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In the 18 years since the first molecular shuttle of a donor—
acceptor nature was described in the literature,' degenerate [2]ro-
taxanes® with two identical binding sites and their bistable variants®
have attracted a considerable amount of attention® as forerunners
to molecular switches® and as prototypes of artificial molecular
machines.® Degenerate [2]rotaxanes, with their two identical binding
sites, generally exhibit equilibrium dynamics with free energies of
activation (AG¥) for the shuttling process starting® as low as 10
kcal-mol~!. This AG* value can be raised quite dramatically by
inserting “speed bumps” in the form of steric’ and/or electrostatic®
barriers into the linkers between the two identical binding sites.
Herein, we show how light can be used, in conjunction with thermal
energy, to raise and lower the free energy barrier at will and, in so
doing, impart STOP and GO instructions upon the operation of a
molecular shuttle.

In approaching the design of a light-gated STOP—GO molecular
shuttle, we recalled our introduction” of 4,4'-azobiphenyloxy (ABP)
units into bistable catenanes and degenerate rotaxanes of the
donor—acceptor kind more than a decade ago. In the late 90s, we
were focusing our attention on the potential of the ABP unit to act
as a binding site for a CBPQT*" ring.'° In our more recent research
targeted toward the exploitation of the ABP unit as a light-operated
gate,"' we decided to introduce (i) four methyl groups on the one
hand, and (ii) four fluorine atoms on the other, at the 3,5,3",5'-
positions of the ABP units to curtail binding by the CBPQT** ring
if not sterically in the case of i, then electronically in the case of
ii. The first approach led to a gate (ABP-Me,) that remains closed
all the time, whereas the second approach affords a gate (ABP-F,)
that we can close with UV light and open with visible light. The
closed ABP-F, gate also opens slowly on picking up thermal energy
from its surroundings.

The syntheses of the degenerate [2]rotaxanes trans-1+4PFs and
trans-2+4PF4 are outlined in Scheme 1 and described in detail in
the Supporting Information (SI). The azide 5, incorporating a 1,5-
dioxynaphthalene (DNP) unit in the middle of an oligoether chain,
terminated at one end by a 2,6-diisopropylphenyl stopper, and at
the other by an azide function, was obtained in high yield in three
steps, starting from the known'? monotosylate of BHEEEEN.'* The
tetramethylazobenzene derivative 6 was produced by reductive
coupling of 3,5-dimethyl-4-propargyloxynitrobenzene'* in 23%
yield using LiAlH, as the reductant. The tetrafluoroazobenzene
derivative 8 was prepared from 3,5-difluoro-4-methoxyaniline'® and
2,6-difluorophenol in three steps. The degenerate [2]rotaxanes trans-
1:4PF, and trans-2+4PF¢ were isolated in 68 and 55% yields,
respectively, following the reaction of 5 with the corresponding
azobenzene derivatives 6 and 8 in Me,CO using copper(I)-catalyzed
azide-alkyne cycloadditions'®'” in the presence of CBPQT *4PF;.

The absorption spectra (see Figure S1 in SI) of 6 (An.x = 345
and 437 nm) and 8 (Ana = 340 and 437 nm for 7—* and n—m*
bands, respectively) were recorded'® in MeCN at room temperature.
Irradiation of these two ABP derivatives with UV light (1 = 365
nm, 7 mW-+cm™?) caused efficient photoisomerization'® to occur,
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giving the corresponding cis isomers of 6 and 8 almost quantita-
tively. The trans configurations were restored upon irradiation of
the cis isomers with visible light.

The photoisomerization of trans-1+4PFg and trans-2+4PF, fol-
lowed the same behavioral pathway as 6 and 8, respectively. For
example, irradiation of trans-2+4PF, with UV light leads to efficient
photoisomerization'® (Figure S4 in SI) to its cis form; the cis isomer
can be isomerized back to the trans form upon irradiation (Figure
S5 in SI) with visible light (halogen lamp with a UV filter).

Scheme 1. Synthesis of the Degenerate [2]Rotaxanes
trans-1-4PF4 and trans-2-4PFg¢ and Their Graphical
Representations

”I Trans-14PFg
3

@T‘i 8 dnn H@%QU.—{;QT}:’-\ & mﬁ

3
4PFF -l-.'_@ﬂ-i- ===

u(MeCN),PFg
CBPQT 4PFg =——= ﬁ‘”‘i TBTA/ Me,CO

A n/24h

é:{mm 8W_.o F@h‘ d’” onnn 85 -’b’h’h’b}?

+—® + | Cu(MeCN)PFg

CBPQT.4PFy——
s e | | TBTA/Me,CO
o, ® t/24h
¢ e D
bl
SR, \“@c,._rl.m
! A o <’
4PFy Trans-24PF;

"H NMR spectroscopic investigations in CDsCN reveal that, in
both trans-1+4PFg and trans-2+4PFs, the CBPQT*" ring prefers to
reside on the DNP units® rather than on the ABP-Me, or ABP-F,
units. In the case of trans-1+4PFs, the '"H NMR spectra (see Figure
S10 in SI) recorded in CD;CN, within the temperature range
238—350 K, show that the CBPQT*" ring prefers to reside
exclusively on one of the two degenerate DNP units, that is,
shuttling is not happening on the '"H NMR time-scale even at 350
K. The implication is that the free energy of activation for shuttling
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Figure 1. Partial 600 MHz 'H NMR spectra recorded in CD;CN at different
temperatures displaying in red the coalescence of the signals for three sets
of probe protons in trans-2+4PFg.

