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Abstract: Two-station [2]rotaxanes in the shape of a degenerate naphthalene (NP) shuttle and a
nondegenerate monopyrrolotetrathiafulvalene (MPTTF)/NP redox-controllable switch have been synthesized
and characterized in solution. Their dumbbell-shaped components are composed of polyether chains
interrupted along their lengths by (i) two z-electron-rich stations—two NP moieties or a MPTTF unit and a
NP moiety—with (ii) a rigid arylethynyl or butadiynyl spacer situated between the two stations and terminated
by (iii) flexibly tethered hydrophobic stoppers at each end of the dumbbells. This modification was
investigated as a means to simplify both molecular structure and switching function previously observed in
related bistable [2]rotaxanes with flexible spacers between their stations and incorporating a cyclobis-
(paraquat-p-phenylene) (CBPQT*") ring. The nondegenerate MPTTF-NP switch was isolated as near isomer-
free bistable [2]rotaxane. Utilization of MPTTF removes the cis/trans isomerization that characterizes the
tetrathiafulvalene (TTF) parent core structure. Furthermore, only one translational isomer is observed
(> 95 < 5), surprisingly across a wide temperature range (198—323 K), meaning that the CBPQT** ring
component resides, to all intents and purposes, predominantly on the MPTTF unit in the ground state. As
a consequence of these two effects, the assignment of NMR and UV—vis data is more simplified as
compared to previous donor—acceptor bistable [2]rotaxanes. This development has not only allowed for
much better control over the position of the ring component in the ground state but also for control over the
location of the CBPQT#*" ring during solution-state switching experiments, triggered either chemically
(*H NMR) or electrochemically (cyclic voltammetry). In this instance, the use of the rigid spacer defines an
unambiguous distance of 1.5 nm over which the ring moves between the MPTTF and NP units. The
degenerate NP/NP [2]rotaxane was used to investigate the shuttling barrier by dynamic 'H NMR
spectroscopy for the movement of the CBPQT** ring across the new rigid spacer. It is evident from these
measurements that the rigid spacer poses a much lower barrier to the 1.0 nm movement of the CBPQT**
ring from one station to another as compared with previous systems—a finding that is thought to be a
result of the combination of fewer favorable interactions between the spacer and the CBPQT*" ring and a
relatively unimpeded path between the two NP stations. This example augers well for exploiting rigidity
during the development of well-defined bistable [2]rotaxanes, which are unencumbered by the excesses
of structural conformations that have characterized the first generations of molecular switches based on
the donor—acceptor recognition motif.

Introduction dumbbell component contains two different recognition sites
Since their first inception, bistable [2]rotaxarfesomprising (stations) for the macrocyclic ring to reside upon at equilibrium.
two different recognition sites, have attracted considerable This design creates two different translational isomers, which

attention as molecular switcHeand as potential candidates for are populated in a particular ratio depending mainly on the
applications in molecular electronig$éRotaxanes are mechani- ~ relative strengths of the weak interactions stabilizing the ring
cally interlocked molecules, which consist of a linear rod componentwhen it encircles either one of the two statfoAs.
component, stoppered at each end by bulky substituents (dumbwell-known class of bistable [2]rotaxanes have been designed
bell) and encircled by a macrocyclic ring component. Most such that the dumbbell component incorporatesitedectron-
bistable [2]rotaxanes are constructed in such a way that therich unit, tetrathiafulvaler®é-¢f (TTF), or one of its deriva-
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bility is achieved as a result of the dumbbell being encircled

by a m-electron-deficient tetracationic macrocyclic rfag
cyclobis(paraquap-phenylene) (CBPQ). It has been shown

that the CBPQT" ring interacts much more strongly with the
TTF unit than it does with the NP moiety. The reversible
oxidation of TTP to a mono- and dication, sequentially, can

over the location of the tetracationic cyclophane (ring) using
electrical impulses. The use of the core TTF unit in the dumbbell
component, however, suffers from the major drawback that the
facile cis/trans isomerizati@rof TTF creates a dumbbell that
exists as two inseparable isomé?sthereby significantly
complicating the NMR spectroscopic assignments of both the

be used to create a positive charge on the TTF unit in the bistabledumbbells and the [2]rotaxanes. To overcome this shortcoming,

[2]rotaxane, producing a Columbic chargeharge repulsion
between the oxidized TTF2" unit and the CBPQT" ring,

the isomer-free MPTTF uriit has already found widespread
use in the construction of bistable [2]rotaxanes, although it is

thereby inducing the ring component to move to and reside on Known experimentalP<! that, in MPTTF-based bistable [2]-

the only remainingr-electron-rich station of the dumbbell,

namely, the NP moiety. In an ideal system, the CBPQThg
would only encircle the strongestelectron donor, that is the

TTF unit, thereby creating the possibility for perfect control
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rotaxanes, the CBPQ@T ring does not encircle the MPTTF unit
exclusively but also resides on the NP station to some significant
extent. This observation has been attributed mainly to the fact
that z—z interactions, and hence the relative donor strengths
of the TTF and MPTTF stations, are not the only interactions
to consider when determining the translational isomeric distribu-
tion. Previous investigations and the analysis of experimental
data have revealed that a wide range of weak interactions, such
as [C-H:--x] ones and hydrogen bonding, influence the
position the tetracationic ring occupies along the dumbbell
component in solution. Moreover, the use of polyethyleneglycols
(PEGs) as spacers between the stations in the bistable [2]-
rotaxanes introduces additional weak noncovalent interactions
between them and the CBP®Tring, a situation that affects
the isomeric distribution in doneracceptor bistable [2]rotaxanes

in a unpredictable manner. Such a situation leaves the molecular
structures and hence the desired switching properties less well-
defined. It follows that a greater level of structural control is
required to remedy these issues, and for this reason, we decided
to explore of introducing rigidity into the backbones of bistable
[2]rotaxanes.

