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In the Twilight Zone between [2]Pseudorotaxanes and [2]Rotaxanes

Jan O. Jeppesen,*!*"! Scott A. Vignon,!! and J. Fraser Stoddart*!!

Abstract: A [2]pseudorotaxane, based
on a semi-dumbbell-shaped component
containing asymmetrically substituted
monopyrrolotetrathiafulvalene and 1,5-
dioxynaphthalene recognition sites for
encirclement by cyclobis(paraquat-p-
phenylene) and with a “speed bump”
in the form of a thiomethyl group
situated between the two recognition
sites, has been self-assembled. This su-
pramolecular entity is a mixture in

raphy. These two [2]pseudorotaxanes
were both characterized in solution by
UV/Vis and '"H NMR spectroscopies
(1D and 2D) and also by differential
pulse voltammetry. The spectroscopic
and electrochemical data reveal that one
of the complexes behaves wholly as a
[2]pseudorotaxane, while the other has
some [2]rotaxane character to it. The
kinetics of the shuttling of cyclobis(par-
aquat-p-phenylene) between the mo-

nopyrrolotetrathiafulvalene and the
1,5-dioxynaphthalene recognition sites
have been investigated at different tem-
peratures. The shuttling processes,
which are accompanied by detectable
color changes, can be monitored using
UV/Vis and 'H NMR spectroscopies;
the spectroscopic data have been em-
ployed in the determination of the rate
constants, free energies of activation,
enthalpies of activation, and the entro-

solution of two slowly interconverting
[2]pseudorotaxanes, one of which is on
the verge of being a [2]rotaxane at room
temperature, allowing it to be isolated
by employing flash column chromatog-

Introduction

The advent of supramolecular chemistryl!! has aroused the
interest of chemists of many different persuasions in exotic
compounds such as catenanes and rotaxanes.”! The synthetic
guidance provided by noncovalent bonds has transformed
these interlocked molecular compounds from chemical curi-
osities into the centerpieces of a vibrant area of modern-day
research. They are now prime candidates for the construction
of artificial molecular machines® 4 and the fabrication of
nanoelectronic devices.””! Much effort has been devoted to
trying to understand and control the use of noncovalent
interactions in the template-directed synthesis®! of catenanes
and rotaxanes. A [2]rotaxane is an interlocked molecule
composed of a ring and dumbbell-shaped component between
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pies of activation for the translation
of cyclobis(paraquat-p-phenylene) be-

self-assembly tween the two recognition sites.

which there are no covalent bonds—only a mechanical and
noncovalent bonds are present.? The ring encircles the linear
portion of the dumbbell-shaped component and is trapped
mechanically around it by two bulky stoppers. By contrast, in
a [2]pseudorotaxane,? at least one of the stoppers on the
dumbbell-shaped component is absent with the consequence
that dissociation into its two components can occur sponta-
neously. Slipping of macrocycles over the stoppers of dumb-
bell-shaped components has been used” to self-assemble
rotaxanes in solution under thermodynamic control. Judi-
cious choice of the constitution and the size of the slippage
stoppers and the macrocycle’s cavity are essential in order to
reach that fine balance between the system being capable of
slippage and not. When such a balance is achieved, the
macrocycle possesses sufficient thermal energy in solution,
just above room temperature, to permit its slow passage over
the stopper. It has been concluded!'”! that a well-defined cut-
off between rotaxanes and pseudorotaxanes does not exist.[!]
In this Paper, we present an example of “piggy-back”
supramolecular assistance, which leads to the formation in
solution of two [2]pseudorotaxanes, one of which is on the
brink of becoming a [2]rotaxane.'” We have reported
previously®! that slow “internal” passage of cyclobis(para-
quat-p-phenylene) CBPQT*" over an SMe group occurs
(Scheme 1a) in the amphiphilic bistable [2]rotaxane 1¢+.
Here, we record the results of kinetic, thermodynamic, and
electrochemical studies between a semi-dumbbell-shaped
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Scheme 1. a) Hindered interconversion in a “slow” bistable amphiphilic [2]rotaxane 1** and b) self-assembly of
the bistable [2]pseudorotaxane 2 C CBPQT- GREEN** and its slow interconversion to 2C CBPQT: RED**.

compound 2 and CBPQT* (Scheme 1b). Compound 2
contains two different recognition sites—a monopyrrolo-
tetrathiafulvalene (MPTTF) one and a 1,5-dioxynaphthalene
(DNP) one—for CBPQT** along with a “speed bump” in the
form of an SMe group situated on the rod section between the
two recognition sites.

Results and Discussion

Synthesis and photophysical investigations: The inclusion of
TTF derivatives inside the cavity of CBPQT* is well
documented!™ and leads to the formation of pseudorotax-
anes? under thermodynamic control upon mixing of their
acyclic and cyclic components in solution. The occurrence of
the threading process is evidenced by the 'H NMR and
absorption spectra.l' 3]

Model system: As a model system for 2 C CBPQT**, we chose
to investigate the complexation (Scheme 2) of CBPQT** with
the semi-dumbbell compound !¢l 3 containing only an
MPTTEF unit on its rod section. Mixing equimolar proportions

4612

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of 3 and the tetracationic cyclo-
phanel'? CBPQT** in Me,CO
or MeCN leads to the forma-
tion of the [2]pseudorotaxane
3 CBPQT*, as indicated by
the immediate appearance of a
green-colored solution; this
observation is consistent with
a broad charge transfer (CT)
band centered on 805 nm in the
UV/Vis  spectrum (Me,CO,
298 K), a situation which is
characteristicl'l of superstruc-
tures containing a TTF unit
located inside CBPQT**. The
binding constant (K,) for the
1:1 complexation of CBPQT**
with 3 has been determined
previouslyl® by  UV/Vis
spectroscopy to be 1300M~!
(¢=1310 Lmol~'cm™) and
8800M~! (¢ =1500 Lmol~'cm™)
at 298 K in Me,CO and MeCN,
respectively. These K, values
correspond to free energies of
complexation!!¥! (— AG®) of 4.2
and 5.4 kcalmol~! at 298 K.

2 C CBPQT*: Mixing equimo-
lar amounts of the semi-dumb-
bell compound®! 2 and
CBPQT** in Me,CO leads to
the formation (Scheme 1b) of
2 C CBPQT-GREEN*, as evi-
denced by the spontaneous pro-
duction of a green-colored sol-
ution. The UV/Vis spectrum
(Figure 1a) recorded at 295K

e @ 3

1 L Fast

CBRQT1PF,
3cCBPAT=4PFg
Scheme 2. Complexation of the semi-dumbbell compound 3 by CBPQT**.

in Me,CO of this solution showed, immediately after its
preparation, a broad band centered on 800 nm as a result of
the CT interactions that occur when CBPQT** encircles!' the
MPTTF unit. Allowing the green solution to stand for 24 h at
room temperature produced a brown solution and led (Fig-
ure 1c) to a decrease in the intensity of the MPTTF/CBPQT**

www.chemeurj.org Chem. Eur. J. 2003, 9, 4611 -4625
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Figure 1. UV/Vis absorption spectra recorded in Me,CO at 295 Kon a 1:1
mixture of 2 and CBPQT** (0.72 mM) immediately after their mixing
(trace a), after 2.5 h (trace b), and after 48 h (trace c). The inset shows the
actual colors of the solution immediately after its preparation (green) and
after 48 h (brown).

CT band, which was accompanied by the appearance of an
absorption band observed as a shoulder at 520 nm that results
from the DNP moiety being located inside the cyclopha-
ne.['3 15511 This sequence of events indicates that a partial
interconversion of 2 C CBPQT- GREEN*" into 2 C CBPQT-
RED*" has taken place. Thin-layer chromatography (TLC) of
the equilibrated brown solution containing 2 C CBPQT-
GREEN*" and 2 c CBPQT-RED* showed—besides a yel-
low and a colorless spot arising from 2 and CBPQT*,
respectively—only a red spot; this suggests that 2 C CBPQT-
RED* may be isolated as a rotaxane-like complex, while 2 C
CBPQT:GREEN* dissociates into its components (i.e., 2
and CBPQT*") on the time-scale of the TLC experiment. By
employing flash column chromatography, it was possible
(Figure 2) to isolate the red co-conformation 2 C CBPQT-
RED*" in 20% yield,?” which could be stored for more than
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Figure 2. A column chromatogram showing the separation of 2C
CBPQT-RED* from the semi-dumbbell compound 2 and CBPQT*".

two weeks in either Me,CO or MeCN at —78°C. The UV/Vis
spectrum (Figure 3a) of 2 CBPQT-RED*", recorded im-
mediately after its isolation in Me,CO at 296 K, reveals a CT
band in the form of a shoulder at 520 nm. It results from the
DNP moiety being located insidel'> 15 191 CBPQT**. Further-
more, no absorption band is observed in the region 750-
850 nm for a CT interaction that would result from the

Chem. Eur. J. 2003, 9, 4611 -4625 www.chemeurj.org
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MPTTF unit being located inside the cyclophane,*! support-
ing the conclusion that the DNP moiety is encircled exclu-
sively by CBPQT*. Allowing the red solution of 2C
CBPQT-RED* to stand for 24 h at 296 K results in a return
to the “original” spectrum (Figure 3c) as a consequence of the
passage of CBPQT* from the DNP to the MPTTF recog-
nition site.

