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Squaraine-Derived Rotaxanes: Highly Stable, Fluorescent Near-IR Dyes
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Abstract: Squaraines are fluorescent,
near-IR dyes with promising photo-
physical properties for biomedical ap-
plications. A limitation with these dyes
is their inherent reactivity with nucleo-
philes, which leads to loss of the chro-
mophore. Another drawback is their
tendency to form nonfluorescent aggre-
gates in water. Both problems can be

terlocked molecule. Two new rotaxanes
are described: an analogue with four
tri(ethyleneoxy) chains on the squar-
aine to enhance water solubility, and a
rotaxane that has an encapsulating
macrocycle with transposed carbonyl
groups. An X-ray crystal structure of
the latter rotaxane shows that the mac-
rocycle provides only partial protection

of the electrophilic cyclobutene core of
the squaraine thread. The stabilities of
each compound in various solvents, in-
cluding serum, were compared with a
commercially available cyanine dye.
The squaraine rotaxane architecture is
remarkably resistant to chemical and
photochemical degradation, and likely
to be very useful as a versatile fluores-

greatly attenuated by encapsulating the
dye inside an amide-containing macro-
cycle. In other words, the squaraine be-
comes the thread component in a

. . squaraines
Leigh-type rotaxane, a permanently in-

Introduction

Molecular bioimaging is a rapidly developing technology
that is expected to improve human health in a variety of
ways, such as, the early identification of disease, facile moni-
toring of treatment efficacy, and acceleration of the drug-
discovery process.!! Optical imaging using fluorescent
probes is a relatively recent approach compared with more
established methods like radioimaging or magnetic reso-
nance imaging (MRI). The obvious limitation with optical
imaging is restricted tissue penetration, however, it is pre-
dicted that low-energy, near-IR (NIR) radiation can pass
through 10-20 cm of tissue.”’ Major advances in tomograph-
ic three-dimensional reconstruction are also helping optical
imaging to become a more feasible proposition.”! At pres-
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cent scaffold for constructing various
types of highly stable, near-IR imaging
probes.

near-IR

ent, only a limited number of fluorescent NIR dyes are
available for development into bioimaging agents, and con-
tinued progress in optical imaging will require the invention
of new NIR fluorophores that exhibit improved perform-
ance in biological media. For bioimaging purposes, an ideal
NIR dye should have high chemical stability, high photosta-
bility, excellent photophysical properties, insensitivity to self
and biomolecular quenching, low phototoxicity, low chemi-
cal toxicity, and suitable chemical functionality for bioconju-
gation. Another desirable property is the ability to construct
multivalent probes, that is, molecular beacons with dendritic
structures consisting of a core chromophore that emits in
the NIR region and a periphery of functional groups that
can interact with biological targets (especially membrane-
bound receptors) in a multivalent fashion. Nanoparticles
and quantum dots have this sort of architecture and are
under active investigation as imaging agents, but this tech-
nology is limited by slow diffusion of these relatively large
probes to the target tissue, and their potential to elicit im-
munogenic responses in vivo. In addition, the constituents of
quantum dots can be cytotoxic, especially upon irradiation.™
There is a need for small organic NIR dyes that possess the
same favorable photophysical properties as quantum dots
but do not have the undesirable slow diffusion or toxicity
properties. At present, there is no organic NIR dye that has
all of these desirable properties.!
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This report focuses on squaraine dyes, a family of NIR
fluorophores with photophysical properties that are appro-
priate for many biomedical applications./! Squaraines have a
donor-acceptor—donor structure that can be represented by
the resonance structures A, B, and C. The central cyclobu-
tene ring is electron deficient and susceptible to nucleophilic
attack at the equivalent 2 and 4 positions (see arrows in
Scheme 1), which limits the use of sqauraines.**l Another
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Scheme 1. Resonance structures (A, B, and C) of squaraines. The arrows
show where the central cyclobutene ring is susceptible to nucleophilic
attack.

