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A Photochemically Driven Molecular-Level Abacus
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Abstract: A molecular-level abacus-
like system driven by light inputs has
been designed in the form of a [2]rotax-
ane, comprising the s-electron-donating
macrocyclic polyether bis-p-phenylene-
34-crown-10 (BPP34C10) and a dumb-
bell-shaped component that contains 1)
a Ru' polypyridine complex as one of its
stoppers in the form of a photoactive
unit, 2) a p-terphenyl-type ring system as
a rigid spacer, 3) a 4,4’-bipyridinium unit
and a 3,3'-dimethyl-4,4’-bipyridinium
unit as m-electron-accepting stations,
and 4) a tetraarylmethane group as the
second stopper. The synthesis of the
[2]rotaxane was accomplished in four
successive stages. First of all, the dumb-
bell-shaped component of the [2]rotax-
ane was constructed by using conven-
tional synthetic methodology to make 1)
the so-called “west-side” comprised of
the Ru"® polypyridine complex linked by
a bismethylene spacer to the p-terphen-
yl-type ring system terminated by a
benzylic bromomethyl function and 2)
the so-called “east-side” comprised of
the tetraarylmethane group, attached by
a polyether linkage to the bipyridinium
unit, itself joined in turn by a trismeth-
ylene spacer to an incipient 3,3'-dimeth-

yl-4,4’-bipyridinium unit. Next, 3) the
“west-side” and “east-side” were fused
together by means of an alkylation to
give the dumbbell-shaped compound,
which was 4) finally subjected to a
thermodynamically driven slippage re-
action, with BPP34C10 as the ring, to
afford the [2]rotaxane. The structure of
this interlocked molecular compound
was characterized by mass spectrometry
and NMR spectroscopy, which also es-
tablished, along with cyclic voltammetry,
the co-conformational behavior of the
molecular shuttle. The stable transla-
tional isomer is the one in which the
BPP34C10 component encircles the 4,4'-
bipyridinium unit, in keeping with the
fact that this station is a better n-
electron acceptor than the other station.
This observation raises the question—
can the BPP34C10 macrocycle be made
to shuttle between the two stations by a
sequence of photoinduced electron
transfer processes? In order to find an
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answer to this question, the electro-
chemical, photophysical, and photo-
chemical (under continuous and pulsed
excitation) properties of the [2]rotaxane,
its dumbbell-shaped component, and
some model compounds containing elec-
tro- and photoactive units have been
investigated. In an attempt to obtain the
photoinduced abacus-like movement of
the BPP34C10 macrocycle between the
two stations, two strategies have been
employed—one was based fully on pro-
cesses that involved only the rotaxane
components (intramolecular mecha-
nism), while the other one required the
help of external reactants (sacrificial
mechanism). Both mechanisms imply a
sequence of four steps (destabilization
of the stable translational isomer, mac-
rocyclic ring displacement, electronic
reset, and nuclear reset) that have to
compete with energy-wasteful steps. The
results have demonstrated that photo-
chemically driven switching can be per-
formed successfully by the sacrificial
mechanism, whereas, in the case of the
intramolecular mechanism, it would ap-
pear that the electronic reset of the
system is faster than the ring displace-
ment.
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Introduction

The concept of a machine at the molecular level is not a new
one. Our body can be looked upon as an extremely complex

Abstract in Italian: Un [2]rotassano potenzialmente adatto a
funzionare come pallottoliere molecolare azionato da stimoli
luminosi e stato progettato e sintetizzato. Esso € costituito da un
etere corona mw elettron donatore (BPP34CI0) e da un
componente lineare contenente 1) un complesso polipiridinico
di Ru' come unita fotoattiva e “stopper” per il macrociclo, 2)
uno spaziatore p-terfenilico rigido, 3) un gruppo 4,4'-dipiridi-
nio ed uno 3,3'-dimetil-4,4'-dipiridinio come “stazioni” m
elettron accettrici e 4) un gruppo tetraarilmetano come secondo
“stopper”. La sintesi del [2]rotassano € stata ottenuta in quattro
passaggi successivi. In primo luogo e stato preparato il
componente lineare; mediante metodologie sintetiche conven-
zionali sono state ottenute 1) la cosiddetta “regione occidenta-
le”, che comprende il complesso di Ru' legato allo spaziatore
p-terfenilico, funzionalizzato con un gruppo bromobenzilico, e
2) la “regione orientale”, costituita dal gruppo tetraarilmetano
legato all’'unita 4,4'-dipiridinio, a sua volta connessa ad un
gruppo precursore dell’unita 3,3'-dimetil-4,4'-dipiridinio. In
seguito, 3) la regione occidentale e quella orientale sono state
fuse mediante una reazione di alchilazione, ottenendo cosi il
componente lineare desiderato; infine, 4) esso e stato fatto
reagire con il macrociclo BPP34CI0 sotto controllo termodi-
namico allo scopo di preparare il [2]rotassano. La struttura del
rotassano € stata caratterizzata mediante spettrometria di
massa e spettroscopia NMR; tali esperimenti hanno anche
messo in evidenza, assieme a misure di voltammetria ciclica, il
suo comportamento co-conformazionale. L’isomero traslazio-
nale stabile del rotassano e quello in cui il macrociclo
BPP34C10 si trova sull’unita 4,4'-dipiridinio, in accordo con
il fatto che questa unita possiede proprietd w elettron accettrici
migliori di quella 3,3'-dimetilata. Il quesito cruciale, a questo
punto, e: si puo spostare il macrociclo BPP34C10 da una
stazione all’altra utilizzando una sequenza fotoindotta di
processi di trasferimento elettronico? Per rispondere a questa
domanda sono state studiate le proprieta elettrochimiche,
fotofisiche e fotochimiche (con eccitazione sia continua che
pulsata) del [2]rotassano, dei suoi componenti molecolari e di
alcuni composti modello per le unita fotoattive ed elettroattive
in questione. Sono state esplorate due strategie allo scopo
ottenere il movimento fotoindotto del macrociclo da una
stazione all’altra del componente lineare: la prima basata su
processi coinvolgenti soltanto i componenti del rotassano
(meccanismo intramolecolare), la seconda, invece, assistita
dall’intervento di reagenti esterni (meccanismo sacrificale).
Entrambi i meccanismi implicano una sequenza di quattro
eventi (destabilizzazione dell’isomero traslazionale stabile,
spostamento del macrociclo, ripristino elettronico e ripristino
nucleare), che debbono competere con processi dissipativi. 1
risultati dimostrano che questo congegno molecolare puo
essere effettivamente azionato dalla luce utilizzando il mecca-
nismo sacrificale; nel caso del meccanismo intramolecolare,
invece, sembra che il ripristino elettronico del sistema sia piu
rapido dello spostamendo del macrociclo.
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ensemble of molecular-level machines that power our move-
ments, repair damages, and orchestrate our inner worlds of
thought, sense, and emotion.[!!l The challenge of constructing
artificial molecular machines was posed for the first time by
Feynman® in his famous address entitled “There is Plenty of
Room at the Bottom” to the American Physical Society in 1959.
In his address, he raised a number of interesting issues, such as,
“What are the possibilities of small but movable machines?..
An internal combustion engine of molecular size is impossible..
Other chemical reactions, liberating energy when cold, can be
used instead.. What would be the utility of such machines?..”

Although some intriguing examples of simple molecule-
level machines (e.g., a phototweezer) were reported® in the
1980s, it is only in the last few years, thanks to the rapid growth
of supramolecular chemistry,!! that the issues raised by
Feynmanl?! have become hot topics®! in contemporary scien-
tific research. Catenanes and rotaxanes!® are providing cogent
answers to the first of Feynman’s questions. Their unique
molecular architectures lend themselves to the occurrence of
large amplitude motions by their component parts—a prop-
erty reminiscent of the movements displayed by the working
parts of machines in the macroscopic world. When the
motions of the component parts of interlocked molecules
can be induced and controlled by external inputs of energy,
such exotic chemical systems can be viewedP*™l as simple
molecular machines. As Feynman predicted,” the input of
external energy to make such machines work has to be a cold
chemical reaction. What apparently he did not predict,
somewhat amazingly, is the possibility that the required
chemical energy can be provided by light excitation by means
of a photochemical reaction. ]

Here, we describe the design, synthesis, and machine-like
performance of a [2]rotaxane, in which the ring component
can be induced by light excitation to move, that is, switch,
between two different recognition sites or “stations” of the
dumbbell-shaped component (Figure 1). Such a molecule
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Figure 1. The concept of a photochemically-driven molecular-level abacus.

exhibits an abacus-like geometry and, since it behaves
according to binary logic, it could, in principle, be used for
information processing?®! at the molecular level. Indeed,
molecular-level information processing seems to be a possible
answer to Feynman’s question about the utility of such “small
but movable machines”.
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Design

Just like their macroscopic counterparts, molecular-level
machines have to be organized structurally and work as
functionally integrated multicomponent systems.[* 721 2] The
first step is to produce an accurate design of the working
mechanism of the machine, followed by a search for those
components that exhibit the required properties, and then
finally to find the means to assemble them in the required
order. For reasons that will soon become apparent, we have
designed a molecular-level machine with the structural
features shown in Figure 2a. Since we wanted to use light as
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Figure 2. Planned working scheme employing an intramolecular mecha-
nism for the light-driven switching of the ring R between the two stations

A, and A,. The dashed lines indicate processes that compete with those
needed to make the machine work. For more details, refer to the text.

the energy source to make the molecular-level abacus work,
we needed to have a photoactive unit P. From amongst the
various kinds of photoreactions, we chose a photoinduced
electron transfer process by which it is possible to affect the
strength of donor/acceptor interactions.”! We then inserted in
the dumbbell-shaped component two different m-electron
acceptors, A; and A,, which play the role of stations for a 7-
electron-donor ring R. We also decided i) to use P as a
stopper, ii) to insert a spacer S between P and the two -
electron acceptors, and iii) to place the better m-electron
acceptor A, further away from P than A,, that is, place A
close to the other stopper T. In such a system, the stable
translational isomer will be the one in which the m-electron-
donating ring R encircles the A, station. Accordingly, we have
devised two working schemes for the photoinduced switching
of the ring: one is based entirely on processes that involve
only the rotaxane components (intramolecular mechanism)
and the other requires the assistance of external reactants
(sacrificial mechanism).

Intramolecular mechanism: This mechanism, which is illus-
trated in Figure 2, is based on the following four operations.

3560
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a) Destabilization of the stable translational isomer: Light
excitation of the photoactive unit P (Step 1) should be
followed by the transfer of an electron from the excited
state to the A, station, which is encircled by the ring R
(Step 2), in order to “deactivate” this station; such a
photoinduced electron transfer process has to compete
with the intrinsic excited-state decay (Step 3).

b) Ring displacement: The ring should move from the
reduced station A;~ to A, (Step4); this step has to
compete with the back electron transfer process from A;~
(still encircled by R) to the oxidized photoactive unit P*
(Step 5).

c) Electronic reset: A back electron transfer process from the
“free” reduced station A~ to P* should take place (Step 6)
with consequent restoration of the electron-acceptor
power to the A, station.

d) Nuclear reset: As a consequence of the electronic reset,
back movement of the ring from A, to A; should occur
(Step 7).

