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Abstract: Photochemical control of a self- 
assembled supramolccular I : 1 pseudoro- 
taxane (formed between a tetracationic 
cyclophane, namely the tetrachloride salt 
of cyclobis(paraquat-p-phenylene) , and 
1 .S-bis[2-(2-(2-hydroxy)ethoxy)ethoxy]na- 
phthalene) has been achieved in aqueous 
solution. The photochemical one-electron 
reduction of the cyclophane to the radical 
trication weakens the noncovalent bond- 
ing interactions between the cyclophane 
and the naphthalene guest-n-n interac- 
tions between the n-electron-rich and n- 
electron-poor aromatic systems, and hy- 
drogen-bonding interactions between the 
acidic r-bipyridinium hydrogen atoms of 
the cyclophane and the polyether oxygen 

atoms of the naphthalene derivative-suf- 
ficiently to allow thc gucst to dcthread 
from the cavity; the process can be moni- 
tored by the appearance of naphthalene 
fluorescence. The radical tricationic cy- 
clophane can be oxidized back to the te- 
tracation in the dark by allowing oxygen 
gas into the system. This reversible pro- 
cess is marked by the disappearance of 
naphthalene fluorescence as the molecule 
is recomplexed by the tetracationic cy- 
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Introduction 

clophane. This supramolecular system 
can be chemically modified such that the 
n-electron-rich unit, either a naphthalene 
derivative or a hydroquinone ring, and 
the tetracationic cyclophane are covalent- 
ly linked. We have demonstrated that the 
n-electron-rich residue in this system is to- 
tally "self-complexed" by the cyclophane 
to which it is covalently attached. Addi- 
tionally, the self-complexation can be 
switched "off'  and "on" by electrochemi- 
cal two-electron reductions and oxida- 
tions, respectively, of the tetracationic cy- 
clophane component. Thus, we have 
achieved the construction of two switches 
at  the nanoscale level, one driven by pho- 
tons and the other by electrons. 

In everyday life, we make extensive use of macroscopic devices 
called "machines". They are assemblies of components designed 
to achieve specific functions. The concept of a machine can be 
extended to  the molecular level."-61 Thc machines of the 
macroscopic world are designed and constructed by mechanical 
engineers. Molecular machines, which have dimensions on the 
nanometer scale, are constructed by molecular engineers, that is, 
chemists. Molecular machines, like macroscopic machines, need 
energy to operate. For  several reasons, the most convenient 
forms of energy to make molecular machines work are light and 
electricity. In this paper, we describe some studies aimed at  the 
construction of simple photochemically and clcctrochemically 
driven molecular machines that could play a role in storing and 
processing information at  the molecular level.[71 

The design of molecular machines can take advantage of the 
concepts of self-assembly,[*1 ~elf-organizat ion,[~~ and self-repli- 
cation,['"] which synthetic chemists are adopting as part of their 
toolbox for chemical manipulation and transformation." I '  Na- 
ture uses these concepts, sometimes in conjunction with en- 
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b) 
zymes, to create her hierarchy of structures and 
superstructures. Our research efforts have been 
directed toward developing systems that rely on 
these concepts and which are totally unnatural in 
their chemical design. To this end, we have been 
involved in the self-assembly of the so-called 
catenanes," 21 r ~ t a x a n e s , [ ' ~ ]  and pseudorotax- 
a i i e ~ . [ ' ~ ~  Until recently, the synthesis of such 
structures was very inefficient, since the synthe- 
ses relied upon a statistical approach.['51 How- 
ever, with the advent of supramolecular chem- 
istry,["] host-guest chemistry,["] and template- 
directed synthesis"'] such compounds and com- 
plexes can be self-assembled routinely in the 
lab~ra tory . [ '~ ]  The mutual stereoelectronic 
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Me 
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Noncovalent Bonding Interactions 

recognition of the component parts that form the 
new catenanes and rotaxanes "lives on" in their 
molecular structures. This memory phenomenon 
can be observed in these novel compounds by 
physical techniques like 'HNMR spec- 
troscopyr2'I and X-ray crystallography.[2 ']  

The exploitation of noncovalent bonding in- 
teractions-namely n -n interactions[22] and hy- 

t h o  
0 

6 drogen-bonding in te rac t i~ns[~~J-has  led to the 5 

Fig. 2. Keprescntations of chemical systems exhibiting aelf-coniplexing geometries. 
a) Cartoon representation ofa self-coinplexing macrocycle 3 in which the noiicova- 
lent hoiiding interactions are the same as those that bring together thc components 
ofcatenanes and rotaxanes. h) Self-complexed macrocycle 4. where the cyclic e n t q  
is a /f-cyclodextrin and the arm is terminated by a disubstituted naphthalene ring 
system. c) Self-complexed macrocycle 5, in which the cyclic coinpoileiit i s  ii crown 
ether that binds a primary alkylammoaium center by ( N  -H ' .  . O )  hydrogen 
bonding interactions. d) Self-complexed macrocycle 6,  in which the appended arni 
is linked by clectrostatic interactions to  il positively charged metal cation. 

a' nnnn nnnn 

construction of so-called molecular shuttles and 
In these molecular devices, the architecture of the catenanes and 
rotaxanes in solution can be controlled by i) the dielectric 
constant of the solvent media,[2s] ii) photons,[26, 2 7 1  _' '  111) elec- 
trons,[28, 291 or iv) Figure 1 depicts the struc- 
tural formulae of a controllable [ 2 ] ~ a t e n a n e [ ~ ~ ]  1.4PF6 and a 
controllable [2]r0taxane[~~] 'Z4+. Simple mechanical molecular 

I.4PF6 

b) 

A ,-, ,-,y 
O S r (  machines based on other types of catenanes have also been A r e p ~ r t e d . [ ~ ' . ~ ~ J  

In this paper, we report the synthesis of self-complexed com- 
pounds depicted by the cartoon 3 in Figure 2. Other types of 
compounds (4, 5, and 6 in Figure 2) that display "self-complex- 
ing" properties have already been synthesized. The synthesis of 
such compounds involves attaching the "arm" component to a 
preformed macrocycle; the arm then becomes included in the 
cavity as a result of i) hydrophobic (4, Fig- 
ure 2), ii) hydrogen bonding[341 (5, Figure 2), o r  iii) ionic inter- 
actions[351 (6, Figure 2). In our case (3, Figure 2), the macro- 

interactions around a template that is covalently linked to one 
of the macrocyclic precursors. Thus, the covalent[361 
(Scheme I a) and noncovalent['8-371 (Scheme 1 b) template 
strategies call be combined (Scheme 2 C) to form maCrocYCkS of 

Deprotonation 

Benzidine 

cyclic component forms with the aid of noncovalent bonding 
S i O n O n O n N w N  H 0 0 

2 H+or.+ 

Fig 1. A [Z]catenane 1.4PF6 and a [2]rotaxane 2' ' ,which have hcen shown to act 
as binary molecular switches when affected by an external stimulus. e.g., in the case 
of a) the [2]catenane 1.4PF6 by changing of the dielectric constant of the solvent, 
and b) the [2]rotaxane z4+ by protondtion/deprotonation of the secondary amino 
function associated with the benzidine residue. For the latter compound, switching 

the type 3 with self-complexing topologies, We show that one of 
the 'ynthesized by the ''Inbined covalent and 

can also be achieved by benzidine oxidation/reduction. covalent strategy behaves as a molecular machine in which the 
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a) Covalent Template 

b) Noncovalent Template - 

c) Covalent and Noncovalent Template 

-Component 1 

* 

- Component2 

3 

- 
,,,.,.,,lll,,l = Noncovalent Bonding Interactions 

Schemc 1 .  Representation of a) a covalent template, b) a noncovalent templatc, 
and c) a combination of both templates in operation during the self-assembly of a 
sclf-uomplexing macrocycle. 

switching process can be controlled by electrochemical means. 
Furthermore, we describe in detail the behavior of a photo- 
chemically driven supramolecular machine based on a self- 
assembled [ 2 ] p s e ~ d o r o t a x a n e . [ ~ ~ ~  

The construction of photochemically and electrochemically 
driven molecular and supramolecular machines shows the ver- 
satility of the self-assembly approach for the fabrication of 
nanometre-scale systems that could ultimately play a role in 
storing. processing, and transmitting information at  the molecu- 
lar level and beyond." - 'I 

Results and Discussion 

Synthesis of precursors and self-assembly of macrocycles: In or- 
der to self-assemble self-complexing macrocycles following the 
template-directed methodology depicted in Scheme 1 c, we must 
link the template unit covalently to one of the macrocycle pre- 

cursors. To this end, a model benzylic dibromide 7["1 deriva- 
tized with the ethyl ester functionality (Scheme 2) was synthc- 
sized by the acid-catalyzed esterification of 2,5-dimethylbenzoic 
acid (8)  with ethanol, affording 9.r381 The ester 9 was subse- 
quently subjected to an NBS radical bromination with AIBN as 
the initiator to afford the chemically modified benzylic dibro- 
mide 7.13'] 

Having established that this simple ethyl ester functionality 
could be introduced into one of the precursors of the tetraca- 
tionic cyclophane component, the dibromide 10 was prepared 
(Schemc 3), in which the ethyl group is replaced by a long 
polyether chain containing a n-electron-rich 1,5-dioxynaph- 
thalene unit, which can act as a template for the self-assembly of 
the tetracationic cyclophane. This dibromide was produced in a 
convergent manner by coupling the acid chloride 11 and the 
naphthalene-containing alcohol 12. The acid chloride 11 was 
formed in two steps from 2,5-dimethylbenzoic acid 8 by an 
initial radical bromination, with AIBN as the initiator, to afford 
the benzylic dibromide 13. This dibromide was then treated with 
thionyl chloride, yielding the acid chloride 11. The alcohol 12 
was synthesized in two steps from 1,5-dihydroxynaphthalene 
14. An initial bisalkylation of 14 with 2-(2-chloroethoxy)- 
ethanol, under basic conditions (K,CO,), afforded the diol 15. 
This diol was monomethylated with Me1 under basic conditions 
(NaH) to afford the alcohol 12. Furthermore, a dibromide wits 
also prepared wherein the methoxy group in the dibromide 10 
(Scheme 3) was formally replaced by an adamantoyl group. The 
adamantoyl group is sufficiently large to prevent the unthread- 
ing of the 1,5-dioxynaphthalene component from the cavity of 
the tetracationic c y ~ l o p h a n e . ~ ' ~ ~ .  h1 The dibromide 16 was syn- 
thesized (Scheme 4) by monoesterification of the diol 15 with 
I-adamantoyl chloride 17 to afford the ester 18, which was then 
esterified once more with the benzoyl chloride 11 to give the 
dibromide 16. In addition, i t  was argued that, if the x-electron- 
rich 1,5-dioxynaphthalene component was replaced by a smaller 
and less n-electron-rich hydroquinone unit, it would be possible 
to construct a macrocycle in which the covalently appended 
template would be less tightly bound. To this end, the dibromide 
19 (Scheme 5 )  was synthesized with the synthetic strategy previ- 
ously employed for 10 (Scheme 3). The phenol 20 was treated 
under basic conditions with 2-(chloroethoxy)ethanol to afford 
the alcohol 21.[12g1 Esterification of the alcohol 21 with the acid 
chloride 1 1  yielded the dibromide 19. Additionally. to permit 
covalent incorporation of a photoactive anthracene unit into the 
tetracationic cyclophane, the bis(pyridy1pyridinium) salt 
22.2PF6 was produced (Scheme 6) by firstly bromomethylating 
anthracene to afford the dibromide 23,[391 which was then re- 
fluxed with an excess of 4,4'-bipyridine in MeCN, followed by 
counterion exchange. 

The template-directed synthesis of the tetracationic cyclo- 
phane 24.4PF6 was achieved (Scheme 7) in a yield of 35% by 

0 
L r - r -  

Scheme 2. The aynrhesis of the  dibromide 7. a pre- 
cursor of the modified tctracationic cyclophane 
28.4 PF, . 

7 8 9 
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Scheme 3. The synthesis of the dibromide 10, a precursor of the self-complexing macrocycle 29.4PF6. 
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Scheme 4. The synthesis of the dibromide 16, a precursor of the 
self-compiexing macrocycle 30.4PF6. 

Scheme 5. The synthesis of dibromide 19, 
a precursor of the self-complexing macro- 
cycle 31.4PF6 

Scheme 6. The synthesis of the dicationic 
salt 22.2PF6, a precursor ofthe self-com- 
plexing macrocycle 32.4 PFs. 
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Scheme 7 .  The self-aaxrnbly of tetracatioiiic cyclophanes 24,4PF, and 28.4PF6. 
:misted by noncovalcnt templates 15 and 27. 

permitting p-xylenedibromide (25), the bis(pyridy1pyridinium) 
salt 26.2PF6, and 3.0 molar equivalents of the template 1,4- 
bis(2-(2-(2-hydroxy)etho~y)ethoxy)benzene['~~~ (27) to react in 
MeCN. This template-directed synthesis, which follows the gen- 
eral methodology described in Scheme 1 b, is even more efficient 
(62 Yn) when it is carried out in an ultra-high-pressure reaction 
vessel a t  12 kbar.['2e1 The self-assembly of the functionalized 
tetracationic cyclophane 28,4PF, was achieved in a 39% yield 
by treating the modified dibromide 7 with the dicationic salt 
26.2 PF, in the presence of the template, 1,5-bis(2-(2-(2-hy- 
droxy)ethoxy)ethoxy)naphthalene 15. 