The inherent flexibility of the PEG linkers employed in the
first generation of MPTTF-based bistable [2]rotaxanes allows
the molecules to adopt many different conformations in solution
as well as in more confined and condensed media, such as
monolayer® and devices® The outcome is that precise
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Figure 1. Structural formulas of the bistable MPTTF/NP-containing [2]rotaxa>F; and the degenerate NP/NP-containing [2]rotax2éFs.

structures are not at all well-defined. For instance, back-folding harness the performance of molecular machines by a rational
phenomen® can occur when the CBP@Tring encircles the design approach rather than being at the mercy of rampant
MPTTF or NP station and the dumbbell component of the disorder when highly flexible bistable [2]rotaxanes are bound
bistable [2]rotaxane folds back in such a way that the ring can to surfaces for technological applicatiof¥dt is likely that the
interact in an alongside manner with the unoccupied station. linear rigid spacers have potential returns as functional units as
This back-folding could be prevented if the PEG linkers between well as the structural ones. Linear-rigid bistable [2]rotaxanes
the MPTTF and NP units were replaced with a linear and rigid could herald a significant advance over previous systems by
linker. Such a modification might well favor a situation where providing the bistable [2]rotaxanes with well-defined conforma-
the z-electron-deficient CBPQ'T ring encircles only the more  tions and motions.
m-electron-rich MPTTF unit, to all intents and purposes, rather  In the first part of this paper, we report on the preparation of
than the NP moiety, since a rigid system would minimize the two [2]rotaxanesX-4PF and2-4PF;, in Figure 1) having rigid
influence of the weak interactions caused by the PEG linkers. spacers in between their two statieMdPTTF and NP or
Thus, creating rigidified MPTTF- and NP-containing [2]- both NP.
rotaxanes constitutes the first step toward bistable [2]rotaxane We employed the arylethynyl and butadiynyl units as the rigid
systems with precisely defined structures. spacers to act as bridges between the two stations on account
Notwithstanding the advantages of structural rigidity in the of the ease of their preparation and the fact that their lengths
context of molecular switches, the replacement of the PEG are both similar to those of the PEG chains frequently used in
spacers for rigid ones has obvious rewards in the design of previoug bistable [2]rotaxanes. In the present case, however,
machine-like actuators. In addition, it is undoubtedly less the rigidity dictates inter-station distances of 1.5 and 1.0 nm.
efficient to harvese"the mechanical energy of theavement The second part of the paper focuses on the characterization of
of the CBPQT" ring along the dumbbell of bistable [2]- 1-4PF and2-4PFK by (i) 'H NMR spectroscopy in order to (a)
rotaxanes from station to station when using the PEG linkers investigate the effect of the spacer on the isomeric distribution
because some energy must inevitably be spent on the loss obf the bistable [2]rotaxan®&4PF;, and (b) to analyze magnitude
conformational freedom when the CBQPTing passes across  of the shuttling barrier of the CBP@T ring in the degenerate
the PEG spacers. Moreover, the evaluation of such an entropic[2]rotaxane2-4PFs, and by (ii) UV—vis absorption spectroscopy
contribution to the switching rates would be challenging to and (iii) electrochemistry to determine the switching of the
determine both experimentaily*?-15and computationallye For MPTTF-NP [2]rotaxanel-4PF; as a result of applying either
physical understandidg and mechanical applicatioR$,the chemical or electrochemical stimuli.
distance over which a force is exerted in order to perform work Results and Discussions

would be much better defined with a linear rigid spacer present Design and Synthetic StrategyRetrosynthetic analysis of

in the dumbbell component of_ such rigidified bistable [2]- the bistable MPTTF/NP-containing [2]rotaxahetPF; and the
rotaxanes. The mechanochemical analyses would be greatly
; i f (17) Astumian, R. DSci. Am.2001, 285, 5—64.
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Scheme 1.

Synthesis of the MPTTF-Containing (Green) Half-Dumbbell 10

HN_@_‘ A MnO, / THF
: S Reflux /16 h
bq > ;>{:If:rq EEE—
’t' K,CO3/ THF / MeCN T
3 Reflux /12 h
v S
~ D@ : Hrw@ﬁ
S P(OEt);
130°C/2h

o

CsOH / MeOH/ THF
25°C/24h

52%

degenerate NP/NP-containing [2]rotaxd@iéPFs revealed that
a modular strategy, similar to those employed in the pést,

would be the most sensible and efficient. This feeling is evident

from the fact that the two dumbbell compourtsand19 can

|.|. © Os'\[}:(j:)\

desired thione building block in an overall yield of 55% for
the two steps.

A cross-coupling reaction in neat (E#P)between the thione
building block 6 and the ketone building bloék 7 gave the

be prepared from a combination of two building blocks, namely, MPTTF derivative 8 in 47% yield. The iodide-terminated

the MPTTF unitlO and the NP unil7. These two units can be
cross-coupled using a Pd-catalyzed SonogaS$tiype reaction,
which ensures that the linkage between the smelectron-rich

tetraarylmethane stopp€r9 was coupled to the MPTTF unit
8—following the in situ deprotection of the cyanoethyl protection
group to form thesS-nucleophile with 1.1 equiv of CSOH,0—

moieties is a rigid and linear one. Common to preparation of to give the MPTTF-containing half-dumbbdl in 52% yield.

both1-4PFK and2-4PF; is the template-directed clipping reaction
at ultrahigh pressure to form the CBP®Tring around the
respective dumbbell-shaped compouhfsnd19. The modular

Similarly, a modular approach was employed in the synthesis
of half-dumbbell 17. Initially, the amino functionality of
5-aminonaphthalen-1-ol{) was converted into an iodo group

approach to the syntheses of the dumbbell compounds reliesto afford 5-iodonaphthalen-1-olL2), employing the interme-
on the progressive assembly of four different fragments, namely diacy of diazonium salt formation, in an acceptable 40% yield.
(i) the iodine-terminated hydrophobic tetraarylmethane stépper Second, 2,6-diisopropylphenoll3) was treated with 2-(2-

