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Self-Assembling Supramolecular Squares and Triangles
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Abstract: A detailed mass spectromet-
ric characterization of self-assembling
polynuclear metal complexes is descri-
bed. The complexes can only be ionized
as intact species under a surprisingly
narrow range of conditions by electro-
spray ionization. Comparison with the
results from NMR experiments shows
that several solution-phase features of
these squares and triangles (such as
trends in bond energies, ligand-ex-
change reactions, or square—triangle
equilibria) are qualitatively reflected in

spectrometry represents a valuable
method for the characterization of these
compounds. Nevertheless, the formation
of unspecific aggregates during the ion-
ization process occurs and its implica-
tions are discussed. Beyond the chem-
istry in solution, the fragmentation path-
ways of these complexes in the gas phase
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have been studied by infrared multi-
photon dissociation (IRMPD) experi-
ments. The results of IRMPD studies
allow us to draw conclusions with re-
spect to the structure and energetics of
fragmentation products. In this tandem
MS experiment, reaction pathways can
be observed directly which can hardly be
analyzed in solution. According to these
results, the equilibration of triangles and
squares involves the supramolecular
analogue of a neighboring-group effect.

the gas-phase data. Consequently, mass

Introduction

The characterization of supramolecular species and the
examination of their properties often requires the application
of a large variety of different, complementary methods such
as NMR, IR, or UV/Vis spectroscopy, cyclic voltammetry,
X-ray crystal structure analysis, vapor phase osmometry, or
mass spectrometry. In particular, highly symmetrical archi-
tectures that are self-assembled from a large number of
identical subunits suffer from problems regarding the deter-
mination of exact molecular masses. While, for example, a
single set of proton signals in the 'H NMR spectra indicates
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that symmetrical species are present, it is often unclear what
their particular symmetry is and how many building blocks are
involved in their formation. X-ray crystal structure analysis
can of course solve such problems provided that appropriate
single crystals can be obtained and that the solid state truly
reflects the solution structure. Also, the molecular mass can
give insight into the number of subunits. However, methods
such as vapor phase osmometry (VPO) or gel permeation
chromatography (GPC) have limitations in that they give
averaged values, when mixtures are present. Furthermore,
quickly equilibrating, reversible complexes are difficult to
study with these methods.

An excellent solution to these problems is provided by mass
spectrometry,l'l which not only gives exact masses up to a ppm
accuracy, but also provides separate signals for different
components in mixtures. The combination of high sensitivity,
speed, and almost no sample consumption also speaks for
itself. Furthermore, mass spectrometers offer the possibility to
conduct experiments under environment-free conditions,
which excludes complicating effects from solvents. The major
advantage of such experiments is that the system under study
can be reduced to a minimum complexity, giving direct insight
into the intrinsic properties. However, it is often hard to ionize
weakly bound, noncovalent species without completely frag-
menting them even with soft ionization techniques such as
matrix-assisted laser desorption/ionization (MALDI) and
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electrospray ionization (ESI). For example, hydrogen-bonded
aggregates often decompose in competing media such as the
standard matrices used for MALDI or the common ESI spray
solvents such as methanol. Several ion-labeling strategies
have been developed, among them covalent modification with
crown ether/alkali metal ion complexes,? oxidation of a
ferrocene center through addition of iodine before the
electrospray process,’! Ag* coordination to aromatic or cyano
groups present in the complex, attachment of an chloride
ion,’! and the encapsulation of charged guests inside a self-
assembling capsular hosts.[) With these “in-built” charges,
ionization can also be achieved from noncompetitive media.

Herein we describe the results of a detailed mass spectro-
metric investigation of supramolecular, polynuclear metal
complexes’l such as the squares and triangles shown in
Scheme 1 and Scheme 2. They can be formed by self-assembly
processes in solution from simple components and bear
coordinative bonds that are expected to be stronger than
hydrogen bonds. Consequently, one would also assume that
the MS characterization is less difficult than that of hydrogen-
bonded complexes, especially because they are also already
charged. Indeed, earlier studies used mass spectrometry for
the detection of similar species with fast atom bombardment
(FAB)®! and electrospray ionization (ESI).”! In most of these
studies, the intensities of the ions of intact complexes were,
however, rather low; thus, coldspray ionization (CSI),l% a
variant of the ESI method, was developed which allows the
operator to cool down the ion source and drying gas to
temperatures below 0°C. The squares, triangles, and other
similar compounds can then be observed in the form of
incompletely desolvated, but intact ions in a broad distribu-
tion of different charge states. In the following sections, we

Abstract in German: Eine detaillierte massenspektrometrische
Charakterisierung selbst-organisierender, mehrkerniger Me-
tallkomplexe wird beschrieben. Diese molekularen Quadrate
und Dreiecke konnten nur in einem iiberraschend engen
Fenster von lonisationsbedingungen durch electrospray ioniza-
tion intakt ionisiert werden. Ein Vergleich mit NMR-Experi-
menten zeigt, dass eine Reihe ihrer Eigenschaften in Losung
(z.B. Trends in den Bindungsenergien, Ligandenaustauschre-
aktionen oder Quadrat/Dreieck-Gleichgewichte) sich zumin-
dest qualitativ in den MS-Experimenten wiederspiegeln. Die
Massenspektrometrie kann daher als wertvolle Methode fiir die
Charakterisierung dieser Verbindungen betrachtet werden.
Trotzdem kommt es wihrend der Ionisation auch zur Bildung
unspezifischer Aggregate; die daraus erwachsenden Implika-
tionen werden diskutiert. Jenseits der Chemie in Losung geben
infrared multiphoton dissociation (IRMPD) Experimente
Aufschluss iiber die Fragmentierungswege in der Gasphase
und erlauben Aussagen iiber strukturelle und energetische
Aspekte einiger Fragmentierungsprodukte. In diesem Tandem-
MS-Experiment konnen Reaktionswege direkt beobachtet
werden, die in Losung nur schwer zu analysieren sind. Nach
diesen Ergebnissen erfolgt die Einstellung des Gleichgewichts
zwischen Dreiecken und Quadraten mittels eines supramole-
kularen Nachbargruppeneffekts.
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first describe results which use Fourier transform ion cyclo-
tron resonance (FT-ICR) mass spectrometry as a probe for
the characterization of the squares in solution, followed by
true gas-phase experiments which provide insight into their
fragmentation mechanisms. The ICR technology is required
for two reasons: First, the high resolving power of this
technique allows us to completely deconvolute the isotope
patterns. Second, the ion-storage capabilities provide us with
the possibility to monitor reactions in the gas phase over time
to learn about the fragmentation mechanisms.

