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Abstract: As a result of cooperative noncovalent bonding 
interactions (namely, x--7[ stacking, [CH . . . 01 hydrogen 
bonding, and [CH . . ,711 interactions) supramolecular com- 
plexes and mechanically interlocked molecular compound.7- 
in particular pseudorotaxanes (precatenanes) and cate- 
nanes-self-assemble spontaneously from appropriate 
complementary components under thermodynamic and ki- 
netic control, respectively. The stereoelectronic informa- 
tion imprinted in the components is crucial in controlling 
the extent of the formation of the complexes and com- 
pounds in the first place; moreover, it has a very significant 
influence on the relative orientations and motions of the 
components. In other words, the noncovalent bonding in- 
teractions-that is, the driving forces responsible for the 
self-assembly processes-live on inside the final super- 
structures and structures, governing both their thermody- 
namic and kinetic behavior in solution. In an unsymmetri- 
cal [2]catenane, for example, changing the constitutions of 
the aromatic rings or altering the nature of substituents 
attached to them can drive an equilibrium associated with 
translational isomerism in the direction of one of two or 
more possible isomers both in solution and in the solid 
state. Generally speaking, the slower the components in 
mechanically interlocked compounds like catenanes and 
rotaxanes move with respect to each other, the easier it is 
for them to self-assemble. 
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Introduction 

A lot of large and ordered molecular and supramolecular bio- 
logical systems are constructed from small and simple sub- 
units by means of self-assembly processes.[’ - 31 Many of the 
features of self-assembling biological systems are illustrated by 
the tobacco mosaic virus (TMV) .[41 This viral particle is com- 
posed of a single strand of RNA (6400 nucleotides) encased in 
a protein sheath 3000 A long and 180 A in diameter. The protein 
sheath is formed from 2130 identical protein monomers, each 
containing 158 amino acid residues. A long time ago, it was 
demonstrated that the TMV can be dissociated into its compo- 
nent parts, and thereafter that the isolated components can be 
reconstituted in vitro, reforming the intact virus.[’] The assem- 
bly of TMV is an example of “strict self-assembly”. This term 
applies to a reversible process producing a final thermodynam- 
ically stable product upon combination of the “correct” compo- 
nents, which contain all the necessary stereoelectronic informa- 
tion for their “correct” self-assembly under the appropriate 
conditions. The reversibility of these processes, which result 
from the utilization of a range of cooperative noncovalent bond- 
ing interactions, drives the self-assembly of the final superstruc- 
ture (Figure 1) to a thermodynamic minimum. As a result, de- 
fective subunits are eliminated from the growing superstructure, 
ensuring a high degree of control. Furthermore, in some in- 
stances, identical repeating subunits are employed in building 
large superstructures, thus reducing greatly the amount of “ge- 
netic” information required to control the self-assembly pro- 
cess. A wide range of artificial systems that self-assemble under 
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Figure 1 .  Schematic representation of a self-assembly process occurring under ther- 
modynamic control. 
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thermodynamic control as a result of strict self-assembly 
processes relying upon noncovalent bonding interactions such 
as hydrogen bonding[6] and metal coordination[71 have been 
generated. 

A second category of self-assembly processes-- namely, self- 
assembly with covalent modification-is observed in naturally 
occurring systems. This category is normally reserved for self- 
assembly processes involving the irreversible formation of cova- 
lent bonds. Such processes fall into three classes: precursor pro- 
cessing,"] post-assembly processii~g,[~] and self-assembly with 
intermittent processing.["] All three classes display four com- 
mon characteristics: a) they are highly convergent; b) stable 
and structurally diverse superstructures can be synthesized from 
relatively simple subunits; c) the use of identical subunits keeps 
the information required to direct the formation of the final 
superstructure to a minimum; and d)  the reversible nature of 
the self-assembly processes leads to a preferred pathway which 
is self-checking and self-correcting. 

