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Abstract

The paper explores different possibilities to distinguish macrocyclic oligolactam species with different molecular topologie
by ESI mass spectrometry. Collision-induced fragmentation provides unambiguous fragmentation patterns: Monocyclic rin
upon single and double protonation predominantly lose water molecules, while catenanes, i.e., two chain-like interlocke
macrocycles, undergo ring cleavage followed by loss of a whole ring. At higher collision energies and under multiple collisiot
conditions, a series of different fragments is observed which can be categorized into six different types. These fragmel
are structure indicative and provide evidence for the connectivities of building blocks within the macrocycles. Gas-phase ic
mobility experiments on the other hand result in a good agreement between experimental collision cross-sections and struct
predictions from theory. This method does not provide unequivocal differences between monocyclic rings and catenanes du
almost identical cross-sections, but it provides a tool to distinguish between knots (twisted monocyclic rings) and (untwiste:
rings.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction (Scheme ) by simple amide bond formation with
the corresponding isophthalic acid dichlorifie-3].
Diamine 1 and analogous compounds with ap- Although this reaction is carried out under dilu-
propriate substituents can be converted in one reac-tion conditions to promote formation of macrocyclic
tion step into tetralactam macrocycles such2a8 products, usually the generation of side products is
observed, among them those with two and three times
"+ Corresponding author, Tels 49-22873-5784; _highe_r mass. In principle, different topologies (_:an be
fax: +49-22873-5662. imagined for these compounds. Those with twice the
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patrick weis@chemie.uni karlsruhe.de (P. Wes). such ag-10 or to octalactam macrocycles suchlds
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Scheme 1.

acid dichloride is the trefoil molecular kn&2, which

was recently discovered by Vdégtle and co-workers
[9,10]. Both catenanes and knots form due to tem-
plate effects mediated by hydrogen bondjag NMR

spectrometry is of limited value for the characteriza-
tion of these species, since they all contain identical
building blocks. For intertwined molecules such as
the catenanes, small upfield shifts of the signals for
the molecule’s parts which are mutually positioned
in the cavity of the other wheel are often observed

rings in their neighborhood. However, these shifts
can only be unambiguously interpreted, when the
corresponding octalactam macrocycle is also formed
and then serves for comparisfil]. However, often
only one of the two topologies is realized. For ex-
ample, diaminel gives the catenan2 when reacted
with isophthalic acid dichloride, while no octalactam
macrocycle could be isolated. Vice versa, its reaction
with 2,6-pyridine dicarboxylic acid dichloride only
yields macrocycldl. In these cases, the exact analy-

and are caused by the anisotropy of the aromatic sis by NMR experiments is difficult and often suffers
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from significant uncertainties. Consequently, it would amide protons against deuterium (>96% of all NH
be extremely helpful to devise a practical analytical protons exchanged).
procedure for an unambiguous distinction of the two

topologies. 2.2. Tandem mass spectrometric experiments
Although a powerful means for the examination of
supramolecular complexd$2,13] mass spectrome- ESI mass spectra and MS/MS spectra were