9, which is employed as the stopper on (ii) the new MPTTF chloroethoxy)ethanol in the presence of3O; and LiBr to give

unit 10, and (iii) the hydrophobic diisopropylaryl stopp#&4,
which is subsequently used on (iv) the new NP unit
Synthesis.The synthetic routes employed in the fabrication
of the rigid, two-station [2]rotaxané-4PFK as well as the
degenerate [2]rotaxar®4PFs are outlined in Schemes—4.
The preparation of the MPTTF-containing half-dumbbEl
began with the reaction of dibromitle8 with p-iodoaniline @)
in the presence of CO; in MeCN, affording the crude ring-
closed product, which was resuspended in anhydrous THF
and subsequently oxidized with activated Mnto yield the

(19) Sonogashira, K.; Tohda, Y.; Hagihara, Retrahedron Lett1975 50,

4467-4470. (b) Takahashi, S.; Kuroyama, Y.; Sonogashira, K.; Hagihara,

N. Synthesis98Q 627—630.

(20) The iodide-stoppered compoufidvas prepared by a Finkelstein reaction
(see Supporting Information) of the bromide-stoppered comp®ar{dee
Supporting Information), previously reported by Raehm, L.; Kern, J.-M.;
Sauvage, J.-RChem. Eur. J1999 5, 3310-3317.

(21) (a) Jeppesen, J. O.; Takimiya, K.; Jensen, F.; Bechérgl.Lett.1999 1,
1291-1294. (b) Jeppesen, J. O.; Takimiya, K.; Jensen, F.; Brimert, T.;
Nielsen, K.; Thorup, N.; Becher, J. Org. Chem200Q 65, 5794-5805.

(22) Jia, C.; Zhang, D.; Guo, K.; Wan, S.; Zhu, 8ynthesi2002 2177-2182.

the alcoholl4 in 65% yield.

Subsequently, the naphthb? was coupled with the alcohol
14to afford15in 73% yield by employing a Mitsunobu reaction
in the presence of diisopropylazodicarboxylate (DIAD) and
triphenylphosphine (RP). Finally, a Pd-catalyzed Sonogashira
cross-coupling reaction of the iodidE5 with trimethylsilyl
(TMS) acetylene gave the TMS-protected compolith 90%
yield, and subsequent deprotection of the TMS group with
K>COs/MeOH provided the acetylene-teminated NP half-
dumbbell compound.7 in 60% yield.

In order to accomplish the synthesis of the desired rigid
MPTTF/NP- and NP/NP-containing dumbbell compourds
and 19, two different coupling reactions were carried out. A
Pd-catalyzed cross-coupling reaction with the two-half-dumbbell
compoundsl0 and 17, afforded the desired rigid MPTTF/NP-
containing dumbbell compountB in 94% yield, whereas the
rigid, degenerate NP/NP-containing dumbbell compdl®waias
obtained in 76% yield by a homo-coupling reaction of the NP-
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Scheme 2. Synthesis of the NP-Containing (Red) Half-Dumbbell 17
(1) NaNO, / H,S04
H,O0/0°C/1h

OH (2)KI/H,0/60°C/1h OH
H,N >
2
DIAD / PPhs / THF
1 12 Oto25°C/18h
M
HO O Cl 73%
K,CO, / LiBr / DMF
HO Reflux /2 d HOI_\O’_\O
-
13 14
TMS—=
(PPhs),PdCl, / Cul
PPhs / Et;N / PhMe

60°C/18h
TMS —
KQCO3 / MeOH / THF f_\l_\
25°C/2h
60%

Scheme 3. Synthesis of the Rigid MPTTF/NP-Containing Two-Station Dumbbell Compound 18 and the Degenerate NP/NP-Containing
Dumbbell Compound 19

10

(PPha),PdCl,
Cul/ PPhy
EtzN / PhMe 0
M
60°C /24 h i O O O
e OSSO S AN
94% \E):( N =
® e
18

CuCl/ TMEDA

A;rfzsf’cnh EHHHH E

containing half-dumbbell compourt using Cu(l)-promoted pressure reaction in DMF from the dumbbell compot8dwith
Hay oxidative coupling conditior®. the precursorf0-2PF and 21. The [2]rotaxane2-4PF was
Generally, the two dumbbell compount8and19 underwent isolated as a purple solid in 8% yield after column chromatog-
template-directed clipping reactions (Scheme 4) at high pres-raphy on silica gel using MEO/NH,PF; (100:1 v/w) as the
suré (10 kBar) with the dicationic precursdr20-2PF; and eluent: once again, a [3]rotaxane was a byproduct in 6% yield.
1,4-bis(bromomethyl)benzen@l) to give the corresponding Structural Characterization of [2]Rotaxanes by Mass
[2]rotaxaned-4PF and2-4PF, respectively. The rigid MPTTF/  Spectrometry. The [2]rotaxane structures were characterized
NP-containing [2]rotaxan&-4PF; was obtained after counterion  unambiguously by electrospray ionization mass spectrometry
exchange from the template-directed high-pressure reaction in(ESI-MS). A set of peaks (Table 1) corresponding to the
DMF, where the dumbbell compourd@functions as a template  consecutive loss of two, three, and foursPEounterions were
around which the CBPJT ring forms from precursors  observed for both [2]rotaxanes4PFR; and 2:4PF;. The ESI-
20-2PFK; and21. The [2]rotaxan€l-4PF; was isolated in 23% MS of 1-4PF; reveals a doubly charged peakmafz of 1075.0
yield as a green solid with a [3]rotaxane as a byproduct in 21% ([M — 2PR]?"), a triply positively charged [l — 3PR]3")
yield by preparative thin-layer chromatography (PTLC) using signal atm/z of 668.3, and a quadruply positively charged ion
Me,CO/NHPF; (100:1 v/iw) as the eluent. Similarly, the
degenerate NP/NP-containing [2]rotax&néPRs was obtained (23) Siemsen, P.; Livingston, R. C.; Diederich Aagew. Chem., Int. EQ00Q

39, 2632-2657.
following counterion exchange from the template-directed high- (24) Kianer, F.-G.; Wurche, FJ. Prakt. Chem200Q 7, 609-636.
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Table 1. ESI-MS Data of the [2]Rotaxanes 1-4PFg and 2-4PFg

miz
[2]rotaxane M A [M— PFg]*2 [M = 2PFe]?* [M = 3PFg]** [M = 4PFe]**
1-4PFs (2440.7) (2295.7) 1075.0 668.3 465.0
24Pk (1930.6) (1785.6) 820.2 498.5 337.6

aPeaks corresponding to the molecular iokk™) and the loss of one RF counterion (M — PRs]™) were not observed. These molecular weights are
shown in parentheses however.