Self-assembly provides an efficient chemical means of creat- 
ing interlocked structures. Since Pedersen's discovery that 
crown ethers form complexes with organic as well as metal 
cations. numerous investigations of the binding of organic guest 
species with macrocyclic polyethers have been reported.[6b1 The 
complex formed by a macrocyclic component encircling a linear 
component has been termed a [2]pseudorotaxane, where the 
number in square brackets corresponds to the total number of 
components present in the superstructure. The noncovalent 
bonding interactions which drive the formation of pseudorotax- 
anes can be employed to synthesize [2]catenanes, where one 
macrocyclic component acts as  the template["] for the macro- 
cyclization of the other, leading inexorably to the interlocking of 
the two rings. The self-assembly mechanism that creates these 
catenanes operates by intermittent processing; that is, a cova- 
lent bond is formed, followed by a molecular recognition event 
before a second covalent bond is formed. The selectivities asso- 
ciated with such a process have been found"'] to be governed 
not by the thermodynamics of noncovalent bonding interac- 
tions but rather by the relative rates of covalent bond formation 
in the final competing cyclization steps. A fascinating example 
of kinetic selection operating during the intermittently pro- 

cessed self-assembly of unnatural products can be witnessed in 
the five-stage two-step template-directed synthesis of a 
[7]catenane,[13' outlined schematically in Figure 2. 

Discussion 

From [21Pseudorotaxanes to [ZlCatenanes: A wide range of syn- 
thetic methodologies for the self-assembly of catenanes has been 
developed in recent years by exploiting different host-guest 
interactions, for example, the binding of aromatic guests inside 
the cavities of cy~lodextr ins , [ '~]  metal coordination.["] and hy- 
drogen-bonding interactions between amide-containing macro- 
cycles['61 or ammonium ions and crown ethers.[hh1 In particular, 
the recognition between n-electron-deficient and n-electron-rich 
components has provided the inspiration['71 for the syntheses of 
a large family of mechanically interlocked compounds. 

The bipyridinium herbicide paraquat['81 is capable of form- 
ing strong complexes["] with macrocyclic polyethers incorpo- 
rating n-electron-rich recognition sites (Figure 3. left). The X- 
ray crystal slructure of the I : I  complex formed between 
bis-p-phenylene-34-crown-10 and paraquat reveals['"] a pseu- 
dorotaxane-like geometry in which the paraquat dication is 
threaded through the cavity of the macrocyclic polyether. The 
complex is stabilized by a) [CH . . . 0 ]  hydrogen-bonding inter- 
actionsrzo1 between the hydrogen atoms in the x positions with 
respect to the nitrogen atoms on the bipyridinium unit and the 
polyether oxygen atoms, and by b) n-n stacking interac- 
tions'*" between the complementary n systems. By reversing the 
role of the recognition sites, the x-eIectron-deficient bipyridini- 
uni unit can be incorporated into a host capable of binding 
n-electron-rich guests. Indeed, cyclobis(paraquat-y-phenylene) 
forms[221 a 1 : 1 complex with 1,4-bis(2-(2-methoxyethoxy)- 
ethoxy)benzene (Figure 3, right). The X-ray analysis reveals the 
complex to be stabilized by a) [CH ' '01 hydrogen bonding 
interactions between the hydrogen atoms in the x positions with 
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under kinetic control and involving thc self-assembly of a [3]catenanc intcrrnediate, 
followed by the self-asscmbly of a [7'i]catcnane. 

Figure 3. Noncovalcnt bonding interactions driving thc self-assembly of two 
12]pseudorotaxanes, as revealed by their single-crystal X-ray analyses. 
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Figiire 4. The “molecular ineccano” set ofbuilding blocks that have been employed 
as recognition sites and spacers in the x-electron-deficicnt and n-electron-rich con- 
ponents of pseudorokixanes and catenanes. 

respect to the nitrogen atoms on the bipyridinium units and the 
polyether oxygen atoms, b) [CH . . ‘n] interactions[231 between 
the 1,4-dioxybenzene hydrogen atoms and the n-face of the 
p-phenylene spacers in the letracationic cyclophane, and by 
c) n-n stacking interactions between the complementary n sys- 
tems. 