Results and Discussion

Syntheses: According to well-known literature procedur-
es,[11beeh, 14l cig_coordinated palladium(i)- or platinum(ii)-
containing corners 2ab can be expected to form 4:4
complexes 6a,b, 7ab, or 8a,b with the geometry of squares
with weakly coordinating counterions and linear ligands such
as bipyridine 3, dipyridyl ethylene 4, or azopyridine 5,
respectively (Scheme 1).['!l There is a general trend for such
species to form the smallest macrocycles that are geometri-
cally accessible. Cyclic complexes are preferred over linear
ones, because otherwise unsaturated coordination sites would
remain. Large complexes are entropically unfavorable due to
the need to combine a large number of subunits into one
complex. There exist, however, a few reports!? on such
equilibria, for which the formation of the smaller assembly is
enthalpically driven and entropically disfavored, probably
due to solvation effects. Several previous publications also
discuss the formation of triangles such as 9ab, 10ab, and
11a,b from the same building blocks (Scheme 2).['* 1 They do
not bear a geometry that is in line with the requirements of the
cis-coordinated metal centers; thus, they suffer from some
strain. On the other hand they are smaller than the squares
and thus entropically favored due to the larger number of
triangles formed from the same number of building blocks. In
most cases, this fine balance between entropy and enthalpy
determines which species are formed and where the equili-
brium lies. This situation is further complicated by solvent
effects.

MS experiments with 6a/6b: Since tandem MS experiments
represent one goal of this study, intensity is an issue of major
importance. Signals of low intensities sufficient for an
analytical detection of completely desolvated ions of squares
were provided with FAB ionization.[® Coldspray ionization!']
instead yields more intense, but incompletely desolvated ions
even in higher charge states. However, for MS/MS experi-
ments, the absence of solvent molecules and sufficient signal
intensity is mandatory. If the ions under study are not
completely desolvated, the loss of solvent molecules is
expected to represent the pathway of lowest energy rather
than those fragmentations we were interested in. Conse-
quently, the CSI technique, which generates mostly clusters of
the ion of interest and a number of solvent molecules, cannot
be applied here and the conditions for electrospray ionization
had to be optimized to generate sufficient ion abundances. In
our experience, crucial parameters are the spray solvent, the

0947-6539/02/0815-3539 $ 20.00+.50/0 3539



FULL PAPER

C. A. Schalley, A. Liitzen et al.

Ph
!.Ph

QAO Ag(0sSCFy) ©\(\ @ C} N @ Phé/\.P |NC\}N\N6E\5Y|/D\—E‘:®
C(m c\© Ej \© \ %j E\N)P

A

€]
1a M =Pd" ZCF3SO3 N 8 CF3S0O3 N\\
b M=Pt! 2a M= pd' @ N
~
2b M=Pt" 7 Ph ~N7
N_\ \ /= Ph- pNM NC\>_N lN/ Ph
Q@ O s
Repn” NN
4 /B
Ph ,P\)
Ph™:
Ph 8a M= Pd" o
. a M=
Ph (\P 7\ pl?ﬂ\ 8® o
; \ _M-N — "R 8b M =Pt
.Ph P PN \
i N F" PNy \_ N MRy
Ph/ N, = N ﬁh N i |
Ph# “ .
A 0 Ny l N  8CFsS0
3503
8 CF3S03 Q N
A X Phl ) l N
N7 Ph N
h N 57 2 Ph
Phob N )i PPN Y\ Ny
<\/ \ \) Reph \ /N_M-
\ Ph/ P _P.
P g
6a M=Pd" 7a M=Pd"
6b M =Pt 7b M =Pt
Scheme 1. Synthesis of squares 6—8 by self-assembly of corner units 2a,b with ligands 3-5.
6®
Ph— -Ph
Ph=P\m-P<Ph
N/ N
= N\
\ / =
N=N N

hi
€] €]
6 CF3SO3 6 CF3SO; Ph 6 CF3so3e Ph
9a M =Pd" 10a M = pd" 11a M= pd"
9b M= pt! 10b M=Pt" 11b M=Pt"

Scheme 2. Triangular species 9—11 corresponding to the squares shown in Scheme 1.

spray and capillary exit voltages, and the temperature and
flow rates of drying and nebulizer gas. Several solvents were
tested without success, such as dichloromethane, acetonitrile,
methanol, or mixtures of these. Also, mixtures of methanol
and water did not yield ions except of small fragments.
Acetone was the only solvent that gave satisfactory results.!'“!
As the macrocycles are highly charged and carry weakly
coordinating triflate counterions, ionization is achieved by
successive loss of anions. Acetone is probably a good
compromise between a polar solvent which helps to dissociate
the ion pairs during the electrospray process and unpolar
solvents such as dichloromethane which allow the ions to
desolvate easily due to low surface tension and high vapor
pressures. In addition, it is very important that the capillary
exit voltage is reduced from a standard value of 70 V to 50 V
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or below to prevent fragmentation. Finally, a low stream of
drying gas at room temperature is required for successful
ionization.

Thus, the window of ionization conditions, in which the
macrocyclic ions could be successfully generated, is rather
narrow. Nevertheless, the detection of intact squares is
possible for 6a and 6b (Figure 1 and 2). In the mass spectrum
of 6a (Figure 1), signals are observed that correspond to the
doubly charged square [6a — 2 TfO]** (m/z 1797). Analysis of
the isotope pattern reveals that this signal with a spacing of
Am=0.5 amu is superimposed by a singly charged 2:2 frag-
ment [2a,3, — TfO]*, which contributes most of the intensity
observed. Other fragments also appear: a 3:3 complex
[2a;3; — 2 TfO]** at m/z 1310, accompanied by an intense
signal for [2a;3, — 2 TfO]** at m/z 1232, and [2a-3 — TfO]* at
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as an intense signal (Figure 2),
superimposed with only a mi-
nor fraction of [2b,3, — TfO]".
Also, triply and quadruply
charged squares are found in
the spectrum which are absent
in that of 6a. Losses of one
bipyridine ligand from each of
these species appear in the
spectrum.