All attempted purifications of the dibromides 10, 16, and 19 
by silica gel column chromatography were unsuccessful, so the 
crude dibromides were used without further purification. 
Nonetheless, the reactions to give the tetracationic cyclophanes 
yielded the respective self-assembled products 29,4PF,- 
32.4PF6 (Scheme 8), which could be isolated by silica gel 
column chromatography. This fact illustrates the error-check- 
ing nature of the self-assembly process, in which molecular 
recognition selects the appropriate molecular components and 
dispenses with those which are not recognized by the noncova- 
lent bonding interactions that control the self-assembly process. 
The self-assembly of the self-complexed compound 29.4  PF, 
proceeded (Scheme 8) in a yield of 24 YO when 1 .O molar equiva- 
lents of 10 and 26.2PF6 were stirred together in DMF for 
10 days at room temperature. The self-assembly of the adaman- 
toy1 derivative 30.4 PF,, from 1 .O molar equivalent of dibro- 
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mide 16 and 26.2PF6 under the same conditions, was achieved 
in a 13  'h yield. The lower yield in this latter reaction might be 
explained as a result of the steric hindrance produced by the 
larger adamantoyl substituent. The self-assembly of the in- 
tramolecularly complexed macrocycle 31,4PF, took place in a 
modest 7 Yn yield when 1 .0 molar equivalent of the dibromide 19 
and 26.2PF6 were stirred together in DMF at  room tempera- 
ture for 10 days. The low yield obtained from this reaction could 
be a consequence of i) the reduction of the template effect 
caused by the less n-electron-rich moiety during the macrocy- 
clization and ii) the lack of hydrogen-bonding interactions be- 
tween the polyether oxygen atoms and the acidic cc-bipyridinium 
protons as a result of the replacement of one terminal polyether 
chain by a benzyl group. The anthracene-containing analogue 
32,4PF, was formed in a yield of 30% when 1.0 molar equiva- 
lent of the dibromide 10 and 22.2PF6 were subjected to an 
ultra-high-pressure reaction for three days. These yields are par- 
ticularly good when one considers that the yield of 24.4PF6 
obtained from a threefold excess of the naphthalene template 15 
is only 13% based on 15. Additionally, the yield of 24.4PF6 
when ultra-high pressure is employed to promote the reaction is 
only 15 % based on the template 15. Therefore, by covalently 
attaching the noncovalent naphthalene template to one of the 
components of the cyclophane, we witness a doubling of the 
yield to 24 'h .[401 

Possible structures for the new tetracationic cyclophanes: The 
characterization of 29.4 PF, -32.4 PF, poses some interesting 
questions. The very reasonable yields of products associated 
with the reactions described i n  Scheme 8 indicate that the for- 
mation of these compounds involves the n-electron-donating 
appcndage templating the formation of the tetracationic cy- 
clophane to which it is covalently linked. As a consequence, if 
there is an equilibrium between the n-electron-rich naphthalene 
unit residing inside the associated cavity and the n-clectron-rich 
ring remaining uncomplexed outside the cavity, then the equi- 
librium should lie predominately on the side of the naphthalene 
residue being "self-complexed" (Scheme 9). However, if there is 
an equilibrium, as depicted in Scheme 9 between self-complexed 
and uncomplexed species, then the question arises: does the 
n-electron-rich residue template the formation of the tetraca- 
tionic cyclophane by an intermolecular route as well as by the 
intramolecular one?  If this intermolecular route operates, then: 
is the system able to self-replicate? Additionally: are dimers. 
trimers, tetramers, etc., and indeed cyclic counterparts. pos- 
sible'? These n-mers would lead to a novel class of polymeric 
materials, analogous to a macroscopic daisy chain. 

In order to find answers to the structural questions, X-ray 
crystallographic analysis was employed to study the solid-state 
structure of 31,4PF,, mass spectrometry was used to investigate 
gas-phase structures of 29.4PF6-32.4PF,, and 'H NMR and 
UV/Vis spectroscopy and, wherever possible, electrochemistry 
were employed to study the solution-state structures. 

X-ray crystallography: The X-ray crystal structure analysis of 
31 .4PF6 (Figure 3) reveals that it has a disordered arrangement. 
The compound crystallizes in a space group requiring there to be 
a C,  axis of symmetry passing through the centers of the two 
bonds linking the two pyridinium rings of the bipyridinium 
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Scheme 8. The self-assembly of thc self- 
complexing macrocycles 29.4PF, .  
30.4PF6, 31.4PF6 and 32.4PF, .  

units. The self-threading nature of the structure could quite 
clearly be identified and a meaningful geometry for the disor- 
dered component (i.e., the chain that originates from one of the 
pura-xylyl rings of the tetracationic cyclophane and is terminat- 
ed by a benzyl group) could be defined. Although the bond 
lengths and bond angles within this fragment were both opti- 
mized and constrained, they were permitted to move relative to 
the crystallographic C, axis. The x-electron-rich hydroquinone 
ring portion of the thread component is positioned almost cen- 
trally within the tetracationic cyclophane component sand- 
wichedr4'I between the x-electron-deficient bipyridinium rings. 

plexing macrocycle 31.4PF,. [C-H ' .  x] T-type edge-to-face interactions between hy- 

W 
Fig, 3, A ball-and-stick representation ofthe X-ray crystal Structure of self-com- In addition to these x-x interactions, there are 
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major ions corresponding to the suc- 
cessive loss of three PF; counterions 
from the parent molecule (Figure 4). 
Additionally, a small amount of a 
dimeric species of 29.4PF6 was ob- 
served: again, the major peaks corre- 
spond to the loss of PF; counterions 
from the parent molecule. There could 
be at least two reasons for observation 
of the dimeric species: i) there is real 
dimer formation as depicted in 
Scheme 9 in the gas-phase conditions 
of the mass spectrometer, or ii) the 
dimer is only an artifact of the LSIMS 
technique, and what is really being ob- 
served is a dimeric cluster of 29,4PF,. 
Previously, we have observed[43] 
dimeric forms of catenated molecules 
when these supramolecular systems 
have been characterized by electro- 
spray mass spectrometry. The basis for 
the dimerization may be the electro- 
static interactions involving the PF, 
counterions and the tetracationic 
29.4 PF, . 

A L O M e  

Supra(po1y)molecular Array? 
I I 

Self-Reolication? 

Cyclic Dimers, Trimers etc ... ? 

4+ - 4’ 
Electrostatic 
Repulsion I 

Scheme 9. A reprecentation of rhe equilibrium between the self-complexed conformation and the uncomplexed 
conformation of the macrocycle 29.4PF6. The uncomplexed conformation can give rise to cyclic or linear polymeric 
arrays and even a self-replicating system 

droquinone ring hydrogen atoms and the para-xylyl 
residues.[23f1 This substituted tetracationic cyclophane exhibits 
twisting and bowing distortions that are very similar to those 
observed for the parent cyclophane. Two aspects of the geome- 
try of the thread component that merit mention are the coplanar 
relationship between the ester and its associated para-xylyl 
residue,r421 and the apparent edge-to-face arrangement between 
the terminal benzyl group and the other para-xylyl residue. In 
this latter case, although the ring centroid/ring centroid separa- 
tion is 4.8 A, the degree of overlap is not conducive to a signif- 
icant stabilizing T-type interaction. Inspection of the packing 
of the molecules reveals no significant intermolecular TC-TC, 

[C-H . . . n], or [C-H . . .O] stabilizing interactions. 

‘H NMR spectroscopy: The one-dimensional ‘H NMR spec- 
trum of 29.4PF6, not surprisingly, reveals a complex set of 
resonances. However, this spectrum can be interpreted broadly 
on the basis of relative integrations and the expected chemical 
shifts for resonances associated with the a- and p-bipyridinium, 
the phenylene, the CH,N+, and the CH,O protons. A closer 
examination of the spectrum (see the COSY spectrum shown in 

Figure 5 )  reveals three other interesting features, namely : 
i) There are no “uncomplexed” naphthalene proton reso- 

‘Alongside’ 
Naphlhaiene 

Protons Mass spectrometry: The inass spectrometric analysis of 29.4PF6 
by Liquid Secondary Ion Mass Spectrometry (LSIMS) revealed 
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Fig. 5. Partial ‘HNMR 2D COSY spectrum recorded in CD,CN of the self-com- 
plexing macrocycle 29.4PFf, Fig. 4 Mass apectrum of the self-complexing macrocycle 29-4PF6 
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nances, as indicated by the lack of the doublet-triplet-doublet 
splitting pattern of a 1,s-disubstituted naphthalene residue in 
the range 6 = 6.8-7.9. However, there are two doublets (Fig- 
ure 5) centered on 6 = 2.43 ( J  = 8 Hz) and 6 = 2.80 ( J  = 8 Hz). 
These resonances are diagnostic of the 4 ,haphtha lene  protons 
on a 1,5-disubstituted naphthalene residue pointing into the 
n-faces of thep-xylyl units of the tetracationic cyclophane when 
the naphthalene residue is included within the cavity of the 
~ y c l o p h a n e . ’ ~ ~ ~  ii) There is a niultiplet centered on 6 = 5.39, 
which also integrates for one proton (Figure 5 ) .  iii) There is a 
doublet centered on 6 = 6.97 ( J  = 13 Hz), which integrates for 
one proton (Figure 5 ) .  

The origin of the resonances centered on 6 = 5.39 and 6.97 
was not immediately obvious. A COSY spectrum was recorded 
in order to  determine to which other protons the protons giving 
rise to these resonances were coupled. Figure 5 ,  which illustrates 
this COSY spectrum in the region 6 = 2-7, reveals that the 
doublet resonance at 6 = 6.97 is coupled with the N-methylene 
protons, while the multiplet resonance a t  S = 5.39 is coupled 
twice with 0-methylene protons in the polyether region. More- 
over, these two resonances are shifted approximately l .5 ppm 
downfield with respect to  the usual chemical shifts of N -  
methylene and O-methylene protons. An examination of a CPK 
space-filling molecular model of this molecule and the X-ray 
crystal structure in its self-complexed state (Figure 6) reveals 
that two protons-one from the N-methylene closest to the ester 
function, one from the 0-methylene group attached to the ester 
function on the polyether thread-are perfectly positioned to lie 
inside the deshielding environment of the anisotropic carbonyl 
group of the ester function. The positioning of these two pro- 

H” 

tons in this particularly deshielded environment causes them to 
resonate at much lower frequencies than would normally be 
expected. The proposed structure in Figure 6 for an intramolec- 
ularly “complexed” species requires that the two N-methylene 
protons, H, and H,, are diastereotopically related. and thus 
they should resonate as an AX system. Such an AX system is 
indeed observed. The 0-methylene protons, H, and H,, are also 
diastereotopicdlly related, and as a result, H, is geminally cou- 
pled to H, and vicinally coupled to the pair of adjacent polyether 
(diastereotopically related) protons, giving rise to the multiplet 
associated with H, centered on 6 = 5.39. The structure for 294+ 
represented in Figure 6 is also supported by four other sets of 
‘H NMR spectroscopic data. i) The COSY spectrum in the re- 
gion 6 = 7.0-9.5 (Figure 7) shows that there are eight couplings 
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I 

Fig. 7. Pal-tie1 ‘H NMR 2D COSY spectrum recorded ii? CD,CN of the self-com- 
plexed inacrocycle 29-4 PF6 showing the correlation between the signals for the x- 
and the /7-hipyridinium protons. 
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Fig. 6. A three-dimensional representation of the  self-complexing conformation of 
29-4PF6. The expanded view of the selected area reveals that the N-methylcne 
protons and a proton belonging to y-CH,O in the polyether chain are located within 
the deshielding environment of the anisotropic carbonyl group. 

between the eight vicinally related IX- and b-bipyridinium pro- 
tons. Thus, all eight a- and all eight p-bipyridinium protons in 
the tetracationic cyclophane are anisochronous. This observa- 
tion means that, a t  least on the ‘H NMR timescale (400 MHz. 
298 K ) ,  the decomplexation of the naphthalene residue followed 
by rotation of the substituted p-xylyl unit and then recomplexa- 
tion of the naphthalene residue from the opposite face of the 
tetracationic cyclophane, and/or the rotation of the bipyridini- 
um units of the tetracationic component of the self-complexing 
macrocycle, are slow processes. ii) A ‘H NMR spectroscopic 
study (400 MHz) on the model ethyl ester derivative 28.4PF6 
(Figure 8) shows that, even upon cooling the NMR sample 
down to 213 K in CD,COCD,, rotation about the substituted 
p-xylyl unit and/or rotation of the bipyridinium units occur 
rapidly on the ‘H NMR timescale. These fast rotations are 
evidenced by the appearance of only four x- and four B-bipyri- 
diniuni proton doublet resonances at  all temperatures. This 
means that 28.4PF6 must have an averaged plane of symmetry 
passing through the four nitrogen atoms: it follows that, in the 
solution state, this molecule must belong to the C, point group 
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on the average. iii) Also, the ‘H NMR spectrum (400 MHz) of 
31.4PF6 in CD,COCD, a t  room temperature reveals four reso- 
nanaces for the a- and four resonances for the /j-bipyridinium 
protons, indicating that, at this temperature, rotation around 
the modified p-xylyl spacer and/or rotation of the bipyridinium 
units occur rapidly on the ‘ H N M R  timescale. However, on 
cooling the N M R  sample to 200 K,  we observe the appearance 
of eight resonances for both the c(- and /I-bipyridinium protons, 
clearly indicating that the rotation of the p-xylyl group and/or 
the rotation of the bipyridinium are slow on the ‘ H N M R  
timescale at this temperature (Figure 9). iv) The COSY spec- 
trum for the model adamantoyl-substituted compound 30.4PF6 
is completely consistent with the data obtained for 29.4PF6 : 
although there are no “uncomplexed” resonances for the naph- 
thalene protons, there are two doublets centered on 6 = 2.75 
( J  = 8 Hz) and 6 = 3.01 ( J  = 8 Hz); there is also a multiplet 
centered on 6 = 5.45 assignable to an 0-methylene proton cou- 

Eight Eight 
u-Bipyridinium p-Bipyridinium 1 Doublets 1 1 Doublets 1 

I I I I 

r-----7 I I I I I I I  

pled twice with other 0-methylene protons in the polyether 
region; and there is a doublet centered 011 6 = 7.23 ( J  = 13 Hz) 
assignable to an N-methylene proton coupled geminally with its 
vicinal N-methylene proton. Since these resonances can be 
explained in the same way as for the compound 29.4PF6, the 
existence of both 29.4 PF, and 30.4PF, as intramolecularly 
complcxcd structures is indicated. 