drawback is their tendency to form nonfluorescent aggre-
gates in water. We have discovered that both problems can
be greatly attenuated by encapsulating the dye inside an
amide-containing macrocycle.”) In other words, the squar-
aine (1) becomes the thread component in a Leigh-type ro-
taxane, a permanently interlocked molecule (2 and 3).*! Our
preliminary communication on this topic included X-ray
crystal structures of rotaxanes 2a and 2¢. In both cases, the
surrounding macrocycle sits perfectly over both faces of the
electrophilic cyclobutene core of the squaraine thread and
blocks attack at the ring by strong nucleophiles like hydrox-
ide and thiols (see Figure 1 below).”! The steric protection
provided by the surrounding macrocycle also explains why
there is no aggregation-induced broadening of absorption or
self-quenching of fluorescence. Even when aggregated, the
inner squaraine chromophores are unable to get close
enough to interact.

Here, we disclose two new rotaxanes, the analogue 2b,
which contains four tri(ethyleneoxy) chains that greatly en-
hance water solubility and allow characterization in biologi-
cal media, and rotaxane 3, which is an isomer of 2a that dif-
fers by having an encapsulating macrocycle with transposed
carbonyl groups. We compare the stabilities of these com-
pounds in various solvents, including serum, with the com-
mercially available cyanine dye 4. We find that the squar-
aine rotaxane architecture of 2 is remarkably resistant to
chemical and photochemical degradation, and likely to be
very useful as a versatile fluorescent scaffold for construct-
ing various types of highly stable, NIR imaging probes.
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Results and Discussion

Molecular designs: Our preliminary studies showed that the
pyridyl-containing macrocycle in rotaxane 2¢ protected the
squaraine thread slightly better than the isophthalamide-
containing macrocycle in analogue 2a.”’ X-ray crystal struc-
tures indicated that the pyridyl-containing macrocycle forms
internal hydrogen bonds between the pyridyl nitrogen and
the two adjacent amide NH residues, which contracts the
macrocycle and wraps it more tightly around the cyclobu-
tene core of the squaraine thread. The limited solubility of
2¢ in mixed aqueous/organic solvents prevented a quantita-
tive evaluation of its long-term stability; therefore, rotaxane
2b, with four peripheral tri(ethyleneoxy) chains attached to
the squaraine, was designed as a more water-soluble ana-
logue. At present, most optical-imaging studies employ cya-
nine dyes."? Thus, it was of interest to compare the stability
of 2b with a representative cyanine dye. Compound 4 was
chosen for this comparison primarily because of its commer-
cial availability and its similar absorption/emission wave-
lengths.
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The other new molecular design that is reported here is
rotaxane 3, an isomer of 2a that differs in the location of
the four carbonyl groups on the surrounding macrocycle.
Rotaxane 2a employs a normal Leigh-type macrocycle with
electron-rich 1,4-xylylene units; whereas, the macrocycle in
3 incorporates electron-deficient 1,4-phthaloyl units.”! The
goal was to determine if rotaxane 3 can be synthesized, and
if so, to compare its structure and photochemical properties
with isomer 2a. In other words, what are the effects of “re-
versing” the aromatic electron density in the surrounding
macrocycle ?

Synthesis and structure: Rotaxanes 2 and 3 were prepared
by using the templated amide macrocylization chemistry de-
veloped by Leigh and co-workers.*”! Squaraine dyes 1a,b
were obtained by reacting aniline derivatives Sa,b and squa-
ric acid under azeotropic distillation  conditions
(Scheme 2).% The purified dyes were treated with an ap-

N 1a,b
5a: R=H
5b: R = OCH,(CH,-O-CH,),CH,-OCH, L© .3

Scheme 2. Conditions: a) squaric acid, benzene/n-butanol (2:1), reflux;
b) 2,6 pyridinedicarbonyl dichloride or isophthaloyl dichloride, p-xylyle-
nediamine, TEA, CHCl;; c) terephthaloyl chloride, m-xylylenediamine,
TEA, CHCI,.

propriate mixture of diacid dichloride and xylylenediamine
under high-dilution conditions to consistently give rotaxanes
2a and 2b in yields of 30-35% and 3 in 9% yield. Although
these yields are fairly low, it should be remembered that in
each case the one-pot reaction forms four covalent bonds
and captures five molecular components. Our observation
that the reaction yield for 3 is significantly less than that for
isomeric architecture 2 agrees with the reactivity trend re-
ported by Leigh.”)