There are several surprising
findings which need to be dis-
cussed.

1) For the Pt complex, higher
charge states than +2 are
observed, which are absent
in the mass spectrum of the
Pd" analogue. This points to

/ m/z 1797 a weaker Pd—N bond. High-

. . er charge states suffer from

L T Y U Y Y ! Y T ¥ ¥ Coulombic repulsion so that
1000 1500 2000 m/z

Figure 1. ESI-FT-ICR mass spectrum of a 50 um acetone solution of square 6a. Isotope pattern analysis (inset)
reveals the formation of doubly charged square [6a —2TfO]** at m/z 1797 superimposed by a singly charged

[2a,3, — TfO]* complex. All other signals represent fragments as indicated.

m/z 823. The latter ion corresponds to a quarter of a square
and subsequently loses one bipyridine ligand to yield [2a —
TfO]* ions. In contrast, for the platinum analogue 6b, the
doubly charged square [6b — 2 TfO]** (m/z 1974) is observed

only those species survive
which bear rather strong
coordinative bonds. The dif-
ference between the bond

dissociation energies has also been found in solution,
where the polynuclear Pd" macrocycles reversibly open
and close to form catenanes, while such reversibility is
observed for the corresponding Pt analogues only at
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Figure 2. ESI-FT-ICR mass spectrum of a 50 um acetone solution of square 6b. Isotope pattern analysis (insets) reveals the formation of doubly, triply, and
quadruply charged squares [6b —nTfO]"* (n=2-4) at m/z 1974, 1266, and 912, respectively. Except the [6b —3TfOJ]** ion, the signals for the other
complexes are superimposed by fragments. The arrows in the inset indicate a quadruply charged complex ion formally corresponding to a dimeric [6b, —
4TfO]* species. Asterisks point to signals that are due to the losses of one bipyridine ligand. The box on the right shows the region of m/z 1250-1500 after
different hexapole ion accumulation times (0.2, 0.7, and 1.0 s). For details, see text.
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higher temperatures or upon addition of salts to the
solution.™ Consequently, the mass spectra qualitatively
reflect solution-phase properties quite well.

2) In both mass spectra, 3:3 complexes [2a;3; — 2 TfO]** and
[2b33; — 2 TfO]**, respectively, appear. A priori, it is not
clear what their structures are and we will readdress this
question later. For a characterization of the macrocycles by
mass spectrometry, it is, however, pivotal to answer the
question where these ions are formed: Do they represent
fragments generated in the gas phase, are they formed
during ionization, or are they present in solution before the
ionization procedure? A systematic variation of the time
for ion accumulation in the instruments hexapole provides
the answer. Since the ESI ion source produces ions
continuously, while the FT-ICR analyzer is operated in a
pulsed manner, the ions are collected and stored in a
hexapole located between the ion source and the analyzer
cell and then inserted into the cell as a package. The
accumulation time can be varied over a wide range. Ions
that are monitored after short accumulation times are thus
younger than those sampled after longer intervals so that
the latter may undergo fragmentations more readily. The
inset at the right of Figure 2 shows the result of such an
experiment. The region in which the triply charged square
[6b—3TfO]** and the doubly charged 3:3 complex
[2a,3, —2TfOJ** appear is shown after accumulation
intervals of 0.2, 0.7, and 1.0s. At short times, the 3:3
complex is almost absent and increases in intensity with
the accumulation time, while the square decreases over
time. Consequently, the 4:4 complex ions are directly
formed from squares existing in solution, while initially the
abundance of 3:3 complexes is very low. It can be safely
assumed that they represent fragments and are hardly (if at
all) present in solution before the ionization process.
Similar arguments probably apply to the Pd" complex 6a,
for which such an experiment is difficult to perform due to
the low intensity of the 3:3 complex at m/z 1310. These
considerations are perfectly in line with the results of
tandem MS experiments that have unraveled the frag-
mentation pathways (see below). However, while the MS/
MS experiments provide insight into the gas-phase frag-
mentations, they do not answer the question whether the
3:3 complexes are formed in solution or as decomposition
products in the gas phase. These two possibilities can only
be distinguished by using different ion accumulation times
in the hexapole.

3) Analysis of the isotope pattern of the signal at m/z 912 in
Figure 2 reveals that the singly charged [2b -3 — TfO]* ions
are superimposed by the quadruply charged square, while
signals for doubly charged 2:2 fragments [2b,3, — 2 TfO]**
are virtually absent. This ion would result from a
fragmentation of a triply charged square [6b—3TfO]**
into two 2:2 halves. Energetically, the process, which leads
to a distribution of charges over the two separating
fragments, would be more favorable than the loss of
neutral molecules; thus, one would expect that a doubly
charged 2:2 fragment is formed from triply charged
squares together with its singly charged counterpart. While
the singly charged [2b,3, — TfO]" ion is detected at least to
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some extent within the isotope pattern of the doubly
charged square at m/z 1974, its doubly charged counterpart
is not detected. This finding indicates that this fragmenta-
tion process does not occur. We will provide additional
evidence and a rationalization for that in the section on
tandem MS experiments below.

4) Finally, within the isotope pattern of doubly charged [6b —
2TfOJ** at m/z 1974, additional isotope peaks appear with
a spacing of Am=0.25 amu (arrows in Figure 2). These
signals point to the existence of a quadruply charged
species which formally corresponds to a dimer of
squares [6b, —4TfO]**. Again, the question arises
whether this fragment is generated during the electrospray
process or whether it is present in solution before
ionization. It is unlikely formed in the gas phase, because
two positively charged particles suffer from Coulombic
repulsion and thus avoid a bimolecular reaction. We will
return to this issue after discussing the spectra for the
complexes bearing dipyridyl ethylene and azopyridine
ligands.