A great deal of effort has gone into modifying the macrocyclic 
polyether and tetracationic cyclophane components of these 
host-guest systems and the catenanes derived from them. A 
small selection of the building blocks that make up  a so-called 
“molecular meccano set” is shown in Figure 4. Two variations 
can be envisaged for the macrocyclic polyether component: 
modification of the aromatic units or modification of the 
polyether chains. The 1,4-dioxybenzene rings of bis-p- 
phenylene-34-crown-10 have been replaced with 1,3-dioxyben- 
~ene , [ ’~]  disubstituted naphthalene[251 and anthracener2,’ units, 
as well as by difluoro- and tetrafluoro-substituted [271 1,4-dioxy- 
benzene rings. Also furan[281 and p ~ r i d i n e [ ~ ~ ’  rings have been 
incorporated symmetrically into the polyether chains. Similarly, 
the bipyridinium recognition sites or the aromatic spacers of 
cyclobis(paraquat-p-phenylene) can be modified. The bipyri- 
dinium units have been replaced by tranx-I ,2-bis(4-pyridini- 
um)ethylene[30] and by 2,7-diazapyrenium units.[311 The p-  
phenylene spacer has been replaced by a rn-phenylene,[241 a 
2,5-disubstituted thiophene ring,[32] a 4,4‘-biphenylene unit,[331 
an (S,S)-hydrobenzoin fragment[341, and a metal-coordinated 
2,2’-bipyridine ligand system, as well as binaphthol and a 1,5- 
disubstituted naphthalene ring system.[351 In addition, n-elec- 
tron-rich and n-electron-deficient recognition sites have been 
located within the same molecule, creating self-complementary 
cyclophanes . I3  

12)Pseudorotaxanes: The bipyridinium-based tetracationic cy- 
clophane 1 . 4  PF, binds n-electron-rich guests, such as the 1,4- 
dioxybenzene-based derivatives listed in Table 1, with pseu- 
dorotaxane-like geometries both in solution and in the solid 
state. The values of the association constants (K,’s) of the corre- 
sponding complexes range from 17 to 3 8 0 0 ~ - ’  in MeCN at  
25 “C, varying significantly with the nature of the substituents 
attached to  the aromatic ring of the guests. Interestingly, very 
low association constants were obtained[371 for the compounds 

Tahlc 1. Association constants for the 1 ’ 1 complexes l‘oriiied between the tetrttcii- 
tioriic cyclophane 1.4PE’, and the I ,4-dinxyhcn7enc-haacd acyclic guests 2 -  I2 in 
MeCN at 29X K .  

Guest Ka [a1 -AG”[c] Ref 

R& M-1 kcal mol-1 

2 -OH 18 1.7 37b 
3 -0Me 17 1.7 37a 
4 -0- 28 2.0 37b 
5 - O 4 / O H  257 3.3 37b 
6 -o-OMe 290 3.4 37b 
7 -o/Go*OH 2200 4.6 37a 

g -o/to*o-OH 2240 4.6 37a 

1 0  - O ” - ~ - - ” O ~ ~ * O H  2520 4.6 37a 
1 1  -0- 22 1.8 37b 

0 -O’-”o”bMe 3800 [b] 4.9 22 

1 2  -0-OH 54 2.4 37b 

[a] Dctcrmined by spectrophotoinetric tiIralion ;it E.,,, (between 465 i t n d  479 nm) 
corresponding to the charge-transfer band ol‘ the complex. [h] Determined bq 
‘H N M R  spectroscopy employing the continuous viiri;ition method. [cl Ficc ener- 
gy of complexation oalculatcd froni the value of K,,. 

2-4 bearing hydroxy or alkoxy substituents. On rcplacing thc 
terminal methyl groups of 4 with hydroxy and methoxy groups. 
as in 5 and 6, respectively, the K, values of the corresponding 
complexes increase by approximately one order of magni- 
t ~ d e . [ ~ ’ ]  Further extension of the polyether chains. as in 7 and 
8, results in an increase in the K, values by approximately one 
order of magnitude more.[22.371 By contrast, only a small in- 
crease in the K ,  values is observed[”1 upon addition of one and 
two more bismethyleneoxy units, as in 9 and 10, respectively. 
These observations suggest that the [CH . ‘01 interactions be- 
tween the polyether oxygcn atoms and the hydrogen atoms lo- 
cated in the a-positions with respect to the nitrogen atoms on the 
bipyridinium units, which are observed[”] (Figure 3, right) in  
the solid state, are maintained in solution and are responsible 
for the large differences in the K,  values. Furthermore, the 
largest contribution to the attractive [CH . . ‘01 interactions 
arises from the second and third oxygen atoms (counting away 
from the aromatic unit) along the polyether chains, while the 
effect of the addition of a fourth and a fifth oxygen atom in 9 
and 10, respectively, on the K, values is significantly less pro- 
nounced. Consistently, removal of the second and third oxygen 
atoms from the substituent chains of I 1  results[371 in a dramatic 
decrease of the association constant. Intereslingly, when only 
the second oxygen atom is removed from the substituent chains 
of 12, a very low value of K, is measured,[371 suggesting that the 
third oxygen atom needs the second one to approach the bipyri- 
dinium units; that is, wrapping of the polyether chains around 
the bipyridinium units is driven by allosteric effects associated 
with the helicity of these chains. 

