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Abstract: Three binary pseudorotaxanes, which are based on two different secondary ammonium/crown
ether binding motifs, have been studied by *H NMR and H,'H EXSY NMR experiments with respect to
their thermodynamic stabilities and their axle exchange kinetics. The stability ranking does not follow the
order of axle exchange rates, and the thermodynamically most stable axle—wheel combinations assemble
only slowly. On the basis of these binding motifs, a series of self-sorting systems have been studied ranging
from simple four-component mixtures through sequence-specific pseudorotaxanes to multiply threaded
complexes. Because of the mismatch of kinetic and thermodynamic order, wrongly assembled structures
are unavoidable, which require error-correction steps to yield the final thermodynamically controlled self-
sorted products. These error-correction steps can easily be monitored by electrospray mass spectrometry,
when a mixed-flow microreactor is coupled to the ion source to cover second time scales. Self-assembly
intermediates, wrongly assembled structures, and the final thermodynamic products can be simultaneously
identified. The determination of preferred assembly pathways as well as the formation of dead-end structures

provides a clear picture of a rich kinetic behavior of the self-sorting systems under study.

Introduction

Self-assembly® has attracted great attention in the last two
decades due to its vital importance in biological systems and
its application in a “bottom-up” approach for the construction
of nano- and soft materials” or molecular machines and devices.?
The maturity of this field has been marked by the successful
constructions of many spectacular supramolecular aggregates
with increasing complexity, such as cyclic rosettes,* self-
assembled capsules,® metallo-supramolecular polygons and
polyhedrons,® trefoil knots,” and Borromean rings.® In particular,
multicomponent self-assembly is highly efficient for achieving
giant supramolecular architectures by incorporating many small
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building blocks through noncovalent interactions. The repetitive
use of the same building blocks has the advantage that the
instructions written to the molecules are very simple, and thus
their synthesis is often quite easy to accomplish. However, the
price is that the resulting supramolecular aggregates are often
functionally limited by their highly symmetrical structures.
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Recently, molecular networks® composed of many different
molecules have been introduced to increase the complexity™®
of chemical systems and further to achieve more complex
function. Among them, self-sorting systems!™'? are more
organized because they select only one or a few complexes out
of a larger number of potentially possible assemblies. Neverthe-
less, simple self-sorting systems will still lead to mixtures of
several discrete assemblies. In contrast, the integrative self-
sorting systems,'> which combine the advantages of self-
assembly and self-sorting, integrate all distinct components into
one well-defined assembly with precise positional control. This
strategy enhances the structural complexity and diversity of
synthetic supramolecular architectures and thus lays the struc-
tural basis for the implementation of complex function in future
assemblies.

Electrospray mass spectrometry (ESI-MS)*2 is able to detect
many different species simultaneously and thus provides at least
qualitative information on complex mixtures. It has, for example,
been applied to the investigation of complex chemical systems,
such as the formation dynamics of inorganic clusters.** This
soft ionization method has also been widely applied to the
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characterization of supramolecules.*®>*® Although the kinetics
of many binary supramolecular systems have been well stud-
ied,'” the studies on multicomponent systems®° are relatively
rare. In multicomponent systems, many species, including the
free components, reaction intermediates, wrongly assembled
structures, and the desired final thermodynamic assemblies,
coexist in varying concentrations until equilibrium is reached.
ESI-MS is capable of resolving such complex mixtures and of
monitoring the dynamic processes of complex supramolecular
systems.® Thus, it could facilitate the discovery of self-assembly
intermediates and dead-end structures, which need to reassemble
into the correct structures. In addition, by coupling to a mixed-
flow microreactor, the time window detectable by ESI-MS can
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Scheme 1. Top, Chemical Structures of Wheel and Axle Components From Which the Pseudorotaxanes Presented Here Are Assembled;
Bottom, The Self-Assembling/Self-Sorting Pseudorotaxanes under Study?
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be extended down to even a second or less. Such a microreactor
technique has been applied to the identification of reaction
intermediates aiming at understanding the mechanistic details
of organic reactions® and to the formation processes during
the nucleation of inorganic clusters.**

In this contribution, ESI-MS and the mixed-flow microreactor
are for the first time applied to the investigation of self-sorting
pseudorotaxanes. Scheme 1 shows their structures and the
corresponding individual components, which have been char-
acterized previously.*® Assembly intermediates as well as

(19) (a) Claessens, C. G.; Vicente-Arana, M. J.; Torres, T. Chem. Commun.
2008, 6378-6380. (b) Abrecht, M.; Mirtschin, S.; de Groot, M.; Janser,
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Chem,, Int. Ed. 1998, 37, 3265—3268. (f) Albrecht, M.; Dehn, S.;
Frohlich, R. Angew. Chem. 2006, 118, 2858-2860; Angew. Chem.,,
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Figure 1. *H NMR spectra (500 MHz, 298 K, CDCI3:CD;CN = 2:1, 10.0
mM) of equimolar mixtures of (a) 2-H-PFg and C8; (b) 1-H-PFs and C8;
and (c) 2-H-PFg and C7 (shown from top to bottom in the order of
decreasing exchange rates). Complexed and uncomplexed species are
denoted by “c” and “uc” in the parentheses, respectively. Asterisk = solvent.

wrongly assembled structures carrying positive charges could
be unambiguously detected by ESI-MS. The information
obtained from a simple four-component self-sorting system
provides the basis for understanding the formation Kkinetics of
more complex assemblies.