A careful examination of the 800 nm regions in the spectra
shown in Figure 1 reveals that the MPTTF/CBPQT*" CT
bands of a 1:1 mixture of the semi-dumbbell compound 2 and
CBPQT* immediately after their being mixed and after 48 h
have different shapes, with their maxima displaced by 5 nm,
an observation which is consistent with the existence in 2 C
CBPQT-RED*  of folded conformations wherein the
MPTTF unit enters into an “alongside” interaction with
CBPQT* in Me,CO.?! Further evidence for the existence of
such folded conformations comes from the broad CT band
observed as a shoulder at 745 nm in the spectrum (Figure 3a)
recorded in Me,CO of 2cC CBPQT-RED*", immediately
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Figure 3. UV/Vis absorption spectra recorded in Me,CO at 296 K on 2 C
CBPQT:RED*" (0.28 mm) immediately after its isolation (trace a), after
2.5 h (trace b), and after 48 h (trace c). The inset shows the actual colors of
the solution immediately after its isolation (red) and after 48 h (brown).

after its isolation. It can be assigned to the “alongside”
MPTTF/CBPQT*" CT interactions. The existence of folded
conformations in 2C CBPQT-RED*" seems to be more
pronounced in MeCN. Figure 4 illustrates the UV/Vis spectra
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Figure 4. UV/Vis absorption spectra recorded in MeCN at 298 K on a 1:1
mixture of 2 and CBPQT* (0.20 mm) immediately after their mixture
(trace a), after 24 h (traceb), and on 2C CBPQT-RED*" (0.10 mm)
immediately after its isolation (trace c).
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recorded in MeCN of a 1:1 mixture of 2 and CBPQT*,
immediately after their being mixed—and after 24 h and of
2 C CBPQT:RED*", immediately after its isolation. A com-
parison of Figures1 and 4 indicates that the ratio 2C
CBPQT:GREEN*/2 c CBPQT-RED*" in equilibrated sol-
utions is larger in MeCN than it is in Me,CO at room
temperature. This observation is consistent with the results
obtained from 'H NMR spectroscopy (see below). They
indicate that, 2 C CBPQT - RED*" is present in 23 and 35 % in
equilibrated CD;CN and CD;COCD; solutions, respectively.
The UV/Vis spectra (Figure 4) recorded on a 1:1 mixture of 2
and CBPQT*" immediately after their being mixed (A=
817 nm) and after 24 h (4,,,=813 nm) have their maxima
displaced by 4 nm, which indicates the existence of folded
conformations in 2C CBPQT-RED*" in MeCN. The most
unequivocal evidence for the existence of folded conforma-
tions in 2 C CBPQT-RED*" in MeCN solution comes from
the UV/Vis spectrum recorded of 2 C CBPQT - RED*" imme-
diately after its isolation. The inset in Figure 4 show the 600 —
900 nm region of this spectrum and it is clearly evident that an
absorption with an & of about 580 Lmol~'cm™ at 1,,,=
740 nm appears, a feature which can be assigned to the
“alongside” MPTTF/CBPQT*" CT interactions. The ¢ value
represents the “average” contribution to the CT interaction
from all the possible conformations in which the MPTTF unit
is outside the tetracationic cyclophane.?l

1H NMR investigations: While UV/Vis spectroscopy indicates
the position of CBPQT*" on the rod section of the semi-
dumbbell component, 'H NMR spectroscopy provides a
quantitative tool for monitoring its position and also yields
fine, as well as gross, structural information.

Model system: In the case of the 1:1 complex formed between
the semi-dumbbell compound 3 and CBPQT**, exchange
between the complexed and uncomplexed species occurs
rapidly (Figure 5a) on the 'H NMR timescale (CD;COCDs,
500 MHz) at 301 K. Thus, the chemical shifts of the observed
resonances are the averaged values of those for the com-
plexed and the uncomplexed species. On cooling the
CD;COCD; solution down to 194 K, the kinetics enter the
regime of slow exchange and both complexed and uncom-
plexed species can be observed (Figure 5d) in the '"H NMR
spectrum of 3 and 1.4 equivalents CBPQT**. In the 'H NMR
spectrum recorded (Figure 5c) at 194 K on a 1:1 mixture of 3
and CBPQT** virtually no uncomplexed CBPQT** is present,
indicating that the complexation of 3 by CBPQT*" is very
strong at this temperature. The local asymmetry present in the
MPTTF unit is responsible for the desymmetrization of the
complexed CBPQT** ring. It results, for example, in four
doublets (/=6 Hz) being observed (Figure 5c) for the a-
bipyridinium protons in 3 C CBPQT**.

In order to determine an activation barrier for the complex-
ation/decomplexation process, a CD;COCD; solution of 3
containing 0.70 equivalents of CBPQT** was studied using
variable temperature (VT) 'H NMR spectroscopy. At 290 K,
the spectrum (Figure 6a) displayed the expected time-aver-
aged signal for the resonances associated with the protons on
the SMe groups. Upon cooling the sample, a gradual broad-

4614

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a) xy-H

[ ]

c)

Cc+ uc

100 9.8 96 94 92 9.0 88 86 84 82 80
-
Figure 5. Partial (cyclophane region) '"H NMR spectra (500 MHz) record-
ed in CD;COCD:; of 3 (1.5 mm) and CBPQT**: a) 3+1.0 equiv CBPQT** at
301 K, b)3+1.0 equiv CBPQT*" at 250 K, ¢) 3+1.0 equiv CBPQT** at
194 K, and d) 3+1.4 equiv CBPQT** at 194 K. The descriptions ¢ and uc
refer to complexed and uncomplexed CBPQT*+ components, respectively.
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Figure 6. Partial 'H NMR spectra (500 MHz) of the SMe region recorded
on a CD;COCD; solution of 3 (1.5 mm)+0.70 equiv CBPQT** at a) 290 K,
b) 247 K, ¢) 224 K, and d) 194 K. At lower temperatures two signals can be
observed for the protons of the SMe group (d). These signals can be
attributed to the complexed and uncomplexed forms of 3. Upon increasing
the temperature they are observed to broaden (c) and eventually coalesce
into one signal (b) at 247 K. The descriptions ¢ and uc refer to complexed
and uncomplexed species, respectively.
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ening of this signal occurred, leading eventually to its
separation (Figure 6d) into two resonances, which can be
associated with the SMe protons in the complexed and
uncomplexed forms of 3. At the coalescence temperature, the
activation barrier (AG*) for the process, whereby a CBPQT**
ring undergoes exchange between two semi-dumbbell mole-
cules, can be calculated®! and was determined to be 11.4+
0.1 kcalmol! at 247 K.

2C CBPQT: GREEN**: In common with the model system,
the exchange between the complexed and uncomplexed
species in the 1:1 complex formed between 2 and CBPQT**
occurs rapidly on the 'H NMR timescale (CD;COCD;,
500 MHz) at 301 K. At 194 K, the kinetics enter the regime
of slow exchange. The 'TH NMR spectrum recorded (Fig-
ure 7b) on a CD;COCD; solution of 2 and 0.66 equivalents of
CBPQT** reveals that only two species are present at 194 K,
namely 2C CBPQT-GREEN* and 2. By contrast, the
'"H NMR spectrum recorded (Figure 7c) on a CD;COCD;
solution of 2 and 1.04 equivalents of CBPQT** shows that 2 is
completely complexed by CBPQT**. Hence, 2C CBPQT-
GREEN*" and CBPQT*" are the only species present in
CD;COCD; solution under these conditions. These observa-
tions indicate that the complexation of 2 by CBPQT** is very
strong at this temperature. The most diagnostic evidence,
which indicates that CBPQT** encircles the MPTTF unit, is
the downfield shift?! of the resonance for the SMe protons. It
is observed (Figure 7c) as a singlet at 6 2.80 for 2 CBPQT-
GREEN*" compared with a singlet resonating (Figure 7a) at 6
2.49 for uncomplexed 2. As a consequence of the asymmetry
present in the semi-dumbbell component, the DNP-H-4/8
protons resonate as two doublets (/=8 Hz) at § 7.59 and 7.39

SM
a) SCHCHO  CHCH,— 7

NH

and the DNP-H-3/7 protons as two triplets (/ =8 Hz) centered
on ¢ 7.29 and 7.03, in the spectrum (Figure 8) of 2C CBPQT-
GREEN**, while the signals for the DNP-H-2/6 protons

DNP-H-3/7
DNP-H-2/6

Ar-H pyrrole-H
FL|

76 75 74 73 72 71 70 69 6.8 6.7
-
Figure 8. Partial 'H NMR spectrum (500 MHz) recorded in CD;COCD; at
194 K of 2 (1.0 mm)+1.04 equiv CBPQT**.