In order to  assess the effect on the molecular recognition 
event of the nature and substitution pattern of the aromatic unit 
incorporated within the guest, the K, values measured in MeCN 
at  25 “C for the complexation (Table 2 and Figure 5) of the 
acyclic polyethers 7 and 13- 18 by the tetracationic cyclophane 
1 .4PF6 were compared. The 1,4-dioxybenzene-based com- 
pound 7 is strongly bound[371 (K ,  = 2 2 0 0 ~ - ’ )  by the tetra- 
cationic cyclophane 1,4PF, .  Introducing two fluorine sub- 
stituents in the aromatic unit of the guest, as in the compound 
13, results in a in the association constant of the 
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Table 2. Association constants for the 1 :1 complexes formed between the tetraca- 
tionic cyclophane 1.4PF6 and the acyclic guests 7 and 13-18 in MeCN at 298 K 
~ ~ ~ 

Guest K, [a1 (M - A G  (kcalmol-') Ref. 

7 2200 4 6  37a 
13 15 1 7  27 
14 0 0 27 
1s > 5000 [b] > 5  25 
16 378 3.5 2s 
17 177 3.1 25 
18 221 3 2  25 

[a] Determined by 'H NMR spectroscopy employing the continuous variation 
method. [b] A value of 21 OOOM-'  was obtained by 'H NMR spectroscopic single- 
point determination in CD,CN at 298 K for the complexation of a guest analogous 
to 15 but incorporating p-r-butylphenoxy groups in place of the hydroxy groups. 

OnOnOH 

+ 

OuO-OH 

7 

4PFs 

OuOuOH 

13 14 15 16 17 18 

0 0 0 0  0 0 
0 0 - - - 

F 0 b 0 0 0 0 

Figure 5 .  Complexation of the n-electron-rich acyclic polyethers 7 and 13-18 by 
the tetracationic cyclophane 1 .4PF6 

Table 3. Association constants for the 1 : 1 complexes formed between the bis(hexa- 
fluorophosphate) salt 19.2PF6 and the macrocyclic polyethers 20-26 in MeCN at 
298 K .  

Macrocyclic K. [a] (M-') -AGO (kcalmol-') Ref 
polyether 

20 
21 
22 
23 
24 
2s 
26 

240 [b] 

0 
1190 
412 

970 

[CI 

[CI 

3.2 

0 
4.2 
3.6 

4.1 

- 

- 

31 
27 
27 
25 
25 
25 
25 

[a] Determined by UV/Vis spectroscopy employing the titration method. 
[b] Determined by 'H NMR spectroscopy in CD,CN at 300 K. An association 
constant of 7 3 0 ~ - '  was measured in Me,CO at 298 K by UV/Vis spectroscopy. 
[c] The K, value was not determined because of the low solubility of the macrocyclic 
polyether in MeCN. 

MeCN - - 
298 K 

I 
Me ZPF, 

- 

20 21 22 23 24 25 26 

0 0 
0 0 - - - 

F 0 
0 0 0 0 0 

corresponding complex by approximately two orders of magni- 
tude. This "damping" effect upon the K, value is a result of 
a) the electron-withdrawing effect of the fluorine atoms on the 
aromatic ring, as well as of b) stereoelectronic effects that force 
the guest 13 into a conformation unfavorable for its complexa- 
tion by the tetracationic cyclophane 1.4PF6. Further introduc- 
tion of two more fluorine atoms in 14 resultsr271 in no complex 
formation at all. These observations suggest that the x-n stack- 
ing interactions between the complementary aromatic units of 
the host and the guest are affected dramatically by the 
stereoelectronic nature of the substituents associated with the 
aromatic ring of the guest. By employing the 1,s-dioxynaph- 
thalene-based acyclic polyether 15, which possesses a larger n 
surface, a stronger complex (K,> ~ O O O M - ' )  is By 
contrast, when the I$-, the 2,6-, and the 2,7-dioxynaphthalene- 
based guests are employed,[251 the K, values are significantly 
lower (K, < 378 M -  '). Presumably, varying the substitution pat- 
tern alters the charge distribution on the dioxynaphthalene 
ring system, thus affecting the n-x stacking interactions be- 
tween the complementary aromatic unit of the host and the 
guest and sterically disfavoring the [CH . . '01 interactions 
between the polyether oxygen atoms and the bipyridinium 
protons. 