Results and Discussion

Simple Pseudorotaxanes from Combinations of 1-H-PF,
2-H+PFs, C7, and C8. Four binary combinations of the two axles
1-H+PFg and 2-H-+PFg and the two crown ethers C7 and C8
are in principle possible. One of these, that is, the combination
of 1-H+PFg and C7, is known not to form a pseudorotaxane,®*
because the axle phenyl group is too large to slip through the
smaller crown. Consequently, binding constants and the ther-
modynamic stability can only be determined for the other three
combinations. From earlier literature studies, binding constants
in acetone are already available. At 298 K, they are 615 4 36
M~ (AG = —15.9 kJ/mol) for 7-H-PF;,?* 496 + 18 M~ (AG
= —15.4 ki/mol) for 8-H+PF¢,*?® and 155 &+ 8 M~! (AG =
—12.5 kd/mol) for 9-H+PFs.2* We also determined the binding
constants at 298 K in significantly less polar CDCl;:CD3CN =
2:1, which we used for the NMR experiments reported below.
They are 14500 £ 1100 M™! (AG = —23.7 kJ/mol) for
7-H-PFg, 5500 4= 300 M~ (AG = —21.3 kJ/mol) for 8-H-PFg,
and 1030 + 30 M1 (AG = —17.2 kJ/mol) for 9-H-PFs. Thus,
the absolute binding constant values increase as expected with
lower solvent polarity, but the thermodynamic ranking of the
three pseudorotaxanes is 7-H-PFg > 8-H-PFs > 9-H-PF; in
both solvents.

Figure 1 shows the NMR spectra of equimolar mixtures of
2-H-PFg and C8 (Figure 1a), 1-H+PFs and C8 (Figure 1b), and
2-H-PFs and C7 (Figure 1c) in a 2:1 mixture of chloroform
and acetonitrile. These NMR samples thus contain the pseu-
dorotaxanes 9-H-PFg, 8-H-PFg, and 7-H-PFg, respectively.
From a comparison with the spectra of uncomplexed compo-
nents, a straightforward assignment of signals for the complexed

(21) Zhang, C.-J.; Li, S.-J.; Zhang, J.-Q.; Zhu, K.-L.; Li, N.; Huang, F.-H.
Org. Lett. 2007, 9, 5553-5556.
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and uncomplexed axles can be achieved. A comparison of the
three spectra shows the signals for the complexed and the
uncomplexed axle in Figure la to appear separately, but to be
significantly broadened. This suggests the axle exchange at room
temperature to be still slow on the *H NMR time scale at 500
MHz, but to already approach the point at which peak
coalescence would be observed. This observation is in agreement
with a report by Busch et al.?? that similar axles containing alky!
chains shorter than five methylene groups undergo fast exchange
in benzo-24-crown-8, while those having more than five
methylene groups exchange only slowly (at 298 K, 400 MHz
and in acetone-dg). In contrast, the NMR spectra in Figure 1b,c
showed sharp signals, indicating that the axle exchange rates
in 7-H-PFg and 8-H-PFg are significantly lower than those for
9-H-PFs.

Because these axle exchange reactions will unavoidably
occur, when error-correction is to be achieved in a related self-
sorting system, it is important to examine the pseudorotaxanes’
axle exchange behavior in more detail. *H,'H EXSY NMR
experiments have been performed for the three axle/crown pairs.
In each experiment, a 2:1 ratio of axle and crown was used to
provide an approximate 1:1 signal ratio for the free and
complexed axles. The axle exchange rate constant for 9-H-PFg
was determined to be 12 st at 14 °C corresponding to a half-
life of ca. 85 ms. More than 90% of the axles are thus exchanged
within 300 ms. In marked contrast, only a very minor amount
of axle exchange was observed for 8-H-PFg after a 600 ms delay
and no exchange at all for 7-H-PFg under the same conditions.
Therefore, the latter two solutions were heated to 50 °C to make
the axle exchange reactions more easily detectable by EXSY
NMR experiments. After an 800 ms delay, ca. 10% exchange
was observed for 8-H-PFg (corresponding to a half-life at 50
°C of ca. 5.2 s),%% and again no exchange occurred for 7-H« PFe.
These results clearly show the order of exchange rates of the
three pseudorotaxanes to be 9-H-PFg > 8-H+PFs > 7-H-PFs.

Two aspects make self-sorting systems interesting that are
based on the above binding motifs: (i) The exchange rates of
the three pseudorotaxanes are distinctly different. Consequently,
error-correction steps involving different binding motifs can be
expected to occur on sufficiently different time scales to provide
a rich and interesting Kinetic behavior worth studying. (ii) In
the case of the present pseudorotaxanes, the kinetic ranking
differs from the thermodynamic stability order. The most stable
pseudorotaxane 7-H-PFg forms at the lowest rate, and the least
stable complex 9-H-PFg is the fastest one to appear. In this
situation, errors are to be expected to occur during the self-
assembly/self-sorting process. Consequently, it should be pos-
sible to detect significant amounts of wrongly assembled
complexes and to follow the subsequent error-correction steps,
if the experimental methods operate on suitable time scales.

