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Abstract: The template-directed syntheses 
o f  two new tetraationic cycloplmnes, cy- 
clobis(paraquat-2,8-dibenzofuran) and 
cyclobis(paraquat-3,7-dibenzofuran), in- 
corporating dibenzofuran subunits has 
been accomplished. Initially, the cy- 
clophanes were self-assembled around a 
macrocyclic polyether template, bis-p- 
phenylene[34]crown-l0 (BPP34C lo),  to 
form catenanes: the mechanical bond or- 
der of the catenane formed determined the 
requisite "amacrocyclic" templates for 
synthesis of the free cyclophane. X-ray 
crystallography shows that both of the cy- 
clophanes possess rectangular covalent 
frameworks. Furthermore, these cyclo- 
phanes form self-assembled tapes in the 

Introduction 

solid state, since the dibenzofuran moi- 
eties have a tendency to associate with 
each other through crossed 7c-7c stacks. 
The dibenzofuran-containing catenanes 
also form two-dimensional supramolecu- 
lar arrays in the solid state on account of 
extended x-x stacking interactions. In 
addition, the serendipitous discovery of a 
plerotopic tecton (consisting of a dibenzo- 
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the chemistry of the In recent years, supramolecular chemistry - 
noncovalent bond-has become a rapidly developing field of 
contemporary science.['] Its evolution is limited only by the 
creativity of the chemists who fashion the superstructures 
for its two subfamilies, 1) the oligo(supra)molecular super- 
nzolc~cule.~,[21 whose discrete supramolecular structure is defined 
by the noncovalent association of a finite number of supra- 
molecular building blocks, and 2) the infinite, poly(supra)- 
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furan nucleus covalently linked from the 
2- and 8-positions by methylene groups to 
4,4'-pyridylpyridinium (hydrogen bond 
acceptor) and protonated bipyridinium 
(hydrogen bond donor) units) has been 
made. The tecton dimerizes in the solid 
state to form a supramolecular macro- 
cycle, since its complementary hydrogen 
bonding sites are oriented in a horseshoe- 
like fashion by the 2,s-disubstituted 
dibenzofuran unit. However, this super- 
structure is not retained in the 1 : 1 com- 
plex of the tecton with BPP34C10: 
cocrystallization of the tecton with this 
crown ether opens the macrocyclic two- 
component supermolecule to afford a 
hydrogen-bonded pseudopolyrotaxane. 

molecular szrpramolecular a r v ~ y . s [ ~ ~  formed by the noncovalent 
combination of a multitudinous, unspecified number of 
t e ~ t o n s . [ ~ ]  Solid-state supramolecular chemistry, that is, crystal 
engineeri~ig,'~] is an emerging domain within the realm of 
supramolecular chemistry; it seeks to rationalize the noncova- 
lent forces that determine the packing of a particular crystal to 
form specific supramolecular aggregates or arrays. with a view 
to the creation of new supramolecular materials,[h1 namely, 
functioning, organized nanostru~tures.[ '~ Many of the inter- 
molecular bonding tools available to the supramolecular scien- 
tist have been used for the noncovalent synthesis of polymeric 
supramolecular arrays by self-assembly.['] In particular, hydro- 
gen bonds,['] coordinate covalent bonds formed between metals 
and ligands,""] 7c-7t  stacking interactions," heteroatom- 
halogen interactions,"21 or combinations of these noncovalent 
interactions['31 have all been used as the supramolecular 
"adhesive" that holds the solid-state supramolecular polymer 
together. 

