Behavior of supramolecules in the gas phase:
From H/D exchange to IRMPD fragmentation reactions
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|. Introduction

Mass spectrometry offers a huge arsenal of gas-phase chemistry experiments which allow a much
more detailed view on the structure of non-covalent complexes in solution and in the gas phase, their
solution reactivity as well as their reactivity in the gas phase and their gas-phase energetics.!1l It is thus
much more than just a simple characterization tool and can add valuable insights into many aspects of
supramolecular chemistry, such as molecular recognition or host-guest chemistry, self-assembly, self-
sorting, or the structures of mechanically interlocked molecules.!?!

[1] "Mass Spectrometry and Gas-Phase
Chemistry of Non-Covalent Complexes" (C.
A. Schalley, A. Springer, Wiley, Hoboken/NJ,
2009).

[2] "Mass Spectrometry and Gas-Phase
Chemistry of Supramolecules: A Primer" (E.
V. Dzyuba, J. Poppenberg, S. Richter, R. W.
Troff, C. A. Schalley in: Supramolecular
Chemistry - From Molecules to Nano-
materials, J.W. Steed, P. Gale (eds.), Wiley,
Chichester, 2011).

A second aspect Is that the
lons In a mass spectrometer
are isolated from each other.

Conseqguently, no dynamic exchange reactions can occur and the gas phase offers a complementary
different view on the reactivity of supramolecules.l?2l One of the most common used ionization methods
IS electrospray ionization (ESI). It represents a very soft method which transfers the supramolecular
complex ions directly from solution into the gas phase without significant fragmentation. Additionally,
the coupling with ion trap analyzers offers a broad arsenal of gas-phase experiments for manipulating
mass-selected ions inside the mass spectrometer, e.g. H/D-exchange reactions or IRMPD (Infrared
multi-photon dissociation) fragmentations.

Ill. Thermodynamically Controlled Metallo-
Supramolecular Self-Sorting

Tandem-MS experiments provide clear evidence for the thermodynamically controlled self-assembly of
hetero-bimetallic metallo-supramolecular macrocycles through self-sorting caused by different ancillary
ligands on the metal centres 2 - 5.4

The triply char-
ged Ions un-
dergo a frag-
mentation reac-
tion driven by
charge separa-

VIl L7 IVIV/IVINOD

5W, 300 ms Q

, tion. A singly
+
O:E: “ charged M, L
X Q Py*
m/z 1011\ ~ m/z 1338 = 1:1 complex is
— L ~| formed conco-
5 W, 350 ms

m/z 1918 Q o mitand with a
:L\tto 1\ doubly charged
e

|
B
/—lx/\ /m/7 2020 MpyMbpyL -
| 22020

m/z 653 _— -
r'd
l i/| 1 Ny m220201 9:1:1  fragment.
ESI MS 2OTHAR* |f h metal
19,-50TA* [g 24?5_? " bot eta
Q 7z 1432 [3'182“7] complexes were
m/z . .
01(9}@ [9-30Tf3* randomly distri-
o mrz 1169 buted over the
, | i . .
IRMPD MS/MS mass selection tV_VO bindin g
5 W, 50 ms 5 sites, one would
5 /T' 21\0 Expect to flnd
A ~ S oth  possible
m/z 1011\ "1\ m/z 1247 ML = 11

N | W 1
750 1000 1250 1500 1750 2000 2250 mz| COMplexes.

This is, however, not the case. The only 1:1 fragment formed is that bearing the dppe metal complex.

