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ABSTRACT
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A universal diazide-terminated polyether, incorporating tetrathiafulvalene (TTF, green) and 1,5-dioxynaphthalene (DNP, red) units, was prepared
and subsequently employed in the template-directed synthesis of a switchable donor/acceptor [2]rotaxane. The triazole rings (magenta), which
are introduced into the rotaxane during requisite click reactions, do not present themselves as competing recognition sites for the tetracationic
cyclophane (blue) as it is induced to switch between the TTF unit, when it becomes dicationic (green adorned with yellow extremities), and
the DNP unit.

Switchable donor/acceptor rotaxah@&scorporating cyclo- rotaxanes has involved the “clipping” of the z-accepting
bis(paraquap-phenylene) (CBPQT*") as their ring compo-  CBPQT** ring, using appropriate acyclic precursors around
nent(s) have fourid applications in the fabrication of rings and dumbbells containing-donating units. Since the
Molecular Electronic Devices (MEDs) and as actuating CBPQT ring in these donor/acceptor catenanes and rotax-
materials in NanoElectroMechanical Systems (NEMS). Until anes is destroyed by reducing agents, as well as by bases
recently, the synthesis of donor/acceptor catenanes andand nucleophiles, the “clipping” reaction is almost always
the final step in their synthesis. In practice, these constraints
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functional group tolerance, together with the mild reaction cycloadditions'? forming rotaxanes and catenanes incorpo-
conditions associated with “click” chemistfytp overcome rating 1,2,3-triazole units. Herein, we report the template-
these limitations, and results in the efficient and convergent directed synthesi$ (Scheme 1) of a redox-switchable

preparation of [2]-, [3]-, and [4]rotaxanes, as well as of [2]-
catenanes. This synthetic strategy relies upon the formatio

of pseudorotaxanes, wherein thelectron-deficient CBPQT
ring threads linear molecules containimglectron-rich recog-

nition units and terminated by azide and/or alkyne functions

which can undergo Cu(l)-catalyzed Huis§eh3-dipolar
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Scheme 1. Synthe5|s of the Bistable [2]RotaxafedPk;
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[2]rotaxanel-4PF;, comprised of a CBPQT ring, which can
be electrochemically induced to move between tetrathiaful-
valene (TTF) and 1,5-dioxynaphthalene (DNP) recognition
units'? located along its dumbbell component. This bistable
compound was characterized by (i) electrospray ionization
mass spectrometry (ESI-MS) and (i NMR spectroscopy,
and its switching behavior was demonstrated by using (iii)
cyclic voltammetry (CV), (iv) differential pulse voltammetry
(DPV), and (v) UV—vis spectroelectrochemistry (SEC).
The acyclic polyethed, incorporating both TTF and DNP
units, was prepared in 60% yield by the alkylationQOs/
DMAP/18C6/CHCI,) of the knowr® THP-protected DNP
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derivative 2 with the TTF-containing monotosyldfé 3,
followed by deprotection (HCI/MeOH/CJ€I,). Tosylation
(TsCI/DMAP/NE&/CH,CI,) of 4 afforded a ditosylate, which,
on reaction with Naklin DMF at 80°C for 1 day, gaveb

in 85% yield. When the diazidewas mixed with 1.1 equiv
of CBPQT-4PFK in DMF, an intense green solution was
obtained immediately, indicating the formation of 5
CBPQT]-4PF. This pseudorotaxane was stirred for 2 days
in the presence of (i) 2.0 equivs of the propargyl ether
functionalized stoppét 6 and (ii) a catalytic amount of
CuSQ:-5H,0 and ascorbic acid as an in situ reductant.
Chromatographic purification (SE© 1% w/iv NHPR/
Me,CO) of the crude product from the reaction mixture
afforded1:4PF as a green solid in 60% vyield. The ESI-MS
of this solid revealed peaks ab/z 1294, 814, and 574,
corresponding to the loss of two, three, and foug Pnions,

respectively, from the bistable [2]rotaxane, described by the

structural formulal-4PFk in Scheme 1.

The'H NMR spectrum ofl-4PR in CDsCOCD; indicated
the presence of predominantly $5%) a single translational
isomer in solutior-namely, the one in which the CBP®T
ring encircles the TTF uni¢ This assignment follows from

the observation that (i) the signals for the DNP protons are

all to be found at low field and (ii) the fact that no

correlations are observed in the COSY spectrum involving

high-field DNP proton resonances characteristic spectro-
scopic signatuf@ when the DNP unit is encircled by the

CBPQT* ring. This observation indicates that the presence

of triazole rings in1-4PF does not influence the isomeric
distribution between the only two translational isomers that

are populated to any extent. The NOESY spectrum shows
no correlations between the triazole ring proton and the

CBPQT ring protons, indicating that the 1,2,3-triazole rings
do not act as recognition units toward the CBP®Qfing.*4
The electrochemical behavior df-4PF, as indicated
(Figure 1) by CV measurements, is similar to those previ-
ously reportetfd9 for TTF/DNP two-station [2]rotaxanes,

T T T 1

-1.0 0.5 0.0 0.5 1.0
E/V

Figure 1. Cyclic voltammetry of the bistable [2]rotaxadie4PF.
The cyclic voltammogram was recorded at 200 mV is argon-
purged MeCN. The concentrations of thelPF sample and the
supporting electrolytd BA:-PFs were 0.5 mM and 0.1 M, respec-
tively.
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suggesting that the presence of the two triazole rings does
not affect either the thermodynamics or the kinetics of the
switching process. The first oxidation peak for the TTF unit,
which is observett around+0.50 V for “free” TTF, was
hardly detectable (Figure 1) in the anodic scan. DPV analysis
revealed (Figure 2a) a small peak &0.44 V. These

a)
:|:0.5 uA
<
—
0.0 02 0.4 0.6 08 1.0
EIV
b) e
1<y
]: 1.0pA
1.0 0.8 06 0.4 02 0.0
EIV