A recent report from our laboratories describes the solid-state 
supramolecular synthesis of mosaics and nanotubes employ- 
ing the plerotopic (self-complementary) cyclophane l4 + 

(Scheme 1) .[I4] The cyclophane has 7c-electron-rich and x-elec- 
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Scheme 1. Schematic representation of the two-dimensional mosaic formed by the 
noncovalent polymerization of the l4  + cyclophane. 

tron-deficient subunits alternating around its macrocyclic pe- 
riphery and acts as an endoreceptor. Complementary hy- 
droquinone and bipyridinium units n-n stack with each other 
to form a highly structured supramolecular polymer (specifical- 
ly, a mosaic) in two dimensions, while channels reminiscent of 
nanotubes are formed in the third dimension. Furthermore, we 

have recently outlined a practical 
synthesis of the organic molecular 
square cyclobis(paraquat-4,4-bi- tmg phenylene) z4+ on a preparative 
scale." The isolation of this tetra- 

@ cationic cyclophane in reasonable 
yield has permitted an examination 

+ 'wN + 
or its X-ray crystal structure. Once 
again, the formation of a supra- 
molecular polymer in the solid state 

is observed: partial and complete n-n stacking for the 
biphenylene and bipyridinium units, respectively, of this tetra- 
cationic cyclophane leads to a mosaic-like supramolecular ar- 
ray. Against this background, we decided to combine both of 
the features of these two systems, and designed organic molecu- 
lar quadrilaterals in which n-electron-rich and n-electron-poor 
subunits alternate around the periphery of the tetracationic 
cyclophane.['61 The tectons we have prepared contain the diben- 
zofuranl' ', 18] and 4,4'-bipyridini~m''~] (also termed viologen 

24+ 

or paraquat) subunits. We expected that the incorporation of 
thc dibenzofuran unit would facilitate the covalent synthesis o f  
the new tetracationic macrocycles. Their requisite dihalide pre- 
cursors are benzylic; thus the rate of formation of the organic 
molecular quadrilaterals is increased. This contrasts with the 
cyclophane 14', preparation of which gives a low yield (12%) 
and requires the use of ultra-high pressure (12 kbar).[I4' Fur- 
thermore, we hoped that the addition of thc dibenzofuuran moi- 
ety to the tetracationic cyclophanes (Figure l)  would add anoth- 
er dimension to our endeavors in solid-state supramolecular 
synthesis, perhaps yielding n-stacked two-dimensional arrays 
and nanotubes, analogous to the related cyclophane l4 ' .[I4' 

Dibenzofuran a 
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Figure 1. Organic molecular quadrilaterals containing dihenrofiiran and 4 , 4 -  
bipyridinium subunits. 

Results and Discussion 

Molecular Synthesis: We have employed a synthetic strategy 
involving 1) the initial preparation (using the supramolecular 
assistance to synthesis provided by a variety of noncovalcnt 
forces,r8f. 201 especially n--71 stacking interactions) of the tetraca- 
tionic cyclophanes around a macrocyclic polyether templatc 
leading to catenanes,[211 followed by 2) examination of the mc- 
chanical bond order of the catcnane formed, so that the appro- 
priate "amacrocyclic" for the synthesis of the non- 
interlocked, "free" tetracationic cyclophanes can be deter- 
mined [l 51 

2,8-Disuhstitution on the Dibenzojuran Subunit: Synthesis qf'rhc, 
(2JCatenune 5 . 4  PF, and the Tetracutionic Cyclophnne 6 . 4  PF,: 
Reaction of an excess of 4,4-bipyridine with 2,8-bis(chloro- 
methy1)dibenzofuran 3'231 in refluxing MeCN gave the dication- 
ic salt[241 4.2PF6 in 43% yield after counterion exchange with 
dry NH,PF,. The salt 4.2PF6 was then allowed to react with a 
slight excess of dichloride 3 in the presence of thc macrocyclic 
polyether bis-p-phenylene[34]crown-lO (BPP 34 C lo)'", 2h1 and 
a catalytic amount of NaI in MeCN at 20 "C for 19 d to givc the 
dibenzofuran-containing [2]catenane 5 . 4  PF, in 30 % yield 
after column chromatography and counterion exchange 
(Scheme 2).[27,281 The isolation of no catenanes with a higher 
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Scheme 2. Synthetis of the [?]catenane 5 . 4  PF, and the tetracationic cyclophane 6.4PF6 