The X-ray crystal structure of 3 is illustrated in Figure 1,
along with the previously reported structure for 2a.l’l In
both cases, the four macrocyclic NH residues form bifurcat-
ed hydrogen bonds with the two squaraine oxygen atoms. In
addition to the expected variations in macrocycle conforma-
tion produced by the different conjugation patterns, there is
a major difference in macrocycle orientation relative to the
squaraine thread. In the case of 2a, the two 1,4-xylylene
units are positioned exactly over both faces of the central,
electron-deficient cyclobutene ring, whereas the equivalent
1,4-phthaloyl units in 3 are staggered such that they avoid
the central cyclobutene ring and partially overlap with the
adjacent electron-rich, squaraine anilinium rings. It appears
that an important structural factor with both rotaxane archi-

4686 ——

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. X-ray crystal structures of a)2a (reprinted with permission
from reference "!; copyright (2005) American Chemical Society) and
b) 3. Both structures are shown from two views, side and top. Intramolec-
ular hydrogen-bond lengths [A] and angles [°] in 2a are 3.05, 165; 2.80,
163; 3.02, 163; 2.76, 164, and in 3 are 3.04, 139; 3.16, 152. A color version
of this picture is available in the Supporting Information.

tectures is the maximization of favorable, aromatic stacking
interactions between the surrounding macrocycle and the
squaraine thread. Unlike rotaxane 2a, isomer 3 is poorly
soluble in weakly polar solvents, which prohibited attempts
to conduct low-temperature NMR spectroscopic studies.
The difference in rotaxane solubilities is surprising because
in both cases, the solid-state structures show all four NH res-
idues involved in internal hydrogen bonds.

Photophysical properties: As expected, rotaxane 2b, with its
four tri(ethyleneoxy) chains, exhibits improved solubility in
aqueous systems compared with 2a and 2¢, but nonetheless,
it is not completely water soluble. For example, a solution of
2b (5.8 um) in 100% aqueous solution can be prepared by
using sonication, but it precipitates after sitting overnight,
which hinders studies of long-term stability. To circumvent
this precipitation problem, all measurements in aqueous sol-
ution included 20 % THF.

Chem. Eur. J. 2006, 12, 4684 —4690
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The absorption and emission properties for compounds 1-
4 in different solvent mixtures are listed in Table 1. In dry
THEF, all of the squaraine derivatives absorb strongly at

Table 1. The absorption and emission properties for compounds 1-4 in
different solvent mixtures.

Solvent Compound Aabs loge Ao @
THF 1a 631 5.7 650 0.61
1b 636 5.7 656 0.67
2b 644 5.7 667 0.66
3 644 5.7 672 0.61
4 610, 565 43 628 0.03
water/THF (4:1) 1a 737, 540 5.6 671 0.0001
1b 637 5.7 677 0.27
2b 653 5.7 681 0.38
3 655 5.7 678 0.002
4 603,560 4.7 622 0.003
serum/THF (4:1) 2b 653 5.7 680 0.34
4 605, 561 4.7 628 0.003

[a] Solutions were excited at 580 nm and emission monitored in the
region 600-750 nm for estimating & [b] Fluorescence quantum yields
were determined using 4,4-[bis(N, N-dimethylamino)phenyl]squaraine dye
as the standard (@;=0.7 in CHCL,), error limit +5%.