Similar effects have been observed for the binding of the 
paraquat bis(hexafluoroph0sphate) salt 19.2 PF, by a series of 
macrocyclic polyethers (Table 3 and Figure 6). The n-electron- 
rich macrocyclic polyether 20 binds 19.2 PF, with pseudorotax- 
ane-like geometries both in solution and in the solid state[lgl 

Figure 6. Complexation of the bis(hexdfluorophosphate) salt 19.2PF6 by the x- 
electron-rich macrocyclic polyethers 20-26. 

(K,  = 2 4 0 ~ -  in MeCN at 25 "C). Decreasing the electron den- 
sities of the two aromatic units incorporated within the macro- 
cyclic polyether by introducing four fluorine atoms as sub- 
stituents on each ring results in a reduction in the strength of the 
molecular recognition. Indeed, no complex formation was de- 
tected at all between 22 and 19.2PF6, either by 'HNMR or by 
absorption UV/Vis ~ p e c t r o s c o p i e s . ~ ~ ~ ~  By contrast, when the 
macrocyclic polyether 23, incorporating 1,s-dioxynaphthalene 
ring systems, was employed as the host, a K, value approximate- 
ly one order of magnitude higher was obtained (K, = 1 1 9 0 ~ - '  
in MeCN at 25 "C)  .r251 However, once more, varying the substi- 
tution pattern on the dioxynaphthalene units results in a de- 
crease in the K, values to 472 and 970 M -  ' (MeCN at 25 "C) for 
24 and 26, respectively.[251 

[2]Catenanes and [2]Rotaxanes: The [2]catenanes 34.4PF6- 
43.4PF6 can be se l f -a~sernbled[~~,~ '*  37a, 381 according to the 
synthetic route depicted in Figure 7. Reaction of the bis(hexa- 
fluorophosphate) salt 44.2 PF, with 1,4-bis(bromomethyl)- 
benzene 45 gives a tricationic intermediate which is bound by 
the preformed macrocyclic polyether-that is, the three compo- 
nents 44.2 PF,, 45, and the macrocyclic polyether self-assemble 
into an intermediate supramolecular complex. This intermedi- 
ate complex is perfectly set up to undergo a second ring-closing 
reaction to afford the corresponding [2]catenane, that is, the 
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Figure 7. Kinetically controlled self-assembly of [2]catenanes (top) and of [2]rotaxanes incorporating complementary n-electron-rich and n-electron- 
deficient components. 

self-assembled supramolecular inter- 
mediate is converted irreversibly into 
the final molecular compound as a re- [2]~atenane Yield [a] (%) Process I Process I1 Ref. 
sult of the kinetically controlled for- -AG: (kcalmol-’) (K) -AG: (kcalmol-’) T, (K) 

mation of a “mechanical bond”. This 

Table 4. Yields of catenations and free energy barriers for the dynamic processes associated with the [2]catenanes 
27’4pF6C33’4pF6. 

70 Ibl 15.6 [el 3 54 12.2 If] 247 37a 27.4pF6 
overall kinetically controlled self-as- 2&4PF6 3 [bl 12.4 [f] 279 11.6 [fl 240 27 

27 
30.4PF6 51 [cl 17.2 [el 361 12.7 [el 257 25 

35 [CI 13.5 [el 278 9.8 [el 208 25 

anes.f3’1 Thus, reaction of the bis- 33’4PF6 0 [dl 13.9 [f] 302 8.9 [f] in2 25 

(hexafluorophosphate) salt 44.2PF6 
with the bulky tetraarylmethane-based 
chloride 46 again gives a tricationic in- 
termediate that is immediately recog- 
nized and bound by the macrocyclic 
polyether. The self-assembled supra- 
molecular complex is then converted 
into a kinetically stable molecular structure-specifically, a macrocyclic polyether 20 incorporating two 1,4-dioxybenzene 
[2]rotaxane-after the irreversible formation of a second cova- rings is employed, the corresponding [2]catenane 27.4 PF, is 
lent bond. obtained in a yield as high as 70%.[371 This result is consistent 