ESI-FTICR Mass Spectrometry as a Tool To Study
Self-Sorting Processes. The two binding motifs on which the
assemblies in Scheme 1 are based are quite similar. In a mixture

(22) Clifford, T.; Abushamleh, A.; Busch, D. H. Proc. Natl. Acad. ci.
U.SA. 2002, 99, 4830-4836.

(23) It should be briefly noted that chloroform:acetonitrile 2:1 was used
for the NMR experiments because of solubility reasons. For the mass
spectrometric experiments, which are performed at a significantly lower
building block concentration, dichloromethane:acetonitrile 8:1 could
be used. By using a more unpolar solvent, the self-sorting fidelity can
be increased, and a more clear-cut picture evolves from the experiment.
Consequently, the time scales might be somewhat different, but our
results clearly show that the relative order of rate constants remains
the same.
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containing the free building blocks, wrongly assembled com-
plexes, assembly intermediates, and the thermodynamic product
complexes, NMR experiments become difficult to interpret
because of a severe superposition of signals (one example is
shown in the Supporting Information, Figure S1). Therefore,
we decided to use electrospray Fourier-transform ion-cyclotron-
resonance (ESI-FTICR) mass spectrometry. Because of the high
resolution, signal assignment is straightforward from the isotope
patterns and the exact masses, even in cases where different
species overlap. The high sensitivity of modern mass spectrom-
eters also permits the detection of some low-concentration
intermediates.

Three potential sources for errors or misinterpretations of
mass spectrometric experiments should be briefly discussed: (i)
lonization artifacts may occur. ESI MS often produces so-called
unspecific aggregates. In the case of the pseudorotaxanes under
study, such an unspecific aggregate might be a nonthreaded,
side-on complex of a crown ether and an axle that just forms
during ionization, but is absent in solution. However, we
recently*?2* used ESI-MS to characterize the pseudorotaxanes
through their gas-phase fragmentation reactions. No significant
contributions originating from unspecific aggregation have been
observed. Neither contain the spectra presented here any
indication of larger amounts of such aggregates (see below).
(if) Noncovalent complexes may dissociate during ionization,
even when a soft ionization method such as ESI is used. The
ionization conditions of all experiments discussed here have
been optimized to minimize or even completely avoid such
fragmentation reactions in the ion source. This was tested with
the final equilibrium mixtures of the pseudorotaxanes in Scheme
1, which only showed signals for the expected assemblies, thus
ruling out prominent fragmentation reactions during ionization
(see below). (iii) The peak intensities in mass spectra do not
necessarily reflect the solution concentrations.?® In the spectra
discussed below, only very minor signals are seen for uncom-
plexed crown ethers, because they are neutral, and low
concentration background ions such as H*, NH,*, Na*, and K*
are needed to generate detectable ions. Also, the free axles are
hardly visible, because they form quite strong ion pairs® in the
rather unpolar spray solvent chosen (CH,Cl,:CH;CN = 8:1).%
The pseudorotaxanes, however, are easy to ionize by stripping
off a counterion, which has already been halfway displaced from
the vicinity of the positive charge by the complexed crown ether.
Consequently, we only discuss changes in the intensities of
pseudorotaxane ions. Changes in their relative intensities over
time provide at least semiquantitative information on the changes
occurring in solution.

A second point is how MS experiments can be performed
on shorter time scales. In this study, slow processes occurring
on a time scale longer than 2 min were monitored by simply
taking mass spectra at different reaction times after mixing the
corresponding building blocks in a vial. Fast processes on time
scales shorter than 2 min were instead monitored by coupling
a mixed-flow microreactor**2° to the ESI ion source (Figure
2). Two reactant solutions (both CH,Cl,:CH3;CN = 8:1, 500
uM reactant concentration) in two separate identical syringes

(24) Jiang, W.; Schalley, C. A. Anal. Chem., submitted for publication.

(25) Leize, E.; Jaffrezic, A.; Van Dorsselaer, A. J. Mass Spectrom. 1996,
31, 537-544.

(26) (a) Jones, J. W.; Gibson, H. W. J. Am. Chem. Soc. 2003, 125, 7001-
7004. (b) Huang, F.-H.; Jones, J. W.; Slebodnick, C.; Gibson, H. W.
J. Am. Chem. Soc. 2003, 125, 14458-14464. (c) Gasa, T. B.; Spruell,
J. M.; Dichtel, W. R.; Sorensen, T. J.; Philp, D.; Stoddart, J. F.;
Kuzmic, P. Chem.-Eur. J. 2009, 15, 106-116.

micro-reactor

from syringe 1

from syringe 2

laminar flow tube of
variable length and —_

variable diameter reaction
mixture

to ESl ion source

Figure 2. The ESI-MS-coupled mixed-flow microreactor for studying short-
time Kkinetics. Two reactant solutions are mixed in the microreactor. The
reactions proceed during the time needed for the transport of the mixed
solution to the tip of the ESI capillary.

are pumped with the same flow rate through two identical
capillaries into the microreactor where they are thoroughly
mixed. The resulting mixture (250 «M in each component) is
introduced into the ESI ion source. The length and diameter of
the capillary connecting the microreactor with the ESI ion source
and the flow rate determine the reaction time. Through varying
these parameters, reaction kinetics can be measured down to
reaction intervals of about one-half a second.