I n  summary, these four sets of data support the structure 
proposed in Figure 6 for the tetracationic cyclophane derivative 
294+, in which the naphthalene residue is “complexed” com- 
pletely inside the cavity of the covalently linked cyclophane, 
resulting in its conformation becoming rigid. Rotation of thc 
substituted p-xylyl is not observed a t  room temperature, a t  least 
on the ‘ H N M R  timescale. The molecular structure of 294t 
depicted in Figure 6 possesses no reflection symmetry elements 
and is, therefore, chiral. The chirality is associated with a plane 
of chirality.[451 Scheme 10 shows the two possible enantiomers 
of 29“ in equilibrium with the time-averaged intermediate C, 
point group conformation. It must be concluded that, a t  least 
on the ‘HNMR timescale, the molecule 294’ resides for 
most, if not all, of its time in one of its two self-complexing 
enantiomeric forms, and that the rotation of the bipyridinium 
units is slow or does not occur a t  all. This conclusion con- 
trasts with the situation for the ethyl ester 284’, which has a 
time-averaged structure on the ‘H N M R  timescale correspond- 
ing to the point group C,, even in CD,CN solution at 213 K. 
On the other hand, the self-complexing macrocycle 314+ ex- 
hibits temperaturc-dependent behavior: at room temperature, 
it is equivalent to the model ethyl ester derivative 284+, which 
lacks a plane of chirality. However, a t  200 K, as a result of 
the slow rotation of the substituted p-xylyl spacer and/or the 
slow rotation of the bipyridinium units. it displays a plane 
of chirality, its does the self-complexing macrocycle 294+.  
Thus, although at  room temperature there are only four 
a-bipyridinium proton resonances observed, on cooling to 

200 K, eight a-bipyridinium resonances are 
observed. 

Absorption and luminescence spectra: The 
tetracationic cyclophane 244+ has a very 
strong absorption band in the UV region 
(MeCN solution: i = 260 nm, i-:,,,,, = 

40 000 M cm ’) .[’ The absorption spec- 
trum of 284’ (Figure 10) shows the same 
absorption band observed for 244’, but 
with a slightly smaller molar absorption co- 
cfficient (c,,, = 3 3 0 0 0 ~ -  ’ cm- I ) .  Neither 
compound is luminescent. The molecular 
thread 15 exhibits a structured absorption 
band in the near UV region (&,ax = 295 nm: 
c , , ~ ~  = 8 5 0 0 ~ - ’ c m - ’ ,  Figure 10) and a 
strong and structured tluorescence band 
(i,,, = 345 nm, T =7.5 ns, @ = 0.35)‘261 
typical of naphthalene derivatives (Fig- 
ure 10, inset) .[461 The absorption spectra of 
294+ and 304+ are very similar, but differ- 
ent from the sum of the spectra of their 

15 (Figure 10). The most important fea- 

31.4PFs 
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Fig. 9. Partial ‘H N M R  spectrum recorded in CD,COCD, at difrerent tempcraturea ol‘thc %If-complex- chromophoric model 284+ and 
i n €  macrocycle 31 -4PF, 
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Scheme 10. A representation of the two possible enantiomeric forms l'or a self-com- 
plexing macrocycle 29. PF, and of the unthrended intermediate possessing a plane 
of symmetry. 
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Fig. 10. Absorption spectrum of 294' (unbroken line) aud of it? 2S4' and 15 
components. The fluorescence of  15 (lcXc = 295 nm) I S  shown in the inscl. 

ture (as previously observed for related catenanes, rotaxanes, 
and pseudorotaxanes)"". 2 6 3  "I is the presence of a new band in 
the visible region (A,,, = 515 nin, E = 6 5 0 ~ - ' c m - '  for 294+), 
resulting from a charge-transfer (CT) interaction between the 

n-electron-rich 1,5-dioxynaphthalene moiety and the n-electron 
deficient 4,4'-bipyridinium units. 

The CT absorption of 324+ in the visible region (Figure 11) is 
much more intense than that of 294+ and 304+. Besides a max- 
imum a t  445 nm (E,,, = 1900 M -  cm- I ) ,  it shows a shoulder a t  
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Fig. 11 Absorption spectrum ofXL4+ (full line) and 294' (dashed line) in the visible 
region. The dotted line shows the difference between the two spectra. 

450 ~ ( n r n )  400 

about 530 nm. This pattern suggests the presence of two over- 
lapping bands. Subtraction of the CT band of 294c from that of 
XZ4+ in the 400-700nm region yields a broad band with 
i,,, = 435 nm, c = I ~ O O M - '  cm- ' (Figure 11). This analysis in- 
dicates that in 3Z4+, besides the C T  interaction between the 
1,5-dioxynaphthalene moiety and the bipyridinium unit, there is 
another type of CT interaction involving the anthracene moiety. 
A study of the absorption spectrum of the parent cyclophane of 
324t would have elucidated this point. Unfortunately, it was 
not possible to prepare this particular compound. 

The strong fluorescence of the 1 ,S-dioxynaphthalene moiety 
of 15 (Figure 10. inset) is completely quenched in 29'+, 304+, 
and 324f. Furthermore, no fluorescence from the anthracene 
chromophoric group is present in 324+. The lack of fluorescence 
in 294f, 304+, and 324+ is attributed to the presence of the 
low-lying charge-transfer excited states, which offer fast radia- 
tionless decay routes to the l ,5-dioxynaphthalene moiety and 
(in the case of 324t) anthracene-type luminescent levels. 

We recall that the charge-transfer band of 294+ shows practi- 
cally the same shape, J.,,,, and c,,, as that of 304'. This obser- 
vation clearly indicates that 294+ is 100% complexed, as is 
30"'. In order to discover whether 294+ is infvumolrcularlj. or 
intermoleculurly complexed, we measured the changes in ab- 
sorbance in the maximum of the CT band for 294+ on changing 
concentration and temperature. In the concentration range 
from 1.0 x lo - '  to 1.1 x lo-", the absorbance of acetonitrile 
solutions of 294+ increased linearly with increasing concentra- 
tion (Figure 12), which means that the molar absorption coeffi- 
cient is constant. For  a 5.0 x 1 0 - 4 ~  acetonitrile solution, in 
going from 10 to 60 "C, the small decrease (z 7 %) observed in 
the absorbance of the maximum of the CT band is comparable 
to that exhibited by 304+ ( % 5 % ) ,  which is locked in an in- 
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Fig. 12. Absorbance and molar absorption coel%cient of 29.4PF,, at 520 nm as a 
function of concentration. 

tramolecularly self-complexed conformation. These results con- 
firm that 294t, at  least in solution, exists totally as a self-com- 
plexed species. 

Mechanical molecular and supramolecular machines: The self- 
complexation of 294+ and the self-assembling process between 
the cyclophane 244+ and the thread 15 to give the pseudo- 
rotaxane [24.15]'+ (Scheme 11) are a result of donor-acceptor 
interactions between the n-electron-rich 1,5-dioxynaphthalene 
moiety of 15 and the n-electron-deficient bipyridinium units of 
the cyclophane 24"+, as well as of the hydrogen-bonding inter- 

[24. 1514+ (Scheme 11). The occurrence of the threading process 
is shown by absorption and emission spectra and by N M R  
spectroscopy. In a 6.0 x M aqueous solution of 15 and 244+ 
(as its tetrachloride salt), a charge-transfer band in the visible 
region (I.,,,, = 520 nm, E,,, ca. 7 0 0 ~ - ' c n i - ' ) ,  very similar to 
that of 2g4+, is formed and the intensity of the fluorescence of 
15 (A,,,, = 345 nm) is quenched (Figure 13, curve a). Since the 
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strength of these interactions is expected to decrease,"2c1 there- ethanolamnie: d) solution c after oxidation with 0,. The fluorescence spcctra were 
obtained with i,,, = 295 nm. 

by allowing the naphthalene derivative to dethread from the 
cavity of the cyclophane. We have devised photochemical and 
electrochemical methods to control the dethreading processes excited-state lifetime of 15 is very short (7.5 ns) and the concen- 
in these systems. For reasons that will become apparent, tration of 244+ is very low, fluorescence quenching can only 
dethreading of the pseudorotaxane [24* 1514+ was performed by occur when the two species are associated.["'~ 481 'H N M R  spec- 
photoexcitation and followed by absorption and luminescence troscopy (300 MHz) of 15 and 244+ in D,O (0.013 M each) at 
spectroscopy, whereas dethreading of the self-complexed system room temperature showed significant chemical shift changes for 
294+ was observed when the reduction of the tetracationic cy- the aromatic protons of 15. The largest change observed in the 
clophane was carried out by electrochemical techniques. ' H N M R  spectrum was the one for the H-4/8 protons 

(A6 = - 4.52 ppm) of the naphthalene ring. This large Ah val- 
P ~ ~ o ~ o ~ ~ ~ } n ~ ~ ~ a l ~ ~  driven muchines: When the thread 15 is added ue, together with the existence of a strong charge-transfer inter- 
to an aqueous solution of thc cyclophane 24.4C1, it threads action between the two components, is compelling evidence for 
spontaneously through the center of the tetracationic cy- the formation of a complex [24.1514+ with an aqueous solution- 
clophane to produce the 1 : 1 complex or pseudorotaxane state superstructure best described as pseud~rotaxane- l ike . [~~~ 

The threading process takes place in a va- 
riety of solvents,['4b* 2 5 1  reaching an equi- 
librium more or less displaced toward the 
formation of the pseudorotaxane [24. El4+.  
In water, starting with a 6.0 x 1 0 - 5 ~  solu- 
tion of 15 and 244+, 80% of the species 
formed at  room temperature is the pseudoro- 
taxane, as measured by the static quenching 
of the intensity of the luminescence band of 
15. In principle, the interaction between the 
thread and the cyclophane can be destabi- 
lized by reduction of the cyclophane and/or 
oxidation of the thread. Excitation of the 

15 24.15.4Cl pseudorotaxane in its charge-transfer band 

dioxynaphthalene moiety of the thread to a 

+ *N + 4CI- 

oqOnOH 

+ -(@-,N + 4cI- 
2 z  
- * 

$-OA0H +.wN+ 
24,401 

+ N  
"oWoL.lo yN + 

HowoLlo 

Scheme 1 1 .  Sclf-assembly uf cyclophane 24 4C1 imd thread 15 :o give the pseudorotaxane 24.15.4CI in lnoVeS an from the 
aqucous solution. 



Molecular Machines 1 52  - 1 70 

bipyridinium moiety of the cyclophane. Therefore, one can 
expect that in the CT excited state the strength of the interaction 
will be strongly reduced, with displacement of the equilibrium 
toward dethreading. However, the CT excited state undergoes a 
fast (picosecond t i m e s ~ a l e ) [ ~ ~ ]  back electron transfer reaction, 
whereas the dethreading process is very slow, because it involves 
complex nuclear motions. Therefore, direct light excitation in 
the CT band does not cause any dethreading. In order to achieve 
a light-induced dethreading, we have resorted to a photosensi- 
tization technique schematicaliy illustrated in Scheme 12. 

Products 

h\pk“’d I 
P+ 

the back electron-transfer reaction [Eq. (3)] is prevented and the 
pseudorotaxane remains reduced, as indicated by the appear- 
ance (Figure 13) of the characteristic absorption bands of re- 
duced bipyridinium Under such conditions, the inter- 
action between the thread and the ring ispevmanently weakened, 
and the dethreading process can take place [Eq. (5)]. Proof of 

[24.15]3’ --, 243+ +I5 [Dethreading] (5) 

the occurrence of the dethreading process is the increase in the 
fluorescence of the 1,5-dioxynaphthalene moiety, which can 

~ 

[24.1514+ 243+ 
Scheme 12 Schematic repreyentation of the photosensitized dethreading process. 

It is well known that intermolecular redox reactions can be 
driven by light by means of suitable photosensitizers (hereafter 
denoted by P).[”, 511 For example, the lowest excited state of 
9-anthracenecarboxylic acid (hereafter abbreviated as P*, where 
the asterisk indicates excitation) is a long-lived (250 ~ s )  and 
powerful reductant (E,,,(P+/P*) = - 0.88 V vs. SCE).[521 
Therefore, we irradiated a deoxygenated aqueous solution con- 
taining 9-anthracenecarboxylic acid (5.0 x 1 0 - 6  M) and 
[24.1514+ (4.8 x 1 K 5 w )  with 365 nm light to cause the reduc- 
tion of the electron-acceptor component of the pseudorotaxane 
(Ered = - 0.35 V for the “alongside” bipyridinium unit of an 
analogous [ 2 ] ~ a t e n a n e ) [ ~ ~ ~ ]  [Eqs. ( I )  and (2)]. After photoreduc- 

P + hn -4 P* [Light excitation] (1) 

P* +[24.15]4+ i P i  +[24.15]3+ [Photoreduction] (2) 

tion, one might expect the dethreading process to occur. It 
should be recalled, however, that the departure of the thread 
from the ring is slow. Therefore, once again, it cannot compete 
with the relatively fast back electron transfer[521 [Eq. (3)] from 

Pi +[24.1513+ --* P +[24.1514+ [Back electron transfer] (3) 

the reduced [24.1513+ to the oxidized P+ species. However, 
when a sufficiently large amount of a sacrificial reductant (Red, 
e.g., 0.01 M triethanolamine) i s  present in the solution, the oxi- 
dized P+ species produced by the excited-state electron transfer 
reaction can be rapidly scavenged [Eq. (4)]. As a consequence, 

P’ +Red - P +Products [Scavenging reaction] (4) 

15 

only take place from “free” 15 
(Figure 13, inset). It should be 
pointed out that the fluores- 
cent excited state 15* can be 
quenched by the reduced form 
243c of the cyclophane by en- 
ergy transfer (since 243+ pos- 
sesses low-energy excited 
states) and electron transfer 
(since 243 ’ is a strong reduc- 
tant and 15* is an oxidant). 
Quenching, however, implies 
either close association be- 
tween the two species or many 
random encounters of the ex- 
cited 15* (during its short life- 
time, 7.5 ns) with 243’. The 
recovery of the fluorescence 
therefore indicates that 243+ 
and 15 are not only dethread- 
ed, but also far from each oth- 
er, as expected for two nonin- 

teracting, dilute solutes. As will become apparent later, for the 
covalently linked system 293 + the impossibility of separating 
the 1,5-dioxynaphthalene moiety from the reduced bipyridini- 
um moiety prevents the recovery of fluorescence even if the 
reductive dethreading takes place. 

Under the experimental conditions used for the photosensi- 
tization experiments on L24.1 514+ (deaerated aqueous solution ; 
3 mL reaction cell; excitation with 365 nm light; incident light 
intensity 2 x Nhvmin-I, 13% of which was absorbed by 
the photosensitizer), 35 % of the pseudorotaxane species was 
dethreaded after 25 minutes of irradiation (Figure 13). Similar 
results have been obtained on changing experimental conditions 
(pH and type of sacrificial reductant, e.g., disodium EDTA). 
The dethreading reaction was also performed with [Ru(bpy)J2 + 

(bpy = 2,2’-bipyridine) as a photosensitizer, but with a lower 
efficiency, because of its shorter excited-state lifetime and a less 
efficient cage e s ~ a p c . [ ~ ~ - ~ ~ ~  After dethreading has occurred, if 
oxygen is allowed to enter the solution the reduced cyclophane 
is promptly back-oxidized [Eq. (6)] and 15 threads through it 
again [Eq. (7)] as shown by the decrease in the intensity of 

Oxygen 
24” __ --t 244+ [Oxidation] (6) 

15+244+ - [24.1514+ [Rethreading] (7) 

the fluorescence band and the recovery of the initial absorption 
spectrum (Figure 13). We recall that the covalently linked sys- 
tem 294+ is a self-complexed species where low-energy CT levels 
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prevent the fluorescence of the 1 ,S-dioxynaphthalene moiety. 
On the basis of the results obtained with the pseudorotaxane 
[24.1 S]"+, experiments were performed to  examine the possibil- 
ity of prompting a photochemical dethreading of 294+. A de- 
gassed aqucous solution containing 6.0 x I O - ' M  294+, 5.0 x 
10 - 6  M 9-anthracenecarboxylic acid as a photosensitizer, and 
lo-'  M disodiuni EDTA as sacrificial reductanttS4] was irradiat- 
ed with 365 nm light. After I S  min, changes in the absorption 
spectrum of the solution comparable to those observed for 
[24. 1S]"+ were obtained, showing that, following light excita- 
tion of the photosensitizer [Eq. ( I ) ]  and scavenging of P +  by the 
sacrificial reductant [Ey. (4)], 45% of the (total) bipyridinium 
units have been reduced (threaded and unthreaded 29'+ are 
hereafter indicated as 293+ (Np in) and 293+ (Np out), respec- 
tively) [Eq. (8M. 