Hipr Henys
Glycol chain

T
28 90

Figure 2. *H NMR spectra (600 MHz, (CE).CO) of 1-4PF:. (a) at 273 K, the solution is green; (b) after the addition of-2® equiv of the oxidant, the
solution becomes red; (c) after the addition of Zn powder, the solution is green.

(IM — 4PRJ*) atm/z of 465.0. Besides these ions originating Sc7¢me 4 Synthesis of [2]Rotaxanes 1-4PFs and 2-4PF

from the loss of P counterions from the bistable [2]rotaxane, (1 l_@_l

a singly charged positively signal atvz of 561.2 is also +& 8+ Br\_@_)ar

observed, corresponding to the fragmentation of CBfQihg _

into the 20-2PFs fragment minus a RF counterion. The same 2PFg 21

pattern was observed in the ESI-MS of the degenerate [2]- [ ] [ )

rotaxane2-4PFs, where doubly, triply, and quadruply positively N N DMF /25°C /3 d

charged peaks were observedréz of 820.2, 498.5, and 337.6, 20-2PFe 10 kBar

respectively. - >
Structural Characterization of [2]Rotaxanes by 'H NMR (2) NHaPFe/ 120 /Me2CO | 2 Steps 23%

SpectroscopyAn analysis of théH NMR spectrum ofl-4PF;

recorded in (CR),CO at various temperatures (19898 K),

reveals that the CBPQT ring predominantly encircles the -

MPTTF unit. This observation is quite surprising, as previous (2) NH4PF s / H,0 / Me,CO *

bistable [2]rotaxanes in which the two recognition umits

MPTTF and (D)NP-are connected by flexible PEG linkers have peen isolated as mixtures of the two possible translational

(25) This stat s oniv e . th bration betweon the & isomers at room temperatifieAn inspection of theH NMR
IS statement IS only true, of course, | € equilibration between the two .
translational isomers’is slow on thel NMR timescale in (CR),CO at spectrum (Figure 2a) reveals that all resonances are present only

room temperature. Since there was no evidence for a second set of signalsopnce in the case df-4PFs;, whereas all the signals would be
at low temperatures, we are prepared to accept that equilibration is fast on . di . . if the isolated
the IH NMR timescale at room temperature and, if it does slow down at Present twice and in various ratios, if the isolated [2]rotaxane

lower temperatures, then the extent to which the minor isomer is populated 1.4PFR; had been a mixture of the two possible translational
must be miniscule. If we assume fast exchange between the signals at room. 5 Lo 1 .
temperature for major and minor translational isomers, then the chemical isomers?® To the limits of'H NMR spectroscopy, this represents

shifts we observe for the signals associated with the six NP protons should 5 > < -wei 0. i i i
differ in the bistable [2]rotaxand-4PF; from those observed for its a> 95 < 5 Boltzmann-weighted ratio, in whictr4PFs exists

dumbbell precursorl8 where there is no CBPQT ring present. A preferentially as a single translational isomer at room temper-

(1)20*2PFg /21 /DMF /25°C /3 d/ 10 kBar

comparison of the chemical shifts of these six protond8n(0 = 6.94, ature in (C[g)zco
7.46,7.50, 7.80, 8.01, 8.35 in CD{iwvith the chemical shifts for the same ‘ T . . .
six protons inl+-4PF (0 = 7.14, 7.57, 7.62, 7.89, 8.09, 8.39 in (§ECO) The most diagnostic evidence in favor of the assignment that

is good evidence, despite the running of the two spectra in different solvents, 1, ; ; ; ; ;
for the NP unit in1-4PF; being “free” from encirclement by CBPGT 1-4PFKs exists as a single translational isomer predominantly,

rings at room temperature in solution. and hence that the CBP®Tring does not encircle the NP unit,
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can be found by observing the NP proton resonanceartd as a consequence of the NP moiety being encircled by the
Hs. Previous'H NMR studies on NP containing [2]rotaxanes CBPQT*" ring. These observations support the proposed
as well as those performed on the degenerate NP-basedswitching mechanism of the MPTTF/NP-containing [2]rotaxane.
[2]rotaxane2-4PF; reveal that the encirclement by the CBPOT The addition of a small amount of Zn powder followed by
ring of the NP moiety results in a very significant upfield shift vigorous shaking returns the MPTo its neutral form. The
of the resonances of the NP, lnd H; protons in the order of  resulting®H NMR spectrum (Figure 2c) correlates well with
~5 ppm. This upfield shift is not observed in the case of the original spectrum (Figure 2a) before oxidation. One notable
1-4PF; at either 198 K (see Supporting Information) or 298 K difference is the presence of two large signals at 7.50 and
as the NP H and H; protons resonate in the aromatic part of 7.04 ppm, corresponding to trispromophenyl)amine, the
the spectrum supporting the interpretation that only a single- reduced form of the oxidant. Thus, the chemically induced
translational isomer is found primarily in solution over the switching of this bistable [2]rotaxane was shown to adopt the
sampled temperature range. This assignment is substantiate@dwitched state in which the NP station is encircled by the
further by theH DQ-COSY (double quantum correlation CBPQT" ring upon oxidation and return to the stable ground
spectroscopy) spectrum fdr4PFK;, where all the scalar cou-  state upon reduction.
plings for the NP protons are clearly evident in the low-field Dynamic 'H NMR Spectroscopy of Degenerate [2]Rotax-
part of the spectrum (see Supporting Information). If an ane.Since the switching rates of bistable [2]rotaxanes play an
appreciable amount of NP units had been encircled, an easilyimportant role in relation to their performance in device settings,
recognizable scalar coupling from the low-field region to the it was crucial for us to study the effect of rigidifying the linker
high-field region would have been present. between the recognition sites on the rate of return from the
Cooling down the sample df-4PF to 198 K in (CD;).CO metastable state to the ground stat@-#PFs. For this purpose
does not significantly change the translational isomeric distribu- variable temperature (VT) NMR spectroscopic studies were
tion. This inherent lack of temperature dependence has, to theperformed on the structurally related and degenerate [2]rotaxane
best of our knowledge, never been observed before in any TTF/2:4PFs.
MPTTF-containing two-station [2]rotaxanes. Previously, it has  As both recognition sites are identical2mPFs, the shuttling
been notett that lowering the temperature has a considerable process will be between two isoenergetic co-conformers. In the
influence on which station CBPQT encircles. More specifi- absence of the ring, the dumbbell component of this rotaxane
cally all previously isolated systems of this type have shown possesses an axis of symmetry normal to its long axis that bisects
that lowering the temperature favors the situation where the NP it affording two equivalent halves. Localization of the CBPQT
station is encircled. It is thus evident that a temperature- ring on one of the two possible recognition sites breaks this
independent “all-or-nothing” two-station [2]rotaxane system symmetry, resulting in two nonequivalent halves. If the ring
based on a TTF derivative has been created that presents thshuttles between the two sites rapidly on tHeNMR timescale,