DNP-H-4/8

resonate as two doublets (J=8Hz) at 0 6.98 and 6.84.
Examination of the 'H DQF-COSY spectrum®! for 2C
CBPQT:GREEN*" shows clearly the scalar coupling be-
tween the protons in the DNP moiety. The resonances
associated with the DNP protons in 2 C CBPQT: GREEN**
are only slightly upfield shifted (Table 1) as compared to the
resonances for the DNP protons in 2. When a DNP moiety is
located “inside” CBPQT**, the DNP-H-4/8 protons reso-
natel?®l at very high field (6 =2.0-3.0) on account of the [C-
H-..- 1] interactions with the p-xylylene units of CBPQT**.
The fact that these DNP protons give rise to signals in the
region 0 =73-76 confirms unequivocally that the DNP
moiety is not located inside CBPQT**.

e 2Cc CBPQT-RED*: The
'H NMR spectrum (194 K) re-
corded in CD;COCD; of 2C
CBPQT-:RED*" is shown in

-

c
4 xo-H 4xp-H

[of
¢ SCH,CH,0O

u
SMe—"7 CHCH; | < gMe
SCH,CH,0 m

Figure 9. Evidence for the fact
that CBPQT** encircles the
DNP moiety is apparent from
the observation of a high up-
field shift (Table 1) of the peaks
corresponding to the protons of
the DNP moiety. The DNP-H-
2/6 protons resonate as two
doublets (/J=8Hz) at 6 6.34
and 6.35, respectively, in the
spectrum (Figure 9) of 2C
CBPQT-RED*", while one of
the DNP-H-3/7 protons reso-
nates as a triplet (/=8 Hz) at 6
6.22. Although the signal for
the other DNP-H-3/7 proton is

10.8 104 10.0 9.6 9.2

Figure 7. Partial 'H NMR spectra (500 MHz) recorded in CD;COCD; at 194K of a)2 (1.5mwMm), b)2
(1.7 mm)+0.66 equiv CBPQT**, and c) 2 (1.0 mm)+1.04 equiv CBPQT**. The descriptions ¢ and uc refer to

complexed and uncomplexed species, respectively.
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obscured by the multiplet for
the "NCH, protons, it is clearly
evident in the 'H DQF-COSY
spectrum!®! and resonates at o
6.20. The upfield shift of the
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Table 1. Selected 'H NMR spectroscopic datal® (6 values) for 2, CBPQT**, 2 C CBPQT- GREEN*, and 2 C CBPQT-RED** in CD;COCD; at 194 K. s =
singlet, d = doublet, t = triplet, m = multiplet, brs =broad singlet, and brt = broad triplet.

Semi-dumbbell 2 CBPQT* 2 C CBPQT: GREEN* 2 C CBPQT-RED*
NH 10.82 (s) - 10.96 (s) 10.69 (s)
aH - 9.65 (d) 9.72 (d), 9.57 (d), 9.43 (d), 9.39 (d) 9.45 (d), 9.36 (d), 9.19 (d), 9.14 (d)
B-H - 8.76 (d) 8.48 (d), 8.29 (d), 8.25 (d), 823 (d) 7.88 (d), 7.86 (d), 7.73 ()" 7.63 ()"
Xy-H - 7.95 (s) 8.19 (s), 8.17 (s), 8.01 (s), 7.98 (5) 8.45 (s), 8.43 (s), 8.23 (5), 8.21 (5)
DNP-H-4/8 7.83 (d), 7.80 (d) - 759 (d), 7.39 (d) 2.62 (d), 2.60 (d)
DNP-H-3/7 7.42 (1), 7.36 (1) - 729 (1), 7.03 (1) 6.22 (1), 6.20 ()
DNP-H-2/6 6.99 (d), 6.97 (d) - 6.98 (d), 6.84 (d) 6.35 (d), 6.34 (d)
pyrrole-H 6.95-6.97 (m) - 6.67-6.69 (m) 6.74 (brs), 6.64 (brs)
SCH,SCH, 311 (1) - 3.42 (brt) 3.48 (brt)
SMe 2.49 (s) - 2.80 (s) 2.53 (s)

[a] '"H NMR spectra were recorded at 500 MHz. [b] Identified from the 'H DQF-COSY spectrum.

shuttling behavior of the tetra-
cationic ring component be-
tween the two recognition sites
in 2C CBPQT*" has been car-
ried out with the objective of
obtaining the thermodynamic
parameters for the process. The
kinetics of the movement of

DNP-H-3/7
+
4xa-H pyrrole-H DNP-H-3/7 +2xCHN
’_k_\ ’—k—\ DNP-H-2/6 N
,:I—‘ 2x CHN
NH
) L L
T T T T T T T 1 t i T T T T
10.8 10.4 10.0 9.6 9.2 8.8 8.4 8.0 6.8 6.6 6.2 6.0

-

Figure 9. Partial 'H NMR spectrum (500 MHz) of isolated 2C CBPQT-RED* (=2 mm) recorded in
CD;COCD; at 194 K (the peaks for the DNP-H-4/8 protons appear at d 2.60 and 2.62 and are not shown here).

DNP-H-2/6 and DNP-H-3/7 protons results from anisotropic
shielding of the protons on the DNP moiety by the aromatic
units present in the encircling CBPQT** ring. Additionally,
the DNP-H-4/8 protons of the encircled DNP moiety
participate in [C-H .- «t] interactions. The fact that they are
pointing toward the mfaces of the p-xylylene units of
CBPQT* results in a very large upfield shift of their
resonances, which are observed as two doublets (/=8 Hz)
at 0 2.60 and 2.62. The ¢ values for the DNP-H-4/8 protons in
2 C CBPQT-RED*" and the same protons in 2 are shifted
upfield by 5.21 and 5.20 ppm. The 'H DQF-COSY spec-
trum®! recorded on 2C CBPQT-RED*" shows the scalar
coupling between the protons in the DNP moiety. No signals
corresponding to an uncomplexed DNP moiety are observed
for the isolated 2 C CBPQT-RED*', indicating that the DNP
moiety is completely encircled by CBPQT**, at least within
the limits of detection in these experiments.

Equilibrated solutions: The 'TH NMR spectra (273 K) record-
ed on equilibrated Me,CO (1.0 mM) or MeCN (0.80 mm)
solutions, containing initially a 1:1 mixture of 2 and CBPQT*",
revealed that these solutions contained 35 and 23 %, respec-
tively, of 2 C CBPQT. RED**.[27]

Dynamic and kinetic investigations: A fundamental under-
standing of the shuttling behavior in solution by bistable
[2]rotaxanes must be achieved if their switching properties in
solid-state devices[’! are going to be harnessed to the full.
Toward this end, a detailed kinetic investigation of the
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CBPQT** between the MPTTF
and the DNP recognition sites
were investigated in Me,CO and
MeCN, using UV/Vis spectros-
copy as the probe. This shuttling
process is a unimolecular reac-
tion and can accordingly be expected to follow first-order
kinetics.?®l

GREEN to RED: The first-order kinetics for the process
whereby CBPQT* moves from the MPTTF to the DNP
recognition site in 2 C CBPQT*" were investigated by mon-
itoring the increase in the CT band intensity resulting from
the DNP moiety being located inside CBPQT**. Immediately
after mixing equimolar amounts of CBPQT** and 2 in
Me,CO,2% a UV/Vis spectrum was recorded and the move-
ment of CBPQT** from the MPTTF to the DNP recognition
site was followed at different temperatures (Table 2) using the
DNP/CBPQT*" CT band (520 nm) as the probe. After 24 h,
all the equilibrating systems had reached equilibrium and no
perceptible changes were observed in UV/Vis spectra record-
ed subsequently. The experimental data were subjected to a
first-order analysis and rate constants (k) were obtained for
the passage of CBPQT** over the SMe group in the direction
from 2CCBPQT:GREEN* to 2cCCBPQT-RED* in
Me,CO at different temperatures. The straight lines obtained
by plotting InA/A, against time (¢) confirm®! the first-order
nature of the shuttling process. The k values and the
corresponding free energies of activation®! (AG*) were
obtained directly from the slopes of these straight lines and
are recorded in Table 2, together with the half-lifes (¢,,) for
this co-conformational change. Since the MPTTF/CBPQT**
CT band intensities also show (Figure 1) significant changes as
time progresses, it might be expected that this band could also
be used as a probe for monitoring the passage of CBPQT**
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Table 2. Rate constants (k) and derived free energies of activation!*")
(AG*) for the slippage of CBPQT* over the SMe group in 2 in the
direction from GREEN to RED determined by UV/Vis spectroscopy in
Me,COP! at different temperatures using the DNP/CBPQT** CT band as
probe.