P* +294'  (Np in) ~- Pc +29-' ' ( N p  in)  [Photoreduct~on] (8) 

Dethreading of 29" (Np in) is therefore expected to occur 
[Eq. (9)]. However, unlike what happens on dethreading of 

29"' (Np in) 4 293 ' (Np out) [Dethreading] (9) 

[24. 1SI4+, no recovery of the 1,5-dioxynaphthaIene moiety fluo- 
rescence was observed upon the photochemical reduction of 
29"'. This nonrecovery, however, is not evidence against the 
photoinduced dethreading process. It should be considered, in 
fact, that contrary to what happens for the two components of 
[24*15]"', which, after de- 
threading, are free to diffuse 
away in the solution, the short 
and flexible polyether tether 
keeps the naphthalene moiety 
close to the reduced 293+ cy- 
clophane and allows the oc- 
currence of many encounters 
between them within the excit- 
cd state lifetime o f  the 1,s- 
dioxynaphthalene moiety. In 
such encounters, the fluores- 
cence of the excited state of the 
naphthalene moiety [Eq. (1 I)] 
can be quenched by the re- 
duced cyclophane by energy 
transfer [Ey. (12)] and/or 
oxidative electron transfer 
[Eq. (13)], with the conse- 
quent quenching of the naph- 
thalene-type fluorescence. 

0 

nnnn 
00000 

[Oxidation] (14) 291t (Np  out) -- 

294+ (Np out) -- 294' (Np in) [Rethreading] (15) 

Oxygen 294+ (Np Out) 

In the case of 324+, a photosensitizer (dnthracene) is present 
in the cyclophane structure. In principle, excitation of thc an- 
thracene moiety of 32"' with 365 nm light could be followed by 
electron transfer to  the bipyridinium unit; a reducing scavenger 
could then react with the oxidized anthracene unit, thereby pre- 
venting the back electron transfer and allowing the unthreading 
process. We found, however, that irradiation of a degassed 
aqueous solution containing 6.0 x 1 0 - 5 ~  32"' and 0.01 M 

E,DTA does not produce any variation in its absorption spec- 
t r u m  This result means that the bimolecular electron transfer 
process from the scavenger to the oxidized photosensitizer can- 
not compete with the very fast intramolecular back electron 
transfer from the reduced bipyridinium unit to the oxidized 
anthracene. 

I:'k~c.troc.Jienzic.ull~~ driven muclzines: An alternative approach to 
the reduction of the tetracationic cyclophane (in order to weak- 
en the interaction between the two components of pseudorotax- 
anes and achieve dethreading) is to use electrochemical tech- 
niques. Here, we describe detailed electrochemical experiments 
performcd on the 29"' system in acetonitrile solution at  room 
temperature. The electrochemical behavior of 28"+, 294+. and 
the previously investigated [2]catenane 334+ is compared in Fig- 
ure 14.rss] 

0 -0 5 -1 .o 

0 -0 5 -1 .o 

V (vs SCE) 

Fig. 14 Cornparison of the reduction potentials o f  B4 L ,  Zg4+, and 33'+ 

293' (Np  out)  +hi-  --f 293" (Np* out) [Light excitation] (10) 

293L (Np" out) w 293+ (Np out) + h v '  [Fluorescence] ( 1  1 )  

29" (Np* o u t )  4 29*'+ (Np  out )  [Energy transfer] (12) 

29". (Np" out) - + 29" (Np' out) [Elwti-on transfer] ( 1  3) 

After irradiation, introduction of oxygen in the solution 
causes the disappearance of the absorption bands of  reduced 
bipyridinium [Eq. (14)] and gives back the CT absorption band 
of29"+ [Eq. (lS)], indicating that the reduction of a bipyridini- 
um unit of 294+ is reversible. 

The behavior of 2S4+ is practically the same as that 
shown'' 2r1 by 244+ : a reversible two-electron reduction process 
with El:2 = ~ 0.29 V is followed by a second reversible two- 
electron reduction process with E, ,* = - 0.71 V. The first two- 
electron reduction process corresponds to the one-electron re- 
duction, at the same potential, of the two equivalent and 
noninteracting bipyridinium units. As shown in Figure 14, the 
first reversible two-electron reduction process of 29"' takes 
place at  -0.35 V, that is, a t  more negative potential compared 
with 2S4+. This situation is accounted for by the donor-accep- 
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tor interaction of the cyclophane with the electron donor 1,5- 
dioxynaphthalene moiety and confirms the self-threaded struc- 
ture of 294’. It shouid be noted that the two 4,4’-bipyridinium 
units remain equivalent in 294’ because the 1 ,5-dioxynaph- 
thalene moiety is positioned symmetrically between them. In 
[2]catenane 334+, the two 4,4‘-bipyridinium units are not equiv- 
alent because only one experiences interaction with two naph- 
thalene units. Therefore, in 334t, the first reductions of the two 
bipyridinium units occur a t  different potentials: r29h1 the first 
one-electron wave (- 0.35 V) corresponds to the reduction of the 
“alongside” unit, and the second one-electron wave (- 0.56 V) to 
the reduction of the “inside” unit. The donor-acceptor interac- 
tion experienced by the alongside bipyridinium unit of 334+ is 
expected to be practically the same as that of the bipyridinium 
units of 294’. This expectation is fully confirmed by the fact that 
the first two-electron reduction of 2g4+ and the first one-elec- 
tron reduction of 334+ occur a t  the same potential (Figure 14). 

The results which shed most light on the behavior of 294+ are 
those concerning the second reduction of the bipyridinium 
units. In this regard, i t  should be noted that i) 2S4’ again shows 
a two-electron wave (- 0.71 V), ii) [2]catenane 334f shows two 
one-electron waves ( -  0.81 and -0.89 V), both at  more nega- 
tive potentials than 284+ because of some residual donor -ac- 
ceptor interaction, whereas iii) 294+ shows a two-electron wave 
exactly at the same potential as that of 2S4’. These results 
indicate that for 294+, at  the time of the second reduction, the 
two bipyridinium units are no longer engaged in any donor-ac- 
ceptor interaction. As a consequence, we can draw the conclu- 
sion that the first reduction [Eq. (16)] of the two bipyridinium 
units of 294+ to 29’* causes dethreading [Eq. (1 7 ) ,  Figure 151. 

294+ (Np  in) + 2 e -  -- 29’+ ( N p  in) [Reduction] (16) 

292t (Np  in) 292+ (Np out) [Dethreading] (17) 

In agreement with the photochemical results, spectroelectro- 
chemical experiments (macroreduction of 294’ at -0.40 V, 
monitored by absorption and fluorescence measurements) 
showed the appearance of the characteristic absorption spec- 
trum of monoreduced bipyridinium units,r531 but no fluores- 
cence from the naphthalene unit. This finding further confirms 
that in the case of this system, for the reasons discussed above, 

Electrochemical or chemical oxidation, for example by allow- 
ing oxygen to enter the reduced solutions [Eq. (18) ] ,  causes 
rethreading [Eq. (19)], as shown by the disappearance of the 
absorption band of the reduced bipyridinium units and the reap- 
pearance of the CT band. 

29” (Np out) 294+ (Np out) [Oxidation] ( 1  8) 

294’ (Np out) 4 294+ (Np in) [Rethteading] (19) 

Conclusion 

This research has shown how i t  is possible to design and con- 
struct molecular assemblies and supramolecular arrays with 
nanometre-scale switching properties by the use of the noncova- 
lent bonding interactions that regulate the self-assembly of x- 
electron-rich and Tc-electron-deficient components. For ex- 
ample, we have shown how, by attaching a x-electron-rich 
aromatic ring to one of the precursors of the tetracationic cy- 
clophane, cyclobis(paraquat-p-phenylene) , it is feasible to syn- 
thesize molecular assemblies featuring a self-complexing aspect 
whcre the tether component acts as a template in the formation 
of the macrocyclic compound. These self-complexing com- 
pounds are not only interesting on account of their rare struc- 
tures, but also because one of them exhibits electrochemically 
driven switching properties. In addition, we have described a 
supramolecular system in which the dethreading of the linear 
n-electron-donating component from the cavity of the n-elec- 
tron-deficient tetracationic cyclophane is photochemically 
driven. Thus, we have constructed molecular and supramolecu- 
lar systems driven by photons and electrons. This achievement 
constitutes a step toward storing, processing, and transmitting 
information at the molecular and supramolecular levels[’I --an 
activity which is still very much in its infancy. 

Experimental Section 

Materials and methods: Solvents were purified and dried by literature meth- 
ods. Reagents were employed as purchased h m  Aldrich. Thin-layer chro- 
matography (TLC) was carried out with aluminum shccts, precoated with 
silica gel 60F (Mei-ck 5554) or aluminum oxide 60F ncutral (Merck S S S O ) .  

fluorescence measurements are not sufficient to prove the occur- 

given by the fact that the potential Value of the second reduction 
process of 294c is coincident with that of 2Ei4’ (Figure 14). 

The plates wcre inspected by UV light prior to development with iodine vapor 
or by treatment with ceric ammonium inolybdatc reagent and subsequent 

with silica  OF,,, (Merck 5717) of iaycr thickness z mm. Column chro- 
matography was performed with silica gel 60 (Merck 7734, 0.063-0.200 mm) 

or aluminum oxide 90 (neutral, act. 11-111, Merck 
1097, 0.063-0.200 mm). Melting points were de- 
termined on an Electrothermal 9200 apparatus 
and are uncorrected. Elemental ;inalyses were 
performed by both the University of Shzffield 
and the University of Birmingham Microanalyt- 
ical Laboratories. Mass spectra were recorded 
on a Krdtos Profile spectrometer (EIMS and 
CIMS) or on a VG ZabSpec instrument 
equipped with a cesium ion gun (LSIMS). 
‘ H N M R  spectra were recorded on  ii Brukcr 
AC 300 (300 MHz spectra) or ii Bruker A M X  400 
(400MHz spectra). 13C NMR spectra were 
recorded on a Bruker AC300 (7S.SMHz) by 
means of the JMOD pulse sequence. All cliemi- 
cal shifts are quoted on the 8 scale with TMS or 
tlic solvent as an internal standard. Coupling 

rence Of dethreading’ The proof that dethreading takes place is 
heating, Preparative TLC (PTLC) was carried out with TLC plates precoated 

+ 
0 

Reduction 

+ 2e 

Oxidation 

2g4+(Np in) 2g4+(Np out) 

Fig. 15 Electrochemically driven dethreading-rethreading of 294 ’ 
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constants are expresscd in Hz. X-ray crystallography was carried out as 
described in the appropriate compound characterization scction. Crystallo- 
graphic data (excluding structure factors) for the structure reportcd in this 
paper have been depositcd with the Cambridge Crystallographic Data Ccntre 
its supplenicntary publication no. CCDC-1220-43. Copics of the data can be 
ohtained free of charge on application to  thc Director. CCDC, 12 Union 
Road. Cambridge CB2 IEZ, UK (Fax: Int code + (1223)336-033; e-mail: 
tcchedfQ chemcrys.cam.ac.uk). 

Ethyl 2,s-dimethylbenzoate (9) [3X]: 2.5-Dimcthylbenzoic acid 8 (3.5 g, 
2.3 mmol) and H,SO, ( 5  mL) in EtOH (50 mL) were heated under reflux 
overnight. The solution was cooled and solvent removed in vacuo. The 
residue was dissolved in CH,CI, (50 mL) and washcd with saturated aqueous 
Na,CO, ( 2  x 100 mL) and H,O (2 x 100 mL) .  The organic layer was dried 
over MgSO, and filtered, and the filtrate was concentrated in vacuo to afford 
a clear colorless oil (4.2 g, lOOu/,), corresponding to compound 9. ' H N M R  
(300 MHz. CDCI,, 25°C. TMS): rS =7.73 (d, = I Hz. 1 H ;  Ar-H-6), 7.21 
(dd, = 8 Hz. 1 Hz, 1 H: Ar-H-4). 7.12 (d, ' J  = 8 Hz, 1 H ;  Ar-H-3), 
4.37 (q, , J = 7 H z .  2 H :  CH,CH,), 2.56 (s, 3 H ;  Ar-CEI,), 2.35 (s, 3 H ;  
Ar-CII,), 1.39 (1, " J = 7  Hz, 3 H ;  CH,CH,): "C NMR (75 MHz, CDCI,, 
2S 'C) :  6 =167.9, 136.8, 135.2, 132.5, 131.5, 130.9, 129.8. 60.6, 21.2, 20.8, 
14.4; MS (70eV. EI): m;z (Yo) =178 (50) [ M ' ] .  

Ethyl 2,5-bis(bromomethyl)benzoate (7) [38]: N-Bromosuccinimidc (4.4 g, 
24.7 mmol) and a catalytic amount of AIBN were addcd to a solution ofethyl 
2,5-dimethylbenzoate 9 (2g,  11.23 mmol) in CCI, (50 mL). The suspension 
was refluxcd under nitrogen for 4 h, after which time succinimidc was oh- 
scrved floating on the surface of the CCI, when the solution was cooled down 
to room temperature. The succinimide was filtcrcd off under gravity and the 
filtrate was concentrated. The resulting brown oil was dissolved in CH,CI, 
(25 mL), to which hexanc (150 mL) was added. The solution was allowed to 
stand in the refrigerator for 2 h, whereupon a white solid precipitated out. 
The solid was filtered off under gravity and dried in vacuo: this afforded 
compound 7 (1.4 g, 40%) in the forin of a white powder. M.p. 87°C: 
' H  NMR (300 MHz, CDCI,, 25°C. TMS): 6 = 8.98 (d, = 1 Hz, 1 H ;  Ar- 
H-6), 7.54 (dd, 3 . 4 J  = 8 , l  Hz, 1 H;  Ar-H-4). 7.95 (d, ,J = 8 Hz, 1 H: Ar-H- 
3).  4.96 (s, 2H; Ar-CH,Br), 4.49 (s, 2 H ;  Ar-CH,Br), 4.42 (q, ' J = 7  Hz. 
2 H ;  CH,CH,). 1.46 (t, ' J  = 7  HZ. 3 H ;  CH,CH,); 13C NMR (75 MHz. 
CDCI,. 25'C): 6 =167.0, 139.2, 138.3, 132.8, 132.2, 131.7, 130.0. 61.5, 31.8. 
30 8. 14.2: MS (70 eV. El): wi!z (%) = 336 (5) [ M ' ] .  