try at first sight does not seem to be suitable to solve recorded on a Micromass Q-TOF 2 mass spectrom-
this problem, because a catenane and its correspond-eter equipped with a nanospray ion source with Z
ing octalactam macrocycle have the same elementalgeometry. Typically, methanol (deuterated methanol
composition, and thus are isobaric. Nevertheless, for 4-ds) served as the spray solvent andp3@ so-
there are different experiments which in principle lutions of the analytes were used. When solubility in
may provide the necessary information: (i) ion mobil- methanol was too low, an as small as possible amount
ity experimentq14] provide collisional cross-section of dichloromethane was added. Some samples pre-
data which can be compared with cross-sections dominantly yielded sodium adducts. In these cases,
calculated from energy-favored conformations ob- the signal for the protonated species can be increased
tained by molecular modeling. One might expect a in intensity by addition of ca. 1% of formic acid to
catenane to be more compact than the octalactamthe sample solution. Typical capillary voltages were
macrocycle because of its intertwined topology, (i) 900-1200V, the cone voltage was optimized within
tandem-MS experiments could result in different the range of 50-90V for maximum intensity of the
structure-indicative fragmentations, and (iii) even if desired ion subjected to the MS/MS experiments. The
the fragmentations are similar for both species, there whole range of isotopic ions of interest was isolated
might be a difference between the collision-energy and admitted to the collision cell which was operated
onsets. If, for example, one of the wheels of a cate- with Ar gas at a pressure of 0.5 mbar in order to pro-
nane is opened upon protonation, the second wheelvoke collisional activation. The acceleration voltage
easily would deslip, while for a similar reaction of was increased step by step in order to monitor the
the analogous octalactam macrocycle two covalent fragmentation behavior at different collision energies.
bonds must be cleaved, a process which would de- Spectra were recorded by averaging 15-50 scans for
mand a higher collision energy. In this contribution, an improved signal-to-noise ratio.
we explore these possibilities and find that the most
convenient procedure is the collision-induced frag- 2.3. lon mobility experiments
mentation in an MS/MS experiment which leads to
completely different fragmentation patterns. The gas phase ion mobility technique is a fairly di-
rect way to obtain structural information, since it is
directly connected to the collision cross-section of the

2. Experimental molecule. This method involves the determination of
the time it takes for an ion to drift through a gas-filled
2.1. Syntheses cell guided by a static electrical field. The method as

such has been developed long ago by McDaniel and
The syntheses, the purification, and the characteri- Mason[14], the combination with modern mass spec-
zation of all compounds used in this study have been trometry has been pioneered by the Bowers gi{aujp
described before[1-3,9,15,16] The N-deuterated and has been used by several groups to determine the
macrocycle 4-d;, was prepared by stirringd in conformations of, for example, polymef$8], pep-
deuterated methanol/dichloromethane 9:1 for 48h. tides[19-21] and—very recently—amino acid clus-
A H-NMR spectrum confirms the exchange of all ters such as the serine octanfi22,23]
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The ion collision cross-section measurements pre- 1 ns, i.e., 100 sample conformers were taken. For these
sented here were performed in an instrument that structures, we calculated the collision cross-section
comprises a combination of an electrospray ion with two different methods: the projection approxima-
source, a time-of-flight mass spectrometer, an ion tion[29] which represents a lower boundary to the ex-
mobility drift cell, and a quadrupole mass filter. De- perimental value and the exact hard spheres scattering
tails of the experimental setup have been described model[30] which usually represents an upper bound-
elsewhereg[24]. Briefly, the samples were dissolved ary. For comparison with experiment we took the
in a 50/50/1 mixture of methanol, dichloromethane average of both methods and of the 100 conformers.
and acetic acid, electrosprayed and mass selected in
a time-of-flight mass spectrometer. The mass selected
ion beam was injected into the drift cell (110mm 3. Results and discussion
long, 0.5mm entrance and exit orifices, filled with
5-10mbar helium buffer gas at 300K). The injected 3.1. ES mass spectra
ion packet was guided through the buffer gas in the
cell under the influence of a weak electric field (typi- Nanospray ionization of methanol solutions of the
cally 10 V/cm). After leaving the cell, the ions passed compounds shown iBcheme tesults in mass spectra
through the quadrupole mass filter (for rejection of which typically contain the protonated and sodiated
possible fragmentation products) and are detected bypseudo-molecular ions. In addition, doubly charged
means of a channeltron electron multiplier. The drift species are usually observed. A representative exam-
time distributions were acquired as a function of the ple is shown inFig. 1L This spectrum of catenangé
applied drift voltage, and from the plot of the arrival exhibits the protonated compledeH™ at m/z 1810
time (distribution maximum) against drift voltage we accompanied by its sodium derivativeNa®™ at nvz
obtained the ion mobility and finally the collision 1832 and three doubly charged ionsmalz 905, 916,
cross-section—which can be directly compared with and 927 which correspond to the catenane ionized by