The most important requirement to meet in this intra-
molecular mechanism is the successful competition of Step 4,
which involves complex nuclear movements, with Step 5,
which only involves the transfer of an electron. Previous
investigations on the shuttling rate of an electron-donating
ring between two identical electron-acceptor stations (micro-
second timescale)??! suggests that this requirement is difficult,
but not impossible to meet.

Sacrificial mechanism: An alternative, and likely less critical,
strategy to obtain the switching process was based on the use
of external redox reactants that operate after the photo-
induced deactivation of the A; station as illustrated in
Figure 3. It is based on the following operations.
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Figure 3. Planned working scheme employing a sacrificial mechanism for
the light-driven switching of the ring R between the two stations A, and A,.
The dashed lines indicate processes that compete with those needed to
make the machine work. For more details, refer to the text.
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a) Destabilization of the stable translational isomer: See the
previous mechanism in Figure 2.

b’) Ring displacement after scavenging of the oxidized photo-
active unit: If the solution contains a suitable reductant
Red, a fast reaction of Red with P* (Step 8) may compete
successfully with the back electron transfer reaction
(Step 5). In such a case, the displacement of the ring to
A, (Step 4), even if it is slow, can take place because the
originally occupied station remains in its reduced state
A

¢') Electronic reset: After an appropriate time, restoration of
the electron-acceptor power of the A,; station can be
obtained by oxidizing A;~ with a suitable oxidant Ox
(Step 9).

d) Nuclear reset: See the previous mechanism in Figure 2.

It is worth noting that the sacrificial strategy has been used
extensively to study photoinduced electron transfer processes
aimed at solar energy conversion.?*l

Selection of the components and their assembly

On the basis of our experience,® 2! we chose (Figure 4) i) a
[Ru(bpy);]**-type complex as P, ii) the m-electron-acceptor
4,4'-bipyridinium unit and its 3,3’-dimethyl analogue as A; and
A,, respectively, iii) the m-electron-donating BPP34C10
macrocycle as the ring R, iv) a p-terphenyl-type ring system
as a rigid spacer S, and v) a tetraarylmethane group as the
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Figure 4. [2]Rotaxane 1°, its related dumbbell-shaped compound 2*, the
BPP34C10 macrocyclic ring, and some model compounds (3**, 4*+, 5°*, 6,
7°*, and 8*) of the units present in the dumbbell-shaped component.
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second stopper T. The reasons why we selected these
particular units will become more apparent and easier to
appreciate after a discussion of their electrochemical, photo-
physical, and photochemical properties. Besides the [2]rotax-
ane 1% and its two components, the dumbbell-shaped
compound 2% and the macrocyclic polyether BPP34C10,
Figure 4 also features some model compounds (3** to 8*) that
have been investigated for the sake of comparisons. The
“supramolecular” properties of the [2]rotaxane 15" depend, of
course, not only on the characteristics of the separate
components, but also on the co-conformational®! properties
of the multicomponent system. In the case of the intra-
molecular mechanism (Figure 2), we wanted to decrease as
much as possible the rate of the back electron transfer process
(Step 5) in order to favor the occurrence of the relatively slow
nuclear movements involved in the displacement of the ring
from the reduced station to the other one (Step 4). We have
attempted to meet this requirement i) by increasing, as much
as possible, the exergonicity of the back electron transfer
reaction, which is known to be in the Marcus inverted
region,?” 2%l and ii) by separating the Ru complex from the -
electron-acceptor stations by a relatively long, rigid, non-
planar spacer. Of course, in doing all this, we had to respond to
the requirements of the forward, photoinduced reaction
(Step 2), which has to be fast enough to compete with the
intrinsic excited-state deactivation (Step 3). In order to reach
this goal, the photoinduced reaction should be at least
moderately exergonic; also, the distance over which the
electron has to be transferred should not be too long. We have
attempted to reach a compromise between these contrasting
requirements by i) using®! the [Ru(Me,bpy);]** complex (5**)
as the photoactive unit P, ii) inserting the nonplanar rod-like
component 6 as a rigid spacer S between P and the
bipyridinium A; and A, stations, and iii) positioning the
better m-electron accepting unit A, furthest away from P. To
perform switching by the sacrificial mechanism, we have
chosen, as external reactants, triethanolamine (TEOA), which
is a very good scavenger of oxidized Ru-polypyridine
complexes,’® 24 and dioxygen, which is commonly used to
reoxidize reduced bipyridinium species.[®]

Results and Discussion

Synthesis: The synthesis of the molecular shuttle requires the
preparation of two types of components, namely i) a trisbi-
pyridyl complex of ruthenium(i) bearing an almost rigid
spacer with, on its terminus, a leaving group that can react
efficiently with ii) a trisquaternary salt bearing a bipyridinium
unit and a disubstituted pyridylpyridinium moiety. The
retrosynthetic analysis of the molecular shuttle is outlined in
Scheme 1. This scheme relies on an approach which involves
quaternization of a nitrogen by nucleophilic substitution with
a ruthenium(i) complex that carries a benzylic bromide
function. The synthesis of the [2]rotaxane 1-6PF; is outlined
in Schemes 2-4. First of all, the ruthenium(if) complex 9-
2PF; (the “west-side”) and the tricationic salt 19+3PF, (the
“east-side”) were synthesized (see Schemes 2 and 3, respec-
tively). Linking the “west-side” with the “east-side” yielded
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Scheme 1. Retrosynthetic approach for the synthesis of the the dumbbell-shaped compound 2 - 6 PF.

the dumbbell-shaped compound 26 PFy, which incorporates
two bipyridinium recognition sites. Finally, the [2]rotaxane 1-
6 PF, was obtained as a result of a slippage approachB to its
formation.

Constructing the “west-side”: The synthesis of the rutheni-

um(1) complex 9-2PF; is outlined in Scheme 2. The fert-
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Scheme 2. Synthesis of 9-2PF,. Reagents and conditions: a) (1) nBuLi/
THF, —78°C, 1h, (2) B(OMe);, —78°C to RT, 16 h, (3) 5% HCI, 30 min,
79%; b) (1) 1,4-dibromo-2,3,5,6-tetramethylbenzene/2m Na,CO,/[Pd-
(PPh;),]/PhCH/EtOH, reflux, 3d, (2) TBAF/THFE, RT, 12h, 75%;
c) HBr/AcOH (45 %w/v), reflux, 12 h, 89 %; d) LDA/THF, 78°C to RT,
12 h, 66 %; e) (1) 11/2M Na,COs/[Pd(PPhs;),]/PhCH,/EtOH, reflux, 3 d, (2)
TBAF/THF, RT, 12 h, 62 %; f) (1) [Ru(4,4'-dmbpy),CL]/EtOH/H,0, reflux,
24 h, (2) NH,PF¢/H,0, RT, 12 h, 66 %; g) (1) HBr/AcOH (45 % w/v), reflux,
4h, (2) NH,PF¢/H,0, RT, 12 h, 90%.
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butyldimethylsilyl O-protected
4-bromobenzyl alcohol 105!
was transformed in 79 % yield
into the boronic acid 11 by
treatment of the alcohol with
nBulLi, followed by addition of
trimethyl borate in THF at
—78°C. The synthesis of the
biphenyl derivative 12 was ac-
complished by Pd’-catalyzed
cross-coupling?® with an excess
of 1,4-dibromo-2,3,5,6-tetra-
methylbenzene,? followed by
desilylation with tetrabutylam-
monium fluoride. The yield for
the two steps was 75%. The
alcohol 12 then underwent
smooth conversion in 89 %
yield to the corresponding bro-
mide 13 with HBr in acetic acid
(45% w/v). Monolithiation of
4,4'-dimethyl-2,2'-bipyridine by
using equimolar amounts of
LDARB4 in THF, followed by addition of the bromide 13 gave
the unsymmetrical substituted bipyridine 14 in 66 % yield. A
Pd’-catalyzed cross-coupling reaction between 14 and 11
afforded the bypyridinium-based alcohol 15in 62 % yield. The
ruthenium(i) complex 3-2PF, was prepared in 66 % yield by
treating [Ru(4.4’-dimethyl-2,2'-bipyridine),]CLP! with the
ligand 15 in a mixture of EtOH/H,0, followed by counterion
exchange (NH,PF/H,0/Me,CO). The bromomethyl deriva-
tive 9 -2 PF, was obtained, almost quantitatively, by treatment
of the hydroxymethyl derivative 3-2PF; with 45% HBr1/
AcOH. We found that it is important to prepare the
ruthenium() complex 3-2PF; prior to the conversion to 9-
2PFg, as the complexation of ruthenium(ii) to the bipyridine
ligands protects them from self-alkylation by the reactive
benzylic-type bromide function present in compound 9 - 2 PF,.

-

[
[_lj

o ﬁ? -
+

Constructing the “east-side”: The synthesis of compound 4-
4PF; is outlined in Scheme 3. Compound 16°! was treated
with an excess of 4,4-bipyridine in refluxing MeCN in the
presence of a catalytic amount of anhydrous LiBr. Following
counterion exchange (NH,PFy/H,0/Me,CO), the monoqua-
ternary salt 17 - PF, was isolated in 82 % yield. This compound
was then alkylated with an excess of 1,3-dibromopropane to
afford, after counterion exchange (NH,PF¢/H,0), the diqua-
ternary salt 18-2PF; in 69 % yield. Following further quater-
nization of 18-2PF; with an excess of 3,3'-dimethyl-4,4'-
bipyridine,?"l the required trisquarternary salt 19-3PF, was
isolated in 93% yield after counterion exchange (NH,PF/
H,0). The tetrakisquaternary salt 4- 4 PF,, needed as a model
compound in electrochemical studies, was obtained by
quaternization of 19-3PF, with benzyl bromide and subse-
quent counterion exchange (NH,PF¢/H,0).

Linking the “west-side” to the “east-side”: The ruthenium(ir)
complex 9-2PF, and the tricationic bipyridinium salt 19 - 3 PF,
were reacted together (Scheme 4) in refluxing MeCN to give,

0947-6539/00/0619-3562 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19
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Scheme 3. Synthesis of 4-4PF,. Reagents and conditions: a) (1) 4,4'-bipyridine/LiBr/MeCN, reflux, 3d, (2)
NH,PF¢/H,0/Me,CO, RT, 12 h, 82%; b) (1) 1,3-dibromopropane/MeCN, reflux, 4 d, (2) NH,PF,/H,0/Me,CO,
RT, 12 h, 69%; c) (1) 3,3'-dimethyl-4,4'-bipyridine/MeCN, reflux, 7 d, (2) NH,PF¢/H,O, RT, 12 h, 93%; d) (1)

PhCH,Br/MeCN, reflux, 4 d, (2) NH,PF¢/H,O, RT, 12 h, 75%.

9.2PF¢

Scheme 4. Synthesis of the [2]rotaxane 1-6 PF,. Reagents and conditions: a) (1) MeCN, reflux, 6 d, (2) NH,PF,/
H,O, RT, 12 h, 63 %; b) (1) BPP34C10/MeCN, 50°C, 4 d, (2) NH,PF¢/H,O, RT, 12 h, 59 %.

after counterion exchange (NH,PF¢/H,0), the dumbbell-
shaped compound 2 -6 PF; in 63 % yield.