Table 3. Rate constants (k) and derived free energies of activation!*"]
(AG*) for the slippage of CBPQT*" over the SMe group in 2 in the
direction from RED to GREEN determined by UV/Vis spectroscopy in
Me,COP at different temperatures using the DNP/CBPQT** CT band as
probe.

T Amax Data Correlation k& tin AG* T Amax Data Correlation  k tin AG*

[K] [nm] points coefficient  [s7!] [min]®  [kcal mol -] [K] [nm] points coefficient  [s7!] [min]®  [kcal mol~']
292 520 13 0.998 1.4%x10- 830 235 295 520 17 0.999 14x107 830 23.8

295 520 10 0.990 1.9%x1075 610 23.6 297 520 15 0.999 1.9x105 610 23.8

297 520 15 0.995 2.6x107° 440 23.6 301 520 13 0.999 2.7x107° 430 239

301 520 12 0.996 3.6x10° 320 23.7 305 520 13 0.999 3.9x107° 300 24.0

305 520 8 0.992 48x10° 240 23.8 309 520 17 0.999 55%x10° 210 24.1

308 520 8 0.998 6.9x10 170 239 312 520 15 1.000 7.6x10° 150 242

[a] Experiments were performed with an initial concentration of 2 (equal
to that of CBPQT*") of 0.72 mM. The k values were obtained from the slope
of the straight line in the plot of InA/A, against ¢ using the relationship of
InA/A,=— kt. The values A and A, correspond to the absorbance (at
520 nm) at time ¢ and A, to the initial absorbance (at 520 nm), respectively.
[b] The values of “half-life” quoted were obtained from ¢, = In2/k and are
the theoretical values that would be observed in a nonequilibrating system,
i.e., if the reverse process was prevented by constant removal of the
separated components from the system.

over the SMe group. However, as a consequence of the
existence of folded semi-dumbbell conformations (see above)
in 2C CBPQT-RED*, the decrease in the CT band (A,,,, =
800 nm) associated with the MPTTF unit located “inside”
CBPQT* in 2 C CBPQT:GREEN*" is accompanied by an
increase in the CT band (4,,,=740nm) caused by the
MPTTF unit entering into an “alongside” interaction with
CBPQT** in 2 C CBPQT-RED*". Therefore, it is not feasible
to use the absorption band at 800nm as a probe for
monitoring the shuttling of CBPQT*" between the MPTTF
unit and the DNP moiety.*! 3

RED to GREEN: The first-order kinetics for the process
whereby CBPQT* moves from the DNP to the MPTTF
recognition site of 2C CBPQT*" were investigated by mon-
itoring the decrease in the CT band intensities resulting from
the DNP moiety being located inside CBPQT**. Immediately
after isolation of 2 C CBPQT-RED*", UV/Vis spectra were
recorded®! in both Me,CO and MeCN. The passage of
CBPQT** from the DNP to the MPTTF recognition site was
followed at different temperatures (Tables 3 and 4), using the
DNP/CBPQT*" CT band (520 nm) as the probe. After 24 h,
the equilibrating systems reached equilibrium and no percep-
tible changes were observed in UV/Vis spectra recorded
subsequently. As a consequence of the spectroscopic changes,
the color of the solutions changes from red to brown (inset in
Figure 3). On carrying out a first-order kinetic analysis,?” rate
constants for the passage of CBPQT** over the SMe group in
the direction from 2C CBPQT:RED* to 2cC CBPQT-
GREEN*" were obtained (Tables3 and 4) at different
temperatures in both Me,CO and MeCN. Figure 10 shows
the linear plots of InA/A, against ¢ for the slippage of
CBPQT** over the SMe group in 2 in the direction from the
DNP moiety to the MPTTF unit in Me,CO at different
temperatures. The rate constants and the corresponding AG*
values,? obtained from these UV/Vis experiments, are
recorded in Tables 3 and 4 together with the ¢, values for
this co-conformational change.[*!
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[a] Experiments were performed with an initial concentration of 2C
CBPQT:RED** of 0.19 mm. The Me,CO solution of 2 CBPQT-RED*
also contained small amounts of NH,PF,. The k values were obtained from
the slope of the straight line in the plot of InA/A, against ¢ using the
relationship of InA/A,=—kt. The values A and A, correspond to the
absorbance (at 520 nm) at time ¢ and A, to the initial absorbance (at
520 nm), respectively. [b] The values of “half-life” quoted were obtained
from t,, =1n2/k and are the theoretical values that would be observed in a
nonequilibrating system, i.e., if the reverse process was prevented by
constant removal of the separated components from the system.

Table 4. Rate constants (k) and derived free energies of activation®")
(AG*) for the slippage of CBPQT*" over the SMe group in 2 in the
direction from RED to GREEN determined by UV/Vis spectroscopy in
MeCNE at different temperatures using the DNP/CBPQT** CT band as
probe.

T Amax Data Correlation k& tip AG*
[K] [nm] points coefficient  [s7'] [min]®  [kcalmol~!]
293 520 13 0.999 23x10 500 233
295 520 14 0.997 31x10™ 370 234
298 520 17 0.998 42 %107 280 23.4
300 520 8 0.996 53x107° 220 234
302 520 8 0.997 6.5x10 180 235
306 520 8 0.999 9.8x10~° 120 235

[a] Experiments were performed with an initial concentration of 2C
CBPQT:RED*" of 0.10 mm. The MeCN solution of 2C CBPQT:RED**
also contained small amounts of NH,PF,. The k values were obtained from
the slope of the straight line in the plot of InA/A, against ¢ using the
relationship of InA/A,= —kt. The values A and A, correspond to the
absorbance (at 520 nm) at time ¢ and A, to the initial absorbance (at
520 nm), respectively. [b] The values of “half-life” quoted were obtained
from t,, =1In2/k and are the theoretical values that would be observed in a
nonequilibrating system, i.e., if the reverse process was prevented by
constant removal of the separated components from the system.

Thermodynamic parameters: Since, the AG* values have been
determined at different temperatures the enthalpic (AH*)
and entropic (AS*) contributions to the shuttling process can
be calculated from a plot (Figure 11) of AG* against 7. In
addition, an Arrhenius plot®! gives the activation energy (FE,)
and the pre-exponential factor (A). The kinetic parameters
obtained from these plots are summarized in Table 5.4

Discussion of kinetic and thermodynamic parameters: Knowl-
edge of the thermodynamic parameters associated with the
shuttling processes between the MPTTF and DNP recognition
sites at room temperature is of crucial importance in view of
the use of these supramolecular entities in the fabrication of
devices. It is evident from inspection of the data in Table 5
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Figure 10. Linear plots of InA/A, against ¢ for the slippage of CBPQT**
over the SMe group in 2 in the direction from RED to GREEN in Me,CO
at different temperatures obtained by using the DNP/CBPQT** CT
absorption band (520 nm) as probe. The data points were collected in the
early stage of the experiments where the reverse process is not yet
occurring to any significant extent and have been fitted by best straight
lines, giving correlation coefficients of 0.999-1.000, indicating that first-
order kinetics are in operation. The slope of each line give the k value,
according to the relationship InA/A,= — kt.
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Figure 11. Linear plots of AG* against T for the slippage of CBPQT** over
the SMe group in 2 in the direction from GREEN to RED in Me,CO (m), in
the direction from RED to GREEN in Me,CO (4), and in the direction
from RED to GREEN in MeCN (@). The AG* values were obtained as
described in Tables 2—4. The slope and intercept of each line of best fit give
the values AS* and AH* (see Table 5), respectively, from the equation
AG*=AH*—T-AS*