MS experiments with 7b/10b and 8b/11b: Complexes 7a,b/
10ab and 8ab/1lab can be ionized under the same
conditions. In this section, we will focus on the Pt complexes
and compare their behavior as a function of the nature of the
pyridine ligands 3—5. Again, the Pd" analogues 7a/10a and
8a/l1a behave similarly with the exception that higher charge
states than +2 are not observed due to the above-mentioned
weaker Pd—N bond. Figure 3 shows a series of spectra of 7b/
10b recorded after different ion accumulation times. Intense
signals of triangles are observed at m/z 1482 and m/z 938,
which correspond to the doubly and triply charged complexes
[10b —2TfO)]** and [10b—3TfOJ**, respectively. Instead,
only a very minor signal for a triply charged square [7b —
3TfO]** is found, while no signals are detected for doubly
charged squares (arrows pointing upwards in Figure 3, right
inset). Increasing the hexapole ion accumulation time results
in a decrease of all signals relative to that at m/z 938,
indicating that both the square 7b and the triangle 10b are
present in solution. Fragmentation of the square ions might of
course contribute to the abundance of 3:3 complexes, but a
major fraction of [10b —2TfO]** must be formed from a
species present in solution. Consequently, the mass spectra
indicate the existence of an equilibrium of triangles and
squares in solution, most probably in favor of triangles. In
contrast to the spectrum of 6b, signals for the doubly charged
2:2 fragment [2b,4,—2TfO]** are observed at m/z 938
indicating that fragmentations occur that are not found for
6b. Furthermore, isotope pattern analysis reveals ions for-
mally corresponding to triangle dimers [7b, — 3 TfO]** at m/z
2025 and [7b, — 4 TfO]** at m/z 1482 (arrows pointing down-
wards in Figure 3).

For 8 b/11b, the situation is similar (Figure 4), only differing
with respect to the relative intensities of squares and triangles
in that ions of squares are more abundant than in the
spectrum of 7b/10b. Consequently, doubly, triply, and quad-
ruply charged squares [8b — n TfO]|*" (n =2-4) are detected
at m/z 2030, 1304, and 940, respectively. In contrast, only the
doubly charged triangle [11b —2TfO]** is recorded at m/z
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Figure 3. ESI-FT-ICR mass spectra of a 50 um acetone solution of 7b/10b after hexapole accumulation times of 0.03, 0.25, 0.5, and 1.0 s. Isotope pattern
analysis (insets) reveals the formation of doubly and triply charged triangles [10b — n TfO]** (n =2, 3) at m/z 1482 and 938, respectively. The signal at m/z
1301 is due to the square ion [7b — 3 TfO]**. The arrows in the insets indicate doubly and quadruply charged complex ion formally corresponding to [10b, —

3TEOJ* and [10b, —

1485 with significant intensity, while its triply charged
analogue (m/z 940) vanishes within the noise. Interestingly,
quadruply and triply charged ions are found that formally

correspond to the homodimeric species [8b,

—4TfO]* and

4 TfO]* species. Asterisks in the left inset point to signals that are due to the [2b,4,

—2TfO]** fragment.

Figure 4) as well as the mixed heterodimer [8b-11b—
4 TfO]* at m/z 1757.

To monitor the ligand-exchange behavior, equimolar sol-
utions of 6b and 7b/10b were mixed and subjected to ESI-MS
analysis. Figure 5 shows part of the spectrum of a completely

[11b, — 3TfO]** at m/z 2030 (arrows in the right inset in
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Figure 4. ESI-FT-ICR mass spectra of a 50 um acetone solution of 8b/11b. Isotope pattern analysis (insets)
reveals the formation of doubly charged triangles [11b — 2 TfO]** at m/z 1485, as well as doubly, triply, and
quadruply charged squares [8b — n TfO]"* (n =2—4). The arrows in the inset indicate triply charged ions formally

corresponding to dimeric [11b, —

to dimeric [8b, — 4 TfO]** (tilted arrows).
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3TfOJ*+ (vertical arrows) and quadruply charged ions formally corresponding

0947-6539/02/0815-3543 $ 20.00+.50/0

equilibrated mixture (m/z=
1250-1520) in which the triply
charged squares and doubly
charged triangles appear. In-
deed, it seems that all possible
species are formed, even if the
two isomeric squares that con-
tain two ligands 3 and two
ligands 4 can of course not be
distinguished by this method.
This also reflects the tendency
of 6b to preferentially form
squares, while ions containing
dipyridyl ethylene ligands 4
give rise to intense ions for
triangles.

Unspecific aggregation? As
discussed above, the isotope
patterns of the doubly charged
squares [6b —2TfO]** (m/z
1974), [7b—2TfO]** (miz
2025), and [8b —2TfO]** (m/z
2030) show additional peaks
with a spacing of Am=0.33
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Figure 5. Upon mixing equimolar solutions of 6b and 7b/10b, exchange of the ligands bearing the pyridyl groups occurs. All possible combinations of triply
charged squares and doubly charged triangles are observed. Note that there exist two different isobaric structures for the 2:2 mixed square at m/z 1283. By

mass spectrometric means alone, it is impossible to distinguish these.