Obtaining the molecular shuttle by slippage: Heating 2-6PF,
with five equivalents of BPP34C10 in MeCN at 50 °C for four
days led (Scheme 4) to the isolation of the [2]rotaxane 1-6PF,
in 59% yield as a stable compound, which, upon silica gel
column chromatography in MeOH/2 molL~! NH,Cl/MeNO,
(7:2:1 v/viv) as eluent, remained unchanged. However, when
1,5-naphtho-1,4-phenylene-36-crown-10 was used as the mac-

Chem. Eur. J. 2000, 6, No. 19

O%@H

2PFg 3PFg

+ + + ~Q 0O
@@A@@f »

la—

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

rocyclic polyether instead of
BPP34C10, slipping of the
crown ether component off the
dumbbell component of the
corresponding  [2]rotaxanel*]
was observed.

Mass spectrometry: Liquid sec-
ondary ion mass spectrometry
(LSIMS) was employed success-
fully in the characterization of
the key compounds 19-3PF;,
4-4PF,, 3-2PF; 9-2PF,, the
dumbbell-shaped molecule 2-
6PF,, and the [2]rotaxane 1-
6 PF. In all cases, peaks for the
successive losses of one, two, or
three PF,~ counterions were
observed (Table 1). Additional-
ly, the [2]rotaxane 1-6PF; was
characterized by electrospray
mass spectrometry.

4.4PF

NMR spectroscopy: Com-
pounds 1-6PF;, 2-6PF,, 3-
2PF,, 4-4PF,, 9-2PF;, 10-16,
17-PF,, 18- 2PF,, and 19-3PF;
were characterized by "H NMR
spectroscopy, which included
'H-'H COSY experiments for
full assignments in cases of 1-
6PF,, 2-6PF,, 4-4PF,, and 9-
2PF,, and by noise-decoupled
BC NMR spectroscopy. The
[2]rotaxane 1-6PF, incorpo-
rates two different bipyri-
dinium recognition sites, a 4,4'-
bipyridinium unit (A;) and a
3,3'-dimethyl-4,4'-bipyridinium
unit (A,), within the dumb-
bell-shaped component, but
only one BPP34C10 macro-
cycle. Thus, the macrocyclic
component is free to move back
and forth from one recognition
site to the other depending
upon their binding affinities,
which can be modified photo-
chemically. The preferential oc-
cupation of site A, in the ground state was anticipated from
previous complexation studies,* which demonstrated that
the binding affinity of BPP34C10 for a model 4,4'-bipyridi-
nium derivative is about ten times greater than for corre-
sponding 3,3'-dimethyl-4,4"-bipyridinium derivative. The par-
tial "H NMR spectroscopic data for the [2]rotaxane 1-6PF;
and the reference compound—the dumbbell-shaped molecule
2-6PFs—are listed in Table 2. Significant upfield shifts are
observed (Figures 5 and 6) only for the signals arising from the
a- and f-protons with respect to the nitrogen atom in the

|
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Table 1. LSIMS datal® for the bpy-based quaternary salts 19-3PF; and 4-
4PF,, the Ru complexes 3-2PF¢ and 9-2PF,, the dumbbell-shaped
compound 2- 6 PF;, and the [2]rotaxane 1-6PF,.

[M]*o] [M—PFJ*  [M—2PFj* [M — 3PFJ*
19-3PF, (1365 1220 1075 929
4-4PF, (1600) 1456 1311 1165
3-2PF, 129414 1127 981 -
9-2PF, (1335) 1189 1045 -
2-6PF, (2765) 2620 2475 2330
1-6PF, 3303 3157 3012 2867

[a] LSIMS mass spectra were obtained using a ZabSpec mass spectrometer
equipped with a cesium ion source operating at ~30 keV. [b] M =molec-
ular weight. [c] The numbers in parentheses refer to peaks that were not
observed. [d] [M+Na]*. [e] [M+H]".

bipyridinium unit A;. The resonances for the a- and -protons
are shifted to higher frequencies by approximately 0.24 ppm
and 0.50 ppm, respectively, while the signal for the
hydroquinone ring protons of BPP34C10 is shifted upfield
by 0.52 ppm (Figure 6). These changes in chemical shifts are

5- and 5'-bip
dmbpy ArH
3- and 3'-bpy

p-phenylene
6- or 6'-bip ArH

2- or 2'-bip
dmbpy
6- or 6'-bip ArH

*NCH,

2- and 2'-bpy _h

2- or 2'-bip j

*NCH, OCH,

CH;

characteristic of the inclusion of a bipyridinium unit inside a
BPP34C10 macrocyle.

Electrochemical behavior: The machine-like behavior of the
[2]rotaxane 1%+ is based on electron transfer processes that
have to bring about the switching of the ring between the two
stations of the dumbbell-shaped component. Since i) the
occurrence of such processes is related to the electrochemical
potentials of the stations and ii) the potential shifts, resulting
from donor/acceptor interactions, can yield useful information
about the station occupied by the ring along the dumbbell-
shaped component, electrochemical features were an integral
part of the design of the [2]rotaxane 1°*. Hence, we have
investigated the electrochemical behavior of the [2]rotaxane
1%+, the dumbbell-shaped compound 2°*, the BPP34C10 ring,
and some of the model compounds shown in Figure 4. The
results obtained are summarized in Table 3 and Figure 7.

Components: Tt is well knownP® 38 that the bipyridinium
dication 8> undergoes two reversible one-electron reduction
processes. The 3,3’-dimethyl an-
alogue 7** also undergoes
two reversible one-electron re-
duction processes, but at con-
siderably more negative poten-
dmbpy |, o1, tial valges t.han 8%+ because of

CH, ° the steric hindrance caused by

|J_| the methyl substituents to the
coplanarity of the two pyridini-
um subunits; this affords a con-
formation which would favor
delocalization of the added
electrons.* In the wire-type
compound 4%, the reduction
processes associated with the

~<—C(CHj)3

[REREEEE R RS manE.;

9 9 8 7 6 5 4

Figure 5. 'H NMR Spectra (500 MHz, CD;COCD:;) of the dumbbell-shaped compound 2 - 6 PF,. Note that bip
refers to 3,3'-bipicoline and bpy refers to 4,4"-bipyridine. The assignments in bold represent the signals that change

their chemical shifts on formation of the [2]rotaxane, 1-6PF,.

BPP34C10
ArH

3- and 3'-bpy 5- and 5'-bip

OCH,
2- and 2'-bpy

T BRI R LR e

BPP34C1

two bipyridinium units 7>+ and
8%+ are clearly distinguishable,
even if some shift is observed in
the potential values, presuma-
bly as a result of the closeness
of the positive charges. It should
also be noted that 4** shows a
nonreversible oxidation process
that can be assigned?* 3 to the
tetraarylmethane stopper. The
[Ru(Me,bpy);** complex (5°*)
displays a metal-localized rever-
sible monoelectronic oxidation
process and three ligand-local-
ized reversible monoelectronic
reduction processes.*!l The Ru
complex 3**, which is obtained
by joining up 5** with 6, practi-
cally behaves just like 5°*. It
does not reveal any new process

e
3 2

r CHy

T T v
d 9 8 7 6 5 4

Figure 6. '"H NMR Spectra (500 MHz, CD;COCD;) of the [2]rotaxane 1-6PF,. Note that bip refers to 3,3'-
bipicoline and bpy refers to 4,4"-bipyridine. The partial assignments for the signals indicate the formation of the

[2]rotaxane.
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attributable to 6, indicating that
this spacer, as expected,*?l does
not exhibit any redox activity in
the potential window examined.

0947-6539/00/0619-3564 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19



Molecular-Level Abacus

3558-3574

Table 2. Selected '"H NMR chemical shifts (6 values) in CD;COCD; at 31 °C for the dumbbell-shaped compound

2-6PF; and the [2]rotaxane 1-6PF,.

corresponds to the first reduc-
tion of the A, station, is also

Protons 2-6PF, 1-6PF, A6 displaced toward more negative
Ay oyl 9.40(d, 2H)/9.37 (d, 2H) 9.16 (d, 2H)/9.14 (d, 2H) _024/—023 Ppotentials, demonstrating that,
A, -B/B0 8.82 (d, 2H)/8.79 (d, 2H) 8.31 (d, 4H) —0.51/—-048  at this stage, the A, unit is
Az—a1/a4:zll 9.47 (s, 1H)/9.23 (s, 1H) 9.48 (s, 1H)/9.29 (s, 1H) +0.01/+006  encircled by the BPP34C10
As- e 9.31 (d, 1H)/9.14 (d, 1H) 9.32 (d, 1H)/9.21 (d, 1H) +001/+007  no Tt has to be stressed, how-
A,- BB 8.23 (d, 1H)/8.21 (d, 1H) 8.27 (d, 1H)/8.21 (d, 1H) +0.04/0.00 . .

ArHte B 625 (s, $H) _0.52 ever, that this reduction hap-

[a] Refers to H (2,6/2,6"). [b] Refers to H (3,5/3,5"). [c] Refers to H (2/2'). [d] Refers to H (6/6"). [e] Refers to H
(5/5"). [f] Refers to protons of the hydroquinone rings incorporated within BPP34C10. [g] The ¢ value for
hydroquinone ring protons of BPP34C10 in CD;COCD; at ambient temperature is 6.77.

Table 3. Electrochemical data.[!

pens after the first reduction of
the A, station. This behavior
confirms that, as we planned to
achieve, when the better station
(A;) of the two has been “de-

activated”, the BPP34C10 ring

Eo [V] ; Erea [V moves to the alternative A,

stopper - crown ether - Ru + + station. Under these conditions,

R- . .N-H from the values of the first

= reduction potential of A, and

R'=H Me H Me the second reduction potential

82+ (R =Me) — 043 —0.84 of A, in the dumbbell-shaped

7+ (R=Bn) -0.74 —0.94 component (Table 3), it can be

4 160 » -036 -069 -084 -097 estimated that the translational

BPP34CIO }éz[cl isomer with the BPP34C10 ring

3+ 115 _143 —163 —18  encircling A, is much more

26+ 1.601¢! 115 -036 —068 —08 —09 —143 ads. ads. populated than that in which
10+ 1.70k! 140kl 115 -044 —-073 -0.83 —-099 —143 ads. ads.

the BPP34C10 ring encircles

[a] Argon purged MeCN, room temperature. [b] Halfwave potential values in V vs. SCE; reversible and
monoelectronic processes, unless otherwise indicated. [c] Not fully reversible process; potential value estimated

from DPV peaks. [d] Two-electron process.