predictions from theory. two protons, one proton plus one sodium ion, and two
sodium ions. Some minor fragments are seen at lower
2.4. Molecular modeling: cross-section calculations m/z ratios. The relative amount of singly and dou-

bly charged ions changes depending on the structure

For relatively floppy molecules like these macro- of the compound. Typically, the tetralactam macrocy-
cycles, it is almost impossible to find the global cles2-6 yield only low abundances of doubly proto-
minimum. On the other hand, this is not necessary nated species, while they are more prominent for the
for comparison with the ion mobility measurements larger macrocycles and catenanes. For some of the
since the experiment itself reflects a thermal average compounds, the intensities of proton adducts had to
of different conformers. The method of choice is be increased relative to that of the sodium adduct by
therefore to run molecular dynamics simulations and addition of a small amount of formic acid in order to
get an averaged cross-section for a large number of generate intensities sufficient for MS/MS experiments
possible conformations. We used the AMBER force (Scheme 2
field [25—-27]implemented in the HyperChem 6 pack- Recently, a macrocyclization intended to produce
age[28]. We used a simulated temperature of 1000 K macrocyclel3 with its biquinoline metal coordination
with a time step of 1 fs. After annealing for 5 ps (5000 site resulted in two side products: Octalactam macro-
steps) we cooled down to room temperature over a cycle14 (32% yield) and catenarib (1% yield)[11].
time interval of another 5 ps. Then the simulation was These two species can easily and reliably be distin-
stopped and the resulting geometry optimized. This guished by*H-NMR spectroscopy, because the chemi-
procedure was repeated for total a time interval of cal shift of the biquinoline 3/3rotons is very sensitive
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Fig. 1. Nanospray mass spectrum of a3 solution of catenan& in methanol with ca. 1% formic acid added.

Scheme 2.



378 C.A. Schalley et al./International Journal of Mass Spectrometry 228 (2003) 373-388

14+(H"), | 14ep*eNat [0V 14+ (H*),
m/z 1140 | m/z 1151 _ m/z 1140
NH, o 14+Nat
—H2 m/z 2302
14+(Na*t -Hy0 _
(Na“)p 2 iz 10795  —H20 |
m/z 1162 / +
14+H
o l N m/z 2280
\ 1080 1100 1120 1140 \
ll |
15,5+ (Na™)
15« (Nat 2 3
S+ (Na') 1552(H")3 | m/z 1542 T +
m/z 1162 vtz 1520 2 155+ (Na*),
\ A\ /m/Z 4560 m/z 2302
+
15,0 (HY), 152/ (225)9% /
m/z 1140\ me \
gt ey it
4500 4570
1000 1200 1400 1600 1800 2000 2200 m/z

Fig. 2. Nanospray mass spectra of 8@ solutions of octalactam macrocyclé (top) and catenan&5 (bottom) in methanol. The signals

in the bottom spectrum which are not labeled correspond to complexes ionized by mixtures of protons and sodium ions and appear equally
spaced within each group at mass differenceq\ef = 5.5, 7.3, and 11.0amu (from left to right) as expected for quadruply, triply, and
doubly charged dimera5,, respectively. The inset in the bottom spectrum shows the signal for the proton-bridgedigimert. The

top inset shows part of the MS/MS spectrum of doubly protonat#i™), after collisions with argon at an acceleration voltage of 50 V.