appearance of a single isomer95 < 5 in solution. then it will appear as though the axial symmetry has been
Chemical Switching of the Bistable [2]Rotaxane Moni- restored as is the case B#PF at high temperatures (Figure

tored by IH NMR Spectroscopy.The switching properties of ~ 3). As the temperature is decreased, the shuttling rate slows

1:4PF; in solution have been invesitgated usiflg NMR down and eventually, at a low enough temperature, the

spectroscopy. Chemical switching can be achieved by oxidizing symmetry will be broken and two sets of signals will be
the MPTTF derivative using triptoromophenyl)Jammonium  observed for the protons of the two stoppers. One set corre-
hexafluoroantimonate to its dicationic state (MPFTFand then sponds to the stopper close to the recognition site where the
reducing the MPTTFE" dication back to its neutral state with CBPQT* ring resides and the other for the more distant stopper.
Zn powder?e.fi.3h The temperature dependence of tHENMR spectrum (Figure
The H NMR spectrum (Figure 2a) df-4PF; in (CDs),CO 3) of 2-4PK; was studied by varying the temperature of the
was recorded at 273 K first of all for comparison and then the sample from 270 down to 185 K.
MPTTF was oxidized to MPTTE by adding 2.6-2.5 equiv An estimation of the symmetry-averaging shuttling process
of the oxidant, followed by running théH NMR spectrum was obtained using the coalescence methaald it was founéf
(Figure 2b). As a result of the oxidation process, the color of that the free energy of activatiodG") for this process is 9.6
the solution changes from green to red as is expected from such= 0.1 kcal/mol at 199 K. This activation barrier is relatively
a system on account of the generation of the MPTTF dication. low compared with those obtained from previous stiuidies
A comparison between th#H NMR spectr&® of the neutral  Similar degenerate [2]rotaxanesc" ~ 15.0 kcal/mol at~240
and oxidized bistable [2]rotaxane reveals that the resonancesK), which have more flexible PEG linkers between the two NP
associated with the Hr, Hpyr, and Hscizprotons are all shifted stations. The difference most likely stems from two factors,
to lower fields ¢ = 9.62, 8.80, and 3.88 ppm, respectively) namely, (i) the interaction between the NP units and the
relative to the neutral systemd (= 6.44, 7.37, and 3.31 ppm, ~CPBQT** ring in 2-4PFs is substantially weaker in this system
respectively). Previously investigatidh& have shown that this  since the stabilizing intramolecular {&H---O] interactions are
behavior is entirely consistent with the formation of a MP¥TF  severely curtailed by the absence of enough and appropriate
dication. Moreover, the resonances associated with the NPOXygen atoms and (i) the rigid hydrocarbon linker does not
protons, H and H, are shifted to a higher field(= 3.28 ppm)

(28) In the coalescence method, the rate of exchange at the point of coalescence
is calculated from the separatiofip, between the two peaks at minimum

(26) The 'H NMR spectrum of oxidizedl-4PFR; was recorded at various exchange (low temperature) using the equatign= (7Av)/v/2. The rate
temperatures and since the best spectrum was obtained at 265 K, this constantkey, is then entered into the Eyring equatioxG:* = —RT; In-
spectrum was used as a comparison. (kexlVky T¢), @along with the coalescence temperatiein order to calculate

(27) Vignon, S. A.; Stoddart, J. Eollect. Czech. Chem. Commu005 10, the free energy of activatiomMG.*. SeeDynamic NMR Spectroscopy
1493-1576. Sandstrom, J., Ed.; Academic Press: New York, 1982.
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Me observed continuous absorption stretching from 335 nm to
approximately 530 nm irl8 might result from the internal

H transition of the conjugated backbone, linking the MPTTF and
the NP stations. As expected9 has an intense absorption

Me situated around 370 nm arising from the two NP units in the

‘ dumbbells backbone.
271 .5 K 4000 =

3000 = Half-dumbbell Compound 10
—— Half-dumbbell Compound 17
= Dumbbell Compound 18
= Dumbbell Compound 19

221.7K

199.0K M 400 o 600 "
’ Afnm

Figure 4. Comparison of the absorption spectral@&and19 as well as

10 and17. The spectra fol7 and 18 were recorded in MeCN at 298 K,
whereas those fat0 and 19 were recorded in M€&£O at 298 K.
193.9 K . :
(b) Rotaxanes A comparison of the UV-vis spectra recorded

for 1-4PFK and2-4PK; reveals, as expected, major differences.

