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Abstract: A subset of mechanically interlocked molecules, namely,
donor—acceptor [2]catenanes, have been produced in agueous
solutions in good yields from readily available precursors. The
catenations are templated by strong hydrophobic and [++-7]
stacking interactions, which serve to assemble the corresponding
supramolecular precursors, prior to postassembly covalent modi-
fication. Dynamic *H NMR spectroscopic investigations performed
on one of these [2]catenanes reveal that the pirouetting motion
of the butadiyne-triethylene glycol chain occurs with a dramatically
lower activation enthalpy, yet with a much higher negative
activation entropy in water, compared to organic solvents. The
preparations of mechanically interlocked molecules in water
constitute the basis for the future development of complex
functional molecular machinery in aqueous environments.

As early as 560 BC, Thales of Miletus had declared® that water
is the primary essence of nature. Indeed, from a modern scientific
perspective, water supports most living organisms on our planet
by mediating and regulating complex biological processes. Most
biomolecules are controlled with respect to form and function in
aqueous solution.? Among these biomolecules, almost al the
molecular machines—e.g., ATP synthase,® kinesin,* and myosin®—
are assembled® in aqueous environments and perform work therein.
In order to seek a better understanding about the functions of these
naturally occurring motor proteins, various model systems, based
on artificial molecular machines,” have been designed and inves-
tigated. Most of these artificial systems are, however, constructed
in organic solvents and usually only serve as functional machines
in these solvents. Alas, the ubiquitous role of water? in biological
processes cannot be addressed and appreciated fully by studying
only the development of the model systems in nonaqueous solvents.
It is therefore important, in this context, to perform both the
construction and the investigation of the function of artificial
molecular machines in aqueous media. Water, a unique solvent,
imposes® two formidable challenges. They are (i) the solubility
characteristics of the organic building blocks in agueous environ-
ments and (i) strong interference® by water molecules which tend
to disrupt the noncovaent bonding interactions, which are essential
to the operation of these artificial molecular machines. In order to
address issue (i), solubilizing groups are typicaly attached to the
organic building blocks, while electrostatic interactions and hy-
drophobic surroundings are usually employed to provide efficient
noncovalent bonding interactions to address issue (ii).

Mechanically interlocked molecules’ (MIMs) constitute an
important family of artificial molecular machines on account of
the potential of their components to exercise relative intramolecular
motion.’® The synthesis of MIMs relies for the most part on
template-directed protocols,™ which are typically dominated by
noncovalent bonding interactions, e.g., van der Waals forces,*?
[7++7] interactions,™® hydrogen bonds (H-bonds),** and metal
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Figure 1. Structural formulas and their graphical representations of the
s-electron deficient cyclophanes 14" and 24, as well as the bispropargyl
ethers 3 and 4 of acyclic polyethers incorporating 1,5-dioxy- and 1,5-
diaminonaphthalene units, respectively.

coordination.™® Although water suppresses the H-bonding interac-
tions as a result of its strong H-bond donating and accepting
abilities, it facilitates the mutual interactions between nonpolar
organic species using the so-called hydrophobic effect. By employ-
ing this unique effect, “in-water” syntheses of cyclodextrin-based
MIMs have been explored™>*® widely. Furthermore, donor—acceptor
[2]catenanes can also be assembled in agueous solution using
dynamic covalent chemistry—e.g., reversible metal coordination’
or disulfide bond formation*®*—and a combination of hydrophobic
and [z -+ 7] interactions. Herein, we report the kinetically controlled
syntheses and characterization of charged donor—acceptor [2]ca
tenanes, followed by the investigation of their dynamic behavior
in water.