mechanical bond order from this reaction suggested to us that 
a suitable x-electron-rich arene such as 1,5-bis[2-(2-hydroxy- 
etlioxy)eth~xy]naphthalene~~~~ (BHEEN) would act as a tein- 
plate for the formation of the uncatenated c y ~ l o p h a n e . [ ~ ~ ]  In- 
deed, reaction of the bis(hexafluorophosphate) salt 4.2 PF, and 
the dichloride 3 in the presence of BHEEN and a catalytic 
amount of NaI in MeCN at ambient teniperature/pressure for 
15 d gave the free tetracationic cyclophane 6.4PF6 in 49 % yield 
after anion exchange. However, the template effect of the n-elec- 
tron-rich arene is modest, since the tetracationic cyclophane was 
obtained in 40% yield in the absence of BHEEN under 
analogous reaction conditions, suggesting that the reactive 
pyridyl sites are juxtaposed in an orientation favorable for thc 
closure of the macroring on reaction with the dichloride 3; that 
is, the “stiffening” effect of the dibenzofuran moiety encourages 
the macrocyclization by reducing the entropy cost of the final 
ring closurc. 

Serendipity has played an important role in the development 
of supramolecular chemistry,[3 ‘ I  beginning with Pedersen’s dis- 
covery of the crown ethersc3*1 and continuing up to contempo- 
rary catenane syntheses.[”’ In our earliest preparations of the 
dicationic salt 4.2PF6 we discovered a novel compound by 
chance when 4.2CI was treated with an aqueous solution of 
practical grade NH,PF, . This novel compound gave a deep red 
solution, suggestive of charge transfer interactions, when mixed 
with BPP34ClO in MeCN or Me,CO, and was bound by this 
macrocyclic pol yether with a high association constant (vide 
infra). Neither 541 nor 64+ was produced when the novel com- 
pound was treated with the dichloride 3, in the presence or 
absence of BPP34C 10, in MeCN for 6 weeks at 20 “C. Despite 
some chemical shift differences, the compound has a similar 

‘HNMR spectrum to that of4.2PF6, 
the protons on the benzyl rings of the 
dibenzofuran unit and the protons on 
the bipyridinium unit apparently being 
equivalent. Unlike 4.2PF6, the com- 
pound did not decompose on heating. 
Analysis showed it to be [4.2PF, 
+ HPF,], and the structure was shown 
by X-ray crystallography (vide infra) 
to be 4-H.3PF6, consisting of a cen- 9 

H 
4-H.3PFs 

tral dibenzofuran nucleus covalently linked to 4,4‘-pyridylpyri- 
dinium and protonated bipyridinium units by methylene 
bridges. 