to the conformation of the biquinoline unit. Conse- by isotope pattern analysis as well as the spacing be-
quently, two topologically different species with the tween the signals. Consequently, the catenane differs
same elemental composition could directly be com- from the octalactam macrocycle in that it almost exclu-
pared by mass spectrometry. Macrocycl8sand 14 sively forms dimeric iond5;(H™),,(Na"), (i.e., these
yield mass spectra analogous to those ahd11, re- ions built from two complete catenanes thus contain-
spectively. As an example, the spectrum obtained with ing a total of four of the smaller tetralactam macrocy-
14 is shown inFig. 2 (upper panel). Rather prominent cles) upon nanospray ionizatiom (= 0—-4,n = 0-4
signals for doubly charged ions are observed around with m +n = 2—4). No singly charged iot5eH™ is

m/z 1150 Fig. 2) accompanied by the protonated and found within the isotope pattern df5,(H™),. Also,
sodiated monocations a¥'z 2280 (l4eH™) and 2302 the intensities of the signals for the proton or sodium
(14eNat). However, to our surprise the corresponding bridged dimersl5,eH+ and 15,eNa’™ hardly exceed
catenanel5 behaved quite differently. Three sets of the signal to noise ratio (bottom insethig. 2).

signals are foundHg. 2, bottom) centered around/z This strong tendency of the catenane to form
1150 (5 signals)y/z 1530 (4 signals) andvz 2290 (3 dimeric species can be understood, if one assumes
signals). In all of these clusters, the signals are evenly protonation at the biquinoline moieties. While the
spaced indicating that they correspond to quadruply, octalactam macrocycle according to modeling is ca-
triply, and doubly charged dimers of the catenane pable of bridging both biquinoline sites by a proton
ionized either by protons, sodium ions or all possible intramolecularly, the catenane cannot. Thus, double
combinations of these. The charge states are confirmedprotonation occurs making the formation of dimers
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possible by a twofold proton bridge between the two 3.2. Tandem-MS experiments

monomers. This explanation is also in line with the

low intensity of the signal fofl5,eH™, where the sec- As the next step, the fragmentation behavior was
ond proton is missing and only one proton bridge can examined by MS/MS experimentsi€. 3). Let us start

be formed. For the corresponding Cu(l) complexes with a discussion of the collision-induced fragmenta-
very similar results have been fouritil]. Although tions of protonated macrocycleH* (m/z905), which

15 is a special case, since the biquinoline units are was studied at different acceleration voltages, i.e.,
needed for this effect, it is a remarkable difference different average collision energies. At a low voltage
in behavior which is only caused by the topology of of 30V, a single fragment is observed which corre-
the molecules, which otherwise have the same build- sponds to the loss of a water molecut@Z887). With

ing blocks, the same elemental composition, and—at increasing collision energies, this fragment appears

least roughly—the same size. with rapidly growing abundances, while the intensity
. 2.H* 12.H*
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m/z 887
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Fig. 3. MS/MS spectra (from top to bottom) of tetralactam macrocf¢ckatenan&, octalactam macrocyclil, and the trefoil knotl2. All
sample solutions were %M in methanol/dichloromethane mixtures. Each spectrum is labeled with the acceleration voltage and printed
on the same scale in order to facilitate comparison. Fand 7, several spectra are shown which were recorded at different collision
energies, but otherwise identical experimental conditions. Clearly, at higher collision energies, a series of fragmentations occurs whi
are indicated with letters according ficheme 3 Asterisks indicate water losses from the next larger species. The inset in the MS/MS
spectrum of11 depicts fragmentations occurring at acceleration voltages of 100V which proceed in close analogy to #s€. of
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of the signal corresponding to the parent ion decreasesties between the different subunits from which the
significantly and almost completely vanishes at volt- macrocycle is built. Interestingly, some of these de-
ages around 60 V. Several other fragmentations occurcomposition reactions involve the cleavage of one of
and appear in the spectra with much lower intensi- the C—C bonds at the spiro centers (pathways A, B, E,
ties. These fragmentations can be summed up into sixand F). This bond might be favored over other possi-
categories (A)—(F) as indicated fig. 3. All these bilities due to the intermediate formation of benzylic
fragments can be assigned to two subsequent bondradicals (or cations).