and Am =0.25 amu, which indicate dimeric species such as
[6b, —4TfO]**, [10b,—3TfO]**, [8b,—4TfO]**, and
[11b, — 3TfO]**, respectively. Several structural alternatives
exist some of which are indicated in Figure 6: Two metal-
lomacrocycles may form a bilayer- or sandwich-type complex
that is held together by an intermediate layer of counterions
(structure T). When speaking of a sandwich, we of course do
not imply that the & systems of the ligands are oriented face-
to-face. The attraction between the two squares is thus not
arising from stacking interactions, but rather from electro-
static forces. Also, reversible exchange of the bidentate
phosphane ligands might produce a sandwich structure in
which the two macrocycles are tethered by the phosphanes
(structure II). In view of earlier examples,['> !9 one could also
imagine a catenane structure (III) or simply think of larger
macrocycles such as IV. Analogously, triangles have similar
structural options, and more are possible, for example, open
chain structures. However, open-chain structures and oligo-
meric macrocycles are unlikely, since it is not clear, why one
should then not observe a distribution of 3:3,4:4, 5:5, 6:6, etc.
complexes. There is no apparent reason, why, for example, 6b
should form exclusively 4:4 and 8:8 complexes, but none of
the intermediates, if the structures correspond to simple linear
or cyclic oligomers. Considering that the formation of
catenanes and sandwiches of type II require rather compli-
cated rearrangements for their formation, these structures are
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probably not formed during the electrospray process, and
NMR spectroscopy should provide evidence whether they can
be found in solution. Furthermore, if the phosphane ligands
exchange so easily and bridge two metallomacrocyles, it is not
clear why type II sandwiches should be formed specifically
instead of a mixture of oligomers. A final argument against
the formation of type II structures is the orientation of the
ligands perpendicular to the plane of the metal ions. Steric
strain probably prohibits such an arrangement. Based on
these considerations, we favor structure I, which is presum-
ably formed in the ESI process as an unspecific aggregate.
Upon fragmentation, this aggregate decomposes preferen-
tially into two squares (or triangles) instead of other frag-
ments, because the electrostatic forces between the macro-
cycles and the counterions are probably small and further
weakened by the repulsion of the four (or three) net positive
charges distributed over these complexes. Unspecific aggre-
gation is a phenomenon often observed with weakly bound
noncovalent species. Intact ionization requires mild condi-
tions, which, of course, also leave such unspecific complexes
undestroyed. Upon transition from the solution into the gas
phase, many weak forces are strengthened due to the lack of
competition with the solvent. In particular, this holds true for
electrostatic interactions that in the gas phase do not interact
with solvent dipoles. We therefore suspect (and NMR experi-
ments provide evidence) that unspecific aggregation occurs.
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Figure 6. Comparison of the isotope patterns of the mass regions in which the doubly charged squares [6b — 2 TfO]**, [7Tb — 2 TfO]**, and [8b — 2 TfO]** are
expected to appear. The arrows indicate signals arising from larger, dimeric species. Several structural alternatives for these ions are shown schematically:
sandwich-type complexes with bridging counterions (I), double-decker complexes with bridging phosphane ligands (II), catenated species (III), and larger

macrocycles (IV) (from left to right).

NMR experiments: The mass spectrometric results reported
so far are fully supported by results from NMR spectroscopy.
While 6a and 6b show only one set of signals in the 'H and 3'P
NMR spectra, which indicates that in solution only squares
exist, 7a,b and 8a,b are in equilibrium with 10a,b and 11a,b,
respectively. Figure 7 and Figure 8 show two series of 'H and
SIP NMR spectra in different mixtures of [Dg]acetone and
[D,]DMF. Two sets of signals are observed which, depending
on the solvent mixture, change in their relative ratios

Gt——— pq) CBt——— prt)
6 TfO
8 TfO
Pt
(Bt———FED )

\

70

from about 5:1 in [D;]JDMF to about 2:1 in
[D;]DMF:[DgJacetone = 30:70. Consequently, they belong to
two highly symmetrical independent compounds and do not
represent one unsymmetrical species. They can be assigned to
the squares and triangles based on anisotropy considera-
tions:["“! In all cases, the signals for the protons ortho to the
pyridyl-nitrogen atoms of squares 7ab and 8ab were
observed downfield in the 'H NMR spectra, while the
corresponding meta protons appear upfield compared to
those of the triangles 10a,b and
11ab. In the 3'P NMR spectra
the signals for the squares ap-
pear upfield, when measured in
[D¢]acetone or [D;]DMF. Thus,
the less intense signals corre-
spond to the square and the
more intense peaks are due to
the triangle. The intensities

roughly correspond to those

60

obtained by mass spectrometry,

50

although a quantitative treat-
ment of the mass spectral data

[T

=

o1 40 . .

£ is not possible.

% 30 The assignment is further

gl 5 corroborated'! by tempera-

£ ’“\ ture-dependent 'H and 3'P
10 NMR experiments, as shown,
0 Pl e for example, for 8b/11b (Fig-

9.0 8.5 8.0 7.5 ppm

ure 9). The minor component

Figure 7. Series of 'H NMR spectra (aromatic region) of 7b/10b in [D;]DMF with increasing [D,]acetone
content. Signals at about 6 =9.1 ppm correspond to the protons ortho to the pyridyl nitrogen atoms; the observed
shifts may be due to differences in counterion solvation depending on the amount of acetone. Signals around 0 =
7.9 ppm are attributed to the meta positions of the phenyl rings in the phosphane ligands. Clearly, two different
species are observed in relative ratios depending on the solvent mixture.
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decreases in intensity with in-
creasing temperature. This be-
havior is expected for squares
which exist in an equilibrium
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monitor this process by satura-
tion transfer  experiments
failed, the 3P NMR spectrum
of the mixture of 6a and 7a/10a
shows a number of signals that
do not appear in the spectra of
the two pure compounds 6a
and 7a/10a after only a few
minutes. The spectrum does not
undergo further changes, which
indicates that the equilibrium is
reached after a few minutes.
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Figure 8. 3P NMR spectra of the same series of samples (7b/10b) as shown in Figure 7. Note the Pt satellites at
—1.9 and —20.6 ppm. As in the corresponding "H NMR spectra, the ratio of signal intensities for triangle and
square changes from 5:1 in pure [D;]DMF to about 2:1 in a 70:30% mixture of [Dg]acetone and [D,]DMF.
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Figure 9. 3'P NMR spectra of 8b/11b as a function of temperature. With
increasing temperature, the signal for square 8b decreases in intensity
relative to that of triangle 11b.

with triangles. The entropy contribution to the free energy
becomes more important at higher temperatures and thus
more and more disfavors the squares, since eight building
blocks are used to form a square, while a triangle consumes
only six subunits. Analogous behavior is observed for the
other complexes that exist as a mixture of triangles and
squares. Furthermore, these temperature-dependent experi-
ments also proved the Pd complexes are less stable than their
Pt analogues, since the Pd complexes were found to decom-
pose reversibly at much lower temperatures.