3,7-Disuhstitzction on the Dibenzufuran Subunit--Synthesis qf 
the (3JCatenane 9.4 PF, and the Tetracationic Cyclophane 
10.4 PF,: The 3,7-disubstituted analogue of 4,2PF,, namely 
8.2PF6, was readily acquired in 86 YO yield from the reaction of 
3,7-bis(bromomethyl)dibenzofuran 7[341 with a surplus of 4,4‘- 
bipyridine, followed by counterion exchange (Scheme 3). Reac- 
tion of this dicationic salt with the dibromide 7 in the presence 
of BPP34ClO furnished the [ 3 ] ~ a t e n a n e [ ~ ’ . ~ ~ ]  9.4PF, in 18% 
yield after column chromatography and counterion exchange. 
The formation of the [3]catenane implied that, like cyclobis- 
(paraquat-4,4’-biphenylene) (Z4+),[’ ’I ferrocene (FeCp,) and its 
derivatives should be effective templates for the synthesis of the 
corresponding “free” tetracationic cyclophane 10.4PF,, since 
their x-electron-rich cyclopentadienyl rings can associate with 
the x-electron-deficient bipyridinium units of the intermediates 
by n-n stacking interactions. In fact, the tetracationic cy- 
clophane 10.4PF6 is obtained in a remarkable 37% yield (after 
counterion exchange) when the dibromide 7 reacts with the dica- 
tionic salt 8.2PF6 in the presence of 22 molar equivalents of 
FeCp, in MeCN/DMF at 20 ”C for 17.5 days. In contrast, the 
yield of the tetracationic cyclophane was a meager 6 Yo when the 
reaction was carried out in the absence of FeCp, under other- 
wise identical conditions. We believe that the increased efficien- 
cy of both the template-directed and template-free syntheses of 
the lo4+ cyclophane (cf. the isolated yields for 2.4PF6 are 10% 
and 2% for the FeCp,-present and FeCp,-free preparations, 
respectively” ‘I) can be attributed to the loss of the rotation 
about the bond joining the two benzene rings of the rigidly fixed, 
fused polyaromatic dibenzofuran system. This moiety holds the 
reactive nucleophilic and electrophilic sites within the acyclic 
tricationic intermediate in a relatively rigid orientation, where 
they are more predisposed to form the tetracationic macrocycle. 

Association Constants: We have evaluated the association con- 
stants (K,) of the tetracationic cyclophanes with the templates 
used for their synthesis in order that we might obtain a correla- 
tion between the yields of the template-free and template-direct- 
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Scheme 3. Synthesis of the [3]catenane Y.4PF6 and the tetracationic cyclophane 
10.4PF6. 

ed preparations and the stability constants of the com- 
plexes (Table 1 ) .  Solutions containing equimolar quantities of 
BHEEN and 6.4PF6 in MeCN are very pale pink, qualitatively 
indicating a low stability constant for the [6.BHEENI4+ com- 
plex. The modest association constant calculated for this com- 
plex (Table 1) compares well with the relative inactivity of the 
BHEEN molecule to act as a template for the synthesis of the 
64+ macrocycle. The fused polyaromatic dibenzofuran spacer 
makes the cavity and, hence, the distance between the two 
paraquat subunits much larger than in cyclophanes possessing 
smaller connector units such as p-phenylene (K,  = 
5 6 0 0 ~ -  ') .[30d1 As a consequence of the increased width of thc 
cavity, the BHEEN molecule fits less than ideally into the 
macrocyclic void of the cyclophane. In order to maximize stabi- 
lization through K-K stacking interactions, the cyclophane must 
distort itself, bending the viologen subunits inwards toward the 
center of the cavity. Solutions containing equimolar amounts of 

Table 1. Association constants (K,) and derived free energies of complexation 
( -AG')  for the [6.BHEENI4+ and [10.FeCp,14+ complexes in MeCN at 2YX K. 
and for the [4-H.BPP34C10]'+ complex in Me,CO at 298 K. 

Complex K, (M- ' )  - A G  (kcalmol-') E.,,,, [c] (nm) 