AG*/ keal mol™! ——

that the passage of CBPQT*" over the SMe group is a
significantly faster process in MeCN than it is in Me,CO at
room temperature. In fact, the free energy of activation is
0.4 kcalmol~! lower in the former than it is in the latter.
Although, the enthalpies of activation are positive in both
solvents, the AH* value is approximately 3 kcalmol~! higher

in MeCN than it is in Me,CO. A much more pronounced
difference is evident when the entropies of activation for the
passage of CBPQT*" over the SMe group in these two
solvents are compared. Although the AS* value is negative in
both solvents, the value is twice as large in Me,CO than it is in
MeCN; this indicates that the passage of CBPQT** over the
SMe group is much more dominated by a loss of entropy in
the transition state in the case of Me,CO. The entropy of
activation AS™ is related to two major factors.''™™ 1) A loss of
translational, rotational, and vibrational degrees of freedom
on the part of CBPQT** upon its expanding to pass over the
SMe group would contribute negatively to the total entropy of
activation in both solvents. 2) A change in the solvation of the
semi-dumbbell-shaped component when the ring component
migrates from the recognition sites to the SMe group would
also affect the entropy of activation. The solubility of the
semi-dumbbell component is much higher (>20 times) in
Me,CO than it is in MeCN. The aromatic surfaces of the DNP
and MPTTF recognition sites become more exposed to the
solvent when they are not engaged in donor-acceptor
interactions with CBPQT**, that is, the rotaxane-like complex
is less polar at the transition state than it is when the ring
component encircles one of the two recognition sites. As a
direct consequence of the higher solubility of the semi-
dumbbell component in Me,CO, and the fact that Me,CO
(dielectric constant, ¢ =20.7) is less polar than MeCN (&=
37.5), the Me,CO solvent molecules are more ordered around
the aromatic surfaces of the DNP and MPTTF recognition
sites in the transition state than they are in the ground states
of 2C CBPQT*. Thus, the entropy of solvation takes on a
more negative value in Me,CO than in MeCN. If it is assumed
that the negative effect of the loss of freedom of motion of the
CBPQT* ring component is the same in Me,CO and MeCN,
the result will be a total entropy of activation which is more
negative in Me,CO than it is in MeCN.

Electrochemical investigations: These were carried out in
nitrogen-purged MeCN solutions at room temperature using
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). Our studies have been focussed on the oxidation
processes of the MPTTF units contained in the semi-dumbbell
components.

Semi-dumbbells: The semi-dumbbell compounds 3 and 2
contain, respectively, one (MPTFF) or two (MPTTF and
DNP) electron-donating units and one stopper, incorporating

Table 5. Kinetic and thermodynamic parameters for the passage of CBPQT** over the SMe group in 2 at 297 K.

Solvent Kkl 1 AG* (297 K)ll AHP] AS*] E Al

[s71] [min] [kcal mol~!] [kcal mol~!] [calmol ' K~!] [kcal mol~!] [s71]
GREEN to RED Me,CO 2.6 x 1073 440 23.6 16.4 —24 17.6 150 x 108
RED to GREEN Me,CO 1.9x 107 610 23.8 17.0 —-23 17.1 88 x 10°
RED to GREEN MeCN 4.2 x 1073 280 234 19.8 —-12 20.4 37600 x 10°

[a] The k,t,,,and AG* values were obtained as described in Tables 2 -4 and the estimated errors are =5 %. [b] The AH* and AS* values were obtained from
the intercept and slope of the straight line in the plot of AG* against T using the relationship AG*=AH* — T+ AS*, where T'is the absolute temperature; the
estimated errors are +5 % for AH* and +25% for AS™. [c] The E, and A values were obtained from the intercept and slope of the straight line in the plot of
Ink against 7' using the relationship Ink =1nA — (E,/R)(T "), where R is the gas constant and 7 'is the absolute temperature; the estimated errors are 5%
for E, and +25% for A. [d] At 298 K.
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phenoxy units, which are also expected to exhibit some
electron-donating ability.®* 3 Compounds 2 and 3 both
show®! two reversible, monoelectronic oxidation processes,
associated with the MPTTF unit. A comparison of the results
obtained (Table 6) shows that both the first and the second
oxidation processes associated with the MPTTF unit in 2 take
place at a potential that is less positive than these observed for
3. This behavior can be attributed to the presence of
stabilizing interactions between both the MPTTF* and
MPTTF?* and the DNP moiety['** 3] present in 2.

Table 6. Electrochemical datal for 3, 2, 3c CBPQT**, 2c CBPQT-
GREEN*, and 2 c CBPQT-RED**.

MPTTEF!
Compound/Complex Ey ! [V]e E 2 [V]e
3 +0.44 +0.74
2 +0.41 +0.72
3C CBPQT** +0.48 +0.74
2 C CBPQT-GREEN* +0.45 +0.72
2C CBPQT-RED** +0.50 +0.77

[a] Nitrogen-purged MeCN, room temperature and tetrabutylammonium
hexafluorophosphate (TBAPF;) as supporting electrolyte, platinum disk as
working electrode. [b] Unit involved in the observed processes. [c] Poten-
tial values in V vs SCE; reversible and monoelectronic processes.

Model system: A binding constant!"**! of 8300M~' (MeCN,
298 K) for the complexation between CBPQT*+ and 3 is not
large enough to avoid the presence of substantial amounts of
free species when equimolar concentrations in the range of
0.01 to 1 mm of the two components are present in MeCN
solutions. For this reason, the electrochemical investigation of
3 C CBPQT** was carried out in a MeCN solution containing
0.1 mMm of 3 and an excess (10 equivalents) of CBPQT**.
Under these conditions,?”l the fraction (89%) of 3C
CBPQT* is very large compared with the small amount of
uncomplexed 3. It has been possible, therefore, to study the
oxidation of the MPTTF unit engaged in this [2]pseudorotax-
ane. The results obtained (Table 6) for 3 and 3 C CBPQT**
show that, in 3 € CBPQT**, the first oxidation of the MPTTF
unit displays a small anodic shift (40 mV) when compared to
that for 3, whereas the second oxidation potential is unaf-
fected by the presence of CBPQT**. These results can be
explained® as follows. 1) In 3 C CBPQT**, the MPTTF unit
is engaged in CT interactions with CBPQT** while 2), after
the first oxidation of the MPTTF unit, dethreading takes place
because the noncovalent interactions between the MPTTF*
unit and CBPQT** are eradicated and a Coulombic repulsion
is introduced between the mono-oxidized MPTTF ' unit and
the tetracationic cyclophane. Consequently 3), the second
oxidation of the MPTTF ™ unit in the mixture of uncomplexed
3+ and uncomplexed CBPQT*" takes place at the same
potential as that of the second oxidation of the semi-dumbbell
component.

2 C CBPQT- GREEN*: Although the binding constant be-
tween 2 and CBPQT** has not been determined, it is expected
to have a magnitude which is, at least, not smaller than the K,
value for the complexation of CBPQT** with 3. As before, the
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electrochemical investigations of 2C CBPQT:GREEN*
were carried out in a MeCN solution containing the semi-
dumbbell component and an excess of CBPQT** in order to
avoid the presence of substantial amounts of free species. The
electrochemical data®! for 2c CBPQT-GREEN* were
obtained in a MeCN solution containing 2 (0.2 mm) and
10 equivalents of CBPQT*" immediately after its prepara-
tion.?”) A comparison (Table 6) of the results obtained for 2
and 2C CBPQT-GREEN*" show that, in 2cC CBPQT-
GREEN**, the first oxidation of the MPTTF unit is shifted
(40 mV) towards more positive potentials with respect to that
of 2, while the second oxidation takes place at the same
potential for both 2 and its 1:1 complex. These results are
similar to those obtained for 3 C CBPQT** and indicate that
2C CBPQT:GREEN* behaves electrochemically like a
[2]pseudorotaxane, that is, dethreading takes place after the
first oxidation of the MPTTF unit in the semi-dumbbell
component.

Allowing the MeCN solution of 2 C CBPQT: GREEN** to
stand for 24 h at room temperature produced a greenish
brown solution and led™! to anodic shifts of both the first and
second oxidation potentials in comparison with the first and
second oxidation process in 2C CBPQT: GREEN**. More-
over, these anodic shifts were accompanied by both a decrease
in the current intensities and a broadening of the DPV peaks.
These observations can be explained by the partial intercon-
version of 2C CBPQT:GREEN*" into 2 CBPQT-RED**
that takes place in the MeCN solution. Both the first and the
second oxidations of 2 C CBPQT - RED** take place (Table 6)
at slightly higher potentials (50 mV), than those of 2C
CBPQT-GREEN*". Therefore, the peak observed®! at
+0.47V can be assigned to the overlapping of the first
oxidation process of the MPTTF unit in 2cC CBPQT-:
GREEN*" and the first oxidation process of the MPTTF unit
in 2C CBPQT-RED*", whereas the peak observed®! at
+0.73 V arises from the overlapping of the second oxidation
process of the MPTTF unit in 2 C CBPQT+ GREEN** and the
second oxidation process of the MPTTF unit in 2 C CBPQT-
RED*".