around A,,,=640 nm (loge=5.7) and emit at around A.,=
660 nm with high quantum yields in the range of @;=0.61-
0.67. In comparison, the cyanine dye 4 exhibits an absorp-
tion maximum at A,,,=610 nm and a shoulder band at A,,,=
565 nm, indicating that the dye forms a nonfluorescent H-
type aggregate (head-to-head stacking), which explains why
the fluorescence quantum yield is only 0.03.1"" In the more
polar solvent mixture of water/THF (4:1) the absorption
and emission maxima of the squaraine derivatives are red-
shifted by about 10-15 nm, which is in accordance with pre-
vious theoretical and experimental results."? A notable ob-
servation is the high fluorescence quantum yields for squar-
aine 1b and related rotaxane 2b even in aqueous solution,
whereas, squaraine la forms nonfluorescent aggregates.
Thus, the presence of the four tri(ethyleneoxy) chains ap-
pears to greatly diminish dye aggregation.® The susceptibil-
ity of rotaxane 2b to biological quenchers was evaluated by
addition of an excess of tryptophan (30 mm), which reduced
the fluorescence intensity by a negligible amount.™ Thus,
rotaxane 2b is predicted to be quite resistant to quenching
in biological media.

Chemical and photochemical stability: Previously, we re-
ported that squaraine la is susceptible to nucleophilic
attack by thiols, whereas, rotaxane 2a is quite stable for
months under the same conditions.”) Here, we expand the
stability profile by first describing hydrolytic bleaching ex-
periments with squaraine derivatives 1-3 at different values
of pH and temperature. These bench-top studies were con-
ducted in the presence of laboratory lights.

The pH study monitored the change in the absorption and
emission spectra of each dye in water/THF (4:1) over a pH
range of 1.5 to 12. The chromophores of squaraine 1b and
rotaxane 3 were readily destroyed in basic solution but were
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moderately stable in acid. In contrast, solutions of rotaxane
2b were completely stable for days over the entire pH
window. The enhanced stability of 2b relative to 3 is notable
and is consistent with the idea that the surrounding macro-
cycle sterically hinders nucleophilic attack at the central cy-
clobutene core of the squaraine thread. The macrocycle in 3
is less effective because it leaves the cyclobutene unit parti-
ally exposed.

The temperature study produced essentially the same sta-
bility trend. As shown in Figure 2, the hydrolytic decomposi-
tion of cyanine 4, and especially squaraine 1b, increases sig-
nificantly with temperature; whereas, rotaxane 2b is quite
stable at 60°C and pH 7.

100 2b at 30, 40, 50, and 60 °C
' 1b at 30 °C
0.751
' 1b at 40 °C
A/AOO‘5O- 1b at 50 °C
0.25
0.00

0 100 200 300 400 500 600
ts —
30°C

e 400

50°C

0 100 200 300 400 500 600
t/'s

Figure 2. Time-dependant variation in absorption maxima of 1b and 2b
(top) and 4 (bottom) in water/THF (4:1) with increasing temperature. A
is the absorbance at time ¢ and A, is the initial absorbance.

An important technical problem with fluorescence imag-
ing is photobleaching, which leads to loss of signal. The sus-
ceptibility of compounds 1-4 to photobleaching was meas-
ured in the following way. In each case, a quartz cuvette
containing a solution of dye in water/THF (4:1) was exposed
to light irradiating from a 60 W tungsten filament bulb at a
distance of 30 cm. The changes in the absorption and emis-
sion spectra for the separate samples are shown in Figure 3.
The rotaxane 2b was essentially unchanged over a five hour
irradiation period; whereas, compounds 1b, 3, and 4 under-
went extensive bleaching. The resulting decay curves were
fitted to a first-order kinetic model and the following first-
order rate constants were extracted: 1b, 8.54x 107> min™'; 3,
3.621x 10> min'; 4, 7.57x 10~ min~'. These decay rates are
only about two times faster than the rates obtained in the
presence of weak laboratory lights, which indicates that
strong irradiation does not greatly accelerate dye bleaching.
The data further demonstrate that the steric protection pro-
vided by the surrounding macrocycle in rotaxane 2b is much
greater than that provided by the macrocycle in rotaxane 3.
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Figure 3. Change in absorption (top) and emission (bottom) spectra for solutions (5.8 um) of 1b, 2b, 3, and 4 in water/THF (4:1) mixture exposed to a