cleavages within the macrocycle and loss of the neu- Two experiments were performed in order to
tral fragment and as we will discuss below, there is ev- gather somewhat more detailed information on these
idence that the first step is cleavage of the protonated fragmentations. When an unsymmetrical macrocy-
amide bond$cheme B Since itis not straightforward  cle such as thé-butyl substituted tetralactam wheel
to determine from these spectra whether the decompo-4 is subjected to the same experiments, all signals
sition processes are all direct or consecutive processesthat retain only one of the isophthalic acid building
they are shown irscheme Zasformal fragments that  blocks are expected to split into two signals with a
would require a minimal amount of rearrangement. mass difference oiA\m = 56. All fragments which
Basically, these fragments confirm the connectivi- do not lose this subunit should appear at positions

/
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Fig. 4. Comparison of collision-induced decompositions of tetralactam wi2eaitsd 4 at an acceleration voltage of 50V. Fragments are
indicated as given irFig. 3. Note that4 is unsymmetrically substituted with @butyl group. This doubles the signals for fragments in
which only one of the isophthalic acid building blocks is retained (arrows).

shifted to higher masses by the same distance. Fi-a complete exchange (>96%) of the amide protons

nally, all ions which have lost both isophthalic acid
units should remain at the position where they also
appear in the spectrum @f This is indeed observed
(Fig. 4 and the findings are in agreement with the
fragmentations postulated ficheme 3 The second
experiment aimed at distinguishing the origin of hy-
drogen atoms involved in the water loss (and also
in the other decomposition reactions). Macrocysle

against deuterium. Upon nanospray ionization from
a deuterated methanol solutiofdseD™ (m/z 966)
was formed and used for the same series of collision
experiments Fig. 5. As expected, the loss of JD
(Am = 20amu) is predominant in the 30V MS/MS
spectrum. A plausible mechanism, how® could

be formed from4-dseD™ is shown inScheme 4At
higher collision energies, however, the isotopic peak

was stirred in deuterated methanol/dichloromethane at m/z 947 corresponding to the loss of HDO in-

9:1 for 2 days.'H-NMR spectroscopy confirmed

m/z 966

.~©\/E%

Scheme 4.
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creases relative to that atz 946 which is due to the
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Fig. 5. Water loss region of the MS/MS mass spectradaf;
(macrocyclet with all amide protons exchanged against deuterium)
at different collision energies. The isotope pattern of the signal for
the D,O/HDO loss from4-dseH™ changes with increasing colli-
sion energy towards increasing contributions of HDO expulsion,
and thus indicates a partial H/D scrambling. The inset shows the
isotope pattern calculated on the basis of natural abundances.

expulsion of BO. Since similar effects are observed
for the other fragments, we attribute this finding to

energy demanding than the expulsion of Nev-
ertheless, it unfortunately limits the amount of infor-
mation which can be obtained from the deuteration
experiment.

Before discussing the fragmentation pattern of the
other macrocycles and catenanes, it should be noted
that all fragments formed as indicatedSnheme are
accompanied by consecutive water losses (asterisks in
Fig. 3. In the MS/MS spectra of-dseD T, they all ap-
pear at distances afm = 19 amu relative to the next
higher signal. This indicates that only the first water
loss corresponds to 4D, while all subsequent water
expulsions are due to the liberation of HDO. This also
applies to the second water loss observed in the 50V
MS/MS spectrum o#i-dseD* (Fig. 5, bottom). Since
no consecutive PO losses are observed, it can be con-
cluded that all water losses except the first one involve
a C—H hydrogen atom. Again, due to the benzylic po-
sition, we favor the methyl C—H atoms as the source
for them. For the time being, we however, cannot give
final evidence for this assumption.