[a] The association constants were evaluated by UVIVis spectroscopy by means of 
the titration methodology (ref. 1371). [b] The stability constant was measured by 
' H N M R  spectroscopy with the titration method (refs. [17,38]). 'The protons on the 
tetracationic cyclophane situated in the /I position with respect to the bipyridinium 
nitrogen atoms were used as the probe nuclei. [c] Wavelength corresponding to the 
maximum of the charge-transfer band originating from the interaction between thc 
viologen unit and the hydroquinone or  1,5-dioxynaphthalene ring systems. 
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FeCp, and the tetracationic cyclophane 10,4PF,, in MeCN are 
green as a result of charge-transfer interactions between the 
x-electron-rich cyclopentadienyl rings of the metallocene and 
the x-electron-deficient viologen units of the macrocycle. The 
association constant observed for the [10.FeCp,14+ complex is 
small and is characteristic of these ' Neither the 
[6.BHEENI4+ nor the [lo. FeCp,14+ complex could be ob- 
served in the "gas phase"-the LSI mass spectra of i : 1 solu- 
tions containing the constituents of each complex displayed 
only peaks for the tetracationic cyclophanes and its associated 
template. Nonetheless, the formation of both complexes in solu- 
tion was ascertained by 'H NMR spectroscopy (vide infra). The 
presence of the dicationic viologen unit in the covalent frame- 
work of the [4-HI3 + system ensures that a p s e u d o r ~ t a x a n e , ~ ~ ~ ~  
in which one of the sidearms of the trication is inserted through 
the cavity of the macrocyclic polyether, is formed with 
BPP34C10. Solutions of BPP34C 10 and 4-H.3PF6 assume a 
deep red color as a result of charge-transfer interactions, quali- 
tatively indicating a large binding constant for the [4- 
H.BPP14C IOl3+ adduct. Indeed, the calculated value of K, 
(Table 1) is somewhat higher than would be expected from com- 
parison with similar systems,[401 perhaps indicating some inter- 
action of the macrocyclic polyether with hoth sidearms of the 
trication. Moreover, the observed association constant con- 
trasts with that of systems bearing only 4,4'-pyridylpyridinium 
units that are not bound by BPP 34C 10.[251 The presence of the 
pseudorotaxane complex in the "gas phase" was also corrobo- 
rated by the manifestation of peaks at m/z 1333 and 1 1  87 in 
the LSI mass spectrum, individually corresponding to the 
[4-H 1 BPP 34 C 10][PF,], and [4. BPP 34 C 1 O][PF6] species. 

'HNMR Spectroscopy: The formation of the inclusion com- 
plexes [6.BHEENI4+, [10.FeCp,14+, and [4- H . BPP 34 C 1 OI3+ 
is indicated by the 'H NMR chemical shift data in Table 2 .  The 
'H NMR spectra of all of these 1 : 1 complexes exhibit time-aver- 
aged sets of signals, indicating that the rate ofcomplexation and 
decomplexation is rapid on the 'HNMR t ime~ca le . [~ '~  The 
small chemical shift changes detected for both components of 
the [6.BHEENI4+ complex may be compared with the low asso- 
ciation constant observed for this 1 : 1 complex, thereby reflect- 
ing the fact that the complementary x-electron-rich and x-elec- 
trou-deficient sites are too far apart in the complex to achieve 
optimal x-?I stacking. Similarly, we noticed small chemical shift 
changes (on account of the second-sphere c ~ o r d i n a t i o n ' ~ ~ ]  es- 
tablished by x-n stacking interactions between the x-electron- 
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Table 2. ‘ H N M R  chemical shift data ( 6  values) for compounds and complexes in CI),CN or (CD,),CO at 20‘C 
~ ~~~~ 