A broad and relatively intense charge transfer (CT) band is
184.7 K observed (Figure 5) at 810 nm ft#dPFs. This absorption band
' reflects the encirclement of the MPTTF unit by the CBPQT

ring in 1-4PF;, which gives the solution its green color. On the
' 39 33 27 1% 15 34 '5 other hand, the CT band iB-4PF; is observed at 470 nm,
Fi 3 Section of the & wred JHAINMR trum (600 corresponding to the encirclement of the NP unit by the
gure 5. ection o e lemperature-aepen spectrum + : . . :
MHz, (CDs),CO) of 2-4PFs. The splitting of the resonances associated with CBPQF ring, which gives the solution its red color. The

the methine protons of the isopropyl groups was used to probe the shuttling@bsorption spectrum df-4PF in MeCN indicates that the CT
process and the coalescence data were used to calduBate band is fully symmetric and centered around 810 nm, whereas

5000 4

interact with the CBPQT" ring in the same manner as do the _ _
PEG chains. It is expected that entropic and enthalpic contribu- oo ] ——1+4PFg
tions to the barrier will be simpler to interpret in the case of | ——2¢4FFg |
the rigid [2]rotaxanes and will lead us to the view that the
shuttling process has less friction and consequently is faster.
This investigation shows that the shuttling rates in [2]rotaxanes
can be tuned by using appropriate linkers between the recogni-
tion sites. 1000

Photophysical Properties.In order to understand the be-
havior and physical properties of the ground state systems, as 0d— . . : ; i . .
well as the oxidized systems, a series of Yisible (UV— momeomem memem
Vis) spectroscopic investigations have been carried out. Figure 5. Comparison of the absorption spectraio#PF, and 2-4PF;

(a) Half-Dumbbells and Dumbbells.The two half-dumbbell recorded in MeCN at 298 K.
compoundslO and 17 serve as reference compounds for the ] .
chromophore units present in the full dumbbell compout@is ~ there is no CT band observed around 470 nm ag-#PF.
and 19. The UV-vis spectrum (Figure 4) of the MPTTF- Such symmetric CT bands have also been obsétverd
containing half-dumbbell derivative0 can be attributed to the ~ Previously studied two-station (pseudo) [2]rotaxanes. In the case
absorption of the MPTTF unit, whereas 17, the spectrum of two-st_atlon MPT'I_'F-conta|n|r_19 [2]rota_xanes, two different
results from the incorporated NP unit. The BVis spectrum ~ observations regarding the UWis behavior have been made
of the two-station dumbbell compouri is very similar to in the past. First of all, the C_T_ bar_ld has not been fully symmetric
the sum of the spectra of the model compouf@gnd17, as around the 800 nm band originating from the MPTTF-CBPQT
indicated by the broad absorption around 335 nm. Notably, the interaction, as a consequence of either the fact that the NP unit
is encircled by the CBPJ'T ring, giving rise to a 470 nm CT
(29) The methine proton in the isopropyl group on the stoppers was used in band. There has been some evidence of the existence of

variable temperature NMR spectroscopy to probe the dynamic process. The ; ; ; ;
investigation was performed on a 600 MHz NMR spectrometer as this high anng3|de CT interactions between the CBPQiﬁng, which

field instrument enabled the observation of the unsymmetrical [2]rotaxane. IS positioned on the NP station, and the MPTTF unit giving

3000

810 nm

2000

st em)

470 nm
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rise to an asymmetry in the CT baPfdTherefore, the preserved  transition is red-shifted to 390 nm because of the solvent’s
symmetry of the MPTTF/CBPQT CT band in this case polarities. Thus, it appears that in CH@he entire spectrum is
supports the assignment that the CBPQTing encircles the red-shifted by approximately 135 nm relative to the more polar
MPTTF unit predominantly, as no back-folding effect is possible solvents MeCN and M€O.
in this molecule on account of the inherent rigidity of the linker
between the NP and MPTTF units. so000.] ™ [—1"inMe.co

The assignment of the exact position of the CT band, ——1"in CHCI,
originating from the interaction between the NP unit and the [——1"inMeCN |
CBPQT* ring in the degenerate [2]rotaxaBetPF;, correlates
with the IH NMR spectroscopy results, which show that the
CBPQT* ring predominantly encircles the MPTTF unit in the
two-station [2]rotaxand-4PF. A series of experiments were 10000
carried out to investigate whether or not the translational
isomeric distribution is affected by varying the temperature. The
temperature dependence that is observed (see Supporting o
Information) on heating a solution df4PF in MeCN, arises o
solely from the_ trivial effect of therma_l dilution, meaning that Figure 6. Absorption spectra of-4PF recorded in MeCO, CHCh, and
the CT band situated at 810 nm dominates at all tempe"atu"esMeCN displaying the significant red-shift in the absorption maxima in going
ranging from 283 to 323 K, but a decrease is observed in the from Me;CO/MeCN to CHC4. Inserted is a magnification of the CT band
CT band intensity at higher temperatures as a result of thein the visible to NIR area.
expansion of the solvent. No significant effect of the fluctuating
temperature is observed in the region around 470 nm, again
indicating that the CBPQ' ring predominantly encircles the
MPTTF unit from 283 to 323 K (see Supporting Information).

Chemical Switching of the Bistable [2]Rotaxane Moni-
tored by Absorption Spectroscopy.The chemical oxidant
Fe(ClQy); has been employed to oxidize the MPTTF unit of
The lack of temperature dependence on the translational iso-the [2]rotaxand.-4PFs and Fhe associated spectrosc_:opip changes
meric distribution in1-4PF; confirms the assumption that the were followed by ab;orptlon Spectroscopy. The tltratlon'of 10
CBPQT* ring encircles the MPTTF unit and that this confor- equiv Of_Fe(ClQ)3 W't_h 1-4PFs (see S_upportmg Inf_ormat|on)
mation constitutes the energetic ground-state at a wide rangeres’u“e‘j in the formation of three dominant abso_r ptions .Ce_”tefed
of temperatures, not only from 198 to 298 K as determined by around 725, 441, and 350 nm. These absorptions, originating

1H NMR but also up to 323 K. This finding suggests that the from the mono-o.x[dllzed MPTTF" unit are very mtt_aqse,
PEG spacer has played a significant role in previous bistable compared to the initial C,T_ band at 810 nm, hence, it is not
[2]rotaxanes, wherein significant temperature effects have beenP0SSiPI€ to follow the position of the CBPQTring along the
the basis for a thorough review of the underlying thermodynam- glumbbell. Addition of another equ!valent of Fe(Q_)@resuIts
ics controlling translational isomerist, as well as for a in a bleach of the three absorption bands attributed to the