The BPP34C10 macrocycle is well known to undergo two not
fully reversible monoelectronic oxidation processes.[*’]

[2]Rotaxane and the dumbbell-shaped compound: In the
dumbbell-shaped compound 2%+, all the redox processes of the
component units are present at almost the same potentials as
in the separated units (Table 3 and Figure 7); this shows that
there is no substantial intercomponent electronic interaction.
In going from the dumbbell-shaped compound 2°" to the
[2]rotaxane 1°*, some processes are affected and others are
not. All the processes related to the Ru-based unit, that is, the
metal-localized oxidation and the ligand-localized reduction,
do not show any appreciable changes. The first reduction of
the A, unit is displaced noticeably toward more negative
potential values, indicating that it is surrounded by the -
electron donating BPP34C10 ring (Figure 8), whose oxida-
tion*is displaced accordingly toward more positive potential
values. These observations are confirmed by the values of the
potential shifts, which are close to those observed for a
previously investigated®! [2]rotaxane that incorporates the
BPP34C10 ring and a station similar to A;. The fact that the
ring encircles the A, station in the more stable isomer was
exactly what we expected, since the A, station is a better -
electron acceptor than the A, one. The reduction potentials
(Table 3) of A, and A, in the dumbbell-shaped compound 2+
(or of the separated 7>* and 8+ compounds) suggest that the
translational isomer of 1°*, shown in Figure 4, is by far more
highly populated than the other one, as confirmed by the
NMR results. The second reduction wave of 1°f, which

Chem. Eur. J. 2000, 6, No. 19
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A,". Also, when the A, station
has been reduced, the position
of the BPP34C10 ring is no
longer controlled by strong do-
nor/acceptor interactions; from the electrochemical results, it
seems that it resides close to A,". The reversibility of the
electrochemical processes involving the two stations shows
that, after a two-electron reduction of the [2]rotaxane 1°*,
one-electron oxidation relocates the BPP34C10 ring on the A,
station and a successive one-electron oxidation entices it back
again onto the A, station. The electrochemical reversibility of
these processes indicates that the rates of the electrochemi-
cally induced ring movements are faster than the highest
scan rate (1 Vs!) used in the conventional electrochemical
experiments. This observation is not surprising since, in a
previously studied®! [2]rotaxane, the shuttling of BPP34C10
between two identical 4,4’-bipyridinium stations was found
to occur with a rate constant of 300000 s! at 298 K, even in
the presence of donor/acceptor interactions. In an attempt
to obtain the value of the rate constant for ring displacement
after the reduction of A; (Step 4 in Figures2 and 3), we
have tried to perform experiments at much faster scan rates
by using a piece of electrochemical equipment described in
the Experimental Section.®! Unfortunately, these experi-
ments were unsuccessful because of severe adsorption phe-
nomena.

Photochemical and photophysical behavior: In order to effect
the photoinduced switching process (Figures 2 and 3) upon
rotaxane 1%+, we needed a component P that exhibited well-
defined spectroscopic and redox properties, namely: i) light
absorption in a region of the spectrum at which the other
components of the system do not show strong bands, ii)
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Figure 7. Cyclic voltammetric patterns (MeCN, 298 K, scan rate 200 mVs™!)
for the model compounds (3*+, 4*, 7%+, and 8**), dumbbell-shaped compound
26+, the BPP34C10 macrocycle (R), and the [2]rotaxane 1°*.
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suitable excited-state energy, lifetime, and reducing power,
and iii) reversible redox behavior. It is well known that Ru!!
complexes of polypyridine ligands exhibit?®! outstanding
excited state and redox properties and that their photo-
induced electron transfer processes with bipyridinium-type
compounds are fully reversible.* Most relevant to our
present objectives are the studies performed®:?>2] on
systems in which [Ru(bpy);]** derivatives are covalently
linked to bipyridinium units. It has been shown that it is
indeed possible to obtain a photoinduced electron transfer
from the Ru complex to the bipyridinium unit, and that the
rate constants of the forward (photoinduced) and back
processes depend upon thermodynamic and kinetic factors,
as expected on the basis of Marcus theory.l” +7]

We have recorded the absorption spectra of all the
compounds shown in Figure 4 and we have found that the
spectrum of [2]rotaxane 1%+ (Figure 9) is substantially that
which would be predicted on the basis of contributions from
its different chromophoric units. It should be noted that the
weak charge transfer band (4, ca. 450 nm with ¢,,, ca.
500M~' em~1)B 38 arising from the interaction between A,
and BPP34C10 cannot be observed because it is hidden by the
much more intense metal-to-ligand charge transfer (MLCT)
band of the Ru-based component 3** (4, =450 nm with &,,,,
ca. 15000M ' cm ") or compound 5%+, Upon excitation of P
at 450 nm, both the [2]rotaxane 1°* (Figure 9) and the
dumbbell-shaped compound 2%+ exhibit an emission band at
Amax = 618 nm, which corresponds to that exhibited by the Ru-
based compound 3** .l Both the lifetime and emission

e,
@\@N+

o O
@@
O

V vs.SCE

T
1
1
1
1
'
'

Figure 8. Potential shifts caused by the donor/acceptor interactions between the BPP34C10 ring and dumbbell-shaped components when they are assembled

in the [2]rotaxane 1°*.

3566 ———

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0619-3566 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 19



Molecular-Level Abacus

3558-3574

2.0

100

/(a.u.)

ex 10 (v em™)

A (nm)

Figure 9. Absorption (MeCN, 298 K, full line) and emission (MeCN, 298 K,
dashed line; butyronitrile rigid matrix, 77 K, dotted and dashed line) spectra
of a solution of [2]rotaxane 1°+. Excitation was performed at 450 nm.

Table 4. Luminescence and transient absorption data in degassed MeCN solution at 298 K.

in the spectral region of the ground-state absorption around
450 nm and by an apparent bleaching around 600 nm that
arises from the radiative deactivation of the excited state
(Figure 9). The transient absorption spectrum was found to
decay to the original spectrum with a rate constant in full
agreement with the lifetime obtained from luminescence
decay. For the purposes of this work, it is particularly
important to note the presence of the isosbestic point at
404 nm in the absorption spectra of the ground and excited
states of 3** (Figure 10).

When flash spectroscopy experiments were performed on
the [2]rotaxane 1°* or the dumbbell-shaped compound 2°* , an
increase in absorbance was observed at 404 nm, instead of the
isosbestic point (Figure 11). For both 1%+ and 25+, the risetime
of the transient absorption was
in agreement, within the exper-

Luminescence of Pl

Transient absorption decay®™  imental error, with the lifetime

Amox [nm] B/ 7 [ns] kg 107 [ @z [ns] kx107 (sl of the excited state of the
¥+ 618 0.065+0.005  880+20 - - - - component P. The transient ab-
20 618 005340003  730+10  24+0.1 018  1200+£100 83407 sorption was found to com-
16+ 618 0.057 +0.003 770 +10 1.7+£0.1 0.13 4100 £+ 100 24402

pletely disappear (Figure 11)

[a] Aexe =450 nm. [b] Ao, =532 nm, 4., = 404 nm. [c] Luminescence quantum yield. [d] Quenching rate constant,
1/z,, in which 7, is the lifetime of the reference compound 3?*. [e] Yield of
the electron transfer quenching process, calculated by the equation @, =k, x 7.

calculated by the equation k,=1/7 —

intensity of P are quenched (Table 4) in the [2]rotaxane 1%+
and in the dumbbell-shaped compound 2%+ relative to the
values found for the model compound 3**.1¥ The quenching
constants kg, obtained from Equation (1), in which 7, is the
luminescence lifetime of the reference compound 3%+, are also
listed in Table 4.

ky=1/r— 1/, @)

Flash spectroscopy experiments performed on compound
3%+ showed (Figure 10) the occurrence of the spectral changes
expected for formation of the triplet MLCT excited state of
[Ru(bpy);]**-type compounds.’” As one can see, an increase
in absorption below 400 nm is accompanied by a bleaching

0.10 - A1
VAN
02
0.05 |o” \,,\
o/‘@%"\ 6
0. \O,
® oo LR
0.00 |11 ohgeg Es g ¥ Z2 < <R TY
456 :°_°'°*o °’ \°\ *04
o\: °_°\o’ /o \o\ o 3
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-0.05 Y No2
o
1 ] ] 1 %1
350 400 450 500 550 600
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Figure 10. Transient absorption difference spectra, obtained in laser flash
photolysis (MeCN, 298 K), of reference compound 3** upon excitation at
532 nm at delay times 0 (1), 0.5 (2) 1.0 (3), 1.5 (4),2.0 (5), and 2.5 (6) ps after
the laser pulse.
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with rate constant 2.4 x 10°
and 83 x10°s™' for 1% and
2%+ respectively (Table 4). The
transient absorption spectrum
for 1°* measured 4 ps after the flash showed, besides some
residual bleaching in the spectral region of the ground-state
absorption of the P component, a strong absorption at 400 nm
and a weaker one at 600 nm (Figure 12).

50 10.0 15.0

0.8 t(ps)

AA x 102

0.4

0.0

t(ps)

Figure 11. Transient absorption kinetics at 404 nm of [2]rotaxane 1°%,
dumbbell-shaped component 2+, and reference compound 3% as a
function of time upon excitation at 532 nm (MeCN, 298 K). The inset
shows the complete decay of 1°* on a longer time scale.
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Figure 12. Transient absorption difference spectrum of [2]rotaxane 1°*
(Aexe =532 nm) recorded 4 ps after the laser pulse (MeCN, 298 K).
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The transient species formed upon flash excitation of 1¢*
and 2° is expected to bel®d20271 3 compound in which an
electron has been transferred from the excited state of P to
one of the two bipyridinium units contained in 1°* and 20+.51
In order to understand which of these units was involved
in the photoinduced electron transfer process, we recorded
the absorption spectra of the one-electron reduced forms
of the model compounds 7** and 8 in acetonitrile
(Figure 13).552

3.0

2.0

ex 10 (v cm™)

1.0

0.0
300 500 700 900

A (nm)
Figure 13. Absorption spectra of 7" (dashed line) and 8" (full line)
obtained by photochemical reduction of 7°* and 8** in degassed MeCN
solution at 298 K with [Ru(bpy);]*>* as a photosensitizer and TEOA as a
sacrificial electron donor (the absorption spectrum of [Ru(bpy);]** has
been subtracted).

As one can see, 8" shows the well-known,™! very intense
bands with A,,,, =397 and 607 nm, whereas 7+ shows a weaker
and broader absorption band around 400 nm and an absorp-
tion band with A,,,=780nm.’" The observed transient
spectrum (Figure 12) is clearly very similar to that of 8,
indicating that, as expected, the photoinduced electron trans-
fer process involves the A, station. Whether A;~ is formed
directly or via the intermediate formation of A, followed by
a very fast electron transfer from A, to A, is a detail that will
be discussed below.

When photoexcitation of the
[2]rotaxane 1°* or the dumb-
bell-shaped compound 2%+ was
performed with a continuous
436 nm light in a degassed
MeCN solution containing 2
0.05m TEOA, strong spectral
changes (see, e.g., Figure 14)
were observed. Comparison
with the spectra of 7 and 8"
(Figure 13) shows clearly that
the photochemical reaction
causes a permanent reduction
of A, to A;. If dioxygen was
allowed to enter the irradiated
solution, complete disappear-
ance of the characterisitic
bands of A;~ was observed,
with recovery of the original
spectroscopic properties of the
[2]rotaxane 15+ and the dumb-
bell-shaped compound 2°*.

Energy (eV)

more details, refer to the text.
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Figure 14. Spectral changes observed upon photoexcitation of the [2]ro-
taxane 1%+ (4.5 x 10> M) with 436 nm light in the presence of triethanol-
amine (0.05M) in a degassed MeCN solution at 298 K. Irradiation times are
0, 1, 3, 5, 10 and 30 minutes from lower to upper curve. Similar spectral
changes were observed in the case of 2.

Photochemically driven switching: We will now discuss the
results obtained in the light of the two proposed switching
mechanisms (Figures 2 and 3).