Following this detailed discussion of the fragmen-
tation processes of the tetralactam macrocy2laad
4, we can discuss the fragmentation behavior of the
other species more rapidly. Catendhend octalactam
macrocyclell differ from each other in two signifi-
cant respects. WhiltleH™ (m/z1812) predominantly
loses a water molecule in close analogysti™, the
protonated catenane yields only a very minor signal for
such a reaction. Instead, a stronger signal is observed
at myz 905 which corresponds t@eH™ or rather its
open-chain analogue. This fragment can easily be ex-
plained by a ring cleavage reaction within one of the
two macrocycles, which is then followed by deslip-
ping of the second macrocycle finally leaving the
complex. At higher collision energies, this fragment
undergoes the same fragmentations that were observed
from macrocycle2eH*. As mentioned above, this is
in line with the assumption th&sH™ also undergoes

a partial intramolecular exchange between the amide ring cleavage at one of the amide bonds, and thus gen-
N-D deuterons and the methyl C—H hydrogen atoms erates a structurally equivalent cation. These results

which experience some activation due to the benzylic

then indicate that ring opening reactions are quite

positions. This process becomes more prominent atfacile and likely compete with the water loss. The

higher collision energies, and thus is likely more

second difference between catenane and octalactam
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macrocycle is the absence of fragments betwaén fragment, i.e., a type (A) fragmentation according to
905 and 1790 in the catenane spectrum even at higherthe classification irscheme 3It should be noted that
collision energies. The octalactam macrocycle reveals lower acceleration voltages are needed for the frag-
fragments in this region similar to those observed mentation of doubly as compared to singly charged
for the tetralactam macrocycle® and 4 (inset in species, because the kinetic energy of the ions is
Fig. 3. Briefly, this means that the catenane under- proportional not only to the acceleration voltage, but
goes deslipping of one of the two wheels, while other also to the number of charges. Consequently, doubly
fragmentations would require higher energies, and protonated macrocyclé4eH™ confirms exactly the
thus do not occur. MacrocyclEleH™, instead, forms  findings for singly charged particles.
fragments throughout the whole mass range between
m/z 200 and 1800, because there is no such low en- 3.3. Ion mobility experiments
ergy pathway when after the ring opening step all
parts of the molecule are still covalently connected.  Fig. 6ashows as an example the arrival time dis-
Finally, it should be noted that the trefoil knot is a tribution of protonated catenar@H™, with a molar
monocyclic macrocycle, although it is mechanically weight of 1923.5amu. This mass/charge ratio was
intertwined. Consequently, it behaves in exact anal- selected in the TOF and injected into the drift cell,
ogy to the other macrocycles and reveals a water lossthe quadrupole mass filter after the cell has been set
upon collisional activation in an MS/MS experiment. to RF-only mode, i.e., it acts as a high pass filter. The
The acceleration voltages with which the ions en-
ter the collision cell of course do not correspond to

exact collision energies. However, on average the s

collision energy is higher at higher voltages. Itis not 3 801

unexpected that catenaeH™ and the octalactam 3 60

macrocyclelleH* fragment at somewhat higher col- g 40 8. oH*
lision energies than the small macrocy2kH™. This = 0] 21
can be explained by invoking the different molecule

sizes, which allow to store more vibrational energy 0 0 1 ) 3 4 s
within the larger molecules before the threshold for (5 Drift time (ms)
fragmentation is reached. It is however in support of

the analysis given above thateH™ fragments only 10 - N

to a minor extent at a voltage of 80V, while the par- Qsjg:s A2

ent ion of catenand is already almost completely
destroyed at the same collision energy.

As a last remark, let us comment on doubly proto-
nated species. Octalactam macrocybéH™), (m/z £ 47 Mz
1140) may serve as an example. According to the 2 ] Q=654 A%
results presented so far, one would expect that frag-
ments are formed indicative of the octalactam wheel
structure. The top inset ifig. 2 confirms this ex-
pectation: At an acceleration voltage of 50V, two

consecutive water losses are observed and signals forFig. 6. (a) Drift time distribution of catenargat a helium buffer

other fragments are found in the spectrum. Clearly gas pressure of 7.69mbar, a temperature of 299K, and a drift
. . . . . voltage of 296 V. (b) Maxima of the drift time distributions vs.
visible, a dOUbly charged on Is generated which ratio of helium pressure and applied drift voltage. The slopes of

corresponds to the loss of a neutral dimethylaniline the plots are directly proportional to the collision cross-sections.