R ot i
correlatiord' with the temperature effects of molecular switch MPTTFd and ;he7appearance|.of f nev;/1 b][oad gbsorfptlr?n
tunnel junction devices that arise from the concomitant effect centered around 575 nm, resulting from the formation of the

e L : .
of temperature on the translational isomerism of bistable [2]- douPly oxidized MPTTF" unit. Again, the much more intense
rotaxanes. absorption from the MPTT# unit dominates the CT band

The effect of the solvent on the absorption spectrum (Figure ongmatmg_from the NP unit encircled by the CBPQTrlng,
: . . making it impossible to speculate about the position of the
6) of 1-4PK; was investigated in M€0O, CHCE, and MeCN. CBPQT* ring from this experiment
Since the CT bands represent a charge redistribution going from 9 P '

. Electrochemical Switching Investigated by CV, DPV, and
the ground state to the excited state, one would expect that . . s .
. . SEC. The electrochemically induced switching behavior of the
changing the solvent would greatly affect the chromophoric

properties of the system as well as possibly changing the rigid rota_lxanel-{lPFawas investigated using cyclic voltamn_]etry
translational isomeric distribution. Comparatively, the variation (CV), differential pglse voltammetry (DPV), and UWis

of absorption spectra, recorded in ¥ and MeCN is small, spectroelectrophemlstry (SEC). Thg half—dumbbell compounds
as both solvents yields clear green solutions with a distinct CT 10and17, the rigid MPTTF/NP-containing dumbbell compound

band at approximately 800 nm. Another feature, assumed to be18’ and the free cyclophane CBP@Twere studied as r_efer_—
. o ences. The CV traces for these compounds are shown in Figure
the local transition of the MPTTF unit, is also observed around

365 nm. Changing the solvent from M&O to the less polar /- Thg half-dumbbell comppundi_o_shc_)ws (Figure 7_a) two
? ) reversible and monoelectronic oxidization waves, which are the
solvent CHC}, influences the absorption spectra, as the CT

interaction is red-shifted by 135 nm out of the visible area and signatures of the stepwise oxidation process of the MPTTF

. . . . unit!! The half-wave potentials (see Supporting Information)
into the near-infrared (NIR) area, yielding an orange solution, ' e

. ; . L2 .’ of the first and second oxidization of MPTTF half-dumbbell
which at first might be taken as an indication of a change in

. A . . . compoundlOat+0.55 and+0.75 V (vs SCE) were determined
the isomeric distribution. However, inspection of the absorption h h N . fth
s Show it e s clo change 1 caused b 4”1 DEY Hessuerent The oxcton (e i of e 1P
CT band being red-shifted by 135 nm out of the visible area P ’ P

and into the near-infrared (NIR) region. Also the local MPTTF lies at +1.47 v (VS. SCE). The r|g|d du.mbbell. compouﬂe
showed two reversible and one irreversible oxidation processes

(30) Moonen, N. N. P.; Flood, A. H.; Fernandez, J. M.; Stoddart, JIdp. associated with the MPTTF and NP unit, respectively (Figure
Curr. Chem.2005 262, 99-132. ' ' ’ 7c). The half-wave potentials of the MPTTF unit in the rigid
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a) MPTTF half-
dumbbell 10
b) DNP half-
dumbbell 17 /\J
o Rigid
- dumbbell 18
d) CBPQT-4PFg
Rigid rotaxane 1-4PFg
-1.0 0.5 0.0 05 1.0 1.5

E IV (vs SCE)

Figure 7. Cyclic voltammetry of the (a) MPTTF half-dumbbell compound
10, (b) NP half-dumbbell compounti7, (c) rigid dumbbell componeris,

(d) CBPQT, and (e) rigid rotaxané-4PF. The data have been scaled
for ease of comparison of the CVs, and the scale bars at 0.0 V correspond
to 5uA. All data presented were recorded at 200 mV im argon-purged
DMF. 1.0 mM of the sample in 0.1 M TB:RFs solution, 298 K, working
electrode: glassy carbon electrode (0.0178)cm

dumbbell compound8 (+0.55 andt-0.76 V vs SCE) are almost
the same as those of the precursor half-dumbbell compound
10. Although redox potentials are strictly thermodynamic
properties that relate to the stabilities of both neutral reactant
and oxidized product, the fact that the oxidatiehl(41 V vs
SCE) of the NP unit irnl8 occurs at a slightly lower potential
than that forl7 (+1.47 V vs SCE) is consistent with the
extension ofr-conjugation observed in the UWis spectro-
scopic data. The cyclophane CBPQEhows the two character-
istic,52 reversible two-electron reduction processes-at29 V
and—0.72 V (vs SCE) (Figure 7d).

The electrochemical properties of the rigid [2]rotaxane
1-4PF; are distinctly different from (Figure 7e) that of its rigid
dumbbell componeni8. In the oxidation region\( > 0 V),
two close anodic peaks were observed betwe€n80 and
+0.90 V (vs SCE). The integral of the whole process corre-
sponds to a two-electron oxidation, suggesting that the first and
second oxidation of the MPTTF unit occur at almost the same
potential. The more positive first oxidation potential of the
MPTTF (or TTF) unit-when encircled by the CBP@Tring—
has been reported previous studies on bistable [2]rotak@nes
and [2]catenane®. This phenomenon suggests that CBPQT
ring encircles MPTTF in the ground state. The oxidation of the
NP unit does not occur untit1.6 V (vs SCE), a potential that
is higher than is required for the oxidation of the bare NP unit.
This result suggests that the CBPYTing is translocated from

(31) Balzani, V.; Credi, A.; Mattersteig, G.; Matthews, O. A.; Raymo, F. M;
Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D.JJ.0Org. Chem.
200Q 65, 1924-1936.

the MPTTF to NP unit after the oxidation of the MPTTF unit
and thus hinders the oxidation of the NP unit through CT
interaction. The cathodic peaks for the first and second reduction
of the MPTTF unit (MPTTE* — MPTTF+ — MPTTF) are

not separated well in the CV measurement.