The s-€electron deficient tetracationic cyclophanes™ 14+ and 24"
are host molecules which can form?®2* strong donor—acceptor
inclusion complexes with s-electron rich guests, eg., the 1,5-
dioxynaphthalene derivative 3% and the 1,5-diaminonaphthalene
derivative 4 (Figure 1). Although compounds 1*" and 24" are both
rigid rectangular macrocycles, they are composed of different
electron-deficient components, namely, diazapyrenium (DAP?**) and
bipyridinium (BIPY2") units, respectively. In this communication,
these tetracationic cyclophanes are selected as suitable candidates
for assembling MIMs in water using template-directed protocols,
primarily because of their water solubility (with CF;CO,™ and ClI~
as the counterions, respectively) and unique host—guest properties
(vide infra).

Inspired by previous reports, we have employed (Scheme
1) a threading-followed-by-cyclization approach to generate the
corresponding [2]catenanes 5** —8*" in water. This approach relies
upon the formation of pseudorotaxanes (e.g., 3C1*") prior to the
cyclization of the threads, which, in every case, are terminated by
bispropargyl functions. The key to being able to carry out the
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Scheme 1. Syntheses of Donor—Acceptor [2]Catenanes 5*"—8*" in
Aqueous Solutions
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cyclization in aqueous media was the choice of the Glaser—Hay
oxidative coupling reaction®2® which can be performed efficiently
in water. Under these conditions, the triple bonds undergo intramo-
lecular homocoupling while threaded through the cavities of the
tetracationic cyclophanes, thus affording the [2] catenanes 54 —8*".
In 3 and 4, triethylene glycol spacers were employed between the
naphthalene units and the propargyl functions, since they provide®*
the optimum length for the formation of macrocycles, templated
by the tetracationic cyclophanes.

In aprotic organic solvents, the binding affinities of 14+ and 24+
with 3 and 4 rely on a combination of [z++-7] and [C—H---O]
interactions. Although the H-bonding is suppressed in water, the
inner cavities of the cyclophanes serve as hydrophobic pockets for
the nonpolar naphthalene ring systems. In fact, such strong
hydrophobic interactions not only compensate for the loss of the
binding affinity contributed from H-bonds but also actually elevate
the corresponding binding constants by orders of magnitude
compared to those observed in organic solvents. For example, the
binding affinities of 2*" toward dioxynaphthalene derivatives in
water?® are around 10° M™%, compared with 103—10* M~* in
MeCN.?” The binding constant?® of 3C1*" in aqueous solution is
even higher (6 x 10" M%), probably because of the more extensive
n-faces provided by the DAP?*' units in compound 14*. Such a
high binding constant ensures an efficient template effect for the
al-important next step of the synthesis in water, leading to the
production of the [2]catenanes. Although 3 and 4 are sparingly
soluble in water, we found that mixing a large excess of 3/4 with
1** in D,O affords a deep red/green colored® solution after
sonication. The '"H NMR spectra of these mixtures revea® the
quantitative formation of the 1:1 host—guest inclusion complexes
3C1** or 4C1* [see Supporting Information (SI), Figure S5]. As
aresult, in order to carry out a homogeneous reaction in water, it
is not necessary to add organic solvent or to attach additional
solubilizing groups onto 3 or 4. It should be noted that the proton

resonances for 1" in its complexed form were separated into two
distinct sets of signals compared to those in the free 14", The peak
separations (H./Ho, H,/H,, HY/Hx, and Hy/Hy in Figure 2) which
occur during the complexation are® aresult of the 1,5-disubstituted
naphthalene units imposing their local C,-axis of symmetry on the
tetracationic cyclophanes.®?