60 W bulb light. Measurements were recorded at 30 min intervals.

Stability in serum solution: As a final and more extreme in
vitro test of biological stability, the decomposition of com-
pounds 1-4 was monitored in solutions containing serum.
Separate samples of each dye were prepared in a solvent
mixture of serum/THF (4:1) in which the serum was an 8%
aqueous fetal bovine serum solution. The absorbance and
fluorescence spectra for each sample was monitored over
time. In the cases of squaraine 1b and rotaxane 3, the chro-
mophores were destroyed within seconds after sample prep-
aration (presumably due to attack by the biomolecular nu-
cleophiles present in the serum); whereas, the color associat-
ed with cyanine 4 disappeared over a few minutes. In dra-
matic contrast, the absorption and emission spectra for ro-
taxane 2b were unaltered after standing for several days on
a laboratory bench top.

Conclusion

Squaraines have promising photophysical properties as fluo-
rescent NIR dyes, but their utility in optical bioimaging ap-
plications is limited by their susceptibility to chemical attack
by nucleophilic biomolecules. Permanent encapsulation of a
squaraine dye, as the thread component in a Leigh-type ro-
taxane, provides tremendous chemical stabilization as seen
with squaraine rotaxane 2b. This compound can sit on the
bench top, in the presence of serum, for many weeks with-
out apparent degradation, which makes it one of the most
stable, organic NIR dyes ever reported. The rotaxane’s en-
hanced stability is due to the surrounding macrocycle that
sits perfectly over both faces of the electrophilic cyclobutene
core of the squaraine thread and blocks nucleophilic attack.
The steric protection provided by the macrocycle depends
on its precise molecular structure, which controls its orienta-
tion relative to the encapsulated squaraine. For example, the
macrocycle in rotaxane 3 does not perfectly cover the cen-
tral cyclobutene core of its squaraine thread and so the dye

www.chemeurj.org
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is more susceptible to bleaching through nucleophilic attack.
Future synthetic efforts will attempt to prepare analogues of
2b that can be converted into practical, useful fluorescent
bioconjugates.

Experimental Section

Measurements: 'H and >C NMR spectra were recorded by using Varian
Unity Plus spectrometers. Fast atom bombardment (FAB) mass spectra
(MS) were recorded on a JEOL AX 505 HA instrument.

Procedure to synthesize squaraine dyes (1a,b): The dibenzylaniline deriv-
ative 5a or 5b (0.67 mmol) was added to a solution of squaric acid
(38 mg, 0.34 mmol) in a mixture of n-butanol (15mL) and benzene
(30 mL) in a 100 mL round-bottomed flask equipped with Dean-Stark
apparatus. The reaction mixture was left at reflux, while the water
formed in the reaction mixture was trapped in the Dean—Stark apparatus.
After 12 h the deep-green reaction mixture was concentrated to remove
the solvent and the crude product was precipitated by adding hexane
(3040 mL). After filtering, the product was washed several times with
hexane to give the dark green squaraine dye, which was further purified
by using column chromatography over silica gel with MeOH/CHCl,
(1:19) as the eluent.

Dye 1a:"™ Yield 35%; 'HNMR (500 MHz, CDCl;, TMS): 6=4.80 (s,
8H), 6.87 (d, J=9 Hz, 4H), 7.19-7.38 (m, 20H), 8.36 ppm (d, /=9 Hz,
4H); PC NMR data were not acquired because of poor solubility; FAB-
MS (NBA matrix): m/z: 626 [M+H]*.

Dye 1b: Yield 37%; '"H NMR (300 MHz, CDCl;, TMS): 6=3.37 (s, 12H;
-OCH,), 3.55 (t, J=4.5Hz, 8H; -OCH,), 3.64-3.75 (m, 24H; -OCH,),
3.86 (t, J=4.8 Hz 8H; -OCH,), 4.12 (t, J=4.8 Hz, 8H; -OCH,), 4.69 (s,
8H; -Ph-CH,), 6.89 (d, J=8.7 Hz, 12H; aromatic), 7.09 (d, J=8.7 Hz,
8H; aromatic), 8.38ppm (d, /J=9.3Hz, 4H; aromatic); *C NMR
(150 MHz, CDCl;, TMS): 6=53.2, 59.1, 67.5, 69.7, 70.6, 70.7, 70.8, 71.9,
113.1, 115.2, 120.7, 127.8, 127.9, 133.6, 155.1, 158.4, 183.1, 189.9 ppm;
FAB-MS (NBA matrix): m/z: 1274 [M+H]*.