The yields of the catenations after counterion exchange range a) with the ability of this same macrocycle 20 to bind the bipyri- 
from 3 to 89% (Tables 4 and 5 ) .  This range is a semiquantitative dinium-based guest 19.2PF6 (Table 3) and b) with the high as- 
measure of the efficiency of the molecular recognition event. sociation constant measured (Table 2) for the complexation of 
Thus, for example, when the macrocyclic polyether 22 incorpo- the 1,4-dioxybenzene-based guest 8 by the tetracationic cy- 
rating 1,4-dioxytetrafluorobenzene rings is employed, no cate- clophane 1 .4PF6. 
nane is detected.[”] This result is consistent with the observa- The dynamic processes illustrated in Figure 8 characterize the 
tions that a) the same macrocycle 22 does not bind the [2]catenanes in solution. Process I involves the circumrotation 
bipyridinium-based guest 19.2PF6 (Table 3) ,  and b) the tetra- of the macrocyclic polyether through the cavity of tetracationic 
cationic cyclophane 1 .4PF, does not bind the 1,4-dioxytetra- cylophane component: it exchanges the “inside” and 
fluorobenzene-based guest 14 (Table 2). By contrast, when the “alongside” aromatic units incorporated within the n-electron- 

- sembly process can be extended to the 29.4pF6 0 

locked compounds-namely, rotax- 32.4 PF, 0 [dl 14.4 [el 305 11.4 [el 226 25 

synthesis of other mechanically inter- 31 .4pF, 

[a] Yield of the [2]catenane after column chromatography and counterion exchange. [b] Reaction performed 
employing an excess (2.5 equiv) of the macrocyclic polyether with respect to the bis(hexafluorophosphate) salt 
44.2PF6 in MeCN for 27.4PF6 and in DMF for 28.4PF6 at ambient temperature and pressure. [c] Reaction 
performed employing an excess (6.0 equiv) of the bis(hexafluorophosphate) salt 44.2PF6 with respect to the 
macrocyclic polyether in DMF at ambient temperature and pressure. [d] No catenated products were obtained at 
ambient pressure and so ultrahigh pressure (12 kbar) was employed to obtain the [2]catenane. [el In CD,CN. [f] In 
CDJOCD,. 
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I;ible 5 .  Yields orcalcnation reactions and ratios between the translational isoinei-s 
.i<wci;ited with the [7]cateiianes 34.4Pl*,, 43.4PF, 

L31C'atrnanu Yield [a] ("4)  A : R  [h] K,, [c] - AG: (kcalmol I) Kef. 

34 4 I+(, 57 [d] > 9 5 : < 5  :,it) > l . l  27 
35,41'F,, 60 [d] 2 100:o 27 
36,41'F,, 50 [el 65:35 [f] 1.9 0.4 3x 

37-4PI.', 82 =1no:o 25 
38-4Pl:, 89 == 100 0 25 
39-41'Fb 14 :100:0 25 
40 4 PF<, 74 : 100:o 25 
41 4PF,, 15 =100:0 25 
42 4PF,, 84 2 1 0 O : O  25 
43,4PF, 25 :100:O 25 

~ 

35:65[g] 0.5 -0.4 
~ 

~ 

~ 

~ 

~ 

[ A ]  Yield of the [2]catenanc after column chromatography and couiitci-ioii ex- 
change. The rcactions were performed employing an excess (2.0 molar equivnlenty) 
of  the bis(hexafluoroph0sphate) salt 44 2 P t ,  with respect to the macrocyclic 
polycther 111 D;VF at amhicnt tcmperatiii-e and pressure. [bl Ratio of traiislatioiial 
isomer A to  translatioiinl isomer B (Figure 6) hoth a h o w  (CD,CN) aiid below 
(CD,COCD,) room temperature. [c] K,, = [A]![H]. [d] Reaction performed e n -  
ploying a n  ~ X C C S S  (2.5 equiv) of the macrocyclic polyether with respect to the 
hi~(li~.xaHuorophosphate) salt 44.7Pt',, in DMF for 34.4PF6 and in MeC" for 
35 4PF,, at ainhienl tcinperature and presaure. [el Keactioii performed employing 
;in cxccss [ 1 ,  I equiv) of them;icrocyclic polyether with respect to the bis(11exafluoro- 
phosp1i;rte) salt 44 2Pl-,, in  MeCN at ambient temperature aiid pressure [f] In 
CI>+<'OCD\ :it 243 K. [g] I n  CDJOCD, 81 243 K 