With the well-characterized supramolecular complexes in hand,
we continued to pursue the syntheses of the corresponding
[2]catenanes. For example, the self-assembly of the [2]pseudoro-
taxane 3C1*" preorganized the components to undergo an intramo-
lecular oxidative coupling, affording the target [2]catenane 5**. This
reaction proceeds under Glaser—Hay conditions® in water, involv-
ing oxygen, CuCl, and tetramethylethylenediamine (TMEDA). At
room temperature, bubbling air into the reaction mixture facilitated
the completion of the catenation within 2 h. Analytical high
performance liquid chromatography (HPL C) on the reaction mixture
revealed (see Sl, Figure S1) an amost quantitative conversion of
the pseudorotaxane to the corresponding [2] catenane. The product
54 was purified by preparative HPLC to afford the trifluoroacetate
salt 5:-4CF;CO; in 63% isolated yield. Using the same protocol,
we were able to obtain®? (Scheme 1) catenanes 6+ 4CF,CO, (51%),
7-4CF3CO; (34%), and 8- 4CF;CO, (40%). All these products were
fully characterized (see SI, Section 2) by *H and **C NMR
spectroscopies and by mass spectrometries.

Single crystals of 5*" and 8*" suitable for X-ray diffraction were
grown by slow vapor diffusion of i-Pr,O into a solution of 5-4PFg
or 8-4CF;CO, in MeCN, respectively. Their crystal structures are
shown®* in Figure 2. According to the crystal structure of 5**, the
butadiyne-triethylene glycol loop encircles one of the DAP?" units
assisted by the weak [7---7] interaction between the butadiyne
unit and the DAP?* unit (distance ~3.37 A). This fact illustrates
the reality that the two DAP?" unitsin 5" experience distinctively
different chemical environments. Moreover, H-bond formation
between the oxygen atoms of the glycol chain and H,, Hy, and H,
was also observed in the solid state, e.g., a short distance (2.16 A)
between H,, and the third oxygen in the glycol chain (red dotted
line in Figure 2).

In the solution phase the molecular motion becomes apparent.
We propose a “pirouetting” motion (Figure 3) brought about by
the ability of butadiyne unit to interact with both DAP?** units.
Presumably, pirouetting of the butadiyne-triethylene glycol loop
should be fast enough at high temperatures to bring about the
coalescence of the 'H NMR signals arising from these two different
types of DAP?" units. Upon lowering the temperature, however,
this movement can be slowed down on the 'H NMR time scale
and the resonances of the two DAP?" units can therefore be
distinguished. Indeed, variable temperature *H NMR spectra of
5+4CF;CO, recorded within the range 274—333 K showed (Figure
3a) temperature dependences for the resonances associated with
both H, and H,, aswell as for one of the H, and Hj, protons. These

Figure 2. Solid-state structure of 5** (left) and 8*" (right). In addition to
the disordered PR~ or CF;CO, ™ counterions, hydrogen atoms and solvent
molecules are omitted for the sake of clarity.
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protons undergo coalescences at temperatures (T.) in the range
295—308 K. Rotating frame Overhauser Spectroscopy (ROESY)
showed (see Sl, Figure S11) positive-phased correlations between
the separated peaks at low temperature, corroborating the fact that
these separated signals belong to the same protons but are slowly
exchanging with each other. Such signal coal escence confirmed our
hypothesis®>* on the pirouetting movement (Figure 3b, see SI,
Figure S7 and Table S2) of the butadiyne-triethylene glycol loop.

According to the T, values for the different proton probes, the
energy barriers (AG¥) for such pirouetting movement in water at
the corresponding coal escent temperatures were calculated (see SI,
Table S1). The activation enthalpy (AH*) and entropy (ASY) in water
were determined to be (Table 1) 7.4 kcal-mol™! and —23.6
cal *mol 1K™, respectively. In order to compare the molecular
motion in water to that in organic solvents, we performed similar
VT NMR measurements (see S, Figure S7 and Table S2) on 5*"
in aprotic organic solvents such as CD3sCN. Other coalescence
phenomena were observed in keeping with this pirouetting motion.
We believe that the higher AH* (11.2 kcal-mol™) in CDsCN
represents the increased enthalpy cost in breaking the H-bonds in
order to render the transition state of the pirouetting movement,
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Figure 3. (@) Partiadl 600 MHz *H NMR spectrarecorded in D,O at different
temperatures displaying the coalescence of the signals for four sets of probe
protons identified in 5** in Figure 2. (b) Partial 600 MHz *H NMR spectra
recorded in CD3CN at different temperatures displaying the coal escence of
the signals for three sets of probe protons identified in 5**.
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Table 1. Kinetic Parameters® of the Pirouetting Motion Obtained
from Temperature-Dependent *H NMR Spectra Recorded on the
[2]Catenane 5%t in D,O and in CD3CN