Polycationic Component Neutral Component 
X-CH /I-CH CH,N+ Dbf C H  [el ArH OCH, CPH 

~~~~~~ ~ 

BIIEEN [a] 

[6 BHEEN][PF,], kd.d.g] 
BI’P34C10 [b] 

FeCp, [a] 
10. PFo [a] 
[IO. F’eCp,l[PF~I, [ad-gl 
9.4PF,, [b,~]  
4-H.3PF6 [b] 
[4 -H~BPP34ClO][PF,], [h,d,h] 

6.4PF, [a] 

5.1PF, [h] 

[4 H.BPP34C10][PF6J, [b.d.il 

- - - 

8.89 8.25 5.92 7.76. 7.83, 8.00 
8.88 8.19 5.91 7.75, 7.84, 8.00 

9 2h 8.32 6 30 7.88. 7 97, 8.22 

8.93 8.24 5.94 7.43, 7.68, 8.15 
X.91 8.13 5.92 7.46. 7.70, 8.19 
9 20  8.17 6.13 7.84, 11.13, 8.32 
9.11, 9.44 8.35. 8.71 6.30 7.81, 7.92, 8.42 
9 00, 9.30 8.05, 8.42 6.30 7.X5. 7.96, R.44 
8.98, 9.26 7.99, 8.38 6.30 7.85, 7.96, 8.44 

~ ~ - 

- - 

- -~ 

6.95, 7.39. 7 XI 3.62, 3.92. 4.27 ~ 

6.91, 7.31, 7 71 
6.78 3.63. 3.79. 3.9X - 

6.03 3 61-3.83 - 

- - - 

3.63, 3.91. 4.25 

- ~ 4.15 

- 4.02 
- 

- 

3.97 [f], 6.19 3.41, 3.68. 3 76-4.11 - 

6 45 3.75, 3.78 - 

6.35 3.74, 3.81 

[a] Spectra ohtaincd in CD,CN. [b] Spectra recorded in (CD,),CO. [c] Spectrum recorded at 253 K. [d] Spectra of an equimolar solution of’ both components. [el Protons 
situated on the dibenzofuran moiety. [f] The identity of this resonance was ascertained from a saturation transfer experiment. [g] The concentration of both Components 
was 5.5 x 1 0 - - 3 ~  [h] ‘The concentration of both constituents was 6.0 x IO-,M. [i] The concentration of both components was 2.7 x ~ O - ’ M .  

rich cyclopentadienyl rings of the mctallocene and the n-clec- 
tron-deficient viologen units of  the cyclophanc) for the reso- 
nances of the components of the [10.FeCp,J4+ inclusion com- 
plex. On the othcr hand, both the bipyridinium units of the 
[4 - HI3+ trication and the hydroquinone units of the macro- 
cyclic polyether BPP34C 10 are shifted far upfield in 1 : 1 solu- 
tions of both of these components, indicating a strong degree of 
intercomponcnt association between each of the constitucnts of 
this complex as a result of n- n: stacking and other interactions. 
Moreover, these shifts bccome more pronounced at  higher con- 
centration (Table 2), perhaps indicating the formation of a hy- 
drogen-bonded pseudopolyrotaxane with extcnded donor-ac- 
ceptor n-n: stacking interactions, as observed in the solid state 
(vide infra). 

The Lricationic salt 4-H.3PF6 exhibits (Table 2) a ‘HNMR 
spectrum whercin both of the benzyl rings of the dibenzofuran 
system and both of the viologcn rings appear to be equivalent, 
that is, ancillary protons on distinct [4-HI3’ units undergo 
rapid exchange between the nitrogen atoms of the heterocyclic 
extremities of the trication. These peaks were only slightly 
broadened when the solution was cooled down to 183 K: that is, 
we could not obtain quantitativc information concerning thc 
exchange process. Nevertheless, when the a-protons located ad- 
jacent to the terminal nitrogen atoms were irradiated at - 10 ”C 
we detccted an NOE for the broad peak (encountercd becausc 
of water and exchangeable protons) located at  ca. 6 = 5.6, thus 
proving the existence of the protonated nitrogen atom. When 
this (CD,),CO solution of 4-H.3PF6 (2.7 x 1 0 - 2 ~ )  was dilut- 
ed ( 6 . 0 ~  1 0 - 3 ~ )  this resonance was shifted t o  higher field 
(Ad = - l . l ) ,  indicating decreased amounts of [N’-H. . .N]  
hydrogen bonding at lower concentration. This contrasts with 
the othcr resonances of the [4-HI3+ trication, the chemical 
shifts of which were not concentration-dependent. 

‘ H N M R  chemical shift data for both thc catenanes S .4PF6 
and 9.4PF6 are also reported in Table 2. The kinetic and thcr- 