rich inacrocyclic component. Pro- 
cess 11 involvcs the circumrota- 
tion of the tetracationic cy- 
clophane through the cavity of the 
macrocyclic polyethcr compo- 
nent: it exchanges the "insidc" 
and "alongside" bipyridinium 
units. 111 the casc of the [2]cate- 
nanes 27.4 PF, -33.4 PF, , which 
incorporatc symmetrical macro- 
cyclic polyether components, thc 
free energy barriers associated 
with thc dynamic processes have 
been determined by variable tem- 
pcrature 'H NMR spectroscopy 
(Table 4).1253 2 7 , 3 7 a 1  Interestingly, 
significant differences in the val- 
ues of the coalesccnce tenipera- 
tures and of the corresponding 
h e  cncrgy barriers were ob- 
served, suggesting that varying 
the nature and the substitution 
pattern of one and/or both of the 
dioxyarene units incorporated 

0 8 
0 

Annn 
0 0 0 0 0  

I t  Process II 

nnnn 
0 0 0 0 0  

ouououo~o 

Process I - 
f--- 

- 
4PF6 

Process I 

___) - 
- 

4PF6 

nnnn 0 0 0 0 0  

4pF- 6 0 0 0 0 
6 uuuu 

Process II 

- A n n  
0 0 0 0 0  

bigure 8. Dynamic processes associated with the [2]catenanes In solution 

nnnn 
0 0 0 0 0  nnnn B A 0 0 0 0 0  

Figure 9. Translational isomers A and B associated with the [2]catenane\ 27-4 PF,43 '4PF, ,  

within the inacrocyclic polyether components affects signifi- 
cantly thc dynamic propcrties of the [2]catcnanes in solution. 

In thc case of the [2]catenanes 34.4PF6-43.4PF, incorporat- 
ing unsymmetrical macrocyclic pol yether components, the two 
translational isomers A and B (Figure 9) are different. In solu- 
tion, the ratios hetween the translational isomcrs A and B 
(Table 5 )  iange from 1OO:O to 35:65 ,  while, in the solid state, 
only one of the expected two translational isomers has been 
observed in all cases where single-crystal X-ray analyses have 
bceii performed.[25. 271 Furthermore, the major isomer observed 
in solution is always the one which is present exclusively in the 

solid state, translational isomer A. Interestingly, with the cxccp- 
Lion of the [2]catenanes 36.4PF6 and 43.4PF6, the selectivity 
observed for the translational isomerism can be related back to 
the association constant measured for the binding of the acyclic 
polyethers 7 and 13-18 (Table 2 and Figure 5 )  by the tetraca- 
tionic cyclophane 1.4PF6. As an example. the more abundant 
translational isomer A of thc [2]catenane 34.4PF6 is the one 
bearing the 1,4-dioxybenzene ring "inside" and the 2,Sdifluoro- 
1,4-dioxybenzene unit "alongside" the cavity of the tetracation- 
ic c y c l o p h a r ~ e . [ ~ ~ ~  Thus, it is not surprising that thc K, value 
associated with the binding of the 1,4-dioxybenzene-based guest 
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7 by the tetracationic cyclophane 1 ,4PF,  is approximately 
two orders of magnitude higher than that measured for the 
2,5-difluoro-1,4-dioxybenzene-based guest. Intercstingly, the 
[2]catenane 36.4PF,  shows['s1 solvent dependence of the equi- 
librium ratio between the two translational isomers. By increas- 
ing the dielectric constant of the medium, the inclusion of the 
1,5-dioxynaphthalene ring system inside the cavity of the tetra- 
cationic cyclophane is favored with respect to the inclusion of 
the 1,4-dioxybenzene ring. As a result, the ratio between the 
translational isomers A and B can be inverted by the use of 
CD,SOCD, instead of CD,COCD, . Hence, the [2]catenane 
36.4 PF, can be regarded as a chemically controllable molecular 
switch. In the case of the [2]catenane 43.4PF6, the ratio between 
the translational isomers is 300: 0 in favor of the translational 
isomer A, which incorporates the 2,6-dioxynaphthalene ring 
system inside the cavity of the tetracationic cyclophane compo- 
nent. This result apparently contrasts with the values of the 
association constant measured for the binding of the acyclic 
polyethers 17 and 18 incorporating 2,6- and 2,l-dioxynaph- 
thalene ring systems, respectively, by the tetracationic cy- 
clophane 1 ,4PF6 (Table 2). Presumably, the selectivity ob- 
served for the translational isomerism associated with the 
[2]catenane 43.4PF, is a result of steric effects which govern 
the conformation of the polyether chains in such a way as to 
favor the exclusive location of the 2,6-dioxynaphthalene ring 
system inside the cavity of the tetracationic cyclophane com- 
ponent. 