8eH* ,
Q=397A

Drift time [ms]

o

0.02 0.03 0.04 0.05 0.06 0.07
(b) p/V [mbar/Volt]
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arrival time distribution showed three different peaks, cross-sections between 225 and 249depending on
the first one corresponding to the doubly charged substitution. The catenangsH™, 8eH™, and10eH™
dimeric ion82(H™)2, the second to the singly charged had experimental cross-sections between 371 and
catenan@eH* and the third peak to the singly charged 397 A2, in agreement with theory. The monocyclic
dimer which was formed upon injection into the drift macrocyclelleH™ represents essentially an isomer
cell. This could be confirmed by a control experiment: of the catenan&eH™* (only two benzene rings are
By setting the quadrupole mass filter to high resolu- replaced by pyridine rings). SincéleH™ is topo-
tion, the third peak disappears since it corresponds logically much less constrained we expected it to
to twice the mass of catena®e By variation of the have a more open structure, and thus a significantly
voltage across the cell (while keeping the helium larger cross-section than the catenafsd™. Sur-
pressure and temperature constant) and measuringprisingly, the experimental cross-section tfeH™
the maxima of arrival time distribution as a function (362 A2) agreed within the experimental errors with
of the voltage/pressure ratio we obtain a straight line the cross-section offeHt (371 A2). This finding
(seeFig. 6b. From the slope of this line we can was essentially confirmed by the molecular dynamics
directly obtain the collision cross-section, {24]. simulations: By averaging over 100 conformers we
Analogously, the cross-sections for the protonated obtained theoretical cross-sections of 364(&eH)
macrocycles2—-12 as given inTable 1were deter- and 381K (11eHt), respectively—the monocyclic
mined. The experimental errors are in the order of structure has a slightly larger cross-section, but the
3%. These cross-sections can be compared with thedifference is small. This difference basically van-
theoretical values obtained by averaging over 100 ishes when averaging over the cross-sections of
conformers from a molecular dynamics simulation only the 20 energetically most favored structures:
(see above). With this method the theoretical cross-section of
As can be seen frorffable 1 the agreement be- (7eH™) remains essentially unchanged (363 Athe
tween theoretical and experimental values is usually cross-section ofi(leH ™), however, drops to 3634
better than 3%, i.e., these structures could be con-which is now in almost perfect agreement with the
firmed by the ion mobility measurement. For the experimental value of 3624
1leH™ the difference is 5%, i.e., at the confidence = The finding that the low energy structures of
limit, but this is most likely due to unusually large monocyclic ring and catenane have almost identical
conformers sampled in the modeling (see below). The cross-sections can be rationalized by hydrogen bond

monomeric unit2eH*, 3eH™, 4eH™, and6eH™* had interactions that on one hand stabilize the monocyclic
Table 1
Comparison between experimental and theoretical collision cross-sections
Substance Formula Experimental collision cross-secticf) (A Theoretical collision cross-sectidifA?)
2 CooHeaN4Os—HT 225 231
3 CsoHgaN50s—H™ 227 230
4 CepaH72N4Os—HT 244 248
6 CeoHegN4Og—HT 249 245
7 Ci20H128NgOg—H* 371 364
8 C12gH144NgOg—H* 397 400
10 C124H136NgO10—HT 391 385
11 Ci1gH126N100g—H" 362 381
12 C177H180N1501-H* 497 499 (54]5

a Averaged values from projection approximation and exact hard spheres scattering model.