AH AS AGH at 298 K

Solvent (kcal - mol=1y? (cal-mol~"-K™")® (kcal - mol=1)?
DO 74 —23.6 14.4
CDsCN 11.2 —-12.7 15.0

a Derived from the data shown in Tables S1 and S2 in the SI. P Vaue
+ 0.1.

while the less negative ASF (—12.7 cal -mol~1-K~%) in CDsCN can
be attributed to the weaker solvation effect of the butadiyne-
triethylene glycol loop with CD3CN solvent molecules compared
to that of D,O. Moreover, VT NMR spectraof 64" and 74" in water
showed no peak separation at low temperature (see S, Figures
S8—99), indicating that the butadiyne-triethylene glycol loops in
6*t and in 74" were pirouetting at a rate too fast to be measured
even a a temperature close to the freezing point of D,O. The
difference between the rates of pirouetting of 5*" and 6** is probably
a consequence of the larger steric bulk of the DAP?' unitsin 54
compared to the less bulky BIPY?" units in 6*'.

In summary, the syntheses of charged donor—acceptor [2]cat-
enanes in water have been achieved under kinetic control in high
conversions. The template-directed approach involves a Cu(l)-
catalyzed oxidative coupling of dialkynyl threads under the tem-
plation of tetracationic cyclophanes. Dynamic *H NMR spectros-
copy demonstrates the pirouetting motion of the butadiyne-
triethylene glycol loop around the cyclophane for 5*" in both
aqueous and organic solvents. These results open up the way to
the “in-water” synthesis and investigation of more complex
functional molecular switches and machines in the future. Such
artificial actuators could be used as molecular prosthetics® and so
hold promise for controlling biological processes using correlated
molecular motions at the nanoscale level.
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solid after removing the solvent. We hypothesize that the lower isolated
yields of 74" and 8% arise from nucleophilic attack of the amino groups
upon the strained methylenes of the cyclophanes. See ref 19¢. 5-4CF;CO.:
Deep red solid (63%). *H NMR (600 MHz, D,0, 323K) 6 = 1.42 (d, J =
7.8 Hz, 2H), 3.41 (t, J = 4.2 Hz, 4H), 3.48 (br, 4H), 3.58—3.59 (m, 4H),
3.67—3.68 (m, 4H), 3.78 (br, 4H), 3.95 (br, 4H), 4.06 (t, J = 4.2 Hz, 4H),
545 (t, J = 7.8 Hz, 2H), 5.64 (d, J = 8.4 Hz, 2H), 6.19 (s, 8H), 7.98 (d,
J=9.0Hz, 4 H), 8.05 gs, 4H), 8.11 (s, 4H), 8.18 (d, J = 9.0 Hz, 4H), 9.68
(s, 4H), 9.98 (s, 4H). *C NMR (125 MHz, D,0, 298 K) 6 = 21.8, 58.1,
61.1, 67.5, 67.6, 68.7, 70.0, 70.5, 70.6, 71.2, 71.5, 72.2, 74.0, 105.6, 116.9
(g, J =290 Hz), 121.4, 124.8, 126.1, 129.4, 132.1, 136.9, 149.9, 163.6 (q,