The anodic sweep of the CV indicates that the MPTTF station
is oxidized 250 mV more anodic than the dumbbell component,
suggesting that it is tightly encircled by the CBPQTing®"
(i.e., itis not in equilibrium with the NP station). At800 mV,
the monocation is formed and the CBPQTing is typically
repelled away, allowing the second oxidation generating the
dication MPTTE" to occur at the same potential as that
observed in the dumbbell. In the present case, however, the
dication is formed at a potential greater than that for the
dumbbell by~100 mV. This observation is consistent with the
movement of the ring to the NP unit but that the electrostatic
effectd of the tetracationic CBPQJT ring on the cationic
MPTTF/2+ unit is still being felt through space across the
length of the rigid spacer. The return sweep of the CV shows
the anodic shift for the dication’s reduction to the monocation.
The anodic shift for the reformation of the neutral MPTTF unit
is larger than that observed in previous systems and is consistent
with the rapid and unhindered return of the CBP®QTing to
the neutral MPTTF unit. In summary, the electrochemistry data
confirm that the CBPQT" is switched reversibly between the
MPTTF and NP units during a cycle of two-electron oxidation
and reduction and potentially only after one-electron oxidation.

The reduction behavior of the CBP®Tring in the rigid
rotaxanel-4PF; is similar to that in the simple one-station [2]-
rotaxanes. The half-wave potentials of the CBPQiing were
determined to be-0.25 and—0.70 V (vs SCE). These values
are both more negative than those for the free CBPQT
suggesting that the effect of the dumbbell component on the
electrochemical behavior of the CBP®Tis consistent with a
MPTTF—CBPQT** CT interaction. The cathodic shift of the
second reduction peak has not been observed all that often. It
suggests that there is an interaction between the reduced forms
of the ring and dumbbell component. The first reduction peak
of the CBPQT" ring in rotaxanes and catenanes often shows
separatiorf§®* * *'on account of the nonequivalent environment
for the two bipyridinium units. In the case of rotaxanes, the
back-folding phenomena may be the cause of why the two
bipyridinium units have nonequivalent electrochemical environ-
ments. Although there is an absence of direct separation in the
first reduction peak of CBPQT in the rigid rotaxanel-4PFs
there is a peak broadening when compared to CBPQE
illustrated in Figure 7, panels e and d, respectively. This result
suggests that back-folding phenomena is much reduced and that
its contribution to previous peak separations may be larger than
has been otherwise considered.

The UV—vis spectroscopic changes associated with the
electrochemical oxidation process of the rigid rotaxaPF;
were recorded in order to shed some light on the mechanical
movement of the CBPQT ring between the two electron-rich
units MPTTF and NP (Figure 8).

The ground state U¥Wvis spectrum of1-4PF displays
(Figure 8a) the characteristic CT band at 820 nm, corresponding
to the MPTTFCBPQT" CT interaction. By applying a
potential of+0.75 V (Vap), the ground-state bands bleach and
are replaced by bands in the visible region at 441 and 725 nm,
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2.5+ role of the spacer in modulating the effect of temperature on
each isomer. It is believed that the rigid backbone linking the
2.0 two stations inl-4PFs effectively minimizes the back-folding
effect associated with the dumbbell, thereby favoring the
§ 154 © translational isomer where the CBP®Tring encircles the
8 b) stronger donor, namely, the MPTTF unit. By employing
§ 104 dynamic’H NMR measurements on the degenerate [2]rotaxane
< 2-4PF, it was found that the shuttling barrier over the 1.0 nm
0.5 distance is significantly lowetindeed, by more than 5 kcal/
’ a) d) mol—than that found previously in other non-rigid rotaxanes,
implying that this barrier can be fine-tuned by changing the
0.0 400 500 600 700 800 900 molecular architecture. In order for these molecules to work as
Wavelength / nm molecular switches, one has to be able to switch the position
Figure 8. UV—vis spectroelectrochemistry of the rigid rotaxah@PF; of the CBPQT* ring from the ground-state position around the

(1.0 mM 1-4PF in 0.1 M TBAPR/MeCN) recorded at applied voltage ~ MPTTF unit to the NP station by applying an appropriate
&/;p_)riﬂ(:az Qfg!lncli-St?t@/ap(=y0 v 5:3()) \éa5p\7(+0;lz 5) \t/ (vs Ag) tto &%’ﬁ?e stimulus. We have shown here that the two-station [2]rotaxane
*T radical cation; (c ap — . VS AQ) to generate . . . . :
dication; and (dVep = O V/ 10 regenerate the ground state. 1-4PFK is add_ressaple in soluu_on by electrochemical, as well
as by chemical stimuli. Cyclic voltammetry suggests that

which are associated with the absorption of the MPTTadical oxidation to the dication and reduction back to the neutral form
cation (Figure 8b). After switching the applied potential from Eesults In a c?’mplete switch of 1.5 nm between two close to
+0.75 t0+0.95 V, the spectrum displays a bleaching of the all-or-nothing” states. The range of favorable properties
MPTTF+ bands. which is concomitant with the formation of a introduced with the rigid linker make this molecular design an
large broad band at 555 nm, characteristic of the MP2FTF  interesting candidate for the construction of molecular switches
dication absorption (Figure 8c). These observations mirror those that could be expected to display strong-wif ratios that are
obtained for the chemical oxidation df4PFs in which the temperature-independent and exhibit rapid kinetics in suitably
chromophores of the MPTTF cations dominate the visible designed devices. Finally, these functional rigid bistable [2]-
region. The original spectrum at the ground state was fully rotaxanes will serve as an important starting point for the
reproduced by leaving the solution at room temperature for Utilization of rigidity when well-defined structures and functions

overnight 2 0 V (Figure 8d). The electrochemical reaction is '€ of the outmost importance, such as in molecular pistons
fully reversible. and simple motor molecules.
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970 J. AM. CHEM. SOC. = VOL. 129, NO. 4, 2007