Reflections: The self-assembly of pseudorotaxanes (precate- 
nanes) and catenanes incorporating bipyridinium-based polyca- 
tionic and dioxyarene-based polyether components relies upon 
u series of'cooperative nonco valent bonding inteructions-name- 
ly, a) n--71 stacking between the x-electron-rich and the n-elec- 
tron-deficient complementary aromatic units, b) [CH . '01 hy- 
drogen bonding between the polyether oxygen atoms and the 
bipyridinium hydrogen atoms, and c) [CH . . n] interactions 
between the dioxyarene hydrogen atoms and the n: surfaces of 
suitably located p-phenylene spacers. 

Furthermore, the noncovalent bonding interactions which drive 
the self-assembly processes are maintained in the final .selfkssem- 
bled structures and superstructures, thus controlling their dy- 
namic processes in solution--namely, the relative motions of the 
interlocked components-as well as their solid-state geometries. 
As a result, the stereoelectronic injbrmation imprinted in tlie,free 
modular components is respcinsihle f i r  a) the efjiciencies of' the 
self-a.ssemb1yproc~~sse.s (reflected in the association constants for 
pseudorotaxane formations and in the yields associated with the 
catenations) and b) the structuralfeatures o f the  final molecular 
assemblies (namely, the selectivities associated with translation- 
al isomerisin observed in [2]catenanes incorporating unsyinmet- 
rical macrocyclic polyether components). 

Subtle chemical modijkution of the stereoelectronic properties 
o f  the simple .separate components, which can be achieved by 
design and synthesis, may clrnmuticullq uffect the strengths of' the 
noncovalent bonding interactions and, as a result, the qffi'ciencies 
ofthe seljlassembly processes and the structural properties iif thc3 
final interlocked molecular coinpounds. I n  particular, the n-n 
stacking interactions can he weakened by reducing the electron 
density on the dioxyarene recognition sites (e.g., by introducing 

fluorine atoms instead of hydrogen atoms) or ~ t r r n g t h ~ n ~ ~ t l  by 
increasing the degree of'x overlup (e.g., by employing the larger 
naphthalene instead of benzene rings). Similarly. the strcngth 
and cooperativity of the [CH . . '01 hydrogen-bondink interac- ' 

tions can be varied by changing the numbcr and dispositions of 
the oxygen atoms along the two polyether chains attached to the 
dioxyarene recognition sites. 

In conclusion ; a) the association cmstiints and the j.ielils usso- 
ciuted with the .self-assembly processes leuding to ( 2  Jpseiitio- 
rotaxanes and (2 Jcatenanes, b) the rutes of'thc di~ntmiic process- 
es in wiving the relative motions o f ' t h ~  mncrocjdic cwnponcwts o f  

(2Jcnt~~ane .s ,  and c) the equilibrium ratios hetn.een the titv 
trnnslutional isomers associated with /2/cutenune.s in corpora ti ti^ 
unsyniriwtricul inacrocyc1ic~pol~I.c.thc.r roniponents can rill hc, jinelj, 
tuned by introducing subtle stereoelec tronic prrtirrhntions into the 

x-electron-rich andlor the n-electrori-tl~~fi(.ieri t purts. Since the 
nature of the mechanical bond is so strong yct so wcak, it can be 
harnessed to remarkable effect in the production of molecular 
switches and  machine^.'^^.^'] 
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