2,S-Bis(bromomethy1)benzoic acid (13) [38]: N-Bromosuccinimide (26.08 g. 
146 mmol) and a catalytic amount of AIBN wcrc added to a solution of 
2.5-dimethylbenzoic acid 8 (10 g, 67 mniol) in CCI, (200 mL). Thesuspension 
was refluxed under nitrogen for 4 h. aftcr which time succinimidc was ob- 
served floating on the surfacc of the CCI, whcn the solution was cooled down 
to room temperature. The succinimide was filtered off under gravity and thc 
filtrate was concentrated. Thc resulting brown oil was dissolved in CH,CI, 
(50 mL) to which hexane (150 mL) was added. The solution was then allowed 
to stand in the refrigerator for 2 h. whereupon a white solid precipitated out. 
The solid was filtered off under gravity and dried in vacuo, affording com- 
pound 13 (8.4 g, 42%) in thc form of a white powder: m.p. 1 1  6 T; 'H NMR 

( d d . 3 . 4 J = 8 , 1  Hz,1H;Ar-H-4),7.60(d,3J=8Hz,lH:Ar-H-3),5.11(s. 
2 H :  Ar-CH,Br). 4.73 (s, 2 H ;  Ar-CH,Br); I3C NMR (75 MHz, CDCI,. 

(70 eV, E l ) .  w / z  (YO) = 307 (26) [M - HI'. 

2,S-Bis(bromomethyl)benzoyl chloride (11) [MI: To a solution of 13 (0.88 g, 
2.7 mmol) in dry toluene (50 mL) was added SOCI, (0.67 g. 5.7 mmol) and  
one drop of DMF. The solution was heated under reflux for 2 h before being 
cooled to room temperature. The solution was added to dry PhMe (500 mL). 
and the solvent was removed in vacuo. affording an oil (0.93 g, 95'!'0). The 
resulting oil was used as the acid chloride 11 in subsequent reactions without 
any furthcr purification. 

1-~2-(2-Hydroxyethoxy)ethoxy~-5-~2-(2-methoxyethoxy)ethoxy~naphthalene 
(12): A solution of the diol 15 [12g] (5 g, 14.9 mmol) in THP (30 mL)  was 
added dropwisc to a suspension of NaH (60% dispersion in mincral oil) 
(0.30 g, 7.44 mmol) in dry T H F  (50 mL) under nitrogen. The solution was 
stirred for 30 niin at room temperature and then for an additional 30 min 
under rcflux. A solution of Me1 (1.04 g. 7.44 niinol) i n  T H F  (20 mL) was 

(300MH7.,CDC1,,25'C,TMS):6=X.11 ( d , 4 J = 1  Hz,IH;Ar-H-6),7.69 

25 C): d =167.6. 140.2. 134.2, 133 5. 132.9, 131 7. 130.1, 33.1, 31.9. MS 
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addcd dropwise over 15 min. The solution was heated under reflux for a 
further 12 h, then cooled, and MeOH ( 5  mL) was added. The solvents were 
removed in vacuo, and the oily residue was taken up in CH,CI, (50 mL) and 
washed with saturated aqiieuus Na,CO, ( 2  x 50 mL) and H,O (2 x 50 m L ) .  
'The organic layer was dried over MgSO, and filtered under gravity. and the 
CH,CI, was removed in vacuo. The resulting oil was subjected to silica gel 
column Chromatography, eluting with Et,O/CHCI,/MeOH (73:25:2). The 
fractions containing the product wcrc combined and the solvents wcrc re- 
moved in vacuo, affording compound 12 (1.80g, 28%) as a yellow oil: 
' H N M R  (300 MHz, CDCI,, 25"C,  TMS): 6 =7.87 (d. ' J =  8 Hz. 1 H :  
naphthalene H-4),  7.85. (d, , J= 8 H7, I H:  naphthalene H-8).  7.36 (t. 

= 8 Hz, 1 H ;  naphthalene H-3) ,  7.35 (t. 3J = 8 Hz, 1 H ;  naphthalene H-7). 
6.84 (d, ' J  = 8 Hz, two coincident doublets, 2 H ;  naphthalene H-2,6), 4.33- 
4.28 (m, 4 H ;  OCH,), 4.02-3.97 (m, 4 H ;  OCH,), 3.82-3.72 (m, 6 H ;  
OCH,) ,  3.62-3.58 (in. 2 H ;  OCH,), 3.39 (s, 3 H ;  OCH,), 2.02 (brs, 1 H ;  
OH); I3C NMR (75 MHz, CDCI,, 25'-C): S =154.4. 154.3. 126.9, 126.8, 
125.2. 125.0, 114.X, 114.5. 105.8, 105.8, 72.7, 72.0.70.9,69.9, 69.8.68.0.61.8. 

H 7.48: found C 64.91. H 7.45. 
59.1: MS (70 eV, EI): mh (Yo) = 350 (40) [ M ' ] :  CI,H,,O,: calcd C 65.13. 

(I-[2-(2-Oxyethoxy)ethoxyJ-S-~2-(2-methoxy-ethoxy)ethoxy)naphthalene)-2,5- 
bis(bromomethyl)benzoate (10): A solution of the alcohol 12 (0.94 g, 
2.7 mmol) in dry CH,CI, (20 mL) was added dropwise during 30 min to B 

solution of 11 (0.93 g, 2.7mmol) in dry CH,CI, (50mL) under N,. The 
solution was stirred at room temperature under N, for 4 h before being 
heated under reflux gently overnight. The cooled solution was washed with 
H,O (2 x 30 inL) and the organic layer was dried over MgSO,. The MgSO, 
was filtered off under gravity and the filtrate was concentrated in vacuo. TLC 
analysis with hexane/EtOAc (4: I )  as the eluent revealed one major conipo- 
nent. However, silica gel column chromatography, employing hexane:'EtOAc 
(4: 1 ) as the eluant, failed to separatc out thc minor fraction observed by TLC. 
Therefore, the crude mixture (1.3 g, 3.8 mmol) was used without furthcr 
purification. 

1 -[2-(2-Hydroxyethoxy)ethoxy~-~-~2-(2-~l-adamantanecarbonyl)ethoxy)- 
ethoxyj naphthalene (18): I-Adamantanecarbonyl chloride 17 (2.36 g. 
1 .I9 mniol) was added to a solution of the diol IS ( 2  g. 5.95 mmol) in 33% 
volumc C,H,N/CHCI, (30 mL) and the mixture was stirred for 12 h a t  25 'C ,  
followed by a further period of stirring for 2 h at 60°C. The solvent was 
reinovcd in viicuo leaving a residue, which was dissolved in CH,Cl, (100 mL) 
and washed with 2 w  HCI (50 mL) and distilled H,O (2 x 100 mL). The organ- 
ic phase was dricd over MgSO, and the solvent was removed in vacuo. The 
resultant oil was subjected to column chromatography ( S O , ,  CH,CI,, 
MeOH 98:2), giving a yellow oil, which, after being washed with hexane 
(50mL),  yielded the adamantoyl ester 18 (1.08g. 36%) as a yellow oil: 
' H N M R  (300 MHz, CDCI,, 25"C, TMS): S =7.87 (d, ' J =  8 HZ. 1 H ;  
naphthalene H-4), 7.84 (d, J =  8 Hz, 1 H ;  naphthalene H-8).  7.35 (t. 
' J  = 8 Hz. 1 H: naphthalene H-3), 7.34 (t, ' J  = 8 Hz. 1 H ;  naphthalene H-7). 
6.84 (d, two coincident douhlets, 3J = 8 Hz, 2 H ;  naphthalene H-2.6), 4.31 - 
4.20 (in, 6 H ;  OCH,), 3.99-3.91 (m, 4H; OCH,);  3.80-3.72 (m. 2 H ;  
OCH,), 3.75-3.62 (m, 4 H ;  OCH,), 1.96 (brs, 3 H ;  adamantoyl CH), 1.88 
(brs, 6H: adamantoyl CH,), 1.66 (brs, 6 H ;  adaniantoyl CH,): 13C N M R  
(75 MHz, CDCI,, 25°C): 6 = 27.9, 36.5, 3X.7, 40.7, 61.9. 63.3, 68.0. 69.6, 
69.8, 69.8, 72.6, 105.7, 114.5, 114.8, 125.1, 125.2, 126.8. 154.3. 154.4; MS 
(LSIMS): n7lz = 498 [M+];  C29H,,07: calcd C 69.86, H 7.68; found C 69.72. 
H 7.61. 

(I -[2-(2-Oxyethoxy)ethoxyl-5-[2-(2-( 1-adamantanecarbonyl)ethoxy)etboxy~- 
naphthalene)-2,5-his(bromomethyl)benzoate (16): A solution of alcohol 18 
(1.08 g. 2.16 mmol) in dry CH,CI, (10 mL) was added dropwisc over 30 mill 
to a solution of I 1  (0.7 g, 2.16 mmol) in dry CH,CI, (15 niL). The solution 
was stirred at room temperature under nitrogen for 4 h  and then heated 
gently under reflux overnight, The cooled solution was washed with water 
(2 x 30 mL)  and the organic layer was dried over MgSO,. The MgSO, was 
filtered off and the filtrate was concentrated in vacuo. The crude mixture 
(1.31 g, 1.60 mmol) was used without further purification. 

(l-~2-(2-Oxyethoxy)ethoxy~-4-benzyloxybenzene)-Z,S-bis(bromomethyl) ben- 
roate (19): The alcohol 21 (0.66 g, 2.29 mmol) [12g] in dry CH,CI, (10 mL) 
was added dropwise over 30 min to a solution of 11 (0.75 g, 2.3 mmol) in dry 
CH,CI, (15 mL). The solution was stirred at room temperature under nitro- 
gen for 4 h and then it was heatcd gently under reflux overnight. The cooled 
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solution was washed with H,O (2 x 30 niL) and the organic layer dried over 
MgSO,. The MgSO, was filtered off and the solvent removed in vacuo. The 
crude mixture (0.98 g. 1.7 mmol) was used without further modification. 

9,10-Bis(bromomethyl)anthracene (23) [39]: Anthracene (8 g, 4.4 mmol) was 
added to a solution of (CH,O), (8 g, 0.26 mol) in 30% HBr/AcOH (100 mL). 
The solution was heated to 50 'C while being stirred for 30 min, a t  which 
point stirring was abandoned on account of the formation of a thick yellow 
precipitate. Heating was continued for a further 1.5 h. The reaction mixture 
was cooled overnight. The yellow precipitate was filtered off under reduced 
pressure and washcd well with AcOH, H,O, aqueous Na,CO, (10%) solu- 
tion. H,O. and Et,O. The yellow solid was dried in vacuo and recrystallized 
from toluene, affording a fine yellow powder 23 (9.5 g, 64 %): m.p. 170 "C 
(dccomp); 'HNMR (300 MHz, CDCI,, 25"C, TMS): 6 = 8.41-8.36 (m, 
4 H ;  anthracene H-1,4,6,9), 7.71 -7.66 (m, 4 H ;  anthracene H-2,3,5,7), 5.53 (s. 
4 H ;  Ar-CH,Br); MS (NH,, CI): m/z (%) = 364 (2) [ M ' ] ,  283 (35) 
[ M  - Br]+, 205 (200) [M - 2Br]+. 

1,1'-~9,1O-Anthracene(methylene)~bis-4,4'-pyridylpyridinium bis(hexafluor0- 
phosphate) (22,2PF6): 9,10-Bis(bromomethyl)anthracene 23 ( 5  g, 13.4 mmol) 
was added to a solution of 4,4'-bipyridine (20g, 134mmol) in refluxing 
MeCN (100 mL) over a period of 5 days under nitrogen. The solution was 
heated under reflux for one more day and then cooled. In order to induce full 
precipitation of the salt that had formed during the course of the reaction, 
Et,O was added (100 mL). The precipitate was filtered off and washed with 
Et,O and CHCI, to remove any soluble impurities. The resulting white solid 
was subjected to silica gel column chromatography with MeOH/NH,CI (2M)/ 
MeNO, (7:2: 1) eluent. The fractions containing the product were combined 
and concentrated. H,O (50 mL) was added to dissolve the chloride salts, 
followed by the addition of an aqueous NH,PF, solution to precipitate the 
product as its bis(hexafluorophospha1e) salt. The precipitate was collected 
under reduced pressure, washed well with H,O. and dried in vacuo, yielding 
compound 22.2PF6 (7.0g, 65%) as a white solid: m.p. 250°C; 'HNMR 
(300 MHz, CD,CN, 25 "C, TMS): 6 = 8.83 (d, ,JAB = 6 Hz, 4H; bipyridini- 
um a(-CH), 8.72 (d, 'JAB = 6 Hz, 4H;  bipyridinium B-CH), 8.43-8.37 (m, 
4H;  anthracene fI-l,4,6,9), 8.26 (d, ,JAB = 6 Hr. 4 H ;  bipyridinium a-CH), 
7.82-7.75 (m, 4 H ;  anthracene H-2,3,7,8), 7.76 (d, 3JAB = 6 Hz, 4 H ;  bipyri- 
dinium P-CH), 6.89 (s, 4 H ;  Ar-CH,); I3C NMR (75 MHz, CD,CN, 25 "C): 

MS (LSIMS): m/z (%) = 661 (100) [ M -  PF6]+; C,,H,,N,P,F,,: calcd C 
53.61, H 3.5, N 6.95; found C 53.71, H 3.36, N 6.76. 

6 =155.8, 152.2, 145.5, 141.2, 132.8, 129.7, 127.3, 126.4, 125.3, 222.8, 57.4; 

Cyclolethyl 2,5-(paraquat-p-phenyleneparaquat)benzoatel tetrakis(hexaflu0- 
rophosphate) (28.4PF6) [38]: A solution of 7 (0.14 g, 0.43 mmol), the bipyri- 
dinium salt 26.2PF6 (0.25 g, 0.36 mmol) and the template 15 were stirred in 
DMF (5 mL) for 5 days at room temperature and ambient pressure. In order 
to ensure full precipitation of the salt. Et,O (50 mL) was added. The precip- 
itate was filtered off under reduced pressure and subjected to a liquid-liquid 
extraction in order to partition the salts and the template 15 between H,O and 
CHCI,. The aqueous layer was concentrated and the salts were precipitated 
with aqueous NH,PF, solution. The precipitate was filtered off and subjected 
to silica gel chromatography with MeOH/NH,CI ( 2 ~ ) / M e N o ,  (7:2: 1) elu- 
ent. The fractions containing the product were combined and concentrated. 
H,O (50mL) was added to dissolve the chloride salts, followed by the 
addition of aqueous NH4PF6 solution to precipitate the product as its 
tetrakis(hexafluorophosphate) salt. The precipitate was collected under re- 
duced pressure, washed well with H,O, and dried in vacuo at 4 0 ° C  yielding 
28.4PFb (0.16 g, 39%) as a white solid: m.p.>270"C; 'H NMR (300 MHz, 
CD,CN, 25 "C, TMS): 6 = 8.93-8.85 (m, 8 H ;  bipyridinium a-CH), 8.21- 
8.16 (d, 4J = I  Hz, I H ;  Ar-H-6), 8.19 (m, 6 H ;  bipyridinium 8-CH), 8.32 (d, 
3J = 6 Hz, 2 H; bipyridinium 8-CH), 7.67 (dd, 3,4J  = 8 Hz, 1 Hz, 1 H ;  
Ar-H-4), 7.57 (d, 3J = 8 Hz, 1 H; Ar-H-3), 7.53 (s, 4 H ;  xylyl H), 6.15 (s, 
2 H ;  NCH,), 5.83 (s, 2 H ;  NCH,), 5.75 (s, 4 H ;  NCH,) ,  4.42 (4. 3J = 7  Hz, 
2 H ;  CH,CH,), 1.43 (t, ,J = 7  Hz, 3H;  CH,CH,); I3C NMR (75 MHz, 
CD,CN, 25°C): 6 =166.8, 150.8, 150.5, 146.8, 146.2, 146.0, 137.2, 136.9, 
136.7. 134.6, 133.3, 131.6, 131.3, 131.1, 128.3, 128.3, 128.2, 127.7, 65.6. 65.5, 
65.0, 63.3, 62.5, 14.2; MS (LSIMS): m/z =I027 [ M  - PF,]', 882 

N 4.78; found C 40.24, H 3.08, N 5.05. 