A Four-Component Self-Sorting System. After mixing the
two axles 1-H-PFg and 2-H-PFg (combined in syringe 1 for
the microreactor experiments) with the two crown ethers C7
and C8 (combined in syringe 2), the two pseudorotaxanes
containing C8, that is, 8-H-PFs and 9-H-PFs, are already
detected after a reaction time of 22 s as the two major ions
[8-H]™ at m/z 746 and [9-H]™ at mVz 642 (Figure 3a). In line
with the EXSY NMR experiments discussed above, these two
complexes thus assemble quickly. At longer reaction times,
[7-H]™ begins to appear at m/z550. Even after 40 min reaction
time, significant amounts of wrongly assembled 9-H-PFg are
visible, which almost completely vanish within 15 h. The mass
spectra thus are in agreement with the NMR results and show
the quick equilibration of 8-H-PFs and 9-H-PFg, which are
interdependent because the two axles compete for the same C8
crown ether. The latter pseudorotaxane is finally consumed in
a slow error-correction step to yield the two thermodynamically
favored self-sorting products 7-H+PFs and 8-H+PFs.

Sequence-Specific Pseudorotaxanes: A Streamlined For-
mation Pathway. Sequence-specific assemblies are generally
interesting because they store information. Pseudorotaxane 10-
2H - 2PF4 combines both binding sites in one axle and thus binds
both crown ethers in a specific sequence.'?® Because the
anthracene moiety is blocking any threading step, the threading
events must proceed in correct order to achieve the thermody-
namic product with the correct crown ether sequence. First, axle
3-2H-2PF¢ needs to thread into the cavity of C8. In a second
step, C8 needs to move from the hydroxypentyl ammonium
station (for simplicity from now on called the “green binding
site” according to the colors in the figures) of the axle to the
anthracenyl methyl ammonium part (the “blue binding site”).
Finally, C7 can slip onto the free green binding site. Otherwise,
C7 would block the way of C8 to reach the blue binding site.
The corresponding mass spectra are shown in Figure 4. The
formation of 10-2H-2PF; commences with the competition of
C7 and C8 for the green binding site in 3-2H+2PF¢. The barrier
for slipping C7 over the green binding site is, however, much
higher than that for C8. Consequently, pseudorotaxane 15-
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Figure 3. (a) ESI-FTICR mass spectra of an equimolar mixture of 1-H-PFg, 2-H-PFs (combined in syringe 1), C7, and C8 (combined in syringe 2)
recorded after different reaction times (295 K, CH,Cl,:CH3CN = 8:1, 250 «M). The very minor signal at m/z 654 for [14-H*] corresponds to an unspecific
side-on complex of 1-H-PFg and C7 and illustrates that they do not play a significant role. (b) Formation pathways of 7-H-PF¢ and 8-H-PFg as identified
from the spectra. The gray box indicates the starting point, here the four free components of the mixture. The gray structures represent a quickly formed
assembly error, which is corrected in the process of the reaction.
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Figure 4. (a) ESI-FTICR mass spectra of an equimolar mixture of C7, C8 (syringe 1), and 3-2H-2PF; (syringe 2) recorded after different reaction times
(295 K, CH,Cl:CH3CN = 8:1, 250 uM). (b) Formation pathways of 10-2H -2PF; as identified from the MS results. The gray structures represent dead ends
that require error-correction. Note that 16a-2H-2PF4 and 16b-2H-2PFs are isobaric and thus cannot be distinguished by their mass-to-charge ratio.

for [16-2H-PFs]™ at nvz 1008 and the very minor signal for
[15-2H-PF¢]*™ at m/z 915. In the second, somewhat slower C8
migration to the blue part of the axle, 16b-2H-2PF is generated.

2H+2PF¢ is formed only to a minor extent, while most of the
green part of the axle is occupied by Kinetically preferred C8
yielding 16a-2H-2PFs. This is indicated by the major signal
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Figure 5. (a) ESI-FTICR mass spectra of an equimolar mixture of C8 (syringe 1) and preformed 15-2H - 2PF (syringe 2) recorded after different reaction
times (295 K, CH,CI,:CH3;CN = 8:1, 250 uM). (b) The new starting point is indicated by the gray box. After slow dissociation of 15-2H+2PFg, the reaction

proceeds as shown in Figure 4.

Its presence in the mixture cannot be directly detected, because
it is merely a positional isomer of 16a-2H - 2PFg and thus appears
at the same m/z. However, the observation of [17-2H-PFg]"
indicates the C8 migration to occur already to some extent at
the early stages of the experiment. Two C8 crown ethers can
only bind to the axle, when the first C8 has already reached its
final position. The last step in which 16b-2H - 2PF is converted
to 10-2H-2PF¢ by threading of the green part of the axle through
C7 is again slow.

