonylated G1 POPAM dendrimer 9 and defect variants 10-15, which were isolated during the synthesis (top). Persulfonylated G2
POPAM dendrimer 16, which could not be obtained, and defects 17-19 formed during the synthesis (bottom).
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Figure 6. ESI-FT-ICR mass spectrum of 17+Cl™. The insets on the right
show the experimental and calculated isotope patterns. The left inset
shows the corresponding MALDI mass spectrum with DHB as matrix.

The situation becomes more complex for the other type
of defect, as realized in 13-15. While the G1 POPAM scaf-
fold is intact in 10-12, one of the four propyleneamine
branches is missing in 13-15. Defect 15 can be expected to
follow the mechanism depicted in Scheme 6. In the CID
spectrum (Figure 7d) of a
sample containing a defect
dendrimer with the corre-
sponding mass of 1184 Da,
only very minor signals appear
for the two expected fragmen-
tation products at m/z 802 and

Hw’\/\/
437. Consequently, 15 can be o r
ruled out as the major compo- @sf
nent in this sample. The other S0,

two isomers 13 and 14 both
bear a sulfonyl group at the
defect position in the POPAM
scaffold. Consequently, the
fragmentation reaction shown
in Scheme 6 cannot take place
easily, although its products are still observed in the CID
spectra. The higher barrier for this reaction is expressed in
the much more complex CID spectrum in Figure 7d, which
shows that other fragmentation processes can now compete.
The fragmentations can all be analyzed in terms of the reac-
tions discussed so far for 1-9. Nevertheless, a fragment at
m/z 648 is observed which was found already for 10. This
fragment clearly indicates that isomer 13 is the major com-
ponent in the sample. Contributions of 14 would instead
lead to a fragment at m/z 802, which is low in intensity.

The CID mass spectra of 17 and protonated 18 and 19
are shown in Figure 8. All of them are cleavage products
formed during the attempted synthesis of 16. The cleavage
occurs in the central butylenediamine moiety and has been
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Figure 7. CID spectra of mass-selected (from top to bottom) [9+H]*,
[10+H]*, a mixture of isobaric [11+H]* and [12+H]*, and [13+H]*.
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Scheme 6. Fragmentations mechanism of POPAM-based persulfonylated G1 dendrimer 9.

discussed before.'"™ Compounds 17-Cl and 18 are the two
fully substituted cleavage products, while 19 bears an addi-
tional defect in the periphery. The charge in 17* is located
at the central, quaternary ammonium nitrogen atom and
unlike a proton cannot easily move within the dendrimer
structure. This position is blocked in 18 and 19 by a sulfonyl
group, so that these two molecules are likely protonated at
one of the two tertiary amines rather than the central nitro-
gen atom.

These differences in the location of the charge are reflect-
ed in the CID mass spectra (Figure 8). Cation 17% loses one
complete branch including the five-membered ring with the
ammonium nitrogen atom (Am =858) to yield a cation that
corresponds to the second branch (m/z 788). This reaction
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Figure 8. CID mass spectra of mass-selected, monoisotopic 17+ Cl~ (top),
[18+H]* (center), and [19+H] " (bottom).

again is facilitated by the quaternary ammonium cation,
which is a good leaving group. No other intense signals are
observed, because the charge cannot easily move to another
location. In contrast, protonated 18 and 19 both exhibit an
intense loss of Am =325, which corresponds to a proton
transfer from the tertiary amine to one of the sulfonimide
groups followed by loss of that sulfonimide unit.

Finally, Figure 9 depicts the CID spectra for the mass-se-
lected potassium adducts of 9 and 10. Again, a fragmenta-

m/z 1224
[9+K]*
m/z 802 m/z 1587
200 500 800 1100 1400 m/z
[10+K]*
m/z 1433
m/z 1070
/
m/z 648
m/z 802
/
|
200 500 800 1100 1400 m/z

Figure 9. CID mass spectra of mass-selected, monoisotopic [9+K]* (top)
and [10+K]* (bottom).
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tion analogous to channel B’ in Scheme 4 is most prominent
and points to the location of the potassium ion at the sulfon-
amide group, as discussed above. Still, the structure-sensitive
fragmentations at m/z 648 and 802 can be observed, so that
the alkali metal ion adducts also permit the structural fea-
tures of the defect dendrimers to be examined. Consequent-
ly, the fragmentation reactions observed in the CID mass
spectra of protonated or alkali-cationized dendrimer defect
variants are quite sensitive even to subtle changes in the
structure and thus provide much more information on the
nature of defects than the ESI or MALDI mass spectra
alone.