Figure 2. DPV results of the bistable [2]rotaxarle4PFR: (a)
oxidation region (E> 0 V) and (b) reduction region (E 0 V).
All the data were recorded in argon-purged MeCN at 298 K.

observations show that the existence of “free” TTF is
associated with a very small amount of the minor transla-
tional isomer of 1-4PK at equilibrium, supporting the

conclusions reached by NMR spectroscopy. The first sub-
stantial TTF oxidation peak is shifted to higher potential and
overlaps (Figure 1) with the second oxidation peak. In the
DPV analysis, the peak maxima for the first and second
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from the constitutionally heterotopic methine protons of the CBPQT
encircled TTF units: pairs of signals resonateda6.14, 6.03 (2H) and
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N.; Liepin’sh, E; Mazheika, I. B.; Neilands, O. YZh. Org. Khim.1986,
22, 416—420. (b) Souizi, A.; Robert, A.; Batail, P.; OuahabJLOrg.
Chem.1987,52, 1610—1611. (c) Ballardini, R.; Balzani, V.; Becher, J.; Di
Fabio, A.; Gandolfi, M. T.; Mattersteig, G.; Nielsen, M. B.; Raymo, F. M.;
Rowan, S. J.; Stoddart, J. F.; White, A. J. P.; Williams, DL Drg. Chem.
2000, 65, 4120—4126. (d) Liu, Y.; Flood, A. H.; Moskowitz, R. M;
Stoddart, J. FChem. Eur. J2004,11, 369—385.

(15) (a) Balzani, V.; Credi, A.; Mattersteig, G.; Matthews, O. A.; Raymo,
F. M.; Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D.JJ.Org.
Chem.2000,65, 1924—1936. (b) Ballardini, R.; Balzani, V.; Di Fabio, A;
Gandolfi, M. T.; Becher, J.; Lau, J.; Nielsen, M. B.; Stoddart, IN&w J.
Chem.2001,25, 293—298. (c) Asakawa, M.; Ashton, P. R.; Balzani, V.;
Credi, A.; Mattersteig, G.; Matthews, O. A.; Montalti, M.; Spencer, N.;
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oxidations were to be found (Figure 2a) 40.66 and | IGGTGTNGNGNGEGEGEGEEGEEEEEEEEEEEEEEE

+0.73 V, respectively. The first oxidation potential of the
CBPQT"-encircled TTF unit is shifted to higher potential 1.0
because of the loweridgof the HOMO energy level caused
by the encapsulation by the CBP&Ting. The second oxi-
dation potential (DPV peak maximum obsertfeat +0.73 V)
of the TTF unit in1-4PF is not influenced by the CBPQT
ring, indicating that it has already moved to the DNP unit.
In the cathodic scan, two well-separated CV peaks are
observed, corresponding to the reduction of the oxidized
TTF* radical cation and the TPF dication. The positions
of these peaks are consistent with those for “free” TTF units,
an observation which means that the CBPQiing remains 0.0 — . ——————y
on the DNP unit during the process. 300 400 500Wavelsggth fnmmﬂ 800 200

In the reduction region phase of the CV, a typiéad®’
splitting of the first two-electron reduction peak and no Figure 3. The change in UVvis spectra during the SEC
splitting of the second two-electron reduction peak of the measurements. The applied potential changes Eer0 to 1.22 V
CEPQI g are observed (Figure 1). DPY analysis eveals 11t ek 6 0 M e e e oo O
E\IjégglgEz)b) three clear peaks20.28,~0.39, and-0.78 V supporti?]g eFec'golyte were 0.5 mM and 0.1 M, respective[I:;/.

The splitting of the first reduction peak can be attributed
_to (1) th_e electronic mixing from the charge trans_fer CT) ate=122 V, a small absorption peak at around 530 nm
mteractl.oﬁﬁv17 between TTF and CBPQT and/or (ii) the associated with the CT band between DNP and CBPQT
generation of asymmetry by the back-foldihée*>?of the can be detected. When the applied potential is switched off

gromatic rings in th_e s?oppers. The abse_nce of any splitting (E = 0 V), the spectrum gradually changes back to its
in the second peak indicates that the CT interaction betweenoriginal form, verifying the full reversibility of the electro-

“Het
TTTFhand C:’PQ?I Its ?ucr&fvfiakeri been investiqaieq  CTEMical reaction.
€ mechanica’ switching as aiso been investgate It is now clear that a “threading-followed-by-stoppering”

(Figure 3) by SEC. The band centered around 840 nm in synthetic strategy for the making of redox switchable donor/

the ground stateH = 0 V) originatedd12e.1521§rom the CT ) o )
. . ; acceptor [2]rotaxanes by click chemistry is a viable one, and
interaction between TTF and CBP®T The absorption : o : .

promises to gain in popularity during the furtherance of a

spectrum starts to change arouh.50 V (vs Ag wire), and : o2 .
- . much wider range of applications for these mechanically
the peaks Amax = 445 and 595 nm) corresponding to the i
operated molecular switches.

TTF* absorption increase until the applied potential reaches
+0.80 V. This process is accompanied by the bleaching of
the CT band around 840 nm, an observation which indicates
that the CBPQT" ring has moved away from the TTF
radical cation to the DNP unit. When the applied potential
is increased abov€0.80 V, the absorption band of the TTF
radical cation starts to bleach and a new peae(# 380
nm), assignable to the TFFdication, emerges (Figure 3).

Absorbance
o
(5]
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