[4] B. Brusilowskij, E. V. Dzyuba, R. W. Troff, C. A. Schalley, Chem. Commun., 2011, 47, 1830-1832.

ll. Kinetically Controlled Metallo-Supramolecular
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Self-Assembly

Bi- and tetradentate ligands 1 — 4 assemble with (dppp)Pt! triflate
5 into metallo-supramolecular polygons. Ligands with the
pyridine N-atoms para to the ethynyl substituent form exclusively
M,L, and M,L, complexes, respectively. In contrast, two
differently sized M,L,/M;L; (or M,L,/M¢L;) polygons are present
In equilibrium when ligands with the pyridine N-atom in meta
position are used. With the kinetically quite inert Pt complexes,
the equilibrium is reached on a many-hour time-scale. During the
assembly process, the larger polygons are observed for all four
ligands and thus are assembled under kinetic control.
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This was confirmed by time-dependent 1H
and 3P NMR spectroscopy in line with ESI
mass spectrometric experiments. It was
hypothesized that 7/11 and 9/13 would be
more strained than 6/10 and 8/12 due to the
the pyridine N-atom. The
constitutional difference in the pyridine N-
atom position is reflected in the tandem
mass spectra of the complex ions. In
addition, a highly specific fragmentation
process of mass-selected MjL; ions was
observed, which proceeds through a ring
contraction yielding smaller M,L, ions.!

position of

[3] B. Brusilowskij, E. V. Dzyuba, R. W. Troff, C. A. Schalley, Dalton Trans., 2011,

V. Gas-phase H/D-exchange with Crown Ether-
Ammonium Complexes

The exchange of labile H against D atoms can help
unravel structural details of supramolecules. The
presence of different, non-interconverting structures in
an ion population can lead to bimodal exchange
distributions. Since hydrogen bonding has an effect on
the exchange rates, the number and positions of
hydrogen bonds can often be determined. Beyond
structure, dynamic features can be investigated.[®!

For example, the exchange rate increases significantly
with decreasing crown size In crown ether-PA
complexes (H/D-exchange in the hexapole collision
cell).18]

[5] H. D. F. Winkler, E. V. Dzyuba, C. A. Schalley, New J. Chem., 2011, 35, 529-541.
[6] H. D. F. Winkler, E. V. Dzyuba, A. Springer, L. Losensky, C. A. Schalley, Angew. Chem., 2011, submitted.

V. Gas-phase H/D-exchange with molecular capsules

The gas-phase H/D-exchange behavior of monomeric and dimeric
complexes of resorcinarenes and pyrogallarenes with different guest
cations was investigated. One goal is to devise an experiment which
would provide evidence for the closed capsular structure of the dimeric
reso and pyro capsules in the gas phase. The logic behind this is that
a capsular dimer with a completly closed seam of hydrogen bonds
between the two monomeric halves might exhibit an H/D-exchange
behaviour different from that of a host-guest complex with a (partially)
open seam. A second goal is to put H/D-exchange mechanisms to the
test and to obtain a clear picture of the underlying mechanistic details.l’]

There are significant exchange rate differences depending on the
cation size. Resorcinarene dimers which bear a fully closed seam of
hydrogen bonds react much faster than those in which the seam is
Interrupted, e.g. the PacMan-shaped dimers or the heterodimer of non-
and tetramethylated resorcinarene. The exchange-rate differences thus
deliver structural insight: A fast exchange indicates an intact capsule

with fully closed hydrogen-bonding seam.

The concerted mechanistic scenario for the fast
exchange on the Cs*-encapsulating resorcinarene and
pyrogallarene dimers is an interesting one-
dimensional Grotthuss mechanism. In particular, the
guestion whether the preorganization of the OH
groups through the resorcinarene and pyrogallarene
scaffolds help to make the mechanism a concerted
one might be of interest for studies with other methods
complementary to mass spectrometry.

[7] H. D. F. Winkler, E. V. Dzyuba, J. A. W. Sklorz, N. K. Beyeh, K. Rissanen, C. A.
Schalley, Chem. Sci., 2011, 2, 615-624.
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VI. Conclusion

Beyond the analytical characterization, the large arsenal of mass spectrometric experiments allows the chemist
to address questions related to the secondary structures of supramolecules, to their reactivity and thermo-

chemistry.

A second point should be made: The situation of isolated particles in the high vacuum may appear to be
somewhat uncommon for many chemists who are used to do chemistry in solution. Nevertheless, if one
considers the great new insights into for example the intramolecular reactivity of supramolecules, it is certainly
worthwhile even for solution-phase supramolecular chemists to invest effort and time into mass spectrometric

analyses of their supramolecules.