Cyclo[l-~2-(2-nxyethoxy)ethoxy)-5-I2-(2-methoxyethoxy)ethoxy)naphthalene 
2,5-(paraquat-p-phenyleneparaquat)henzoate~ tetrakis(hexafluorophosphate) 

[M - 2PFb]+, 737 [ M -  3PFb]+;  C39H,,F,,N,02P4: Cdkd C 39.95, H 3.09, 

(29.4PF6): A solution of the dibromide 10 (0.14 g, 0.22 nimol) and the bipyri- 
dinium salt 26.2PF6 (0.13 g, 0.19 mmol) was stirred in DMF (5 mL) for 
5 days at room temperature and ambient pressure. In order to ensure full 
precipitation of the purple salt, Et,O (50 mL) was added to the reaction 
mixture. The precipitate was filtered off under reduced pressurc and subjected 
to silica gel chromatography with MeOH/NH,CI (2bi)/MeNO, (7:2: 1) as 
eluent. The fractions containing the product were combined and concentrat- 
ed. H,O (50 mL) was added to dissolve the chloride salts, followed by the 
addition of an aqueous NH,PF6 solution to precipitate thc product as its 
tetrakis(hcxafluorophosphate) salt. The precipitate was collected under re- 
duced pressure, washed well with H,O, and dried in vacuo at 40 "C, yielding 
29.4PF6 (O.O65g, 24%) as a purple solid: m.p.>270"C; 'HNMR 
(300 MHz, CD,CN, 25 " C ,  TMS): S = 9.27 (d, 3JAB = 6 Ha, 1 H ;  bipyridini- 
um a-CH), 9.1 1 (d, 'JAR = 6 Hz, 1 H ;  bipyridinium a-CH), 9.03 (d, 3JA8 = 
6 Hz, 1 H;  bipyridinium a-CH), 8.81 -8.72 (m, 4 H ;  3 x bipyridinium a-CH 
and Ar-H-6). 8.61 (d, 3JAB = 6 Hz, 1 H ;  bipyridinium a-CH), 8.53 (d. 
,JAB = 6 Hz, 1 H; bipyridinium a-CH). 8.26 (dd, '.lJ =7 Hz, 1 Hz. 1 H: 
Ar-H-3), 8.12 (d, 3J = 7  Hz, 1 H;  Ar- H-4), 8.07 (s, 2 H ;  xylyl H). 7.97 (s, 
2 H ;  xylyl H),  7.57-7.49 (m, 3 H ;  bipyridinium 8-CH), 7.39-7.31 (m, 2 H ;  
bipyridinium P-CH), 7.26 (d, ,JAB = 6 Hz, 1 H;  bipyridinium / K H ) ,  7.19- 
7.11 (m, 2H; bipyridinium P-CH), 6.97 (d, = 13 Hz, 1 H ;  NCII,), 6.36 (d, 
, J = 7  Hz, 1 H; naphthalene), 6.22-6.13 (m, 2 H ;  naphthalene), 5.90-5.81 
(m, 3 H ;  2 x NCH, and naphthalene), 5.75-5.68 (m, 4 H ;  NCH,). 5.66 (d, 
' J =  12 Hr, 1 H ;  NCH,), 5.44-5.34 (m, 1 H ;  OCH,), 4.40-4.21 (m, 6 H ;  
OCH,), 4.20-4.10 (m, 3 H ;  OCH,). 4.09-3.97 (m, 2 H ;  OCH,). 3.86-3.78 
(in, 4 H ;  OCH,), 3.42 (s, 3 H ;  OCH,), 2.88 (d. = 8 Hz, 1 H:  naphthalene). 
2.42 (d, ' J  = 8 Hz, 1 H ;  naphthalene); MS (LSIMS): m/z =I333 

calcd C 45.54, H 3.82, N 3.82; found C 45.26, H 3.72, N 3.69. 
[ M  - PF6It. 1187 [ M  - 2PFb]+, 1043 [ M  - 3PF6]+; C,,H,,F,,N,O,P,: 

Cyclo( l-(2-(2-oxyethoxy)ethoxy~-5-(2(2-(2-(l-adamantanecarbonyl)ethoxy)eth~ 
xylnaphthalene 2,5-(paraquat-p-phenyleneparaquat)benzoate] tetrakis(hexaflu- 
orophosphate) (3O.4PF6): A solution of the dibromide 16 (1.35 g, 1.71 mmol) 
and the bipyridinium salt 26.2PFb (1.04 g, 1.48 mmol) in DMF (10 mL) W B S  

stirred for 7 days at room temperature and pressure. In  order to ensure full 
precipitation of the purple salt, Et,O (50mL) was added to the reaction 
mixture. The precipitate was filtered off under reduced pressure and subjected 
to column chromatography (SO,, MeOH/NH4C1(2~)/MeN0, 4: 1 :4). The 
fractions containing the product were combined and concentrated H,O 
(50 mL) was added to dissolve the chloride salts, followed by the addition of 
an aqueous NH,PF, solution to precipitate the product as its tetrakis(hexa- 
fluorophosphate) salt. The precipitate was collected under reduced pressure, 
washed well with H,O, and dried in vacuo, yielding 30.4PFb (0.3 g, 13%) as 
a purple solid. M.p.>270"C (decomp.); ' H N M R  (300 MHz, CD,COCD,, 
25 "C): S = 9.55 (d, ,JAR = 6 Hz, 1 H ;  bipyridinium a - H ) ,  9.48-9.31 (m. 3 H;  
bipyridinium a-H), 9.25 (d, 3JAR = 6 Hz, 1 H; bipyridinium a-H), 9.21 (d, 
,JAB = 6 Hz, 1 H ;  bipyridinium a-H), 9.16 (d, ' J  = I  Hz, 1 H ;  Ar-H-6), 9.15 
(d, ,JAB = 6 Hz, 1 H;  bipyridinium a-H), 9.06 (d, ,JAB = 6 Hz, 1 H ;  bipyri- 
diniuma-H),8,59(dd, ' J = l , 7 H z ,  lH;Ar-H-4) ,8 .45(d,  S J = 7 H z ,  1 H ;  
Ar-H-3). 8.38 (brs, 2 H ;  xylyl H ) ,  8.28 (brs, 2 H ;  xylyl H), 8.24-8.18 (in, 
2 H ;  bipyridinium P-H), 7.97-7.92 (m, 2 H ;  bipyridinium p-H), 7.67-7.64 
(m, 2H;  bipyridinium 8-H), 7.50-7.48 (m, 2 H ;  bipyridinium P-H), 7.26 (d, 

= 13 Hz, 1 H;  NCH,), 6.50 (d, 3J = 7  Hz, 1 H ;  naphthalene), 6.42-6.40 
(m, 2 H ;  naphthalene), 6.25-6.12 (m, 4 H ;  3 xNCH, and naphthalene), 
6.09-6.06(m, 3H;NCH,), 6.05(d, ' J=13Hz,  l H ; N C H , ) ,  5.38(m, 1 H ;  
OCH,), 4.62-4.47 (m, 5 H ;  OCH,), 4.42-4.33 (m, 6 H ;  OCH,), 4.18-4.08 
(m, 6H;  OCH,), 3.04 (d, ,J = 8 Hz, 1 H;  naphthalene), 2.76 (d, ' J  = 8 Hz, 
1 H; naphthalene), 1.84 (brs, 3H;  adamantoyl C H I ,  1.71 (brs, 6H;  adaman- 
toy1 CH,) ,  1.67 (brs. 6H;  adamantoyl CH,); MS (LSIMS): mjz =I647 

HRMS (LSIMS): C6,H,,N,OaFIaP,: [M - PF,]+, calcd 1479.3962, found 
1479,391 5. 

[M-Na]',  1479 [ M -  PF6]+, 1334 [M-2PF6]+,  1189 [ M -  3PF,]+; 

Cyclo(l-[2-(2-oxyethoxy)ethoxy~-4-henzyloxyhenzene-2,5-(paraquat-p-phenyl- 
eneparaquat)benzoateI tetrakis(hexafluorophosphate) (31.4 PF,): A solution 
of the dibromide 19 (1.15 g, 2.06 mmol) and the bipyridinium salt 26,2PF, 
(1.21 g, 1.72 mmol) was stirred in D M F  (10 mL) for 10 days at room temper- 
ature and ambient pressure. In order to ensure full precipitation of the red 
salt, Et,O (50 mL) was added to the reaction mixture. The red precipitate was 
filtered off under reduced pressure and subjected to silica gel column chro- 
matography with MeOH/NH,CI ( 2 ~ ) / M e N 0 ,  (7:2: 1) as eluent. The frac- 
tions containing the product were combined together and solvent was 
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removed in vacuo. H,O (50mL) was added to dissolve the chloride salt, 
followed by the addition of a saturated aqueous solution of NH,PF, to 
precipitate the product as its tetrakis(hexafliiorop1iosphate) salt. The precip- 
itate was collccted under reduced pressure and washcd well with H,O and 
then dried in vacuo. Crystallization by vapor diffusion of iPr,O into an 
MeCN solution of the salt afforded 31.4PF6 (0.16 g. 7Y0) as a red crystalline 
solid: ' H N M R  (300 MHr,  (CD,),CO. 25 C ,  TMS): 6 = 9.44- 9.34 (m, 4 H ;  
bipyi-idiniuni x-CH). 9.29-9.22 (m, 4 H ;  bipyridinium a -CHI ,  8.X7 (d, 
'.I = 8 Hz. I H; Ar--H-6), 8.41 8.34 (in. 6 K ;  bipyridinium 1-CH), 8.26-- 
8.21 (m, 3 H ;  2 x bipyridinium fi-CH and Ar-H-4),  8.11 (d. ',.I = 7  H r ,  1 H ;  
Ar-H-3), 7.78-7.7 (m. 4 H ;  xylyl H), 7.66 7.61 (m. 2 H :  OCH,Ar-H).  
7.59- 7.56 (m, 2 H ;  OCH,Ar--H). 7.45-7.40 (m, 1 H ;  OCH,Ar--H), 6.54 (s, 
2 H ;  NCH,). 6.16 (s. 2 H ;  NCH,), 6.02 (s, 2 H ;  NCH,), 5.99 (s, 2H: NCH,), 
4.78- 4.74 (in, 2 H ;  OCH,), 4.67 (s, 2 H ;  OCH,Ar), 4.31-4.25 (ni. 2H:  
OCH,), 4.12 4.06 (m. 2 H ;  OCH,), 3.96-3.93 (m, 2 H ;  OCH,),  3.81-3.72 
(m, 4 H ;  hydroyuinone); MS (LSIMS): nl I =I437 [M+Na]+ ,  1269 

C,,HsoN,05F,,P3: [ M  ~ PFJ+ calcd 1269.2670. found 1269.2706. Crystal 
data for 31.4fF, :  single  crystal^ suitable for X-ray crystallography were 
obtained by vapor diffusion of iPr,O into an MeCN solution of 31.4PFl,. 
('IuH,,N,0,F,,P,,2Me,C0.MeCN, M =1572.1, monoclinic, ( I  = 

11.446(3). h = 2 2 . 2 9 2 ( 3 ) .  (.=14.450(2)A. p=109.84(1) ' ,  V=3468(1).@, 
space group C,. Z = 2 (the molecule has crystallographic (', symmetry). 
( J ~  = 1 .SO5 g cm -.', ji (Cu,,) = 20.8 cm ~ I .  F(O00) = 1608. Data for a crystal 
of dimensions 0.35 x 0.21 x 0.02 mm3 were measured at  -70'  C on a Siemens 
P 4  RA diffractometer (20 5 1 2 4  ) with Cu,, radiation (graphite monochro- 
mator) and trJ-scans. Of the 2821 independent reflections measured. 1823 had 
[Pol >4u(lFJ) and were considered to be observed. The daia were corrected 
for Lorcntz and polarii-ation factors: no absorption correction was applied. 
The  structurc was solved by direct iiicthods, and only the major occupancy 
portions of thc disordered PF; anions were refined anisotropically. 'The 
structural disorder about the C ,  axis and the relatwe lack of observed data 
precludcd anisotropic refinemeiit of any of the remaining parts of the struc- 
ture. Although the cyclophaiie component of the structure is ordered about 
the Cz axis, the self-threading component is not and even those parts that 
could adopt a CZ symmetric arrangement do  not do so. The central hy- 
droquinone ring is displaced \ideways with respect to the crystallographic c', 
axis. The geometry of the whole of the polyether chain. the hydroquinone ring 
and !he terminal ben7yl group were optimiLed and restrained to an idealized 
geometry. Hydrogen atoms were placed in calculated positions and assigned 
isotropic thermal parameters and allowed to ride on their parent carbon 
atoms. The refinement was by full-matrix least-squares based on F' to give 
R ,  = 0.116, il-Rz = 0.3442 for the observed data aiid 366 parameters. Thc 
maximum and minimum residual electronic densities in the final AFmap were 
0.71 and -0.45 e A  '. Computations were carried out on a 486 PC with the 
SHELXTL-PC version 5 program system [56] .  