2 C CBPQT- RED*: The electrochemical characterization of
2 C CBPQT:RED*" was carried out on a MeCN solution
containing 0.10 mm of 2 C CBPQT:RED**, prepared imme-
diately after its isolation. Since, 2C CBPQT:RED*" was
isolated as a rotaxane-like complex, the semi-dumbbell
component and ring component are present in a 1:1 ratio.
This situation is in contrast to the electrochemical investiga-
tions performed on 2C CBPQT:GREEN*", which were
carried out on a solution of 2 and 10 equivalents of CBPQT**.
The results obtained (Figure 12a and Table 6) for 2C
CBPQT-RED*, prepared immediately after its isolation,
show that both the first and second oxidations of the MPTTF
unit are shifted towards considerably more positive poten-
tials—by 90 and 40 mV, respectively—with respect to those of
2. The large anodic shift of the first oxidation potential cannot
be explained solely by the unfavorable Coulombic repulsion,
arising between the mono-oxidized MPTTF* unit and
CBPQT* encircling the DNP moiety. The photophysical
investigations indicate (see above) that the MPTTF unit in
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Figure 12. Differential pulse voltammograms (DPVs) recorded in MeCN
at298 Kon a) 2C CBPQT: RED** (0.1 mm) immediately after its isolation,
b) after 3 h, and c) after 24 h.

2 C CBPQT:RED*" is engaged in “alongside” interactions
with CBPQT** as expressed (Scheme 3) by the presence of
folded superstructures. We can thus associate the process at
+0.50 V with the first oxidation of the MPTTF unit which is
interacting in an “alongside” manner with CBPQT**. Re-
moval of one electron (MPTTF — MPTTF*) from such
folded conformations results in the breaking of the favorable
donor—acceptor interactions between the MPTTF unit and
the bipyridinium units in CBPQT**, leading to unfolding of
the pseudorotaxane. Reduction (MPTTF™ — MPTTF) of the
mono-oxidized MPTTF* unit
to its neutral form regenerates
the “linear” conformation of
2 C CBPQT:RED*", which is
in equilibrium with its folded
conformations. The shift of
40 mV toward more positive
potentials for the second oxida-
tion process in 2C CBPQT-
RED*, compared with the
same process for 2, can be
explained by the formation of
further Coulombic repulsion
between the di-oxidized
MPTTF?* unit and the elec-
tron-accepting CBPQT**.

The conversion of 2C
CBPQT-RED* into 2C
CBPQT:GREEN*" could be
followed by monitoring the
changes in the positions and
the shapes of the DPV peaks.
Figure 12b shows the DPV re-

corded on a solution of 2C see text.
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CBPQT-RED*" 3 h after its isolation. A comparison of the
DPYV peaks in Figure 12a and b reveal anodic shifts, decreases
in the current intensities, and broadening of the DPV peaks,
all indicating that these peaks can be attributed to the
overlapping of oxidation processes from three different
species, namely, 2, 2CCBPQT-GREEN*, and 2C
CBPQT:RED*". After 24 h at room temperature, the system
had equilibrated and no perceptible changes were observed in
the voltammograms recorded (Figure 12¢) subsequently.
Assuming that the K, value for the complexation of 2 by
CBPQT* is approximately the same as that for the complex-
ation between CBPQT** and 3 and, since the electrochemical
investigations of 2 C CBPQT-RED*" were carried out on a
MeCN solution containing initially 0.10 mm of 2 C CBPQT-
RED*, the fraction of complexed species (i.e., 2C CBPQT-
RED*" and 2 c CBPQT - GREEN*") is expected to be around
35 % at room temperature in the equilibrated MeCN solution.
The results obtained (Figure 12¢) on the equilibrated solution
shows that most of 2 C CBPQT-RED*" has been converted
into 2C CBPQT:-GREEN*" and 2. The first oxidation
potential (+0.42 V) recorded on the equilibrated solution is
between those obtained for 2 Cc CBPQT:GREEN* and 2,
clearly indicating that both 2 C CBPQT: GREEN** and 2 are
present in the equilibrium mixture. The limited amount of 2 C
CBPQT-RED*, present in the MeCN solution at room
temperature is, for example, evidenced by the existence
(Figure 12¢) of a weak shoulder at the right side of the DPV
peak associated with the first oxidation processes.

Conclusion

In conclusion, a bistable, supramolecular species, based on a
CBPQT* ring component which threads onto a semi-dumb-

——
——

— -0

Scheme 3. Schematic representation of the electrochemical behavior of 2 CBPQT - RED*". For more details,
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bell-shaped component containing two different recognition
sites—a terminal MPTTF unit and an internal DNP moiety—
initially in a fast step to form a kinetically labile [2]pseudo-
rotaxane, which then progresses more slowly to form a second
kinetically stable [2]pseudorotaxane, has been characterized.
In these [2]pseudorotaxanes the CBPQT** ring encircles,
respectively the MPTTF unit and the DNP moiety. A “speed
bump” in the shape of an SMe group has made it possible to
isolate the second of the two [2]pseudorotaxanes, suggesting
that it has some [2]rotaxane character to it. The presence of
the SMe group situated between the two recognition sites in
this bistable, supramolecular species made it possible to study
the kinetics of the shuttling of the CBPQT** ring between the
two recognition sites. The processes, which are accompanied
by detectable color changes, can be followed by 'H NMR and
UV/Vis spectroscopies, allowing the kinetic and thermody-
namic parameters for the shuttling of CBPQT** between the
MPTTF and DNP recognition sites to be determined in both
Me,CO and MeCN solutions. The passage of CBPQT*+ over
the SMe group is a significantly faster process in MeCN than it
is in Me,CO at room temperature, an observation which we
believe is related to the fact that the passage of CBPQT** over
the SMe group is much more dominated by a loss of entropy
in the transition state in Me,CO. The electrochemical and
photophysical investigations show that the [2]pseudorotax-
ane, in which CBPQT** encircles the DNP moiety, does not
exist as a simple “linear” translational isomer. The data from
these investigations suggest that—owing to the length and
flexibility of the semi-dumbbell component—the MPTTF unit
engages itself “alongside” with one of the bipyridinium units
in the CBPQT** ring in a folded conformation in order to
maximize the donor—acceptor interactions. The unique
properties of this bistable complex make it an attractive
candidate for incorporation into redox-controllable, piston-
like, motor-molecules, as well as into other kinds of artificial
molecular machinery.> 4

Experimental Section

General methods: Chemicals were purchased from Aldrich and were used
as received. The semi-dumbbell compound!™® 2 (Scheme 1), the semi-
dumbbell compound® 19 3 (Scheme 2), and cyclobis(paraquat-p-phenyl-
ene) tetrakis(hexafluorophosphate)!'”? (CBPQT-4PF,) (Schemes 1 and 2)
were all prepared according to literature procedures. Solvents were dried
according to literature procedures.*”! Thin-layer chromatography (TLC)
was carried out using aluminium sheets pre-coated with silica gel 60F
(Merck 5554). The plates were inspected under UV light and, if required,
developed in I, vapor. Flash column chromatography was carried out using
silica gel 60F (Merck 9385, 0.040-0.063 mm). 'H NMR spectra were
recorded at 500 MHz on a Bruker Avance500 spectrometer, using residual
solvent as the internal standard. All chemical shifts are quoted on a ¢ scale,
and all coupling constants (/) are expressed in Hertz (Hz). Samples were
prepared using CD;COCD; or CD;CN purchased from Cambridge Isotope
Labs. Temperatures were calibrated using a neat MeOH samplel*!! before
or after each experiment and assumed to remain constant during the
experiment.

Semi-dumbbell compound 3: 'H NMR (CD;COCD;, 500 MHz, 194 K):
0=116 (t, J=7.6 Hz, 3H, CH,CH,), 1.26 (s, 18H, 2 x C(CHs)5), 2.47 (s,
3H, SCH;), 2.55 (q, J=76Hz, 2H, CH,CH;), 3.06 (t, J=6.6 Hz, 2H,
SCH,CH,0), 3.69 (t, J=6.6 Hz, 2H, SCH,CH,0), 3.82 (brs, 2H, CH,0),
4.08 (brs, 2H, CH,0), 6.90 (d, J=8.9 Hz, 2H, Ar-H), 6.93-6.95 (m, 2H,
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pyrrole-H), 7.11-719 (m, 10H, Ar-H), 7.38 (d,J = 8.6 Hz, 4H, Ar-H), 10.84
(s, 1H, NH).