In the threading sequence, all steps occur with decreasing
rates. The first step is the fastest, while the final step is the
slowest. This results in an accumulation of the intermediate
complexes in each step. Consequently, the concentration of 16a-
2H-2PFg is high, making the subsequent reaction efficient.
Again, 16b-2H-2PFg accumulates before the last slow step
occurs, and its higher concentration will make the last step
efficient. In this sense, the ranking of threading rates is
streamlined to favor the productive pathway, while dead-end
structures either form only in minor amounts (such as 15-
2H-2PFg) or are in fast equilibria with the assembly intermedi-
ates (like 17-2H-2PFg) and thus do not hamper the subsequent
assembly step much.

As a control experiment, 15-2H-2PFs; was preformed by
mixing 3-2H-2PFgs and C7 in a 1:1 ratio (for a characterization
of 15-2H-2PF; by NMR and MS experiments, see Figures S2
and S3 in the Supporting Information). After equilibration of
this mixture for one day, C8 was added in an equimolar ratio,
and the conversion to 10-2H-2PF¢ was monitored over time.
Only when 15-2H-2PF¢ dissociates back into its components
is the error corrected. This step, however, is slow. In the mass
spectra (Figure 5), intense signals for 15-2H-2PF appear: [15-
H]t at m/z 769 and [15-2H-PF¢]™ at mvz 915. The free axle
formed during the slow dissociation of 15-2H-2PF finds a high
concentration of C8 competing with a low concentration of C7.
Consequently, [16-2H-PF¢]* and [17-2H-PFs]™ form in sig-
nificant amounts. The final step, threading of C7 onto the green
part of 16b-2H-2PF, is again slow.

If one compares, for example, the spectra in Figures 4 and 5
that were obtained after a reaction time of 60 min, it becomes
obvious that the error-correction is more time-consuming when
15-2H-2PFs and C8 are used as the starting point rather than
the free components. While we observe an approximate 1:2 ratio
of [16-2H-PF¢]™ and [10-2H-PF¢]* after 60 min in Figure 4,
the ratio of these ions is roughly 3:2 in the corresponding
spectrum in Figure 5. This difference is due to the repository
effect of 15-2H-2PFg. It liberates free axle and free C7 only
slowly, thus keeping the concentration of these components low
for the subsequent assembly steps that finally yield 10-2H - 2PF.

Pseudorotaxanes from Monotopic Axles and a Crown
Ether Heterodimer. In marked contrast to the sequence-specific
pseudorotaxanes, the formation of pseudorotaxane 11-2H-2PFg
from an equimolar mixture of axles 1-H-PFg and 2-H-PFg and
the crown ether heterodimer 4 does not require the threading
events to occur consecutively in a well-defined sequence. Figure
6 shows the results obtained for this system.

At very short reaction times of 0.6 s after mixing, 1-H-PFg
and 2-H-PFg with 4, only ions for pseudorotaxanes bearing just
one of the two axles appear: [18-H]* is observed at m/z 1156
and [19-H]" at m/z 1260. Because the threading of 2-H-PF;g
into the 21-crown-7 part of the crown heterodimer is certainly
slow, it is unlikely that 18b-H-:PFg is formed with high
concentration. Consequently, the by far major fraction of the
ions appearing at mvVz 1156 corresponds to [18a-H]" in which
2-H-PFg is threaded into the 24-crown-8 part of 4. Between
0.6 and 22 s reaction time, the relative intensities of [18-H]*
and [19-H]™ undergo an obvious change from an approximate
2:3 to a 3:2 ratio. This change is due to the fact that the thinner
axle 2-H-PFg slips into the 24-crown-8 within some tenths of
a second, while the threading of 1-H-PFg occurs within several
seconds. The competition between 1-H-PFq and 2-H-PFg for
the 24-crown-8 unit of 4 thus reaches equilibrium only within
about the first minute or so. This is also supported by the fact
that the intensity ratio of [18-H]™ and [19-H]" remains almost
constant for the next couple of minutes (cf., the spectrum

J. AM. CHEM. SOC. m VOL. 132, NO. 7, 2010 2315



ARTICLES Jiang et al.
(@) (b)
, oy e
action [@+H]"  miz 1156 [19-H] T
m/z 963 m/z 1260 zFe
06s PFg
Lao . "
: I 1-H+PF5
115 i O
Lia N . PF? Tf
E : ' 1 HN®
445 : 0~ )
I N (
[1“|-2HI2+ : H 2-H:PFg HO
2 wz' = j 1 mejor lmedi'um "
T T S T process s
: : oo
5 min p ' ; HNO
il I dal 1 slow . O {
: ] ] : minor process s
10 min . ! 19-H+PFg ) ) 2HPFg
I | 0
L e 1 slow sfow
30 min : 1 . SO0
— © XN o
E 5 0107 "Rofo2 -0
60 min : : |K9| , , O {_\_
i - ! 11a-2H-2PFg Xien‘ium med:uy 11b-2H+2PFg ol
2h i l : ) Cm
= 2 + 1 070 0 o
H \ N O o] 6] >
P g OBKQE‘:;%N)@& N
15h H H ~0_ et éj PF?
iy G
L s B A AR RS RRARE R R R |
400 600 800 1000 1200 m/z 18b-H-PFs  HO 1-H+PFg