Intramolecular mechanism: The behavior of the [2]rotaxane
1%+ and the dumbbell-shaped compound 2°* can be analyzed
on the basis of Figure 15, which shows on an energy scale the
processes that take place after photoexcitation of the photo-
active component P. The energy of the excited state of P
(2.1 eV) has been obtained from the maximum of the emission
band at 77 K (Figure 9). The energies of the various redox
states have been obtained from the potential values reported
in Table 3. Clearly, the structure of such systems, as far as the
photoinduced electron transfer processes are concerned,
corresponds to the classical arrangement of triads used in
artificial photosynthesis to obtain long-lived charge-separated
states.’> This observation has allowed us to slow the rate of
the electronic reset in rotaxane 1%+ (Table 4) down to the
timescale expected®™ for ring shuttling. We have seen that:
i) for both 15 and 2%, the rate constant for the quenching of
the luminescence of P is equal to the rate constant for A;~

‘P-S-A@T
or

P-S-AALT

P-S-A-AT

Figure 15. Energy level diagrams for the processes taking place in the [2]rotaxane 1°* (left-hand side) and the
dumbbell-shaped compound 2% (right-hand side) after photoexcitation of the photoactive component P. For
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formation, ii) the rate constant of the luminescence quenching
(or A;~ formation) is higher in the case of the dumbbell-shaped
compound 2°* than for the [2]rotaxane 1°*, iii) the rate constant
of the decay of A~ is smaller for 1°* than it is for 2°+, and iv) the
rate constant for the photoinduced electron transfer (Step 2) is
much slower than the rate constant for the intrinsic excited-
state decay (Step 3). The result summarized under point i does
not allow us to establish whether the reduction of A, takes
place directly by electron transfer from *P (Step 2 in Figure 15)
or through intermediate reduction of A,, which is more difficult
to reduce than A, but closer to *P (Step 2" in Figure 15). The
result summarized under point ii, however, rules out the two-
step route (Step 2’ followed by Step2” in Figure 15), since, in
such a case, the quenching rate constants should be equal for
15+ and 2%*. Quenching by direct electron transfer to A, is
consistent with the larger value of the rate constant in the case
of 20*, just as expected for a more exoergonic reaction in the
normal Marcus region (Figure 15). Since the back electron
transfer reactions are expected® ! to lie in the Marcus
inverted region, the smaller rate constant for the decay of
A, in 1% compared with 25" (point iii above) suggests that, in
the [2]rotaxane, such a reaction is more exoergonic; an
observation which means that it takes place when the
BPP34C10 ring still encircles A;~ (Step5 in Figure 15).
Unfortunately, we have not been able to evaluate the rate of
Step 4 by electrochemical measurements. Hence, we cannot
make a direct comparison between the rates of Steps 4 and 5.
Although the above-mentioned indirect evidence would sug-
gest (Figures 2 and 15) that the electronic reset (Step 5) is faster
than the BPP34C10 ring displacement (Step 4), we should not
be too far from a competition.*® It should be noted that, in the
present system, any further increase in the distance between P
and A, or in the exergonicity of Step 5, in the attempt to slow
down its rate, would compromise the occurrence of the forward
(photoinduced) electron transfer Step 2, which is already much
slower (pointiv above) than the intrinsic decay rate of the
excited state, namely, Step 3.

Sacrificial mechanism: We have seen that when photoexcita-
tion of the [2]rotaxane 1°* or the dumbbell-shaped compound
2%+ is performed in the presence of a sacrificial electron donor
in a degassed MeCN solution, the accumulation of A;™ is
observed (Figure 14). This observation shows (Figure 3b’)
that reduction of the oxidized photoactive unit P* by the
sacrificial donor (Step 8) competes successfully with the back
electron transfer reaction (Step 5). Under these conditions,
the BPP34C10 ring has all the time it needs to move (Step 4)
from A;” to A, in agreement with the results of the
electrochemical experiments. The photoinduced movement
of the BPP34C10 ring from the station originally occupied to
the other one has therefore been achieved. Electronic reset
(Figure 3¢’) is obtained when dioxygen, which oxidizes A;~ to
A,, is allowed to enter the solution (Step 9). As a consequence
of this oxidation process, A; once again becomes the better -
electron-acceptor station and nuclear reset follows (Step 7 in
Figure 3d). Thus, it is clear that the photochemically driven
switching of the BPP34C10 ring between stations A; and A, in
the [2]rotaxane 1%* has been achieved by a mechanism
involving a sacrificial electron donor.
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Conclusion

Calling on a decade’s worth of experience, we have taken the
design, synthesis, and workings of artificial molecular ma-
chinesP"l to a considerably higher level of sophistication and
performance than has been achieved so far with molecular
shuttles.’®! By employing the simplest of thermodynamically
controlled self-assembly procedures, namely, slippage, to
produce a molecular shuttle from its dumbbell-shaped and
ring components, we have constructed a molecular-level
system in which the components are capable of undergoing
abacus-like movements driven by light inputs. The system we
have investigated is a [2]rotaxane, which is comprised of a -
electron-donating macrocycle (BPP34C10) and a dumbbell-
shaped component that contains a photoactive stopper and
two m-electron-accepting recognition sites (stations), assem-
bled as shown in Schemes 1 -4 and Figure 4. We have devised
two working schemes for the photoinduced switching of the
BPP34C10 ring between stations A; and A,—i) a mechanism
based fully on processes which only involves the rotaxane
components, that is, an intramolecular mechanism (Figure 2)
and ii) a mechanism which requires the help of external
reactants, that is, a sacrificial mechanism (Figure 3). The
results we have obtained have shown that, although we
succeeded in slowing the back electron transfer process
(Step 5 in Figure 2) down to the timescale expected for the
ring displacement (Step 4), apparently in the present system
the latter is still slower than the former. We have clearly
shown that the photochemically driven switching can be
performed successfully by the sacrificial mechanism (Fig-
ure 3). Of course, the intramolecular switching mechanism
(Figure 2) is much more appealing than the sacrificial one,
principally because the former mechanism implies the con-
version of light energy into mechanical energy without
generating waste products. In the intramolecular mechanism,
the large excess of energy carried by the excited state,
compared with that needed for the ring movement, is
converted into heat by reversible electron transfer processes.
In principle, it would be convenient to use very low-energy
excited states. However, they usually exhibit lifetimes that are
too short to allow the occurrence of the photoinduced
electron transfer process (Step 2 in Figure 2). It should also
be noted that, contrary to what happens in the sacrificial
mechanism, the intermediate species involved in the intra-
molecular mechanism need to be stable only for short
(submillisecond) time periods. The take-home message is
clear. We have sucessfully created a molecular abacus based
on a sacrificial electron transfer mechanism. Encouraged by
our results, we believe that a molecular abacus based on an
intramolecular electron transfer mechanism is within our
reach.

Experimental Section

General methods: All reactions were carried out under a nitrogen
atmosphere. Chemicals were purchased from Aldrich and used as received.
4-Bromobenzyl rert-butyldimethylsilyl ether®! (10), 1,4-dibromo-2,3,5,6-
tetramethylbenzene,?  [Ru(4,4'-dimethyl-2,2'-bipyridine),]Cl, - 2 H,0,*]
2-{4-[4-ethylphenyl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxy ethanol
4-methylbenzenesulfonatel®! (16), 3,3'-dimethyl-4,4’-bipyridine,*”) and bis-
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p-phenylene-34-crown-10°1 were synthesized according to literature
procedures. Solvents were dried according to literatures procedures./*!
Lithium bromide, ammonium hexafluorophosphate, n-butyl lithium, trimethyl
borate, palladium (tetrakis)triphenylphosphine, tetrabutylammonium fluo-
roborate, lithium diisopropylamine, 4,4'-dimethyl-2,2’-bipyridine, bis-p-
phenylene-34-crown-10 are indicated by the following formulas or acro-
nyms LiBr, NH,PF¢, nBuLi, B(OMe);, [Pd(PPh;),], TBAF, LDA, dmbpy, and
BPP34Cl10, respectively. The tert-butyldimethylsilyl and p-toluenesulfonyl
groups are identified by the abbreviations TBDMS and Ts, respectively.
Yields refer to chromatographically pure products. Thin-layer chromatog-
raphy (TLC) was carried out on aluminum sheets coated with silica gel 60
(Merck 5554). Column chromatography was performed on silica gel 60
(Merck, 40-60nm). Melting points were determined on an Electro-
thermal 9200 melting point apparatus. Microanalyses were performed by
the University of Sheffield Microanalytical Laboratories or by the
University of North London Microanalytical Services. Liquid secondary
ion mass spectra (LSIMS) were recorded on a VG ZabSpec mass
spectrometer equipped with a cesium ion source with m-nitrobenzyl
alcohol containing a trace of NaOAc. For accurate mass measurements
from high-resolution LSIMS (HRLSIMS), the instrument was operated at
a resolution of about 6000 by narrow-range voltage scanning along with
polyethylene glycol or CsI as reference compounds. Electrospray positive-
ion mass spectra (ESMS) were measured on a VG ProSpec triple focusing
mass spectrometer with MeCN as mobile phase. Electron impact (EI) mass
spectra were recorded at 70 eV on a VG ProSpec mass spectrometer.
'"H NMR spectra were recorded on either a Bruker AC300 (300 MHz) or a
Bruker AMX400 (400 MHz) or a Bruker DRX 500 (500 MHz) spectrom-
eter. ®C NMR spectra were recorded on a Bruker AC300 (75.5 MHz) or a
Bruker AMX400 (100.6 MHz) or a Bruker DRXS500 (125.8 MHz)
spectrometer. The chemical shift values are expressed as ¢ values and the
coupling constant values (/) are in Hertz. The following abbreviations are
used for the signal multiplicities or characteristics: s, singlet; d, doublet; dd,
doublet of doublets; t, triplet; m, multiplet; q, quartet; quint, quintet; br,
broad.

4-(tert-Butyldimethylsilyloxymethyl)phenylboronic acid (11): A solution of
105" (12.0 g, 40.0 mmol) in anhydrous THF (80 mL) was cooled down to
—78°C in an atmosphere of dry nitrogen, and a solution of nBuLi
(1.6 molL~!in hexane, 27.5 mL, 44.0 mmol) was added slowly. After stirring
the mixture at — 78 °C for 1 h, trimethylborate (8.3 g, 80.0 mmol) was added
slowly (while maintaining the temperature below — 65 °C) and then stirring
was continued for a further 1 h at — 78 °C. The mixture was allowed to warm
up to room temperature and stirred for another 16 h. Hydrochloric acid
(5%, 40 mL) was added to the ice-cooled stirred mixture, which was then
extracted several times with Et,0. The combined organic layers were
washed with H,O and brine, and dried (MgSO,). Filtration and evaporation
of the solvent gave the crude product, which was purified by column
chromatography (SiO,: n-hexane/EtOAc, 3:1) to yield the boronic acid 11
(8.4 g, 79%) as a white solid. M.p. 144°C; '"H NMR (300 MHz, CDCl;,
25°C): 6=0.12 (s, 6H), 0.97 (s, 9H), 4.84 (s, 2H), 7.44, 747, 8.19, 8.22
(AA'BB’, 4H); BC NMR (75.5 MHz, CDCl;, 25°C): 6 = —5.2, 18.4, 26.0,
65.0,125.5, 128.8, 135.7, 146.2; elemental analysis calcd (%) for C;;H,;BO;.
Si: C 58.65, H 8.71; found C 58.88, H 8.65.