in trans-1*" is in excess of 30 kcal*mol ™. By contrast, the 'H NMR
spectra of trans-2+4PFq recorded in CD;CN and observed in the
range 238—350 K display temperature dependences for the
resonances associated with the CHMe,, CHMe,, and TrCH,O (Tr
= triazole) protons (Figure 1) which undergo, in turn, coalescences
at temperatures (7¢) of 309, 322, and 311 K, respectively. The rate
constants (k.) and the corresponding AG*, values calculated®' at
these temperatures are listed in Table 1. At 15.6 kcal*mol ™!, the
free energy of activation (AG*,) for the shuttling process is in the
same league as those AG*. values observed previously>* for other
degenerate molecular shuttles where the links between the two
identical recognition units are, for example, polyether chains or
terphenyl linkers. When the 'H NMR spectrum of trans-2+4PF
was recorded (Figure 2a) at 309 K—the 7. of the Hcymer probe
protons—we observed dramatic changes across the whole spectrum
upon irradiation with UV light for 14 min. New signals appeared
for cis-2*" that were well resolved sets of resonances, indicating
that the ABP-F, gate in its cis configuration stops the shuttling of
the CBPQT** ring.

Table 1. Kinetic and Thermodynamic Parameters Obtained from
Temperature-Dependent 'H NMR Spectra Recorded on the
Degenerate [2]rotaxane 2¢4PFg in CD;CN

proton d (ppm) Av (Hz) k (s7") T (K) AG* (kcal-mol~")®
Hceamez 3.35 86 191 322¢ 15.6
Hcumez 1.18 31 69 309” 15.5
Hricnzo 5.36 25 56 3117 15.7

“ Calibrated using neat ethylene glycol. ” Calibrated using neat
MeOH. “ Value £0.1.

Separate singlets at 0 = 5.16 and 5.22 for the TrCH,O protons
and separate doublets at O = 1.13 and 1.17 for the CHMe, protons
indicate (Figure 2b) in cis-2** that the CBPQT** ring resides on
only one of the two DNP units along the dumbbell component.
Irradiation of cis-2** with a halogen lamp for 20 min effected an
80% reversion to trans-2*" with its characteristically broad
resonances commensurate with slow shuttling of the CBPQT*" ring
on the '"H NMR time-scale at 309 K. By alternating UV and visible
light (Figure 2b—e) to gate 2** between its trans and cis isomers,
shuttling of the CBPQT*" ring experiences a STOP—GO—STOP—
GO sequence. Complete isomerization of cis-2*" back to its trans
isomer was also achieved by heating the sample of cis-2+4PF; at
350 K for 60 min. An alternating process of UV light and heat can
also be repeated as shown in Figure 3. Starting (Figure 3a) with
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Figure 2. Partial 600 MHz 'H NMR spectra recorded in CD;CN of (a)
trans-2+4PFq at 309 K, (b) after 14 min irradiation with UV light to yield
mainly cis-2+4PF, (c) after 20 min irradiation with visible light to restore
trans-2+4PF, (d) after 14 min irradiation with UV light and to yield mainly
the cis-2+4PFg, (e) after 20 min irradiation with visible light to restore trans-
2- 4PF6
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Figure 3. Partial 600 MHz 'H NMR spectra recorded in CD;CN of (a)
trans-2+4PFg at 350 K, (b) after 14 min irradiation with UV light producing
cis-2+4PFg, (c) after 60 min at 350 K restoring trans-2+4PFg, (d) after 14
min irradiation with UV light producing cis-2+4PF; and, (e) after 60 min
at 350 K restoring trans-2+4PF.
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Figure 4. Partial 600 MHz 'H NMR spectra recorded in CDsCN of 2+4PFs
showing the thermal relaxation of cis-2+4PF to trans-2+4PFg.

trans-2*", the sequence A—UV—A—UV—A is revealed in the 'H
NMR spectra recorded in the sequence a/b/c/d/e.

The rate of the thermal gate-opening process was determined at
350 K by 'H NMR spectroscopy. Irradiation of trans-2+4PF, with
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UV light for 14 min resulted in a >90% conversion of trans isomer
to cis-2+4PFg. The cis isomer was then allowed to relax thermally
at 350 K while spectra were recorded (Figure 4) at 5 min intervals
for 55 min. The rate of relaxation process was deduced from
integration of the singlets for the TrCH,O protons in the cis and
trans isomers. The first order rate constant k., was found to be
0.124 s7!' at 350 K, giving rise to a AG* value of ca. 22
kcal*mol~!—a free energy barrier which is consistent with the cis-
to-trans thermal relaxation of electron-deficient azobenzene deriva-
tives,'® including the corresponding dumbbell where k.., was found
to be 0.098 s~! at 350 K, giving rise to a AG* value of ca. 20
kcal*mol .

Now that we have established how to gate degenerate donor—
acceptor molecular shuttles, we are poised to be able to isolate and
identify the metastable and ground-state co-conformations™’ of
bistable donor—acceptor [2]rotaxanes—the matching of ON/OFF
switching with STOP—GO gating is finally on the cards.
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