Figure 6. (a) ESI-FTICR mass spectra of an equimolar mixture of 1-H-PFg and 2-H-PFs (syringe 1) with 4 (syringe 2) recorded after different reaction
times (295K, CH,Cl,:CH3;CN = 8:1, 250 uM). (b) Formation pathways of 11-2H-2PFs. The main productive pathways are shown in colors, while wrongly

assembled or minor structures appear in gray.

obtained after 5 min). After longer reaction times, the final
assembly product [11-2H]?" starts to appear at n/z 727. Both
ions [18-H]™ and [19-H]" vanish accordingly (also see the NMR
experiments depicted in Figure S1, Supporting Information).
Three control experiments confirm this interpretation. In the
first experiment (Figure 7a), 18b-H+PFg is preformed by letting
axle 2-H-PFg and the crown dimer 4 equilibrate for a day.
Because the binding constant of 2-H < PFg binding to C7 is higher
than that for binding of this axle in C8, 18b-H-PFg is the major
complex in solution (for MS and NMR data confirming this,
see Figures S4 and S5, Supporting Information). When the
second axle, 1-H-PFg, is added to this mixture, it quickly slips
into the 24-crown-8 part of 4 and generates the final product
11-2H-2PFs. Already after 22 s, more than 75% of the
conversion has taken place. When preformed 18b-H-PF; is
mixed with both axles in a 1:1:1 ratio (Figure 7b), the
21-crown-7 part of 4 is occupied, and the two axles compete
for the free 24-crown-8 binding site. At short reaction times
(1.1 s), two [3]pseudorotaxanes are observed: the final product
11-2H-2PFg and, with almost twice its intensity, 20-2H«2PFs,
the crown dimer 4, which carries two identical axles 2-H+PFg
(also see Figures S4 and S5). After 22 s, 11-2H-2PF; is already
the most prominent pseudorotaxane, and the wrongly assembled
structure 20-2H - 2PF¢ represents only a minor species (also see
Figures S4 and S9). In both of these experiments, 19-H+PFg is
not formed to a significant extent, because this would involve
a slow dethreading step in which axle 2-H-PFg dissociates from
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any of the other pseudorotaxanes. In the last of the three control
experiments (Figure 7c), 19-H-PFg was preformed (also see
Figures S4 and S8) and then mixed with axle 2-H-PFg in
equimolar amounts. From the assembly mechanism in Figure
6b, one would expect that the threading of axle 2-H-PFg into
the 21-crown-7 part of the crown dimer is so slow that 19-
H-PF¢ dissociates in part and both axles compete for the 24-
crown-8 part of 4. Consequently, the two [2]pseudorotaxanes
ions [18-H]* and [19-H]" are both expected to appear quite
quickly in the mass spectra. Afterward, the corresponding
assemblies should be slowly consumed in the formation of 11-
2H-2PFg. This is exactly observed in the mass spectra shown
in Figure 7c.

Multiply Threaded Pseudor otaxanes. The last two assemblies
to be discussed here bear four threading sites and are thus even
more complex. In 12-4H-4PFg, the ditopic axle 3-2H-2PFg is
combined with the crown ether heterodimer 4 in a 1:1 ratio. A
2:2 complex finally assembles in which the two axles as well
as the two crown ether dimers are antiparallel to each other. In
13-4H-4PF, 2 equiv of the same axle is combined with 1 equiv
of each of the two crown ether homodimers 5 and 6. In this
pseudorotaxane architecture, the two axles are parallel to each
other, and the two crown ether dimers appear again in a specific
sequence. The self-assembly/self-sorting programmed into the
building blocks thus provides full positional control over the
subunits in the pseudorotaxane assemblies.*?® In both of these
assemblies, the number of potential formation pathways is again
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Figure 7. Three control experiments using different starting points for the
assembly of 11-2H-2PFg: (a) equimolar mixture of 18b-H-PFg and 1-H-PF,
(b) equimolar mixture of 18b-H-PFs (syringe 1) and 1-H-PFg and 2-H-PFg
(syringe 2), and (c) equimolar mixture of 19-H-PFs and 2-H-PFs.

reduced through the axle, which allows the threading steps only
to occur from one end.

Figure 8 shows the mass spectra obtained after different
reaction times during the formation of 12-4H-4PFg. Scheme 2
depicts the corresponding assembly pathways. Besides a minor
signal for the protonated crown ether heterodimer [4+H]", only
two signals are observed after 22 s reaction time: the 1:1
complex of axle and wheel [21-2H]?>" at m/z 689 and a low-
intensity signal for [22-2H]*". At these short reaction times,
the latter signal must correspond to 22a-2H-2PFg, a pseudoro-

taxane, where two crown ether heterodimers have been slipped
onto the axle with their 24-crown-8 unit. Over time, the final
assembly product appears in two charge states, that is, [12-
4H-PFg]*" at m/z 967 and [12-4H]*" at mVz 689. The quadruply
charged ion has twice the mass and bears twice the number of
charges as the 1:1 complex [21-2H]*. It correspondingly appears
at the same m/z. Because of the smaller peak spacing in the
isotope pattern of 0.25 mass units, the 2:2 pseudorotaxane can
easily be distinguished from its 1:1 precursor.