J= 36 Hz). ESI-MS: calcd for [M—2HPFs—PFg] ™ mvz = 1257.4501, found
mz = 1257.4548; calcd for [M—2PFg]?" myz = 702.2071, found m/z =
702.2094; calcd for [M—HPF—2PFg]?" m/z = 629.2250, found m/z =
629.2222. 6-4CF;CO,: Purple solid (51%); for characterization data, see
ref 24. 7-4CF3;CO,: Dark green solid (34%). *H NMR (600 MHz, D,0,
313K) 0 = 0.42 (d, J = 7.8 Hz, 2H), 3.16—3.17 (m, 4H), 3.42—3.43 (m,
4H), 3.50 (s, 4H), 3.79—3.80 (m, 4H), 4.06—4.08 (m, 4H), 4.15 (br, 4H),
4.20 (br, 4H) 5.31 (d, J = 7.8 Hz, 2H), 5.44 (t, J = 7.8 Hz, 2H), 6.13—
6.20 (m, 8H), 7.91 (d, J = 9.0 Hz, 4H), 8.05 (s, 4H), 8.08 (d, J = 9.0 Hz,
4H), 9.66 (s, 4H), 9.99 (s, 4H). *C NMR (125 MHz, D,0, 298 K) 6 =
48.7, 66.5, 69.3, 69.5, 69.9, 70.5, 70.8, 73.3, 99.2, 104.1, 1169 (g, J =
290 Hz), 123.0, 123.9, 127.2, 127.5, 128.9, 130.4, 132.4, 134.3, 136.5,
138.0, 138.8, 141.1, 163.6 (g, J = 36 Hz). ESI-MS: caled for [M—
2CF;CO,)%" miz = 669.2245, found m/iz = 669.2456; calcd for [M—
CF3CO,H—2CF3CO,]?" m/z = 612.2517, found 612.2491. 8-4CF;COy:
Emerald green solid (40%). 'H NMR (500 MHz, D,O, 298 K) ¢ = 1.47
(d, J = 85 Hz, 2H), 3.42 (br, 4H), 3.54 (br, 4H), 3.69 (br, 4H), 3.76 (s,
4H), 3.93 (br, 4H), 4.04 (br, 8H), 5.81-5.85 (m, 8H), 6.06 (d, J = 8.5 Hz,
2H), 6.13 (t, J = 8.5 Hz, 2H), 7.38 (d, J = 4.5 Hz, 4H), 7.50 (d, J = 4.5
Hz, 4H), 8.04 (s, 4H), 8.07 (s, 4H), 8.92 (d, J = 6.0 Hz, 4H), 9.16 (d, J =
6.0 Hz, 4H). C NMR (150 MHz, D,0, 298 K) ¢ = 43.4, 58.0, 65.0,
68.9, 69.5, 69.9, 70.4, 70.8, 74.9, 102.7, 102.8, 115.4, 117.2 (g, J = 290
Hz), 121.5, 124.7, 125.9, 128.2, 130.2, 131.9, 137.2, 140.6, 143.3, 144.5,
145.0, 163.0 (g, J = 36 Hz). ESI-MS: calcd for [M—CF,CO,] " miz =
1355.4730, found nm/z = 1355.4743; calcd for [M—2CFCO,]*" miz =
621.2445, found m/z = 621.2465.

(34) Crystal parametersfor 5+4PFs: CisgH1s53F4gN15016Ps, M = 3677.71, Triclinic,
a=13.7023(2) A, b = 14.0842(3) A, c = 23.0481(4) A, a. = 84.632(1)°,
B = 76.883(1)°, y = 68.292(1)°, U = 4024.47(13) A3 T = 113(2) K,
space group P1, Z = 1, p = 1517 g-cm 3. Crystal parameters for
8+4CF3CO,: CgoH7gF12N19014, M = 3263.04, Triclinic,a= 137694(6) A,
b =14.0822(8) A, c = 21.3390}212) A, o = 82.096(5)°, B = 88.638(4)°,
y = 69.667(4)°, V = 3841.7(3) A%, T = 100(2) K, space group P1, Z =1,
o =1.410 g-cm3 CCDC 794118 and 794119 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Cyrstallographic Data Centre (CCDC) via
www.ccdc.cam.ac.uk/ data_request/cif.
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