4-(4-Bromo-2,3,5,6-tetramethylphenyl)benzyl alcohol (12): An aqueous
solution of Na,COj; (2 mol L~! solution, 10 mL, 20.0 mmol) and the catalyst
[Pd(PPhs),] (0.46 g, 5mol %) were added to a solution of 1,4-dibromo-
2,3,5,6-tetramethylbenzenel! (11.0 g, 37.6 mmol) in PhMe (75 mL). The
mixture was purged with nitrogen for 15 min and the boronic acid 11 (2.0 g,
7.52 mmol), dissolved in EtOH (8 mL), was added. The reaction mixture
was heated to reflux and stirred for 3 d, during which time it turned black.
The mixture was cooled down to room temperature before being diluted
with EtOAc (80 mL) and H,O (80 mL). The aqueous layer was discarded
and the organic layer was washed with H,O and brine, and dried (MgSO,).
Evaporation of solvent in vacuo gave a residue from which an excess of 1,4-
dibromo-2,3,5,6-tetramethylbenzene was recovered by crystallization from
MeOH. After removal of solvent from the mother liquor, the residue was
subjected to desilylation by treating with TBAF (1 mol L~! solution in THF,
25 mL, 25.0 mmol) in dry THF (75 mL) at room temperature for 12 h. The
solvent was removed under reduced pressure, and the crude product was
purified by column chromatography (SiO,: CH,Cl,) to yield the alcohol 12
(1.8 g, 75%), as a white solid. M.p. 112°C; 'H NMR (300 MHz, CDCl;,
25°C): 0 =1.80 (s, 1H), 1.96 (s, 6 H), 2.45 (s, 6 H), 4.77 (s, 2H), 7.07,7.09, 7.41,

3570

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

744 (AA'BB’, 4H); BC NMR (75.5 MHz, CDCl;, 25°C): 6=19.2, 21.2,
65.3, 1272, 128.4,129.4, 133.5, 133.8, 139.2, 140.9, 141.6; elemental analysis
caled (%) for C;;H,oBrO: C 63.96, H 6.00; found C 64.08, H 6.12.
4-(4-Bromo-2,3,5,6-tetramethylphenyl)benzyl bromide (13): A solution of
the alcohol 12 (2.3 g, 72 mmol) in HBr/AcOH (40 mL, 45 %, w/v) was
heated under reflux for 12 h before being cooled down to room temper-
ature and poured into ice-water (200 mL). The mixture was neutralized
with 5% NaHCOj; and extracted several times with CH,Cl,. The combined
organic layers were washed with H,O and brine, and dried (MgSO,).
Removal of the solvent gave the crude product, which was purified by
column chromatography (SiO,: n-hexane/CH,Cl,, 100:4) to afford the
bromide 13 (2.4 g, 89 %) as a white solid. M.p. 116°C; '"H NMR (300 MHz,
CDCl;,25°C): 0 =1.95 (s, 6 H), 2.45 (s, 6 H), 4.56 (s,2H), 7.05, 7.07, 7.43, 7.46
(AA'BB’, 4H); *C NMR (75.5 MHz, CDCl;, 25°C): 6=19.1, 21.1, 33.4,
128.5,129.2,129.7,133.3,133.9, 136.2, 140.5, 142.4; MS (70 eV, EI1): m/z (% ):
382 (46) [M]*, 338 (13), 301 (100), 223 (22), 207 (65), 192 (46), 178 (27);
elemental analysis calcd (%) for C,;H 3Br,: C 53.43, H 4.75; found C 53.53,
H 4.78.
4-{2-[4-(4-Bromo-2,3,5,6-tetramethylphenyl)phenyl]ethyl}-4'-methyl-2,2'-
bipyridine (14): A solution of 44'-dimethyl-2,2’-bipyridine (1.0 g,
5.43 mmol) in dry THF (45 mL) was added dropwise (15 min) at —78°C,
and under a nitrogen atmosphere, to a stirred solution of freshly prepared
LDA [from iPr,NH (0.8 mL, 5.6 mmol) and nBuLi (1.6 molL"! in hexane,
3.5mL, 5.6 mmol) in dry THF (10 mL) at —78°C]; this resulted in a dark
brown-red solution. The mixture was allowed to warm up to 0°C before
being stirred further at this temperature for 1 h. A solution of the bromide
13 (2.3 g, 6.0 mmol) in dry THF (15 mL) was added at once, making the
reaction mixture light yellow-brown. After 12h of stirring at room
temperature, the orange solution was quenched with MeOH (2 mL) and
concentrated in vacuo. The residue was dissolved in CH,Cl,, and the
resulting solution was washed with H,O and brine, and dried (MgSO,).
Removal of the solvent gave the crude product, which was subjected to
flash column chromatography (SiO,: CH,Cl,/MeOH/NH,OH, 100:1:0.2) to
yield the bipyridine 14 (1.8 g, 66 % ) as a white solid. M.p. 172°C; 'H NMR
(300 MHz, CDCl;, 25°C): 6 =1.93 (s, 6H), 2.44 (s, 9H), 3.05 (s, 4H), 6.95,
6.98,7.19, 721 (AA'BB’, 4H), 7.09 (dd, /=5, 2 Hz, 1H), 714 (d, J=4 Hz,
1H), 8.24 (d, /=6 Hz, 2H), 8.53 (d, /=5 Hz, 1H), 8.55 (d, /=5 Hz, 1H);
BC NMR (75.5 MHz, CDCl;, 25°C): 0 =19.1, 21.2, 36.6, 37.5, 121.4, 122.0,
124.1,127.7,128.3, 128.6, 129.3, 133.6, 133.7, 139.1, 140.0, 141.1, 148.2, 149.0,
151.6, 156.0, 156.3; MS (70 eV, EI): m/z (%): 485 (9) [M+H]", 405 (9), 184
(34), 147 (64), 91 (77); elemental analysis calcd (%) for C,H,BrN,: C
7175, H 6.02, N 5.77; found C 71.65, H 6.05, N 5.70.
4-{2-[4-(4-Hydroxymethylphenyl)-2,3,5,6-tetramethylphenyl]phenyl}ethyl-
4'-methyl-2,2-bipyridine (15): A mixture of the bromide 14 (1.4 g,
2.9 mmol), the boronic acid 11 (0.91 g, 3.4 mmol), [Pd(PPh;),] (100 mg,
3mol%), PhMe (20 mL), aqueous Na,CO; solution (3.5mL, 2 molL~,
7.0 mmol), and EtOH (2 mL) was heated under reflux for 2 d. The reaction
mixture was then cooled, water (10 mL) was added, and the PhMe layer
was separated. The aqueous layer was extracted with EtOAc (2 x 20 mL),
the combined organic extracts were dried (MgSO,) and filtered, and the
filtrate evaporated to dryness under reduced pressure. The residue was
treated with TBAF (1 molL~! solution in THF, 15 mL) at room temper-
ature for 12 h. Solvent was removed in vacuo, and the crude product
purified by flash column chromatography (SiO,: CH,Cl,/MeOH/NH,OH,
100:2:0.35) to afford 15 (0.92¢g, 62 %) as a white solid. M.p. 194°C; '"H NMR
(300 MHz, CDCl;, 25°C): d =1.63 (s, 1H), 1.92 (s, 6 H), 1.93 (s, 6 H), 2.44 (s,
3H), 3.07 (brs, 4H), 4.77 (d, /=6 Hz, 2H), 7.07, 7.09, 7.43, 745 (AA'BB’,
4H), 710 (dd, /=5, 2 Hz, 1H), 712 (d, J=5Hz, 1H), 717, 720, 721, 724
(AA'BB’, 4H), 8.23 (brs, 1H), 8.27 (brs, 1H), 8.54 (d, /=4 Hz, 1H), 8.56
(d, /=4 Hz, 1H); ®CNMR (75.5 MHz, CDCl;, 25°C): 0 =18.0, 18.1, 21.2,
36.7, 375, 65.3, 121.4, 122.1, 124.1, 124.7, 127.1, 128.4, 129.5, 129.7, 131.8,
132.0,138.8, 139.0, 140.6, 140.8, 141.1, 142.2, 148.1, 148.2, 149.0, 151.8, 156.0,
156.2; MS (LSIMS): m/z: 513.3 [M+H]*; elemental analysis calcd (%) for
Cy3H3N,O: C 84.34, H 7.08; found C 84.27, H 7.16, N 5.34.
{Ruthenium(4,4'-dmbpy),{4-methyl-4'-{2-{4-[4-(4-hydroxymethylphenyl)-
2,3,5,6-tetramethylphenyl]phenyl}ethyl}-2,2’-bipyridine}}  bis(hexafluoro-
phosphate) (3-2PFy): A mixture of [Ru(4,4-dmbpy),]CL™! (0.99g,
1.83 mmol) and the alcohol 15 (0.85 g, 1.66 mmol) in EtOH/H,0 (60 mL,
3:1, v/v) was heated under reflux and an N, atmosphere for 24 h. After
removal of the solvent, the residue was purified by flash column
chromatography (SiO,: MeOH/2 mol L' NH,CI/MeNO,, 7:2:1). Fractions
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containing the product were collected and concentrated in vacuo. The
residue was treated with an excess of a 50 % aqueous NH,PF, solution. The
red solid was filtered off, washed with H,O and Et,0, and dried in vacuo
(70°C/0.1 Torr) to afford the Ru-(hydroxymethyl) complex 3-2PF, (1.4 g,
66%). M.p. 210°C (decomp); 'H NMR (300 MHz, CD;COCD;, 25°C):
0=178 (s, 6H), 1.89 (s, 6 H), 2.51-2.56 (m, 15H), 3.14 (m, 2H), 3.25 (m,
2H), 4.72 (s, 2H), 6.96, 6.99, 721, 724 (AA'BB’, 4H), 7.09, 7.12, 7.46, 749
(AA'BB’, 4H), 7.38 (m, 6H), 7.75 (d, /= 6 Hz, 1H), 7.82 (m, 5H), 8.65 (m,
6H); C NMR (75 MHz, CD;COCD;, 25°C): 6 =18.3,21.1, 36.7, 37.6, 64.5,
125.4,125.8,1275,128.9,129.3, 129.4, 129.6, 129.9, 130.0, 132.6, 132.7, 133.0,
151.3,151.5,132.1,132.3,139.3, 141.4, 141.5, 141.6, 141.8, 142.0, 150.8, 154.0,
1576, 157.7; MS (LSIMS): m/z : 1294 [M+Nal*, 1127 [M — PF,]*, 981 [M —
2PF¢]*; elemental analysis caled (%) for CqHgF,NsOP,Ru: C 56.65, H
4.75, N 6.61; found C 56.75, H 4.75, N 6.46.
{Ruthenium(4,4’-dmbpy),{4-methyl-4'-{2-{4-[4-(4-bromomethylphenyl)-
2,3,5,6-tetramethylphenyllphenyl}ethyl}-2,2"-bipyridine}} bis(hexafluorophos-
phate) (9-2PF): A solution of 3-2PF; (1.0 g, 0.79 mmol) in HBr/AcOH
(12 mL, 45 % wi/v) was heated under reflux for 4 h. After cooling, an excess
of 50% aqueous NH,PF, solution was added to precipitate the product,
which was then filtered off, washed with H,O and Et,0, and dried in vacuo
(70°C/0.1 Torr) to give the Ru-(bromomethyl) complex 9 -2 PF, (0.94 g,90 % ),
as an orange solid. M.p. 197°C (decomp); '"H NMR (300 MHz, CD;COCD;,
25°C):0=1.79 (s, 6 H), 1.89 (s, 6 H), 2.51-2.56 (m, 15H), 3.14 (m, 2H), 3.25
(m, 2H), 4.76 (m, 2H), 6.97, 6.99, 7.22, 724 (AA'BB’, 4H), 7.15, 7.17, 7.58,
7.60 (AA'BB’,4H), 7.38 (m, 6 H), 7.75 (d, /= 6 Hz, 1 H), 7.82 - 7.84 (m, SH),
8.66 (m, 6H); *C NMR (125 MHz, CD;COCD;, 25°C): 6 =18.2,21.1,34.4,
36.7, 37.6, 125.5, 125.9, 128.9, 129.3, 129.5, 129.6, 130.1, 130.2, 130.6, 132.6,
132.7,132.8, 151.4, 151.6, 132.2, 132.3, 137.5, 139.3, 141.4, 141.4, 141.9, 143.8,
150.9, 154.1, 157.7, 157.8; MS (LSIMS): m/z: 1189 [M — PF¢]*, 1045 [M —
2PF¢]*; elemental analysis calcd (%) for C4HsoBrF,N.P,Ru: C 53.98, H
4.45, N 6.29; found C 54.04, H 4.37, N 6.26.
N-{2-{4-[4-Ethylphenyl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxyeth-
yl}-4,4'-bipyridinium Hexafluorophosphate (17-PF;): A mixture of 16°!)
(4.45 g, 6.2 mmol), 4,4"-bipyridine (5.8 g, 37.2 mmol) and anhydrous LiBr
(0.2 g) in dry MeCN (30 mL) was heated under reflux for 3 d. The solvent
was evaporated to dryness and the crude product was purified by column
chromatography (SiO,, the first eluent was MeOH to remove an excess of
4,4'-bipyridine and the second eluent MeOH/MeNO,/2 molL~! NH,Cl,
8:1.9:0.1). The isolated residue was dissolved in H,0/Me,CO, and a
saturated aqueous solution of NH,PF, was added. After the evaporation of
the a Me,CO, the precipitated solid was filtered off, washed with H,O, and
dried (70°C/0.1 Torr) to yield 17- PF4 (4.3g, 82%). M.p. 182°C; '"H NMR
(300 MHz, CD;CN, 25°C): 6 =1.17 (t, /=8 Hz, 3H), 1.26 (s, 18 H), 2.58 (q,
J=8Hz, 2H), 3.77 (m, 2H), 4.00 (m, 4H), 4.70 (m, 2H), 6.71 (d, /=9 Hz,
2H),7.07-712 (m, 10H), 729 (d, /=8 Hz, 4H), 7.83 (d,J = 6 Hz, 2H), 8.19
(d, J=7Hz, 2H), 8.72-8.86 (m, 4H); *C NMR (75.5 MHz, CD;CN,
25°C):0=15.9,28.8,31.6,34.9,62.4,64.1,68.1,69.7,70.4,114.3,125.4, 126.6,
128.0, 131.3, 131.6, 132.7, 140.8, 142.7, 143.1, 145.5, 145.8, 146.5, 149.5, 151.4,
154.8, 157.5; elemental analysis caled (%) for C,HssFoN,O,P: C 69.33, H
6.53, N 3.30; found C 69.16, H 6.71, N 3.27.
N-(3-Bromopropyl)-N'-{2-{4-[4-ethylphenyl-bis(4-tert-butylphenyl)methyl]-
phenoxy}ethoxy}ethyl-4,4'-bipyridinium bis(hexafluorophosphate) (182 PF):
A solution of 17-PF; (2.54 g, 3.0 mmol) and 1,3-dibromopropane (6.1 g,
30.0 mmol) in dry MeCN (40 mL) was heated under reflux for 4 d under
nitrogen atmosphere. The solvent was removed under reduced pressure and
the residue was purified by column chromatography (SiO,: MeOH/MeNO,/
2molL~! NH,CI, 8:1.9:0.1) to afford, after counterion exchange [H,O/
Me,CO, a saturated aqueous solution of NH,PF], 18 -2PF, (2.3 g,69%) as a
white-gray solid. M.p. 212°C (decomp); 'H NMR (300 MHz, CD;COCD;,
25°C): 6=1.18 (t,/ =8 Hz, 3H), 1.28 (s, 18 H), 2.59 (q, /=8 Hz, 2H), 2.77
(quint, /=7 Hz, 2H), 3.65 (t, /=7 Hz, 2H), 3.88 (m, 2H), 4.10 (m, 2H),
4.23 (m, 2H), 5.06-5.16 (m, 4H), 6.81 (d, /=7 Hz, 2H), 7.05-713 (m,
10H), 7.30 (d, /=8 Hz, 4H), 8.77 (d, /=7 Hz, 2H), 8.81 (d, /=6 Hz, 2H),
9.38(d, /=7 Hz,2H),9.43 (d,/ =6 Hz,2H); ®C NMR (75.5 MHz, CDCl;,
25°C): 6=15.9, 28.7, 29.7, 31.5, 34.0, 34.9, 61.3, 62.5, 64.1, 68.0, 69.7, 70.4,
114.4,125.5,127.7,128.0, 128.3, 131.2, 131.5, 132.7, 141.0, 142.8, 145.5, 145.8,
146.8, 1472, 149.6, 151.0, 1574; elemental analysis calcd (%) for
Cs,Hg,BrF,N,0,P,: C 55.97, H 5.51, N 2.51; found C 56.11, H 5.59, N 2.36.
N-[3-(3,3-Dimethyl-4,4' -bipyridinium-1-yl) propyl]-N'-{2-{4-[ 4-ethylphen-
yl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxy}ethyl-4,4'-bipyridinium
tris(hexafluorophosphate) (19-3PF;): A solution of 18-2PF, (1.5g,
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1.34 mmol) and 3,3'-dimethyl-4,4'-bipyridinel”! (2.4 g, 13.4 mmol) in dry
MeCN (30 mL) was heated under reflux for 7 d. After removal of solvent
by evaporation, the residue was purified by column chromatography (SiO,:
MeOH/2 molL-! NH,CI/MeNO,, 7:2:1) to afford, after counterion ex-
change (50% aqueous solution NH,PF;), 19-3PF, (1.7 g, 93%) as a light
brown solid. M.p. 218°C (decomp); 'H NMR (300 MHz, CD;CN), 25°C):
5=1.18 (t, J=8 Hz, 3H), 127 (s, 18H), 2.23 (s, 3H), 2.25 (s, 3H), 2.59 (q,
J=17Hz,2H), 2.76 (quint, J = 8 Hz, 2H), 3.80 (m, 2H), 4.00-4.11 (m, 4H),
4.67-4.84 (m, 6H), 6.82 (d, J =9 Hz, 2H), 7.09-7.20 (m, 10H), 731 (d, J =
8 Hz,4H),7.77 (brs, 1H), 7.87 (d,J= 6 Hz, 1H), 8.36 (d,/ =7 Hz, 2H), 8.45
(d, J=7Hz, 2H), 8.69 (d, J =6 Hz, 2H), 8.76 (brs, 2H), 8.91 (d, /=7 Hz,
2H), 8.94 (d, /=7 Hz,2H); 3C NMR (75.5 MHz, CD,CN, 25°C): 6 =15.9,
16.8, 17.4, 28.8, 31.6, 32.8, 34.9, 58.7, 59.3, 62.7, 64.1, 68.0, 69.7, 70.5, 114.4,
125.5,127.8,128.0, 128.6, 129.0, 131.2, 131.5, 132.8, 139.2, 140.9, 142.7, 143.1,
145.5,145.8, 146.0, 146.5, 146.6, 146.9, 147.2, 149.5, 150.0, 151.0, 151.5, 156.2,
1575; MS (LSIMS): m/z: 1220 [M — PF|*, 1075 [M — 2PF]*, 929 [M —
3PF4]*; elemental analysis calcd (% ) for CoH;3FsN,O,P5: C 56.31, H 5.39,
N 4.10; found C 56.38, H 5.39, N 3.96.