Procedure to synthesize squaraine rotaxanes 2a—c and 3: Clear solutions
of the corresponding diacid dichloride (1.28 mmol) and diamine
(1.28 mmol) in chloroform (5 mL) were simultaneously added dropwise,
by using a mechanical syringe pump (kd Scientific) apparatus, over five
hours to a stirred solution of 1 (0.32 mmol) and triethylamine (TEA;
3.2mmol) in CHCl; (40 mL). After stirring overnight, the reaction mix-
ture was filtered through a pad of Celite to remove any polymeric mate-
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rial, and the resulting crude product was subjected to chromatography by
using a silica column and a mixture of methanol/chloroform (1:19) as the
eluent.

Rotaxane 2a:"™ Yield 30%; TLC: R;=0.5 (methanol/chloroform 1:19);
'HNMR (500 MHz, CDCl;, TMS): 6=4.38 (d, /=5 Hz, 8H; -Ph-CH,
(wheel)), 4.79 (s, 8H; -Ph-CH, (thread)), 6.47 (d, /=9 Hz, 4H; thread),
6.66 (s, 8H; wheel), 7.16 (d, /=8 Hz, 8H; thread), 7.37 (t, /=7 Hz, 4H;,
thread), 7.41 (t, J=8 Hz, 8H; thread), 7.51 (t, J=8 Hz, 2H; wheel), 7.69
(d, J=10Hz, 4H; thread), 8.06 (t, J=10Hz, 4H; -NH), 8.20 (d, J=
10 Hz, 4H; wheel), 9.22ppm (s, 2H; wheel); "CNMR (125 MHz,
CDCl;, TMS): 0=44.1, 54.6, 113.2, 118.7, 124.5, 126.4, 128.2, 129.1, 129.2,
129.3, 131.6, 133.1, 133.9, 135.2, 136.4, 155.3, 166.0, 183.1, 184.9; FAB-MS
(NBA matrix): m/z: 1158 [M+H]*.

Rotaxane 2b: Yield 34%; TLC: R;=0.3 (methanol/chloroform 1:19);
'"H NMR (300 MHz, CDCl;, TMS): 6=3.37 (s, 12H; -OCH,), 3.55 (t, J=
4.4 Hz, 8H; -OCH,), 3.64-3.75 (m, 24H; -OCH,), 3.89 (t, J=4.8 Hz, 8H;,
-OCH,), 4.17 (t, J=4.8 Hz, 8H; -OCH,), 4.50 (d, J=5.7 Hz, 8H; -Ph-
CH, (wheel)), 4.56 (s, 8H; -Ph-CH, (thread)), 6.28 (d, /=9.6 Hz, 4H;
thread), 6.56 (s, 8H; wheel), 6.92 (d, /=9 Hz, 8H; thread), 6.99 (d, /=
8.7 Hz, 8H; thread), 8.02 (t, J=7.8 Hz, 2H; wheel), 8.07 (d, J=9.3Hz
4H; thread), 8.40 (d, J=8.1 Hz, 4H; wheel), 9.89 ppm (t, J=5.9 Hz, 4H;
-NH); ®CNMR (150 MHz, CDCl;, TMS): 6=43.2, 53.4, 59.0, 67.5, 69.7,
70.5, 70.6, 70.8, 71.9, 112.5, 115.1, 119.6, 125.1, 127.5, 127.8, 128.9, 133.5,
136.6, 138.6, 149.3, 154.8, 158.5, 163.4, 184.9, 185.5 ppm; FAB-MS (NBA
matrix): m/z: 1810 [M+H]*.