modynamic p a r a m ~ t e r s [ ~ ~ l  for the circumrotation of the 
BPP 34C 10 component(s) through the cavities of the tetraca- 
tionic cyclophane (process 1)[44] of the catenanes were evaluat- 
ed (Table 3). In  the [2]catenane 5 .4PF6,  it is not possible to 
distinguish between the “inside” and “alongside” environments 
of the hydroquinonc ring protons, cven at  a temperature as low 

as 210 K.  An estimated value of the activation energy barrier for 
process 1 was obtained by assuming the half-height lincwidth 
(oIl2) to be 2 H z  in the absence of exchange. The value 
obtained (12.6 kcalmol-’) shows a decrease of almost 
3 kcalmol- ’ when compared[251 with the corresponding pro- 
cess for the [2]catenane 11.4 PF,, in which the bipyridinium m>no 

&J))OJ 
$+z + N  4 

11.4PFG 

units of the tetracationic cyclophane are linked by p-xylyl spac- 
ers. This presumably reflects the presence of a larger cavity in 
the tetracationic cyclophane S.4PF6 and, hence, the substantial- 
ly reduced stabilization provided by the n:-acceptor/n:-donor/n:- 
acceptor recognition motif. Table 3 also gives the activation 
energy barrier associated with proccss 2,[441 involving thc cir- 
cumrotation of the tetracationic cyclophanc through the cavity 
of the BPP 34 C 10 macrocycle, for the [2]catenane 5 .4  PF, . Once 
again, the calculated value for this exchange process is ca. 
1 kcalmol-’ lower than that for the same process observed in 
the [2]catenanc 11 .4PF,,r251 similarly highlighting the weaker 
aryl- aryl stacking interactions in 5 .4  PF,, when compared with 
its congencrs possessing smaller spacer units between the bipyri- 
dinium moieties. In the ‘H N M R  spectrum of the [3]catenane 
9 .4PF6 (recorded in (CD,),CO at  ambient temperature), the 
signals for thc alongside hydroquinone ring protons are not 
evident; they are too broad to be observed and are assimilated 
into thc spectrum baseline. This feature shows that the circum- 
rotation of the BPP34C 10 macrocycles through the central 
void of the tetracationic cyclophane in 9-4PF6 (i.e., pro- 
cess is much slower than in the related [3]catenane 
12.4PF6,r351 in which the 3,7-dimethyldibenzofuran spacer 
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12-4PF~ 

units are replaced by p,p’-bitolyl units, Accordingly, we have 
estimated (Table 3) that the free energy of activation for the 
circumrotation of the macrocyclic polyether rings through the 
cavity of the tetracationic cyclophane is some 2.2 kcal mol- 
greater for 9’4PF, than for the comparable circumrotation in 
the congener 12.4PF,. This probably relates to the reduced 
width of the cyclophane cavity in the former (verified by X-ray 
crystallography, vide infra) which makes the circumrotation of 
the crown ether rings through the cyclophane central void more 
difficult. 

Table 3 Kinetic and thermodynamic parameters [a] relating to the proposed processes 1 and 
2 obtained from the temperature-dependent 400 MHz ’H N M R  spectra recorded for the 
[?]catenanc 5.4PF, and the [3]catenane 9.4PF, in (CD,),CO. 

OC,H,O (26) (82) (260) (12.6) [c] 1 
5.4PF0 E-CH 187 187 237 11 4 2 

b-CH 80 178 232 10.8 2 
9.4PF, OC,H,O 888 1970 304 12.9 1 

[a] Unparenthesized data relate to the coalescence method (ref. [43a]). (b) Parenthesized 
data relate to the exchange method (ref. [43b]). [c] For calculation of the data, it was 
assumed that ( o , , ~  is 6 Hz in a situation of no exchange (see text for details) 

X-Ray Crystallography: The presence in the X-ray crystal struc- 