In agreement with the order of threading rates, 21a-2H - 2PF¢
is quickly formed from the two free building blocks. Somewhat
more slowly, it is transformed into 21b-2H-2PF4 by migration
of the crown ether to the blue binding site of the axle. At this
stage, all further reactions that might occur are slow steps with
one exception: A second crown dimer 4 can slip over the green
part of the axle in 21b-2H-2PFs to yield 22a-2H+2PFs. This
process is not prominent, because the crown ether dimer and
the axle are present in a 1:1 ratio and most of 4 is thus already
consumed by the axle, leaving only a very low concentration
of free crown dimer for the formation of 22a-2H - 2PF;. Because
21b-2H-2PF¢ now accumulates, the most prominent reaction
on the way to 12-4H-4PFg is a dimerization of 21b-2H-2PFs,
which requires two slow steps in which the 21-crown-7 part of
4 slips over the unoccupied green axle binding sites.

Again, we deal with a streamlined formation process here as
observed for the sequence-specific pseudorotaxane 9-2H-2PFg
above. The consequence is that one particularly prominent
formation pathway exists leading to clean and simple mass
spectra, which are easy to interpret. All of the species observed
in the mass spectra and their intensity changes are in good
agreement with the kinetic ranking of the threading steps.

This is quite different from the situation encountered during
the formation of 13-4H-4PFg (Figure 9 and Scheme 3).
Although again one intermediate, that is, 24-2H - 2PF¢ appearing
as [24-2H]*" at m/z 761, is prominent at the beginning, several
other intermediates are seen in the spectra. Because 2 equiv of
the axle is present in the solution relative to the crown ether
dimer 6, 2:1 complexes 25-4H-4PF; are formed and become
visible in the mass spectra in different charge states.?” In Scheme
3, a dotted line indicates that any reaction toward the end product
will be slow. Consequently, 24-2H-2PFg is in equilibrium with
25a-4H-4PFs, 25b-4H-4PFg, and the free components. This
explains why the mass spectra are more complex than those
obtained during the formation of 12-4H - 4PF¢. Also, 26-2H-2PFg
and 28-2H - 2PF are observed with low abundance. Open-chain
complexes 27-4H-4PF¢ are certainly present before the final
assembly is generated, but cannot be distinguished easily by
mass spectrometry, because they are isobaric with the final
assembly product. Complexes 26-2H+2PFg and 27-4H + 4PF¢ can
be expected to form with low concentration, because their

(27) 1t should be noted that NMR results (Figures S10 and S11, Supporting
Information) indicate most of the axle to initially be bound to the
crown ether homodimer 6. In the mass spectra, however, the ions
corresponding to these complexes, that is, 25a-4H-4PFg and 25b-
4H-4PFg, appear only with quite low intensity, while signals corre-
sponding to 24-4H - 4PF; are significantly more prominent. A potential
explanation for this discrepancy might be that charge repulsion
increases much upon transition from solution to the gas phase.
Consequently, ions generated from 25-4H-4PF¢ may easily dissociate
in the gas phase and yield [24-2H]?". This is the only case in our
study in which such a discrepancy between NMR and MS experiments
is observed and in which such a prominent fragmentation reaction
appears to proceed.
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Figure 8. (a) ESI-FTICR mass spectra (295 K, CH,CI;:CH;CN = 8:1, 250 «M) of an equimolar mixture of 4 with 3-2H-2PF; recorded after different
reaction times. The left inset shows the isotope patterns of the signal at nvz 689. Both [21-2H]?" and [12-4H]*" appear at the same nVz, but can clearly be
distinguished by the peak spacing in the isotope pattern. The right inset is an expansion of the m/z = 960—970 area showing that [4+H]" and [12-4H «PF]**

appear right next to each other.

Scheme 2. Assembly Pathways Generating the Antiparallel 12-4H-4PFg Pseudorotaxane Assembly?
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formation is similarly slow as their consumption in the formation
of 13-4H-4PFs.

Conclusions

The combination of self-assembly with self-sorting allows
one to program the assembly of a variety of different pseu-
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dorotaxane architectures from a set of simple subunits in a way
that finally leads to geometrically well-defined, multiply threaded
structures. The pseudorotaxanes under study form on quite
distinct time scales depending on the axle—wheel combination.
Furthermore, the order of axle exchange rates is significantly
different from the thermodynamic stabilities. The most quickly
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Figure 9. ESI-FTICR mass spectra of a mixture of 5, 6, and 3-2H-2PF; in 1:1:2 ratio ([3-2H-2PFs] = 250 uM; 295 K, CH,Cl,:CH;CN = 8:1) recorded
after different reaction times.
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@ The dotted lines indicate a situation where only the slow step leads closer to the formation of the final self-assembly product. Consequently, all structures
above each of the lines are in equilibrium with each other.

exchanging pseudorotaxane 9-H-PF; is the least stable, while of rates and thermodynamic stabilities unavoidably leads to
the most stable pseudorotaxane 7-H < PFg exchanges axles within errors during the assembly process, which need to be
a multiminute time frame. This difference between the order corrected.
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To be able to investigate the assembly process and the error-
correction steps involved, a mixed-flow microreactor was
coupled to the electrospray ion source. With this setup, reactants
can be mixed directly in front of the ion source. Reaction times
down to about one-half a second can be realized with this simple
and easy-to-setup addition to the ion source.