Finally, ligand-exchange experiments provide insight into
qualitative metal—nitrogen bond dissociation energies. An
equimolar mixture of the Pd complexes 6a and 7a/l0a
undergoes a fast equilibration. Although all attempts to
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exchange much more slowly
(Figure 10). After 11 min, the
starting material is still present
almost exclusively, but over
time, an increase in a number
of new signals is observed whose relative intensities remain
more or less constant after about 12 h. For a full equilibration
of all possible species (as observed in the mass spectra), a total
of 16 signals in the 3'P NMR spectrum is expected, some of
which however may coincide. In any case, it is impossible to
assign the single signals to each of the different species,
whereas this is straightforward for the signals observed in the
mass spectra. The slower exchange of ligands in the Pt
complexes likely reflects the higher Pt—N binding energy. The
Pd—N bond energy is lower and thus the ligand exchange
faster.

In conclusion, the NMR results are in good agreement with
the mass spectral data. The absence of unsymmetrical

T 1 T 1
-25 -30 ppm

3240 min

1449 min
729 min
248 min

68 min

— —T— e LA a e —

-124 -128 -132 -136 -14.0 ppm
Figure 10. 3P NMR spectra of a mixture of 6b and 7b/10b after different
equilibration times. For the Pt complexes, ligand exchange proceeds slowly
at room temperature and is almost complete after about 12 h.
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complexes in solution which should yield a higher number of
signals in the NMR spectra also rules out the existence of
catenanes in solution. Thus, the formation of unspecific
aggregates in the ESI process is supported indirectly by the
results of the NMR experiments, in particular since such
aggregates can be expected to become even more prominent
at the higher concentrations of the NMR experiment
(>1mmM) compared to the much lower amount present in
the solutions used for electrospray ionization (ca. 50 pum).

Computer modeling: To examine the dynamic behavior of our
compounds, dynamics calculations were performed with the
augmented MM2 force field implemented in the CACHE 5.0
program package.!'¥l The resulting conformations of square 8a
and triangle 11b, as obtained from the dynamics trajectories
after reoptimization of the most favorable conformers, are
shown in Figure 11 (top). Clearly identifiable are the m—m
stacking interactions between the phenyl groups of the
phosphane ligands and the pyridyl groups in the azopyridine
bridge. The distances between these rings vary between 3.3
and 4.0 A, indicating an almost optimal relative position for

Figure 11. Top: Structures of square 8a and triangle 11a shown in top and
side views as obtained from molecular modeling calculations with the
augmented MM2 force field implemented in the CACHE program
package.l'"®! Anions have been omitted. Bottom left: Two different
conformations of the six-membered phosphane metallacycle. Bottom right:
Snapshots from a dynamics trajectory illustrating the high flexibility of the

square.

Chem. Eur. J. 2002, 8, No. 15
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stacking interactions. Also, the two aromatic rings of the
phosphanes that are not involved in these interactions seem to
solvate each other, although the distances between the
aromatic planes are somewhat larger with values of between
3.5 and 4.5 A. However, a second energetically less favorable
conformation of the six-membered phosphane metallacycle
also appears (Figure 11, bottom left). In this conformation,
the contacts between the phenyl and pyridyl groups are at
least partially lost. Figure 11 (top right) illustrates that the wt—
7 interactions probably play a less important role in the
triangle, because the geometry does not allow all of the
pyridyl groups to stay in contact with phenyl rings at the same
time.

In the dynamics trajectories, one observes quite a number
of different processes that lead to conformational changes. At
600 K, inversion of the six-membered phosphane metalla-
cycles is found and also the rotation of an azopyridine ligand
or of one of the phenyl groups occurs several times within the
1000 ps time interval of the calculation. It is interesting to see
how flexible these polyhedra are (Figure 11, bottom right).
The whole square structure can be significantly bent; most of
the deviations from the optimal geometry occur within the
pyridyl rings and the azo groups. Consequently, these
calculations support the idea that triangles can exist in a
solution-phase equilibrium together with the squares because
of a favorable entropy. The enthalpy contributions are not
only disadvantageous because the 90° coordination geometry
at the corner pieces cannot be realized in the triangle,
favorable stacking interactions are also diminished in the
triangle and thus disfavor its formation. However, these
unfavorable effects cannot be large. The increase in particle
number upon triangle formation and maybe additional
solvation effects due to the change of the cavity size over-
compensate the unfavorable enthalpy.

Tandem-MS experiments: To learn about the gas-phase
properties of the ionic squares and triangle ions, infrared
multiphoton dissociation (IRMPD) experiments have been
performed. In these tandem MS experiments, the ions of
interest are isolated by ejecting all other ions from the
analyzer cell of the FT-ICR mass spectrometer. Then the ions
are irradiated with a 25 W carbon dioxide IR laser to increase
the internal energy of the ions and induce fragmentation.
Since all doubly and quadruply charged squares are super-
imposed by fragments, the experiment has been performed
with triply charged [6b — 3 TfO]** (m/z 1266), which is also
the most abundant intact square ion formed. Spectra
recorded after different irradiation times of 0, 10, 20, 30,
and 40 ms are shown in Figure 12. The parent ion (filled
circles) vanishes almost completely within 40 ms under these
conditions. The fragmentation is so fast that despite a careful
isolation procedure with more than one isolation pulse two
fragments appear immediately after isolation of the parent:
doubly charged triangles [9b — 2 TfO]** (m/z 1445) and singly
charged [2b —TfO]* (m/z 912). These two decomposition
products thus represent the primary fragments (open circles).
They increase significantly with increasing irradiation time.
The 3:3 complex [9b—2TfO]** finally decreases again,
indicating further fragmentation. In marked contrast, other
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Figure 12. Infrared multiphoton dissociation (IRMPD) experiment with triply charged [6b — 3 TfO]**. The bottom spectrum was recorded directly after
isolation of the parent ions. The other spectra show the formation of fragments after irradiation intervals of 10, 20, 30, and 40 ms. The parent ion is labeled
with full circles and almost completely fragments upon irradiation with a CO, IR laser within 40 ms. Open circles represent the primary fragments [9b —

2TfOJ?+ (m/z 1443) and its counterpiece [2b-3 — TfO]* (m/z 912).

fragments such as the singly charged 2:2 complex at m/z 1974
appear later and thus represent secondary products.