CBPQT*: 'H NMR (CD,COCD;, 500 MHz, 194 K): 6 =6.17 (s, 8H, 4 x
CH,N*),795 (s, 8H, Ar-H, xylyl), 8.76 (d, J = 6.5 Hz, 8 H, -H), 9.65 (d, ] =
6.5 Hz, 8H, a-H).

Model system 3 C CBPQT*: Mixing the colorless cyclophane CBPQT-
4PF, and the yellow semi-dumbbell compound 3 in equimolar proportions
in CD;COCD; at room temperature produced a green-colored solution
(1.5 mm) and an 'H NMR spectrum (500 MHz) was recorded at 301 K. The
exchange between the complexed and free species occurs rapidly (see
Figure 5a) on the '"H NMR timescale. Thus, the sample was cooled down to
194 K in order to shift the kinetics into slow exchange which resulted in the
appearance of complexed 3 C CBPQT** signals exclusively in the spectrum
(see Figure 5c¢), indicating that the complexation of 3 by CBPQT** is very
strong at this temperature. Data for 3 CBPQT*": 'H NMR (CD;COCD;,
500 MHz, 194 K): 6 =1.15 (t, J="7.6 Hz, 3H, CH,CHj;), 1.25 (s, 18H, 2 x
C(CHs;);), 2.56 (q, /=176 Hz, 2H, CH,CH,), 2.79 (s, 3H, SCH;), 3.39 (brt,
2H, SCH,CH,0), 3.99 (brt, 2H, SCH,CH,0), 4.05 (brs, 2H, CH,0), 4.25
(brs, 2H, CH,0), 6.05-6.11 (m, 8H, 4 x CH,N"), 6.78-6.81 (m, 2H,
pyrrole-H), 6.85 (d, /=8.7 Hz, 2H, Ar-H), 7.08-720 (m, 10H, Ar-H), 7.37
(d,/=8.5Hz,4H, Ar-H),8.07 (s,2H, xy-H), 8.11 (s,2H, xy-H), 8.19 (s,2H,
xy-H), 823 (s,2H, xy-H), 8.43 (d,/=6.1 Hz, 2H, 5-H), 8.48 (d, /= 6.1 Hz,
2H, p-H), 8.73-8.76 (m, 4H, -H), 9.55 (d, J=6.1 Hz, 2H, a-H), 9.59 (d,
J=6.1Hz,2H, a-H),9.77 (d,J=6.1 Hz,2H, a-H), 9.83 (d, /=6.1 Hz, 2H,
a-H), 11.00 (s, 1H, NH).

Semi-dumbbell compound 2: '"H NMR (CD;COCDj;, 500 MHz, 194 K):
0=1.15 (t, J=76 Hz, 3H, CH,CHs;), 1.26 (s, 18H, 2 x C(CH,)3), 2.49 (s,
3H, SCH3), 2.56 (q, J=76Hz, 2H, CH,CH;), 3.11 (t, J=6.5Hz, 2H,
SCH,CH,0), 3.82 (t, J=6.5Hz, 2H, SCH,CH,0), 3.99 (brs, 4H, 2 x
CH,0), 4.04 (brs, 2H, CH,0), 4.15 (brs, 2H, CH,0), 4.28 (brs, 4H, 2 x
CH,0), 6.93 (d,/=8.9 Hz, 2H, Ar-H), 6.95-6.97 (m, 2H, pyrrole-H), 6.97
(d, J=82Hz, 1H, DNP-H-2/6), 6.99 (d, J=82Hz, 1H, DNP-H-2/6),
711-719 (m, 10H, Ar-H), 7.36 (t,J =8.2 Hz, 1 H, DNP-H-3/7), 738 (d,J =
8.6 Hz, 4H, Ar-H), 742 (t,J =82 Hz, 1H, DNP-H-3/7), 7.80 (d, / =8.2 Hz,
1H, DNP-H-4/8), 7.83 (d, J=8.2 Hz, 1 H, DNP-H-4/8), 10.82 (s, 1 H, NH).

2C CBPQT: GREEN*": A CD;COCD; (1.0 mL) solution of the yellow
semi-dumbbell compound 2 (2.2 mg, 2.0 umol) and a CD;COCD; (1.0 mL)
solution of the colorless cyclophane CBPQT-4PF, (2.3 mg, 2.1 pmol) were
cooled to 195 K (dry ice/Me,CO). Mixing these two solutions produced a
green-colored solution and an 'H NMR spectrum (500 MHz) was recorded
at 194 K. Data for 2C CBPQT-GREEN*": 'H NMR (CD;COCD;,
500 MHz, 194 K): 6 =1.16 (t, J=7.6 Hz, 3H, CH,CH;), 1.26 (s, 18 H, 2 x
C(CHs;);), 2.56 (q, /=76 Hz, 2H, CH,CH,), 2.80 (s, 3H, SCH;), 3.42 (brt,
2H, SCH,CH,0), 4.00 (brs, 2H, CH,0), 4.04 (brs, 2H, CH,0), 4.10 (brt,
2H, SCH,CH,0), 4.19 (brs, 4H, 2 x CH,0), 4.27 (brs, 2H, CH,0), 4.50
(brs, 2H, CH,0), 6.03-6.09 (m, 8H, 4 x CH,N"), 6.67-6.69 (m, 2H,
pyrrole-H), 6.84 (d, /=8.1 Hz, 1H, DNP-H-2/6), 6.92 (d, /=89 Hz, 2H,
Ar-H), 6.98 (d, J=8.1 Hz, 1 H, DNP-H-2/6), 7.03 (t, J=8.1 Hz, 1 H, DNP-
H-3/7),711-720 (m, 10H, Ar-H), 729 (t,J = 8.1 Hz, 1H, DNP-H-3/7), 7.38
(d,/=8.6 Hz,4H, Ar-H), 739 (d,/=8.1 Hz, 1 H, DNP-H-4/8), 7.59 (d, / =
8.1 Hz, 1H, DNP-H-4/8),7.98 (s, 2H, xy-H), 8.01 (s, 2H, xy-H), 8.17 (s, 2H,
xy-H), 8.19 (s,2H, xy-H), 8.23 (d, /=62 Hz, 2H, 5-H), 8.25 (d, / = 6.2 Hz,
2H, p-H), 829 (d,/=62Hz, 2H, -H), 8.48 (d,/=62Hz, 2H, -H), 9.39
(d,J=62Hz, 2H, a-H), 9.43 (d, /=6.2 Hz, 2H, a-H), 9.57 (d, /= 6.2 Hz,
2H, a-H),9.72 (d, J=6.2Hz, 2H, a-H), 10.96 (s, 1 H, NH).

2C CBPQT:RED*": Mixing a solution of the yellow semi-dumbbell
compound 2 (15.7 mg, 14.3 umol) in Me,CO (10 mL) and the colorless
cyclophane CBPQT-4PF, (15.7 mg, 14.3 umol) in Me,CO (10 mL) pro-
duced a green-colored solution immediately. Leaving the green solution to
stand for 24 h at room temperature gave a brown solution. The brown
solution was subjected to flash column chromatography (silica gel) and the
first yellow band containing the semi-dumbbell compound 2 was eluted
with Me,CO, whereupon the eluent was changed to Me,CO/NH,PF, (1.0 g
NH,PF; in 100 mL Me,CO). The red band was collected to give 15 mL of a
solution containing 2 C CBPQT-RED**. In order to obtain an estimate of
the amount of isolated 2C CBPQT-RED*", the following assumptions
have been made. If it is assumed that the extinction coefficient ¢ is the same
at 400 nm, regardless of whether a solution of 2C CBPQT:RED*" or a
solution of a 1:1 mixture of the semi-dumbbell compound 2 and CBPQT**
is considered,*? then the concentration of the isolated Me,CO solution of