N-{3-[(1’-Benzyl)-3,3'-dimethyl-4,4'-bipyridinium-1-yl | propyl}-V'-{2-{4-[ 4-
ethylphenyl-bis(4-tert-butylphenyl)methyl]phenoxy}ethoxy}ethyl-4,4"-bi-
pyridinium tetrakis(hexafluorophosphate) (4-4PF¢): A solution of 19-
3PF, (158 mg, 0.116 mmol) and benzyl bromide (200 mg, 1.17 mmol) in
dry MeCN (10 mL) was heated under reflux for 4 d. Solvent was removed
on a rotary evaporator, and the residue was subjected to flash column
chromatography (SiO,: MeOH/2 mol L~! NH,CI/MeNO,, 7:2:1) to afford,
after counterion exchange (50% aqueous solution NH,PFy), the quater-
nary salt 4-4PF, (140 mg, 75%). M.p. 238°C (decomp); 'H NMR
(500 MHz, CD;COCD;, 25°C): 6 =1.20 (t, /=8 Hz, 3H), 1.29 (s, 18H),
2.37 (s,3H),2.41 (s, 3H), 2.60 (q, /=7 Hz, 2H), 3.13 (quint, / = 8 Hz, 2H),
3.90 (m, 2H), 4.13 (m, 2H), 4.26 (m, 2H), 5.11 (t, /=7 Hz,2H), 5.16 (t, /=
5Hz,2H), 5.19 (t,J=7 Hz,2H), 6.08 (s, 2H), 6.83 (d, /=9 Hz, 2H), 7.08 —
713 (m, 10H), 7.31 (d, /=9 Hz,4H), 748 - 7.52 (m, 3H), 7.65-7.68 (m, 2H),
8.18(d,/=6Hz,1H),820(d,/=6 Hz,1H),8.79 (d,/=7 Hz,2H), 8.81 (d,
J=7Hz,2H),9.12 (d, /=6 Hz, 1H), 9.20 (brs, 1H), 9.26 (d,/ =6 Hz, 1 H),
9.35 (d, J=7Hz, 2H), 9.39 (brs, 1H), 9.41 (d, /=7 Hz, 2H); *C NMR
(125 MHz, CD,;COCD;, 25°C): 6 =14.9, 16.3, 16.4, 30.7, 32.1, 58.6, 58.8,
61.9,64.8,67.1,69.0,69.6,113.2,124.2,126.8, 126.8, 126.9, 127.6, 127.8, 127.9,
129.3,129.5,129.9, 130.5, 130.8, 132.0, 142.7, 142.8, 146.1, 146.4, 146.6, 32.1,
33.9,133.2,138.1, 138.2, 139.7, 141.5, 144.3, 144.7, 148.3, 150.3, 150.6, 152.3,
156.7; MS (LSIMS): m/z: 1456 [M — PF]*, 1311 [M —2PF]*, 1165 [M —
3PF]*; elemental analysis caled (% ) for C;;HgF,,N,O,P,: C 53.23, H 5.04,
N 3.50; found C 53.19, H 5.11, N 3.52.