Closer inspection of the spectra allows us to analyze the
fragmentation pathways (Scheme 3). With the exception of a
minor loss of bipyridine, the triply charged square decom-
poses exclusively to yield doubly charged triangles and a 1:1
fragment. No 2:2 fragments are formed directly. The doubly
charged 2:2 fragment [2b,3, — 2 TfO]?*, which would appear
at m/z 912, is not observed. Continued irradiation with the

CO, laser then also affects the fragmentation products. The
triangle again expels a [2b — TfO]* subunit, giving rise to the
singly charged 2:2 complex at m/z 1974—a process which can
also be observed in a similar IRMPD experiment starting with
isolated doubly charged triangles. Finally, this product prob-
ably undergoes the same reaction again. In addition to these
reactions, losses of single bipyridine ligands are observed from
all of these fragments (dotted arrows in Scheme 3).
These findings have several implications:
1) It becomes clear now, why no

Gy B G B [2b,3,—2TfO]** ions have

' 5 TfO ' e 5 TfO been observed in the ESI mass

' 3@ ' ' 3® spectrum of 6b (Figure 2),

(Pi—=———F1) ¢t RO while the corresponding

m/z 1266 miz 1214 [2b,4, —2TfO)]** ions appear

\ : in the spectrum of 7b/10b (Fig-

fragpr:g]ri;yti on ure 3). In solution, the bipyri-

dine complex 6b exists more or

(Pt =9 (e — g0 G e 8 o less exclusively as squares.
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Scheme 3. Schematic representation of fragmentation pathways of triply charged [6b — 3 TfO]**. Dotted
arrows correspond to losses of one ligand 3 from the precursor ions. Note that fragmentation into two half

squares (top left) is not observed.
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[2b,3, — 2 TfOJ** subunits. In-
stead, 7b exists in an equilibri-
um with 10b. A triply charged
triangle [10b —3TfO]** is ob-
served in the mass spectrum
and upon decomposition gives
rise to [2b,4, —2TfOJ** and
[2b-4 — TfO]* fragment ions
which appear at the same m/z
ratio.
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2) The second implication arises from the absence of [2b,3, —
2TfO]** fragments and relates to the mechanism of
fragmentation. For the sake of clarity, the inset in
Scheme 4 shows the potential bond cleavage sites in an
open-chain 4:4 complex that is formed from a square by
breaking one Pt—N bond. In the tandem MS experiments,
cleavages at positions a and f are observed, while none of
the others corresponds to primary products. While one
might expect that bond rupture at g would yield an ionic
fragment corresponding to a metal corner without ligand
(which is rather high in energy because the pyridine ligand
is not available to stabilize the charge), it seems unlikely
that simple cleavages of bonds c, d, and e are much
different from that at f. Both formation of 3:3 and 1:1
fragments or formation of two 2:2 complexes from [6b —
3TfOJ** require the cleavage of a total of two Pt—N bonds
of the complex and should thus be more or less equally
energy demanding. Consequently, there must be a partic-
ular reason for the finding that cleavage occurs at this
position preferentially while no fragments are observed
due to a disconnection of bonds c—e. The absence of 2:2
complex formation as a primary fragmentation pathway
thus indicates that some particular mechanistic feature
must favor the reaction channel leading to the 3:3 and 1:1
fragments. Scheme 4 illustrates schematically, how a
supramolecular analogue of “neighboring-group effects”
might explain the findings. In a first step, one bond is
broken, opening the square to yield an open-chain com-
plex of the same mass and charge. Backside attack of a
noncoordinated pyridine nitrogen atom at the more
remote of the two central metal centers leads to the
formation of a triangle concomitant with the loss of a [2b-
3 —TfO]* fragment (Scheme 4 top). Instead, such an
attack at the other central metal center (Scheme 4 bottom)
is geometrically not feasible and consequently higher in
energy. It can therefore not compete with the formation of
triangles.

3) These considerations also allow us to draw conclusions
about the structure of the 3:3 complex. Anchimeric

CR—-— G Y
5 TfO . 5 TfO
3® =~ 3®
(Bt pO \_y (Bt___PD
miz 1266 / ~
cleavage at
position (f) L
(Bt Prt) _//_>
5 TfO )
3@
(Bt———PD
cleavage at
position (d)

Scheme 4. The supramolecular “neighboring-group effect” which favors the formation of triangles over that of
two half squares. The inset on the left illustrates different positions at which bond cleavages might occur.
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assistance in such a “neighboring-group effect” is only
possible and energetically favorable, if a cyclic structure is
energetically accessible. Vice versa, this means that the 3:3
complex must have a triangular gas-phase structure.

4) If a cyclic ion with triangular structure is formed, we can
qualitatively learn about the strain energy in this system.
Even for the more rigid bipyridine ligand, the formation of
triangles occurs, although they are not present in solution.
The formation of such a macrocycle and the neighboring-
group effect would not play any role, if the strain energy of
the triangle were higher than the bond dissociation energy
of one Pt—N bond.

S) Finally, it should be noted that the formation of triangles
rather than half-squares, which is observed in the gas
phase, is in perfect agreement with the results of NMR
experiments reported previously!''® ! which suggested
equilibration processes involving triangles rather than
dinuclear species. The great advantage of the gas phase is
that it offers direct access to the investigation of problems
that are not easily examined in condensed phase.