Conclusions

One of the central conclusions of this study is that MALDI
mass spectrometry, which has long-been considered to be a
precise and reliable tool for the characterization of dendrim-
ers, may lead to false negative results. To the best of our
knowledge, we for the first time report examples of den-
drimers which generate fragments in the MALDI process
identical to those expected as defects from an incomplete
substitution reaction during dendrimer synthesis. This result
may be of importance to synthetic chemists working in the
dendrimer field. In those cases in which MALDI gives rise
to spectra that appear to indicate large amount of defects, it
is recommended to double-check the result by ESI mass
spectrometry or the use of a variety of different matrices.

Beyond that, tandem MS experiments provide a means to
distinguish different defect variants. At least for the smaller
dendrimers discussed here, different defects leading to struc-
tures with the same elemental composition can be identified.
With an understanding of the fragmentation mechanisms,
such a differentiation is even possible from raw products by
first mass-selecting one of the defect ions and then subject-
ing it to an MS/MS experiment to analyze its structure and
to identify whether it exists as a mixture of isobaric isomers.
Tandem mass spectrometry thus provides more detailed
structural information than simple mass spectra. The large
differences in the fragmentation patterns of protonated and
alkali-metal-cationized ions indicate that the sites where the
charge is located are likely different.

Experimental Section

Synthesis: All dendrimers were synthesized and characterized according
to recently published procedures.

MALDI mass spectrometry: MALDI mass spectra were recorded on a
Micromass MALDI-TofSpec E mass spectrometer equipped with an N,
laser (337 nm). All matrices were used as purchased and applied in an
800-fold molar excess relative to the analyte. Matrices and samples
(0.5 mg) were dissolved in 400 uL. of CHCly/MeOH (3/1). Then, 1 puL of
the mixture was pipetted onto the stainless steel MALDI target. The
matrix crystallized in a small spot of about 3 mm diameter upon evapora-
tion of the solvent in a stream of air.
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ESI mass spectrometry: ESI mass spectra and MS/MS spectra were re-
corded on a Bruker APEX IV Fourier transform ion-cyclotron-resonance
(FT-ICR) mass spectrometer with an Apollo electrospray ion source
equipped with an off-axis 70° spray needle. Typically, methanol with 1%
of acetic acid served as the spray solvent, and 50 um solutions of the ana-
lytes were used. Analyte solutions were introduced into the ion source
with a syringe pump (Cole-Parmers Instruments, Series 74900) at flow
rates of about 3—4 pLmin~". Ton transfer into the first of three differential
pumping stages occurred through a glass capillary with 0.5 mm inner di-
ameter and nickel coatings at both ends. Ionization parameters were ad-
justed as follows: capillary voltage: —4.7 to —4.9 kV; end plate voltage:
—4.2 to —4.5 kV; cap exit voltage: +200 to +300 V; skimmer voltages:

+8 to +12 V; temperature of drying gas: 100°C. The flows of the drying
and nebulizer gases were kept in a medium range (ca. 10 psi). The ions
were accumulated in the instruments hexapole for 2-3 s, introduced into
the FT-ICR cell, which was operated at pressures below 10 mbar, and
detected by a standard excitation and detection sequence. For each mea-
surement, 16-64 scans were averaged to improve the signal-to-noise ratio.

For MS/MS experiments, the whole isotope pattern of the ion of interest
was isolated by applying correlated sweeps, followed by shots to remove
the higher isotopologues. After isolation, argon was introduced into the
ICR cell as collision gas through a pulsed valve at a pressure of about
10~* mbar. The ions were accelerated by a standard excitation protocol
and detected after 2s pumping delay. A sequence of several different
spectra was recorded at different excitation pulse attenuations to get at
least a rough and qualitative idea of the effects of different collision ener-
gies on the fragmentation patterns.
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