Dumbbell-shaped compound 2:-6PF;: A mixture of 9-2PF, (0.80g,
0.6 mmol) and 19-3PF, (0.82 g, 0.6 mmol) in dry MeCN (40 mL) was
heated under reflux in an N, atmosphere for 6 d. After cooling, the solvent
was evaporated and the residue was purified by flash column chromatog-
raphy (SiO,: MeOH/2 molL~! NH,Cl/MeNO,, 7:2:1). The fractions con-
taining the product were combined and concentrated in vacuo, and the
residue was then treated with an excess of a 50 % aqueous NH,PF; solution.
The red solid was filtered off, washed with H,O and diethyl ether, and dried
in vacuo (80°C/0.1 Torr) to afford the dumbbell-shaped compound 2 - 6 PF,
(1.05 g, 63%). M.p .216°C (decomp); 'H NMR (500 MHz, CD;COCD;,
31°C): 0=1.19 (t, /=8 Hz, 3H), 1.29 ( s, 18H), 1.79 (s, 6 H), 1.88 (s, 6 H),
2.40 (s,3H),2.44 (s,3H), 2.50 (s, 3H), 2.52 (s, 3H), 2.56-2.58 (m, 9H), 2.60
(q, J=8Hz, 2H), 3.07-3.18 (m, 4H), 3.19-3.29 (m, 2H), 3.90 (m, 2H),
4.13 (m, 2H), 4.26 (m, 2H), 5.13 (t, J=8 Hz, 2H), 5.16 (t, /=5 Hz, 2H),
5.20 (t,/J=8Hz,2H), 6.17 (s,2H), 6.83 (d,/ =9 Hz, 2H), 6.97 (d, / = 8 Hz,
2H), 709-7.14 (m, 10H), 7.24 (d, J=8 Hz, 2H), 7.28-7.31 (m, 6 H), 7.32—
737 (m, 6H), 7.73 (d, /=6 Hz, 2H), 7.76-7.82 (m, 6H), 8.21 (d, /=6 Hz,
1H), 8.23 (d,/=6 Hz, 1H), 8.60-8.62 (m, 6 H), 8.79 (d, /=7 Hz, 2H), 8.82
(d, J=7Hz, 2H), 9.14 (d, J=7 Hz, 1H), 9.23 (s, 1H), 9.31 (d, J=7 Hz,
1H), 9.37 (d, /=7 Hz, 2H), 9.40 (d, J =7 Hz, 2H), 9.47 (s, 1H); *C NMR
(125 MHz, CD;COCD;, 25°C): 6=15.8, 17.2, 17.3, 18.2, 18.3, 21.0, 21.1,
31.6, 31.6, 33.0, 34.8, 36.7, 37.6, 59.5, 59.7, 62.8, 65.5, 68.0, 69.9, 70.5, 114.1,
125.1,125.4,125.8,127.7,127.8, 128.5, 128.8, 128.9, 129.3, 129.6, 130.1, 130.3,
131.4,131.7, 132.8, 143.7, 147.0, 147.3, 147.5, 151.4, 151.6, 151.7, 132.1, 132.3,
132.4,139.0,139.1,139.4,140.6, 141.0, 141.4, 142.1, 142.4,145.2, 145.4, 145.6,
149.2,150.9, 151.2, 153.2, 154.2, 157.6, 157.7, 157.8; MS (LSIMS): m/z: 2620
[M —PFy]*, 2475 [M —2PF]*, 2330 [M —3PF*, 2185 [M—4PF]*;
elemental analysis calcd (%) for C,,H,3,F3N,,O,PRu: C 53.86, H 4.81,
N 5.07; found C 53.46, H 4.51, N 4.91.
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[2]Rotaxane 1-6PF,: A solution of the dumbbell-shaped compound 2-
6PF, (280 mg, 0.1 mmol) and bis-p-phenylene-34-crown-10 (268 mg,
0.5 mmol) in dry MeCN (3 mL) was stirred at 50°C for 4 d. The solvent
was removed in vacuo and the residue was purified by flash column
chromatography (SiO,: MeOH/2 molL~! NH,CI/MeNO,, 7:2:1) to give,
after counterion exchange (50 % aqueous solution NH,PF) the dumbbell
compound 2- 6 PF, (80 mg) and the rotaxane 1-6PF, (140 mg, 59% based
on the amount of the reacted dumbbell) as a red solid. M.p. 193°C
(decomp); '"H NMR (400 MHz, CD;COCD;, 31°C): 6 =1.19 (t, /=8 Hz,
3H), 1.28 (s, 18 H), 1.79 (s, 6 H), 1.88 (s, 6 H), 2.44 (s, 3H), 2.47 (s, 3H), 2.50
(s,3H), 2.52 (s, 3H), 2.53-2.56 (m, 9H), 2.59 (q, / =8 Hz, 2H), 3.07-3.15
(m,2H), 3.18-3.29 (m, 4H), 3.60-3.66 (m, 8 H), 3.68-3.74 (m, 8 H), 3.76 -
3.81 (m,8H), 3.82-3.87 (m, 8H), 4.04 (m, 2H), 4.24 (m, 2H), 4.34 (m, 2H),
5.13-5.22 (m,6H), 6.18 (s,2H), 6.25 (s,8H), 6.88 (d, /=9 Hz, 2H), 6.97 (d,
J=8Hz,2H), 7.08-7.10 (m, 10H), 7.24 (d, /=8 Hz, 2H), 7.27 (d, /=9 Hz,
2H),729-7.36 (m, 10H), 7.73 (d, /=6 Hz,2H), 7.76 - 7.82 (m, 6 H), 8.21 (d,
J=6Hz, 1H),827 (d,/=6 Hz, 1 H), 8.31 (d,/ =7 Hz, 4H), 8.61-8.63 (m,
6H), 9.14 (d, /=5 Hz, 2H), 9.16 (d, /=6 Hz, 2H), 9.21 (d, /=6 Hz, 1H),
9.29 (s, 1H), 9.32 (d, J=6 Hz, 1H), 9.48 (s, 1H); *C NMR (100 MHz,
CD;COCD;, 25°C): 6 =15.8,174,21.1, 31,6, 32.6, 36.7, 37.6, 59.0, 59.9, 62.1,
65.5, 68. 2. 68.5, 69.5, 70.4, 70.8, 71.2, 71.5, 114.1, 115.8, 125.1, 125.5, 125.9,
126.3,127.6,128.8, 129.3, 129.6, 130.1, 130.3, 131.4, 131.7, 132.9, 143.8, 146.7,
147.2,147.3,151.4,151.6, 132.1,132.3, 132.4, 139.2, 139.4, 140.6, 141.0, 141.4,
142.1, 142.4, 145.2, 1454, 145.6, 147.8, 149.2, 150.9, 153.2, 154.2 157.8; MS
(LSIMS): m/z: 3303 [M]*, 3157 [M — PF4]*, 3012 [M — 2PF]*+, 2867 [M —
3PF]*; ESMS: m/z: 1506 [M —2PF]**, 956 [M —3PF*, 680 [M—
4PF(]*; elemental analysis caled (%) for C5,H;7,F3N;(O,PsRu: C
55.29, H 5.25, N 4.24; found C 55.13, H 5.15, N 4.13.

Photophysical and photochemical experiments: Measurements were
carried out at 298 K on MeCN (Merck Uvasol) solutions with concen-
trations ranging from 5 x 107 to 1 x 10~*m. UV-Vis absorption spectra
were recorded on air-equilibrated solutions with a Perkin Elmer 116
spectrophotometer. Uncorrected luminescence spectra were obtained with
a Perkin Elmer LS-50 spectrofluorimeter, equipped with a Hamamatsu
R928 phototube, on solutions degassed with at least four freeze-pump-thaw
cycles and sealed under vacuum (p =7 x 10~ atm). Luminescence quan-
tum yields were determined by the optically dilute method®! with
[Ru(bpy);]** in air equilibrated water (@ =0.028)[ as a standard. Low-
temperature (77 K) luminescence spectra were obtained on a butyronitrile
(Fluka) rigid matrix. Photochemical experiments were carried out by
irradiation of degassed solutions (see above) with a tungsten halogen lamp
(150 W, A>350 nm). Luminescence lifetimes were measured by time-
correlated single-photon counting with Edinburgh Instruments DS199
equipment. The exciting light (1 =300 nm) was produced by a gas arc lamp
(model nF900, filled with D,) that delivered pulses of about 1 ns (fwmh).
The detector was a cooled Hamamatsu R928 photomultiplier. Nanosecond
transient absorption experiments were performed by exciting the sample
with 10 ns (fwmh) pulses of a Continuum Surelite I-10 Nd:Yag laser (10 Hz
repetition rate) and using a pulsed 150 W Xe lamp, perpendicular to the
laser beam, as a probing light. Excitation was performed at 4 =532 nm
(obtained by frequency doubling) with a laser power of 1.5 mJ per pulse,
except for the kinetic studies carried out at A, =404 nm (see text), in
which the laser power was 4 mJ per pulse. The Xe lamp was equipped with
an Applied Photophysics power supply (Model 40) and pulsing unit
(Model 410, 2 ms pulses). A shutter (Oriel 71445), placed between the
lamp and the sample, was opened for 100 ms to prevent phototube fatigue
and photodecomposition. Suitable pre- and post-cutoff, and bandpass
filters were also used to avoid photodecomposition and interferences from
scattered light. The light was collected in an LDC Analytical monochro-
mator, detected by a Hamamatsu R928 tube, and recorded on a LeC-
roy 9360 (600 MHz) oscilloscope. Synchronous timing of the system was
achieved by means of a built-in-house digital logic circuit. The absorption
transient decays were plotted as AA =log(/y/I,) vs. time, where [, and I,
were the probing light intensity prior to the laser pulse and after delay ¢,
respectively. Each decay was obtained by averaging ten pulses. Transient
absorption spectra were obtained from the decays measured at various
wavelengths, by sampling the absorbance changes at constant delay time.
The same laser/monochromator/phototube setup was employed to measure
luminescence lifetimes, giving the same values (within 2 %) obtained by
single-photon counting. Lifetimes were also checked by a Spex Fluorolog-
73 system, which uses the phase-modulation technique (exciting light
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modulated in the 0.1-10 MHz range; A..=450nm). The frequency-
domain intensity decays (phase-angle and modulation vs. frequency) were
analyzed with the DataMax software.

Electrochemical measurements: Conventional electrochemical experi-
ments were carried out in argon-purged MeCN solution at room temper-
ature with a Princeton Applied Research 273 multipurpose instrument
interfaced to a personal computer. In the cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) experiments, the working electrode
was a glassy carbon electrode (0.08 cm?, Amel); its surface was routinely
polished with a 0.05 pm alumina-water slurry on a felt surface, immediately
prior to use. In all cases, the counter electrode was a Pt wire and the
reference was a saturated calomel electrode (SCE) separated with a fine
glass frit. The concentration of the compounds examined was 5.0 x 107 M;
tetracthylammonium hexafluorophosphate (0.05M) was added as the
supporting electrolyte. Cyclic voltammograms were obtained as sweep
rates of 20, 50, 200, 500, and 1000 mVs~!; DPV experiments were
performed with a scan rate of 20 mV's™, a pulse height of 75 mV, and a
duration of 40 ms. Ferrocene was present as an internal standard. The
experimental error was estimated to be =10 mV. Attempts were made to
study the electrochemical behavior of the [2]rotaxane 1°* by using very fast
scan rates (up to 3 x 10° Vs~') with a CH Instruments Model 660 Electro-
chemical Workstation.[*’] Unfortunately, severe adsorption phenomena on
both Pt and glassy carbon microelectrodes prevented the acquisition of
meaningful results.
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