Cyclol I-(2-(2-oxyethoxy)etho~y~-5-[2-(2-metho~yethoxy)ethoxy)naphtha~ene- 
2,S-(paraquat-Y,lO-anthraceneparaquat)henzoate] tetrakis(hexaflu0rophos- 
phate) (32.4PF6). A solution ofthe dibroniide 10 (0.14 p, 0.22 mmol) and the 
anthracenc-containing bipyridinium salt 22.2 PF, (0.1 5 g. 0.186 mmol) in 
D M F  (5 mL) was subjected to 12 kbar prcssui-e for 3 days at room tempera- 
ture. In  order to ensure full precipitation of the red salt, Et,O (50 mL) was 
added to the reaction mixture. The precipitate was filtered oft' under reduccd 
pressure and subjected to silica gel chromatography with MeOH:NH,CI 
(2v). 'MeNO2 (7:2: I )  as eluent. The fractions containing the product were 
combincd and concentrated. H,O (50 mL) was addcd to dissolve the chloride 
salts. followed bq thc addition of an aqueous NH,PF, solution to precipitate 
the product as its tetrakis(hcxat1uorophosphate) salt. The precipitate was 
collected under reduced pressure, washed well with H,O, and dried in vacuo 
at 40 C, yielding a red solid 32.4PF6 (0.087g, 30%): in.p.>270.C; MS 
(LSIMS): n7'1= 1576 [A4 '1, 1432 [M - PFJ-, 1286 [M ~ 2PFJ'. 1141 
[&I - 3PFl,]-; C,,H,,F,,N,O,P,: calcd C 48.96. H 3.94, N 3.73: found C 
48.74: H 3.83, N 3.55.  The room-temperature ' H N M R  spectrum (300 MHz) 
in CD,CN solution indicates that there is a slow exchange process occurring 
betwecn complexed and uacomplexed species. Thus, the spectra cannot he 
iiiterpreted without an extensive variable-temperature ' H NMR spectroscop- 
ic investigation. This study was not carried out in view of the fact that 
photochemical switching was not observed for the simpler compound 32.4Cl.  

[A4 - PF,]', 1124 [A4 - 2PFb]+, 979 [ M  - 3PF6]+;  HRMS (LSIMS): 

Absorption spectra, luminescence, photochemical and electrochemical experi- 
ments: Absorption and emission spcctra were recorded with a Perkin-Elmcr 

i 6  spectrophotoineter and a Perkin-Elmcr LS-50 spectrofluorimeter, respec- 
tively. Fluorescence lifetimcs were measured with Edinburgh 199 single-pho- 
ton counting equipment. Pholochemical experiments were carried out i n  
argon-purged water solutions, by means of a Hanau 0 400 medium-pressure 
mercury lamp. The 365 nm wavelength was isolated by means of an interfer- 
ence filtcr. The incident light intcnsity on the 3 mL reaction cell was 
2 x 1 0 - O  N himin ~ '. Electrochemical measurements (cyclic voltammetry. 
CV, and diffcrential pulse voltammetry, DPV) were carried out in argon- 
purged acetonitrile solutions with a Princeton Applied Research 273 multi- 
purpose instrument interfaced to a personal computer. A glassy carbon elcc- 
trode (0.08 cm', Amel) was used as the working electrode. The counter 
electrode was a Pt wire and the reference electrode was an SCE (saturated 
calomel electrode) separated with a fine glass frit. The concentration of the 
cxamined coinpounds was 5.0 x 10 'M:  0 . 0 5 ~  tetraethylammonium tetra- 
11uoroborate (TEABF,) was added as supporting electrolyte. Cyclic voltam- 
mograms were obtained at sweep rates of 20. 50, 200, 500, and 1000 mVs 
DPV experiments were performed with a scan rate of 20niVs-I.  a pulse 
height of 75 mV, and a duration of 40 ins. For the observed processes. the 
same values wcre obtained from the DPV peaks and from an average of 
thc cathodic and anodic CV peaks. Both CV and DPV techniques have been 
uscd to measure the number of the exchanged electrons in each redox process. 
Thc criteria foi- rcversibility were i) a sepai-ation of 60 mV between cathodic 
aiid anodic peaks. i i )  a ratio of the intensities of the cathodic and anodic 
currents close to unity. iii) and constancy of the peak potential 011 changing 
swecp rate. The experimental error on the half-wave potential values was 
estimated to be 2 10 mV. Spectroelectrochcmical experiments were perfomed 
on argon-purged acetonitrile solutions of 1.0 x 10 'x of the examined coin- 
pound and 0.01 M of TEABF4 contained in a spectrofluoritnetric cell (optical 
path 1 cni). with a Pt grid as working electrode, a Pt wire separated with a fine 
glass rrit as a counter-electrode, and an Amel Ag;AgCl reference electrode. 
Absorption spcctra of the reduced specks were recordcd with a Koiitron 
Uvikoii 860 spectrophotometer, and emission spectra were recorded with a 
Perkin - Elmer LS 5 spectrofluorimeter with appropriate corrections for inner 
filter effects. 

Acknowledgements: This research was suppot-ted by the Engineering and 
Physical Sciences Research Council in the United Kingdom and by the Uni- 
versity of Bologna (Special Funds), MURST, and CNR (Progctto Strategic0 
Tecnologie Chimiche Innovative) in Italy. We thank Eusko Jaurlarit7a 
Unibersitate, Hirkuntza eta Ikerketa Saila in Spain for their support of a 
Fellowship to M .  G.-L. 

Received: June 21. 1996 [F401] 

[I]  V. Halrani. L. Moggi, F. Scandola. i n  Supraniolwular P/rorot/ienzr\rvj~ (Ed: V 
Balzani), Reidel. Dordrccht, 1987, p. 1 

121 :ij .I:M Lehn, Atzgiw Chrm Inl. Ed. Engl. 1988, 27. 8Y: b) i /d .  1990, ?Y, 
1304. 

131 Moli,(u/ur Elecrronic Device.\ (Eds.: F. L. Carter, R. E. Siatkowsky. H. 
Woltyen). North Holland. Amsterdam, 1988. 

[4] V. Ralzani, F. Scandola. Supmnrnlcwlur P/roroc/ic.nii.srn., Horwood. 
Chichester. 1991. ch. 12. 

[ 5 ]  H. Kuhn. in Molecirluv Elec/ronic.s (Ed.: P. I .  Lazaracv). Kluwer. Dordrccht. 
1991. p. 175. 

[6] K .  E. Drexler, Nwnsr.slcm.s . Molerirlur .Wuc/iinrr,y, .Mmlr!fiic/u,.brR, inid Cnni- 
pnrurion, Wilcy. New York, 1992. 

[71 a )  D. Bradley. Science 1993,Z5Y.890; b) P. Ball, L. Garwin. ~Vurure 1992. L5.j. 
761. 

[XI a) 1. S. Lindsey. Nuu. .I Cheni. 1991, 15, 153. b) J. P.  Mathus. C. T. Seto. 
G .  M. Whitesides, Science 1991, 2.54. 1312: c j  J. F. Stoddart. Hncr -Gtrrrr 
/rilwu(~riijti\. Fi'oNI C'/uwzO/r,i. l~ Biolog),. Ciba I-'ouiid;ition S>inposia No. 158. 
Wilcy. Chlchcstcr, 1991. 5: d) D. Philp, J F. Stoddart. Si.n/ert 1991. 445; 
e)  J F Stoddart. C'hern. Ausr. 1992, SY. 576: f )  D. B. Amabilino, J. F. Stod- 
<far(. Pro.<> A ~ / J / .  C%twr. 1993, 6.7. 2351; g) C. L .  Hill. X. Lhang. ,Akruw 1995. 
373. 324; h) N. Braiida, R. M. Grotrfeld. C. Valdes. J. Rebek. J r .  .I A n .  
Cheni. SOC. 1995, 117. 8 5 ;  i )  G.  M. Whitesides, E. E. Siilianek. J. P. Mathias. 
C. T. Seto, D N. Chin, M. Mammen. D. M. Gordon. A N .  Chrtn. Res. 1995. 
ZX. 37; -1) J. A. Prcece, .I. F. Stoddart, Mo/(~cu/ur Engintwing Advromv/ 
M n t e r m l s ,  Kluwer Academic, 1995. Dordrccht. p. 1 ; k )  D. Philp. J F Stod- 
dart, A n y w .  Chenr. En'. In/. Engl. 1996, 35. 11 54. 

['i] a) M. Ahlrrs. W. Muller. A. Reichert. H. Ringsdorf, J Vcnrni 
hi. Ed. Engl. 1990. 29, 1269; h) C. T. Imrie, Troid,, P d w  
c) .I. Adersch. S. Diele, P. Goring. JLA. Schroter. C. Tschierake. .I. C h i ,  Sni . .  

Ch(w7. Cornniun 1995, 107: d) D. D. Ldsic, A n g c w  Cir~ni. h i [ .  E d  Eql. 1994. 
33. 1685. e )  N. Kimizuka. T. Handa. I .  Ichinose, T. Kunitake. ihid. 1994, 3.3. 
2483. 



Molecular Machines 152- 170 

(101 a )  A. Terfort, G. voii Kiedrowski. D. Siever\. A I I ~ ( ' M . .  C/iwi. Inr Ed Eiigl. 
1992, 31. 654; b) D. Sieven, G. von Kiedrowyki. ~Vdirr.t~ 1994. 369. 221, 
c) M. M Colin. E. A. Wintncr. J. Rehck. Jr.,  "In 
1994, 33. 1577: d) J. Rebek. Jr.,  Sci. h i .  1994, 369, 221. 

{ l l ]  a) G. M. Whitesides. .4n,qm ('hcm. In ! .  Ed. En,q/. 1990. 2Y, 1209, h) D. See- 
bach. ihid. 1990. 2Y. 1320; c) G. W Gokel. J. C. Medin;!. C. Li. S w k r r  1991. 
677 

[12] a) G. Schill, Ci i r iw i i ie ,  RotrnNnes uiid Kniir,!, Academic Press. New York. 
1971 : h) C .  0. Dietrich-Buchecker, J.-P. Sauvage. J.-M K c m ,  J Ani. Chimi. 
SOC. 1984. 106. 3043; c )  D. M. Wd1b;i. T ~ W ~ h ~ i / r ~ i i  1985. 41. 3\61 ,  (I) P R. 
Ashton. T. T. Goodnow. A. b. Kaifer, M. V Reddington. A. M. Z. Slawin. N 
Spencer, J. F Stoddart, C. Vicent. D. J. Willianis, A i i g w  C ' h n  fn t .  Ed Eng1. 
1989, 28. 1396; c) P. L. Anelli. 1'. R. Ashton. R. Ballardini. V. Bolrani. M .  
Delgado, M. T Gandolfi, T 7 Goodnow. A E. Kaifer, D. I'hilp. M .  Pi- 
etrasrkiewicr. L Prodi, M.  V. Reddington, A . M .  Z Slawin, N. Spencer, J. F, 
Stoddart. C .  Vicent. D. J Williams. J. A m .  Chcni So<. 1992. 114, 193; C) D. B. 
Amabilino, P. R. Ashton, C. L. Brown, E .  Chrdova, L. A. Godincz. T T. 
Goodnow. A. E.  Kaifer, S. P. Newton, M Pietraszkiewicz, D. Philp. F. M. 
Raynio, A .  S Redcr. M. T. Rutland, A. M. Z. Slawin. N. Spencer. J. F. Stod- 
dart. D. J. Willinnis. ihid. 1995, 117. 1271 : g) D. B. Ainahilino. P L. Anelli. 
P. R. Ashton, G R. Brown, E. Cordova. L. A. Godinez. W H'iyes. A E. 
Krufer. D. Philp. A. M. Z Slawin. N Spencer. J F. Stoddart. M S. Tolley. 
D J. Williams. hid. 1995, f f 7 ,  11142: h) C. A. Huntcr. ihid 1992, 114. 5303;  
I )  F. Viigtle. S. Meier, R. Hoss. A n g w .  ('limn?. I n r .  Ed. EiixI. 1992. 3 f .  1619, 
j )  F. J. Caster. C. A. Hunter, R. J Shiiniion, ./. Chmi. SOC CYriw7. Ciininiini. 

1994. 1277; k )  M. Fujita, 1:. Ibukui-o. H. Hagihara, K.  Ogura. Natiwc 1994. 
367. 720; I) A G. Johnston, D. A. Leigh, R. J. Prilchard, M. D. Deegan, 
Angrw Chrm. h i / .  Ed. EiigI. 1995, 34, 1209: m) A. G. Johnston. D. A. Leigh. 
1. Nezhat. J. P. Smart. M. D. Decgan, ihiil. 1995. 34, 1212. 

[13] a)  P. R. Anelli. N.  Spencer, J. F. Stoddart, J. A m .  Chiw?. So(, 1991. I/.<. 5131; 
b)  P. R. Ashton. J. A. PIcecz, J. F. Stoddart, M S. Tolley. A. J. P. White, D. J. 
Willinms. S j ' ~ i / c ~ r t  1994, 789; c) 1.-C Chambron, V. Heitl-. LP. Siluvage. J.  Am. 
Chcm. SOC. 1993. f f 5 ,  12378; d) 11. W. Gibson, M. C. Bheda, P. Engen, Y. X. 
Shen, J Sze ,  H ,  Zhang, M. D Gib.;on. Y Uelavi7. S.-H. Lee. S. Liu. L. Wang, 
D. Nagvekar, J. Rancourt, L. T Taylor, J. Org Chrii?. 1994, S9.21X6: e) H. W. 
Gibson. S. Liu, P. Lccavalier, C .  Wu, Y X. Shen. J A m  Chon. SIC 1995. I f  7. 
,352; f)  F. Diederich. C .  Dietrich-Buchecker. J.-F. Nicrengiirtcn. J:P Sanbagr, 
J ( ' /w in  Sir. Chrm. Coniniiai. 1995, 7x1 : g) F. VBgtle. M. liandel, S Mrier. 
S Ottens-Hiltlebraiidt, F. Ott, T. Schmidt, Lichig.r h n  1995, 739; h) P. R .  
Ashton, J. Hurl'', S. Menzer. I .  W. Par\ons, J. A. Preecc, J. F. Stoddart. M. S. 
Tolley. A. J. P. White. D. J. Williams, Chmii. En?. J .  1996. 2, 31 

[I41 a) H. Ogino, J Am. C h ~ i .  Sor. 1981, f03, 1303; b) P. L Anelli, P. R. Ashton. 
N. Spencer, A. M. Z. Slawin, J. F. Stoddart, D. J. Williams. Aw~<' iv .  Chwii. Inr. 
Ed. D i g / .  1991. 30. 1036, c) A. Harada, J. Li, M. Kaniachi, Nal1rr.r 1992. 356. 
325:  d)  G .  WenL, A. Kellci-, An,wr Ciicm. Ed. I n / .  Wig/ .  1992, 31, 19?; c) A 
Harada. J. Li. M. Kamachi. Nutcrre 1993. 364, 516: f )  H. Ogino, Ntw. J. C'lrt~in. 
1993. 17, 683; g) P. R. Ashton, D. Philp, N. Spencer. J. F. Stoddart, D. J. 
Williams. J Chiwi. Sot.. Chrni. Coninrirn. 1994, 181 : h)  G. Wenr. Aiigeiir Clicni. 
Ed. hi / .  Engl. 1994,33. 803; I )  H. Sleinian, f. Haxter. J:M. Lchn. K .  Rissanen. 
J C/fi'??f SOC.  C'/ lL'?l l .  C 'Oif l l l l I ln .  1995, 715. 

[I51 E. Wasserman. SCi. Am. 1962. 207, 94. 
[I 61 J.-M. Lehn. S~~prci i~ io/ i~ci i lur  Chmiiorr, VCH. Weinhemi. 1995. 
1171 a)  D. J. Cr;nn. A w p v .  Choir. / n i .  Ed Engl. 1988, 27. 1009; b)  D. J. Cram, 

(181 a) C .  J. Pedersen. .I Anr. C'hiwi. Soc 1967. 89, 7017: h) c'. 0. Uietrich- 
S(.icncc, 1983, 219. 1177. 