Rotaxane 2¢:" Yield 30%; TLC: R;=0.5 (methanol/chloroform 1:19);
'"HNMR (500 MHz, CDCl,;, TMS): 6=4.50 (d, /=6 Hz, 8H; -Ph-CH,
(wheel)), 4.67 (s, 8H; -Ph-CH, (thread)), 6.26 (d, /=9 Hz, 4H; thread),
6.66 (s, 8H; wheel), 7.11 (d, /=9 Hz, 8H; thread), 7.34-7.41 (m, 20H;
thread), 7.99 (t, /=8 Hz, 4H; wheel), 8.06 (d, /=9 Hz, 4H; thread), 8.37
(d, J=8 Hz, 4H; wheel), 9.86 ppm (t, J=6 Hz, 4H; -NH); "C NMR
(125 MHz, CDCl;, TMS): 6=43.4, 54.5, 112.7, 120.0, 125.3, 126.6, 128.2,
129.0, 129.4, 133.8, 135.7, 136.9, 138.7, 149.4, 155.1, 163.6, 185.0, 186.3;
FAB-MS (NBA matrix): m/z: 1159 [M+H]*.

Rotaxane 3: Yield 9%; TLC: R;=0.5 (methanol/chloroform 1:19);
'"H NMR (800 MHz, DMSO, TMS): §=4.43 (d, J=5.6 Hz, 8H; -Ph-CH,
(wheel)), 4.80 (s, 8H; -Ph-CH, (thread)), 6.23 (d, J=8.8 Hz; 4H, thread),
6.93 (s, 8H; wheel), 6.97 (t, J=7.6 Hz, 2H; wheel), 7.2 (d, /=8 Hz, 4H;,
wheel), 7.24-7.26 (m, 12H; thread), 7.35 (t, J=7.2 Hz, 4H; thread), 7.43
(t, J=17.6 Hz, 4H; thread), 7.7 (s, 2H; wheel), 8.28 ppm (t, /=6 Hz, 4H;
-NH); *C NMR data were not acquired because of poor solubility; FAB-
MS (NBA matrix): m/z: 1158 [M+H]*.

X-ray crystallographic structure determinations

Rotaxane 3: Crystallization was carried out in dimethylformamide
(DMF)/diisopropyl ether (1:1). Molecular formula= CgHg,N;(O;y; M, =
1449.72; crystal size=0.43x0.11x0.06 mm®; monoclinic; space group
P21/c; translucent blue needles; a=9.8115(4), b=16.4125(6), c=
24.0231(10) A;  $=99.994(3)°; V=3809.8(3) A% Z=2; pau=
1.264 mgm . Crystals were examined under a light hydrocarbon oil. The
crystal was affixed to a thin glass fiber mounted atop a tapered copper
mounting pin and transferred to the 100 K nitrogen stream of a Bruker
APEX diffractometer equipped with an Oxford Cryosystems 700 series
low-temperature apparatus. Cell parameters were determined with Cell_-
Now by using reflections harvested from three sets of twenty 0.3° w
scans. The orientation matrix derived from this was passed to COSMO to
determine the optimum data-collection strategy. Average fourfold redun-
dancy was achieved by using four w scan series. Data were measured to
0.80 A. Cell parameters were refined by using 5480 reflections with /=
100(7) and 2.12°=0=23.12° harvested from the entire data collection. In
total, 70216 reflections were measured, 12323 unique, 7395 observed, />
20(I). All data were corrected for Lorentz and polarization effects and
runs were scaled by using TWINABS. The structure was solved by using
data from the dominant component and refined against data from all
three components. The scale factors for the second and third components
are 0.3274(14) and 0.1938(14), respectively. The asymmetric unit contains
a '/, molecule each of the squaraine and macrocycle. In addition, there
are two molecules of DMF. The complete structure is generated by inver-
sion. Hydrogen atoms were placed at calculated geometries and allowed
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to ride on the positions of the parent atoms. All non-hydrogen atoms
were refined with parameters for anisotropic thermal motion. There were
no significant peaks in the final difference map; the largest peak=
0.26 ¢ A=, The deepest hole was of similar magnitude, 0.25 ¢ A=,
CCDC-297976 (3) contains the supplementary crystallographic data for
this paper. This data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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