On the basis of the knowledge of axle exchange rates of the
individual simple pseudorotaxanes, the self-assembly and self-
sorting steps involved in assembly formation have been
investigated starting with a small four-component self-sorting
system. The results obtained by using mass spectrometry to
monitor the reactions parallel those obtained from NMR
experiments and thus validate the mass spectrometric method
applied. More complex self-sorting systems include sequence-
specific [3]pseudorotaxanes with a ditopic axle and two mon-
omeric crown ethers as well as [3]pseudorotaxanes consisting
of a crown ether heterodimer and two monotopic axles. The
mass spectrometric experiments provide interesting information
on the major assembly pathways, which lead to the final,
thermodynamic products. Control experiments provide more
insight into the assembly mechanisms. They also demonstrate
that the assembly pathways as well as the concentration of the
intermediates depend much on the starting point chosen for
the reaction. For the intermediate steps, but of course not for
the final equilibrium, it matters whether the assembly begins
with a mixture of the building blocks or whether preassembled
reactants are involved.

Finally, two examples for multiply threaded pseudorotaxanes
are presented. Although a large humber of different assembly
pathways can be imagined, quite clear-cut insight into the
assembly steps can be obtained in both cases. On one hand, the
use of an anthracene-stoppered axle reduces the potentially
possible mechanisms significantly, because the anthracene does
not allow any threading to occur on its side of the axle. On the
other hand, the order of the threading rates leads to the
accumulation of intermediates, when subsequent steps are slow.
Both factors together clearly point to the operation of one
particular major assembly pathway for the antiparallel assembly
12-4H-4PFs, while a number of equilibrating intermediates are
found for the counterpart 13-4H-4PF¢ bearing a parallel
arrangement of the two axles.

Experimental Section

General Methods. Dibenzo-24-crown-8 (C8) was purchased
from ACROS and used without further purification. Solvents were
either employed as purchased or dried prior to use by usual
laboratory methods. *H NMR spectra were recorded on Jeol Eclipse
500 MHz or Bruker Advance 111 700 MHz NMR spectrometers.
All chemical shifts are reported in ppm with residual solvents as
the internal standards. The syntheses of benzo-21-crown-7 (C7),
1-H-PFs, 2-H-PFg, 3-2H-2PFg, 4, 5, and 6 have been reported
earlier.*?
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ESI-FTICR-MS Experiments. The electrospray-ionization Fou-
rier-transform ion-cyclotron-resonance (ESI-FTICR) mass spectro-
metric experiments were performed with a Varian/lonSpec QFT-7
FTICR mass spectrometer equipped with a superconducting 7 T
magnet and a Micromass Z-spray ESI ion source utilizing a stainless
steel capillary with a 0.65 mm inner diameter. The solutions of
samples were introduced into the source with a syringe pump
(Harvard Apparatus) at a flow rate of approximately 2.0 «L min™t,
Parameters were adjusted as follows: source temperature, 40 °C;
temperature of desolvation gas, 40 °C; extractor cone, 10 V;
capillary voltage was adjusted to minimize fragmentation and
unspecific binding during ionization, 3000 V for 10-2H-2PF4 and
the self-sorting system of 7-H+PF4/8-H-PF¢/9-H-PFg, 3800 V for
11-4H-4PFg, 12-2H- 2PFs, and 13-4H-4PFg; sample cone, adjusted
between 10—60 V for maximum intensities; the detector’s frequency
was also adjusted to focus on the target m/z range. No nebulizer
gas was used for the experiments. The ions were accumulated in
the instrument’s hexapole long enough to obtain useful signal-to-
noise ratios. Next, the ions were introduced into the FTICR analyzer
cell, which was operated at pressures below 10~° mbar, and detected
by a standard excitation and detection sequence. For each measure-
ment, 20 scans were averaged to improve the signal-to-noise ratio.

Short time scales down to ca. 1 s can be achieved by using the
mixed-flow microreactor described above. The PEEK mixing Tee
microreactor, the necessary fittings, and capillaries were purchased
from Scientific Instrument Services. The dead volume of the mixing
Tee is as small as 4 uL. It contains a 5 um PTFE filter, which
enhances thorough mixing of the two solutions introduced into the
microreactor chamber. Capillary sizes and diameters have been
given in the main text. To introduce both solutions at the same
speed, the instrument is equipped with a double syringe pump. The
resulting mixture (250 «M in each component) is introduced into
the ESI ion source through two sequential capillaries (part |
(adjustable capillary), length, 6.3 cm; diameter, 125 um; part Il
(fixed capillary inside the ion source), length, 16 cm; diameter, 75.0
um). In this work, the flow rate was adjusted to achieve different
reaction times. For example, 4 uL/min (2 xL/min for each syringe)
corresponds to 22 s.
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