b Cross-section calculated for the untwisted ring—this structure can be clearly ruled out on the basis of the experimental cross-section.
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ring but on the other hand lead to fairly compact amide bonds int@is-amides is required. Since sec-
structures; high energy structures on the other hand ondary amides usually prefer thmans-conformation,
have significantly larger cross-sections. it must be assumed that the energy liberated on
This is clearly visible inFig. 7 which depicts the  self-solvation exceeds that necessary for the confor-
minimal-energy conformations of octalactam macro- mational change of the amide bonds. For the catenane,
cycle 11 (top) and of thet-butyl substituted catenane hydrogen bonding also plays a role for connecting the
8in its protonated forms. The macrocycle forms a sig- two macrocycles. The two amide protons of one of the
nificantly self-solvated structure which is stabilized by isophthalic acid amide building blocks form a forked
intramolecular hydrogen bonding between the outer hydrogen bond to one of the carbonyl groups of the
loop and the second half that is folded in. In order to other macrocycle. For both species, the space filling
realize such a structure, the conversion of some of the representation shows the formation of quite densely

Fig. 7. Top: minimal energy conformation of octalactam macrocyldeas stick (left, top view) and space filling (right, side view)
representations. Bottont:butyl substituted catenare The stick representations show part of the hydrogen bonding patterns, the space
filling models show the tight packing of both molecules. Note that the molecular dynamics calculation results in the formation of severa
secondarycis-amides which facilitate self-solvation in the gas phase.
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packed, globular-shaped entities, and thus nicely ra- spectrum allow a much more unequivocal distinction.
tionalizes why the octalactam macrocycle behaves It should be noted, however, that ion mobility instru-
similar to the catenane in the ion mobility experi- ments with higher resolving power exj{&l] and that
ments. As a consequence, the ion mobility method it might be possible to distinguish between catenanes
is only of limited use for the distinction between the and monocyclic rings with these instruments.
catenanes and the corresponding monocyclic rings— Our experimental cross-section for the trefoil knot
the different fragmentation patterns in the MS/MS 12eH™ is 497 2, in almost perfect agreement with

Fig. 8. Minimal-energy conformation of the trefoil knd®2. For clarity, all carbon-centered hydrogen atoms have been omitted. Arrows
indicate the three loops of the knot from back to front. Bottom: schematic drawing and preferred conformations of the isophthalic acid
amide and pyridine carboxylic acid amide building blocks. The latter is stabilized by intramolecular hydrogen bonding.
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the prediction from the molecular dynamics simula- with easy to perform ESI-MS/MS experiments and
tion (499 A2). We also calculated the cross-section for collisional activation—provides a simple procedure
the untwisted ring (again 100 conformers averaged) for the synthetic supramolecular chemist. With this
and obtained a value of 54PAThis is almost 10%  method, it becomes possible to tell apart catenanes
above the experimental cross-section, and therefore,and macrocycles, but of course, it is a much greater
this untwisted ring structure can be clearly ruled out. challenge to distinguish two different topologies
In this case, the ion mobility method is superior of the of monomacrocyclic compounds, i.e., a knot and a
MS/MS method since knots and untwisted monocyclic non-intertwined macrocycle. This should however be
rings are expected to produce the same fragmenta-possible by ion mobility experiments which according
tion patterns. Unfortunately, all attempts to synthesize to our molecular dynamics results should be different.
the non-intertwined macrocyclic analogue to the knot This approach requires somewhat more sophisticated
failed so far and we are unable to test the fragmentation methodology, but still seems rather straightforward
pattern of this molecule by experiment. It seems never- as compared to other methods. Unambiguous char-
theless reasonable to extend the fragmentation patternsacterization of knotted macrocycles so far has been
found for the other macrocycles to the non-intertwined achieved by CD spectroscopy, which relies on a
macrocycle and consequently, the differences of its non-routine separation of the two enantiomers of the
fragmentation pattern should be minor when compared knot, and on X-ray crystallography which requires
to that of the knot. Here, the ion mobility method can that suitable single crystals can be providedO].
indeed provide more detailed insight.

The minimal-energy conformation of the proto-
nated knot is shown iRig. 8 As for 11, protonation at
one of the pyridine nitrogen atoms is more favorable
as compared to the protonation of an amide carbonyl
group. While the isophthalic acid amide subunits ex-
ist in different (in/out)-conformations as indicated in
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4. Conclusions

The present study makes a distinction of different
topologies of macrocyclic compounds possible and—
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