4621



FULL PAPER

J. O. Jeppesen, S. A. Vignon and J. F. Stoddart

2 C CBPQT:RED*" can be calculated from a solution of a 1:1 mixture of
the semi-dumbbell compound 2 and CBPQT*" with a known concentration.
The UV/Vis spectra, shown in Figure 1, were recorded on a 0.72 mm
solution of 2 (equal to that of CBPQT*") and the absorbance at 400 nm
was close to 1.36 (295 K) in all cases. The absorbance for the isolated
Me,CO solution of 2C CBPQT:RED*" at 400 nm was 0.36 (296 K), a
situation which implies that the concentration of 2 C CBPQT - RED** was
0.19 mwm. Since, the volume of the isolated Me,CO solution of 2 ¢ CBPQT -
RED* was 15 mL, the yield of 2C CBPQT-RED*" is 6.3 mg (2.9 umol,
20%). The solvent from the isolated Me,CO solution—also containing
some NH,PF,—of 2 C CBPQT:RED** was removed in vacuo (7 < 5°C),
and the resulting red residue was dissolved immediately thereafter in an
appropriate solvent (Me,CO, MeCN, CD;COCD;, or CD;CN). These
solutions were stored ready to use at 195 K (dry ice/Me,CO). Data for 2 C
CBPQT-RED*: 'H NMR (CD,COCD;, 500 MHz, 194 K): 6 =1.12 (t,J =
7.6 Hz, 3H, CH,CH,), 1.22 (s, 18H, 2 x C(CHs);), 2.53 (q, J=7.6 Hz, 2H,
CH,CHs;), 2.53 (s, 3H, SCH3), 2.60 (d,J=8.1 Hz, 1 H, DNP-H-4/8), 2.62 (d,
J=8.1Hz, 1H, DNP-H-4/8), 3.48 (brt, 2H, SCH,CH,0), 4.17 (brt, 2H,
SCH,CH,0), 4.34 (brs, 2H, CH,0), 4.40-4.55 (m, 10H, 5 x CH,0), 5.97
and 6.10 (ABq, /J=132Hz, 4H, 2x CH,N"), 6.12-6.20 (m, 4H, 2 x
CH,N"), 6.20 (t, J=8.1Hz, 1H, DNP-H-3/7), 6.22 (t, J=8.1Hz, 1H,
DNP-H-3/7), 6.34 (d, /=8.1 Hz, 1H, DNP-H-2/6), 6.35 (d,/=8.1 Hz, 1H,
DNP-H-2/6), 6.64 (brs, 1 H, pyrrole-H), 6.74 (brs, 1H, pyrrole-H), 6.95 (d,
J=8.8Hz, 2H, Ar-H), 708-7.19 (m, 10H, Ar-H), 7.33 (d, /=8.6 Hz, 4H,
Ar-H), 763 (d, /=63 Hz, 2H, -H), 773 (d, J = 6.3 Hz, 2H, -H), 7.86 (d,
J=6.3Hz,2H, -H), 788 (d, /=63 Hz, 2H, -H), 8.21 (s, 2H, xy-H), 8.23
(s,2H, xy-H), 8.43 (s,2H, xy-H), 8.45 (s,2H, xy-H), 9.14 (d,/ =63 Hz, 2H,
a-H),9.19 (d, J=6.3 Hz, 2H, a-H), 9.36 (d, /=63 Hz, 2H, a-H), 9.45 (d,
J=63Hz, 2H, a-H), 10.69 (s, 1H, NH).l*I

Photophysical experiments: All the measurements were performed in air-
equilibrated Me,CO or MeCN solutions. Hexafluorophosphate (PF~) ions
were the counterions in the case of all the cationic compounds/complexes.
UV/Vis absorption spectra were recorded with a Shimadzu UV-1601PC
instrument and the temperature was controlled using a home-made, water-
cooled thermostat. The estimated experimental errors are: 2 nm on band
maxima and +5% on the molar absorption coefficients.

Kinetic experiments: The rate constants for the conversion of 2 C CBPQT-
GREEN*" into 2C CBPQT:RED*" were measured at different temper-
atures using UV/Vis spectroscopy as the probe. Experiments were carried
out by transferring a Me,CO solution (1.4 mm) of the semi-dumbbell
compound 2 (1.2 mL) and a Me,CO solution (1.4 mm) of the cyclophane
CBPQT:4PF; (1.2mL) to two separate 3.0 mL cuvettes (optical path
1 cm), which subsequently were placed in the thermostatted cell compart-
ment of the UV/Vis spectrophotometer and then allowed to equilibrate to a
constant temperature. Then, the two solutions were mixed, affording an
equimolar solution (0.72 mm) of 2 and CBPQT** and the movement of
CBPQT** from the MPTTF to the DNP recognition site was followed using
the DNP/CBPQT** CT band (520 nm) as the probe. The temperature T
was measured in the cuvette before and after each experiment and readings
of equal to or less than £0.1 K were obtained. The data points were
collected in the early stage of the experiments where the reverse process is
not yet occurring to any significant extent and subjected to a first-order
analysis by plotting InA/A, against 7, where A is the absorbance (at 520 nm)
at time 7 and A, is the initial absorbance (at 520 nm). The linear relationship
between InA/A, and ¢ was, at each particular temperature, demonstrated by
calculation of the correlation coefficient and values (Table 2) of 0.992-
0.998 were obtained. The k values were obtained from the slope of these
lines, according to the relationship InA/A,=—kt. The estimated exper-
imental errors are +5%.

The rate constants for the conversion of 2C CBPQT-RED* into 2C
CBPQT:GREEN* were measured at different temperatures using UV/
Vis spectroscopy as the probe. Experiments were carried out by trans-
ferring either a Me,CO (0.19 mMm) or a MeCN (0.10 mm) solution of the
stored (dry ice/Me,CO) 2 C CBPQT:RED** to a 3.0 mL cuvette (optical
path 1 cm). The cuvette was heated with a heat gun until the temperature of
the solution was approximately 285 K, whereupon it was placed in the
thermostatted cell compartment of the UV/Vis spectrophotometer and
then allowed to adjust to a constant temperature. This procedure took less
than 5 min in all cases. The movement of CBPQT** from the DNP to the
MPTTF recognition site was followed using the DNP/CBPQT** CT band
(520 nm) as the probe. The temperature 7 was measured in the cuvette

4622 — © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

before and after each experiment and readings of equal to or less than
+0.1 K were obtained. The data points were collected in the early stage of
the experiments where the reverse process is not yet occurring to any
significant extent and subjected to a first-order analysis by plotting InA/A,
against #, where A is the absorbance (at 520 nm) at time ¢ and A, is the
initial absorbance (at 520 nm). The linear relationship between InA/A, and
t was demonstrated at each particular temperature and in every solvent by
calculation of the correlation coefficient and values (Tables 3 and 4) of
0.996 —1.000 were obtained. The k values were obtained from the slope of
these lines, according to the relationship InA/A,= — kt and the estimated
experimental errors are +5%.

The estimated experimental errors are +5 % for AG*, AH*, and E,. As a
result of the logarithmic nature of the plots and the fact that the AG* values
only have been calculated over an approximate 20 K wide temperature
range, the errors in AS* and A are somewhat larger: we estimate them to be
+25% for AS* and A.

Electrochemical experiments: Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in nitrogen-
purged MeCN solutions in a classical three-electrode, single-compartment
cell at room temperature. The electrochemical cell was connected to a
computerized AutolabPGSTAT10 potentiostat (ECO CHEMIE BV,
Utrecht, The Netherlands) controlled by the GPSE software running on
a personal computer. The working electrode was a platinum disk electrode
and its surface was polished immediately prior to use. The counter
electrode was a platinum wire and the reference electrode was a Ag/
AgNO; electrode. 1,1-Dimethylferrocene (+0.31 V vs SCE)*! was present
as an internal standard and all potentials are referenced to the SCE
electrode. The concentration of the examined compounds and complexes
was 0.1 to 0.2 mm and tetrabutylammonium hexafluorophosphate (0.1m)
was added as the supporting electrolyte. All MPTTF derivatives exhibited
two pairs of reversible redox waves corresponding to two one-electron
processes. The reversibility of the observed processes was established by
using the criteria of 1) separation of 60 mV between cathodic and anodic
peaks, 2) the close to unity ratio of the intensities of the cathodic and anodic
currents, and 3) the constancy of the peak potential on changing sweep rate
in the cyclic voltammograms. The same halfwave potentials were obtained
from the DPV peaks and from an average of the cathodic and anodic CV
peaks, as expected for reversible processes. The experimental errors on the
potentials are estimated to be +£10 mV.
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The AG™ values were calculated using the relationship AG*=
— RT1In(kh/kgT), where R is the gas constant, T is the absolute
temperature, k is the rate constant, /4 is Planck’s constant and kg is the
Boltzmann constant.
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monitoring the decrease in the concentration of 2C CBPQT-
GREEN*" in Me,CO and a first-order kinetic treatment of the data
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CBPQT*" CT band at 520 nm as a probe, clearly indicating that the
MPTTF unit’s “alongside” interaction with CBPQT** in 2 c CBPQT-
RED*" interferes with the MPTTF unit’s “inside” interaction in 2 C
CBPQT-GREEN**.
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