Conclusion

The results presented here allow us to evaluate the scope and
limitations of mass spectrometry for the characterization of
polynuclear metallomacrocycles. The combination with NMR
experiments provides evidence that the squares and triangles
observed in the mass spectra are also present in solution. Mass
spectrometry qualitatively reflects the metal —nitrogen atom
bond dissociation energies and correctly reproduces the
ligand exchange behavior. Consequently, it is well suited for
the characterization of these species in solution and allows us
to extract quite a lot of information beyond a simple weight
determination. However, three drawbacks should be noted:
1) A rather narrow range of ionization conditions, spray
solvents, etc. reduces the general applicability, and for a mere
proof of existence and weight determination, other methods
such as coldspray ionization (CSI)[") may be more favorable.
2) Since the observed intensi-
ties depend much on parame-
ters like the hexapole ion accu-
mulation time, quantification is
not straightforward. The ob-
served intensities do not direct-

m/z 1443 miz 912

ly reflect solution concentra-
tions. 3)The formation of
the “sandwich-type” complexes
points to the possibility that
(Pt —s— Bt unspecific aggregation may oc-
2Tio | 3TfO cur and that careful interpreta-
20 @ tion of the mass spectra is

& —_—F mandatory.
miz912  m/z 1974 Beyond the characterization

of the solution properties by
mass spectrometric means, the
gas phase offers insight into
aspects that cannot easily be
studied in solution. Tandem MS
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experiments on the fragmentation behavior delivered not
only important information on the mechanism, but also on
structural issues and on qualitative energetics. The fact that a
square fragments into a 3:3 and a 1:1 complex unit rather than
forming two 2:2 halves implies 1) that the triangle is formed
by a supramolecular analogue of anchimeric assistance,
2) that the 3:3 complex bears a cyclic triangular structure,
and 3) that the strain energy in the triangle must be lower than
the bond dissociation energy of a Pt—N bond. The present
study again reveals that mass spectrometry is an often
underestimated, powerful method for the characterization of
supramolecular species, provided that the data are carefully
interpreted.

Experimental Section

Syntheses: All squares and triangles under study here were synthesized
according to well-known literature procedures.!'!'><eh 142l Bipyridine (3) and
dipyridylethylene (4) were purchased and used without further purifica-
tion. Azopyridine (5) was prepared by oxidative coupling of two 4-amino-
pyridine molecules with a sodium hypochlorite solution.'”! Since the
original procedure by Kirpal and Reiter yields a chlorinated side product, a
slightly modified procedure was used.

trans-4,4'-Azopyridine (5): 4-aminopyridine (4.2 g, 44.7 mmol) was dis-
solved in water (85 mL) and cooled to 10°C in an ice/water bath. After
addition of a 13 % sodium hypochlorite solution (200 mL), the mixture was
stirred over 2 h and then extracted with diethyl ether. The organic phase
was dried over MgSO,, filtered, and then the solvent removed in vacuo.
The residue was purified by chromatography on silica gel (Merck 40—63p)
with an ethyl acetate/ethanol (12:1) eluent (TLC (ethyl acetate/ethanol
8:1): R;=0.49). Yield: 2.47 g (60 %); m.p. = 106-108 °C; '"H NMR (CDCl;;
300 MHz): 0= 8.86 (AA'’XX', 4H, 3J=4.6 Hz, *J=1.5Hz), 775 ppm
(AA'XX', 4H, 3] =4.6 Hz, *J=1.5 Hz); *C NMR (CDCl;; 75 MHz): 6 =
116.4 (C(3,3'5,5")), 151.6 (C(2,2',6,6')), 156.7 ppm (C(4,4)); MS (EI
70eV): mlz (%): 184.1 [M*] (46%), 106.2 [M — CHN]* (54%), 78.1
[CsHLNTF (100%); IR (KBr): #=3043cm~' (v(CH,)), 1587, 1555,
1480 cm™! (v(C=C), v(C=N)), 838 cm™!

ESI-MS experiments: The mass spectrometric experiments described
above were performed with a Bruker APEX II FT-ICR mass spectrometer
equipped with a superconducting 7 T magnet and a ESI source (Agilent)
that utilized a nickel-coated glass capillary with an inner diameter of
0.5 mm. This ESI source had three differential pumping stages. Ions were
continuously generated from 50 um solutions of the squares and triangles in
acetone (HPLC grade), which were introduced into the source with a
syringe pump (Cole Parmer Instruments, Series 74900) at flow rates of
about 3 uLmin~!. Parameters—some with a significant effect on signal
intensities—were adjusted as follows: capillary voltage: —4.6 kV; end plate
voltage: —4.0 kV; cap exit voltage: 50 V; skimmer voltage: 25 V; temper-
ature of drying gas: 20—30°C . The experiments were carried out with a
nebulizer gas pressure of 50 psi and a drying gas pressure of 15 psi. The ions
were accumulated in the instruments hexapole for different time spans to
provide information about fast fragmentation processes. As discussed
above, the relative intensities of ions of interest could be significantly
altered by adjusting the time interval for ion accumulation in the hexapole.
The ions were then introduced into the FT-ICR analyzer cell, which was
operated at pressures below 107 mbar and detected by a standard
excitation and detection sequence. In the APEX II, the ICR cell is a
cylindrical “infinity” cell with equipotential-line-segmented trapping
plates. Such cells are primarily used to avoid z-ejection of ions, while
exciting them before image current detection. To monitor the exchange of
pyridine-containing ligands, the 50 um acetone solutions of 6b/9b and 7b/
10b were mixed and kept overnight to allow them to equilibrate
completely. For each measurement 32-256 scans were averaged to
improve the signal-to-noise ratio.

For infrared multiphoton dissociation (IRMPD) experiments, all param-
eters, in particular the hexapole accumulation time, were optimized for
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maximum intensities of the desired parent ions. All isotopes of the ions of
interest were isolated and irradiated with a CO, IR laser at a wavelength of
10.6 um and a power of 25 W. The reaction was monitored after different
reaction times to monitor the fragmentation kinetics of the parent ions.

NMR experiments: 'H and 3P NMR spectra were recorded on a Bruker
Avance 500 spectrometer (278-348 K) at 500.1 and 202.5 MHz, respec-
tively, or on a Bruker Avance 300 spectrometer (228 -268 K) at 300.1 and
121.5 MHz, respectively. '"H NMR chemical shifts are reported on the 6
scale (ppm) relative to residual nondeuterated solvent as internal stand-
ards. 3P NMR chemical shifts are reported on the d-scale relative to 85 %
phosphoric acid as external standard. For ligand —exchange experiments,
equimolar amounts of two different squares/triangles were mixed, and the
equilibration monitored at room temperature over time.

Computer modeling: The computer models were generated starting with
structures minimized with the augmented MM2 force field as implemented
in the CACHES.0 program package. Dynamics calculations were per-
formed for 1000 ps at 600 K. The energetically most favorable conformers
were then reoptimized with the MM2 force field.
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