Buchecker. J.-P. Snuvage. Chiw. Rev. 1987.87, 795: c) C. I. Pcderaen, Arigcii 
Chuni. l i i t .  Ed. Engl. 1988, 27. 1021; d) D. l-1. Busch, J l i d  P/ienoni. Molc'i 
Xrc~ug 1992. 12, 389; e )  S. Anderson, H. Andci-son. J. K .  M. Sanders. A u .  
Cheiii. Re,\. 1993. 26, 46Y: f )  R. Hoss, F. Viigtlc. A n g i , ~ ~ .  C'l1e.m. ln/. Ed Enfl. 
1994. 33. 375. 

(191 a )  D. B. Amabilino, P. R .  Ashton. A. S. Kcder. N. Spencer, J. F. Stoddart. 
Angr i r  C'Jimiz. h i .  Ed F i g /  1994. 33, 1286: b) J.-F. Nicreiigaten, C. 0. Di- 
etrich-Buchccker. JLI-'. Sauvage, J Ani. Cheni. Soc. 1994. /f6, 375: c) D. 
Arinspach, P. R. Ashton, C P. Moore, N Spencer. J. k7. Stoddnrt. T. J. Wear. 
D. J. Williams, Angcii. C h m .  h t .  Ed. €rig!. 1993. 32. XS4; d )  D. Arin,pach, 
P. R. Ashton, R. Ballardmi. V. Balzaiii. A. Godi. C P. Moore. L. Prodi, N .  
Spencer. J. F. Stoddart. M. S. Tolley. T J. Wear. D. .I. Williams. (%iwi.  Eiir J. 
1995. 1. 33. 

[20] P. R. Ashton, J. A. Prcecc, J. E Stoddart. M S. Tollcy. D. .I  Williariis, A. 1 P. 
White. Syntlicsis 1994, 1344. 

[XI D. B. Aiiiabilino, P. R. Ashton, G. R. Brown, W. Ilayci. J. I-'. Stoddart. D. J. 
Williams, J Clicwi. Soc. Chwz. Cbinmun. 1994. 2479 

1221 For discussions of n-n interactions involving expcrimcntal and computational 
approachcs. see a) C A. Hiinter, J. K .  M .  Sanders, J. A m  C h t m  SOC. 1990, 
112. 5525:  h) W. L. Jorge ixn .  D. L. Severance. ihid. 1990, 112, 4768: c) F 
Coni. M .  Cinquini. R. Annuziata. T. Dwyer. J S.  Sicgel. ;hid. 1993. f 1 5 .  5330: 
d)  C. A Hunter, Aif,qcw. "iicni. hit 6 1  

[23] For discussions of hydrogen-bonding in t  
T-type interactionc, see a)  S. K. Burlcy, C .  A. I'etskv, S~ici icc~ 1985. 229. 2 :  
h) G .  R. Dcsiraju. Acc. C h r w  Re.> 1991. 24.  290: c) C. B. Aakeroy. K. R. 
Seddoii. Choiz. So<.. Rev. 1993. 397; d) S. Paliwell. S, Geib. C S. Wilcox. 

J. h i .  Chiw. Sot.. 1994. I I6 .  4497; e )  G. R.  Desirap, i l i i ,gni. .  Cheni. h i / .  Ed. 
Eiq .  1995, 34. 231 1 ; f )  M. Nishio. Y. Umczawi. M.  Hirovd. Y, Takeitchi, 
Tt.rrirhc~r/r~iii 1995. 51. 866.5. and references cited therein. 

[24] The concept of molecular switches has been around for thsec decades, since the 
Nobel Laureate R.  P. Feynman (Sur. R t v .  1960.43,45) proposed stusing infor- 
in;itioii in niolccules. While K .  E Drexlel- (Niriio~.rvrcni 

Munii/~icruriii~ md C'onipirtiitbni. Wile) , Nek York, 1992) h a s  proposed 
many inoIec~~I:~r devices based on chemical system\. the chcmiat has been con- 
structing molecular assemblies and supraiiiolecular arrays that possess switch- 
ing functions. Scc, for example, a) R. A. Bissell. A .  P. de Silva. H. Q. M .  Gu- 
naratne, P. L. M. Lynch, G. E. M. Maguii-e, K .  R .  A. S. Sandnnayake. Chmi. 
Sol.  Rev. 1992,21, 187, b)  B. L Fcringa. W. F. Jagcr. B. dc Liiiige. 7?lro/wdroii 
1993, 4Y, 8267, c) S.  H. Kawai, S. L. Gilat, J.-M. Lehn. J C'hiwi. SM. Chcni.  
~ ~ ~ n ? i n i ~ n i .  1994, 1011; d) T. R.  Ke l l y ,  M. C. Bowycr. K .  V. Rhnakar. D Beb- 
hingtoii, A. ( k c i a .  F. Lang, M. H.  Kim. M. P. Jrttc. J A m .  ( ' h c i ~ i .  SO(,. 1994. 
116. 3657; e) T. D. James, K .  K. A. S. Sandanayakc. S. Shinkni. A'LI/II~L, 1995. 
374. 345; f )  T. D. James. S.  Shinkai. J. C ' h o i i .  Sw. Chcni. Coiiinur~i. 1995. 1483: 
g) S. H .  Kawai, S. L. Gilat, R. Poniset. J.-M. Lehn. C/iwi Enr. .I 1995. 1 ,  275:  
h) S. H .  Kawai, S.  L. Gilat. J:M. Lchn, i / d .  1995. I ,  284. 

1251 P. R. Ashton. M .  Blower. D. Philp. N .  Spencer, .I. E Stoddart. M S. Tolley. R. 
Aall:irdini. M. Ciano. V. Bal7aiii. M .  T. Gaiidolfi. L Prodi, C. H McLean. 
.Veii- J f?Iiiwi. 1993, 17. 6x9 

[26] R. Dallai-dini. V. Balani.  M .  T. Gandolti. 1. Prodi. M. Vcnturi. D Philp. H. <;. 
Rickctts, J E Stoddart. Atigrw Chon. lnt .  Ed. Ei@. 1993. 32, 1301. 

1271 A C. 13enniston. A. Ilarriman. V. M.  Lynch, J. Ani. C'/ i i ' i i i  Sw. 1995. / / 7 ,  
5275. 

[28] a1 R. A. Bissell, 1. F. Stoddart. Coi?ipurotioii\ for rhc N i ~ i i o w i k .  Kluwer Am- 
deniic, 1993, Dordrccht, p. 141; h) R .  A. Bissell. E. Cbrdoc,i. A. E K d e r .  
1. F. Stoddwrt, Xcii i iw 1994. 369. 133. 

1291 a )  P. R. Ashton. R.  Ballardini, V Balrani. M. T. Gandolfi. L). J.-F Marquis, 1.. 
I'ere7-Garcia. L. Prodi, J. F. Stoddart. M. Venturi. J. Clrwi. 5iic.. C/~cin. Con- 
1*1f(n. 1994, 177; h) P R. Aahton, R. Ballardini. V. Balz,ini. A. Credi, M. T. 
Gandolli. S. Menzer. L. Perez-Garcia, L. Prod], J. F. Stoddart. M. Vciitiiri. 
A J P. White. D. J. Williams, J Am.  C h w ~ .  SO('. 1995, f 17. I I171 

[30] R .  Ballardini. V. Balrani, A. Crcdi, M. T. Gandolfi, S. J. 1,ang~ord. S. Mcnrer. 
1.. Prodi. J F. Stoddart. M.  Venluri, D J. Williams. Anpci r .  C ~ h c n i ,  /nr. kd 
Enx/. 1996, 3.5. 978. 

[31] A. I~iboi-cil. C. 0. Dictrich-Buclicckc~. J -P .  Sauvage, .I. A m  C'/iivii. .S(IC, 1994. 
I f 6 ,  9399. 

1321 M. Bauer. W. M. Miilisr, U. Muller, K. Rmanen. F V6gtle. L i d J i ~ p  A n n .  1995. 
649. 

[?3] a )  A.  IJcno. I. Suzuki. T. Osa,.L h i .  Chrni. So<. 1989. I f  I ,  6391: h) A. Ucno. 
1. Suruki ,  M. Fukushima. M. Okhubo. T. Osa, F. Hainada. K Murai. C'h~wi. 
Lrtr. 1990, 605; c) S. Minato, T Osa. A. Ucno. J C ' h u ~ .  So<. ~ / l < ' l J i .  COIWIIII~. 
1991, 1 0 7 :  d) K Hamasaki, A Ucno, I? Toda. T. Osa, BuO. C'h~~ni. S i x  .?/In. 
1994,67, 516: e )  M. Nakamura,  A. Ikeda, N .  Ise, T. Ikeda. H Ikedo, F. Todit. 
A. Ueno. J. Cheiri. Soc. Chon. C'ommufi. 1995, 721, f) R Corriidiiii. A. Dosse- 
na, R. Marchclli, A. Panagia, G Sartor, M.  Saviano, A. Loiiih:irdi. V. P~ivonc. 
Chtvir. bus, J .  1996, 2. 373. 

1341 S. Shinkai. M Jshihai-a. K .  U w d a ,  0. Manabe, J CYieni. SO<.. PorXiir 2i.iiir.v. /I. 
1985. 51 I 

[35] I K .  Lednev, M. V. Alfiniov, Si[prrrinoL,cu/~o. Si.reiiw 1994, I .  55 
[36] a )  H. L. Anderson. J. K .  M Sandcrs, Angcw. Chew. hit .  EX D i g /  1990, 

102, 1400: b) S. D. Erickson. J A. Simon, W. C. St i l l .  J. O r g .  ( ' h ~ ~ i i i .  1993, 
58, 1305; c) S. S.  Yuon. W. C. Still. Angeu. Chcwi. h i / .  ELI. Eng/, 1994, 33. 
2458. 

(371 C. J Brown. D. Philp. N. Spencer. J. F. Stoddart, I c r .  J. Chm. 1992. 32. 61. 
1381 A. C. Rcnniston. A. Harrimnn, S y n h r t .  1993, 223. 
1391 M. Hartmann. M. Racthe. Z. C % t w  1979. 19. 373 
1401 C. L. Bi-oun, D. Philp. J. F. Stoddart. ,Syn/cvr 1991. 462. 
(411 The hrelidth and length of the tetracationic cyclophme component are 7.0 .& 

and  10.3 ,&. respectively. The centroid of the hydroquinone ring is displaced 
sllghtlq olf-center toward the bipyridinium unit that IS proximal to the point 01' 
suhsti tuti~~n oftheprrri/-xylyI residue (3.49 A, cf. 3.53 .& to the distal hipyridini- 
urn unit). The centroid- centroid separations bctwcen the hydroquinone ring 
'ind ihep<inr-xylyl residues in the cyclophanc (T-type interactions) are 5 2 A t o  
the s~ihstituted rcsidue and 5.1 8, to the other r e d u e .  The twist iiiiglrs i n  the 
t w o  bip)ridiniuiii units are 14 and 20 (proximal, distal). and the correspond- 
ing bowing distortions are 13' and 19'. respectively. The OC,IH,O axis 01' the 
hydi-oquinone ring i s  i n c l i n e d  hy 48 to the inem plane o f t h e  cyclophnne. 

[42] Accoiiipanying this coplanar relationship hctwecn the ester function a i d  the 
pimi-xylyl residue IS an intramolecular [C- H . .  '01 hydrogen bond between 
m e  ofthc mcthylcne groups of the cyclophaiie and the carhonyl oxygen atoni 
of the ester.  the [H . ' '01 distance ib  2.3 A. 

[43] P. R.  Ashton. C. L. Brown. J. R. Chapman, R. T. Gallagher. J. E Stoddart. 
7 i . i r t r / i r ~ / r o i i  Lc/t. 1992. 33, 7771 

[44] P R. Aslilon. E. .1. T C'hryst,il. T. T. Goodnow, A. F.. Kaifer. K .  P. P'trry. 
A. M. Z. Slawin. N .  Spenccr. J. I7 Stoddart, D. J. Willi:ims. .I C % n n .  SO( ,  
Chiwi. ( 'owi i inin.  1991. 634. 

1451 E. L. Elicl, S. H. Wiclen, L. W. Mander, Stercoi~/ic,nzi.~rry of Or,qiniit. Coiii- 
pounds, Wiley. New York, 1994. 



V. Balzani, J. F. Stoddart et al. FULL PAPER 
3 

[46] I .  B. Berlman. Haridhook of Fluowscmcr Spectra of Awn?alic Compounds, 
Academic Press, London, 1965. 

[47] According to the Stern- Volnicr equation, cited in the following reference, the 
diffusion-controlled dynamic quenching of an excited state with lifetime 7.5 ns 
by a quencher having concentration 6.0 x 1 0 - 5 ~  has an efficiency lower than 
0.5%. 

[48] N.  J. Turro, Modern Molecular Phororhcmrsrry, Benjamin. Menlo Park. 
1978 

[49] a) P. R .  Ashton. D. Philp, N.  Spencer, J. F. Stoddart, J. Ckem. SUC. Chem. 
Comnzirn 1991. 1677; b) P. R. Ashton, C. L Brown. E. J. T. Chrystal, T. T. 
Goodnow, A. E. Kaifer. K. P. Parry, A. M. Z. Slawin, N.  Spencer, J. F. Stod- 
dart, D. J. Williams. Awgew. Ciwrr. Int .  Ea' Eng/ 1991. 30, 1039. 

170 ___ 

[50] V. Balrani, F. B;irigelletti, L. De Cola, R)p. Curr. Clrern 1990. 158. 31. 
[ 5  I] '3. J. Kavdrnos, Pkoroinducrd Electron Transfer, VCH, New York. 1993. 
1521 0. Johansen. A. W H. Mau, W. H. F. Sasse, ChPm. Pli~.s. Letr. 1983. 94, 107. 
[53] T. Watanabe, K. Honda, J P h p  Chem. 1982. 86. 2617. 
[54] Tricthanolamme could not be used because i t  reacts with the cdrboxylic group 

[SS] The [2]catenane 334' has been taken as a reference compound for the situation 
in which the tetracationic cyclophane 2S4+ is threaded by a 1.5-dioxynaph- 
thalene moiety unit. The other possible reference compound. namely 304+,  was 
not availahlc in a sufficient amount for electrochemical investigations. 

[56] G. M .  Sheldrick, SHELTXL PCRev. 5.03, 1994, Siemens Analytical X-Ray 
Instruments. Madison. WI. 

of 294'. 

(t'~ VCH ~~r/ag.sgese/ /schnfi  mhH. D-69451 Wcirrherm, IY97 OY47-6539,'Y7/0301-O170 $ 15.00+ .2S,'0 Chern. Eur. J 1997, 3. No. 1 