ture (Figure 2) of three PF, anions, coupled with the unam- 
biguous location of only a single hydrogen atom attached to one 
of the 4-pyridyl rings, confirmed the 4,4‘-pyridylpyridinium - 
dibenzofuran- bipyridinium constitution of the [4- HI3 + trica- 

Figure 2. The covalent framework of the [4-HI3+ trication 

tion. The presence of comple- 
mentary hydrogen bond donor 
(bipyridinium) and acceptor 
(4,4‘-pyridylpyridinium) units 
within the covalent framework 
of the trication establishes its 
ability to behave as a plero- 
topic tecton. The dibenzofuran 
moiety has a planar geometry, 
but both the 4.4‘-pyridylpyri- 
dinium and bipyridinium units 
exhibit twists between their 
heterocyclic rings. Whereas in 
the monocationic unit this 
twist angle (12”) is relatively 
small, in the dicationic unit it is 
large (56”). On account of 
the complementary hydrogen 
bonding sites being directed in 
a horseshoe-like fashion by the 
fused polyaroniatic dibenzo- 
furan nucleus, pairs of Ci-relat- 
ed tectons are linked by the 

0 

0 

Figure 3 .  Ball-and-stick portrayal 
of the supramolecular inacrocycle 
produced by the noncovalent dimer- 
ization of the [4-HI3’ trication. 

[ N + - H . . . N ]  supramolecular synthonr4” ( N . . . N ,  H . . . N  
distances 2.76, 1.87 A, [N+-H. . .N]  angle 168”) to form 
(Figui-e 3) a noncovalently-linked “macrocycle”,[16a~ 461  that is, 
a two-component supe rm~lecu le , [~~~  possessing a cavity with an 
approximate length and breadth of 20.8 and 7.7 A, respec- 
tively. The included Me,CO and Et,O molccules are located 
within this cavity. Inspection of the packing of these 
supramolecular macro- 
cycles reveals (Figure 4) 
both the dibenzof~ran[~’] 
and the 4,4-pyridylpyri- 
dinium subunits to be in- 
volved in extended n - ~  
stacking interactions to 
form a two-dimensional 
mosaic-like sheet. The 
mean interplanar stack- 
ing separation for the 
4,4‘-pyridylpyridinium 
units is 3.7A, while that 
for the dibenzofuran moi- 
eties is 3.4 A. Adjacent 
sheets are appreciably 
offset with respect to each 
other but there are still 
channels within which the 
anions and solvent mole- 
cules are located. 

The solid-state struc- 
t ~ r e ’ ~ ~ ]  (Figure 5 )  of the 
1 : l  complex formed 
between [4-HJ3’ and 
BPP34C 10 shows the 
horseshoe-shaped trica- 
tion to have one of its 
sidearms inserted through 

Figure 4. Ball-and-stick view of’ the iwo- 
dimensional mosaic-like sheet produced by 
the noncovalent polymerization of the 
[(4 - H)3t]2 supramolecular macrocycle. 
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n 

Figure 5.  Riill-and-stick representation of the [4-H-BPP34C I O l 3 +  pseudo- 
rotaxane. 

the center of the crown ether cavity; this arm is sandwiched 
between the two hydroquinone rings, while the other is posi- 
tioned alongside one of the hydroquinone rings. The mean inter- 
planar separations between the inside and alongside hydro- 
quinonc rings and the inside arm 4.1 and 3.7 A, respectively, 
whilc the separation between the inside hydroquinone ring and 
the alongside arm is 3.8 A. The twisting angles between the 
heterocyclic rings within each cationic component are 15" 
(inside) and 9' (alongside). It was not possible from the 
X-ray data to establish which of the two terminal nitrogen 
atoms is protonated. As with the free trication, thc tectons 
are linked by [N' -H ' .  N] hydrogen bonds (2.67, 2.76 A). 
However, in contrast to the supramolecular macrocycle forma- 
tion observed with free [4-HI3+, the self-complementary tec- 
tons here are linked end-to-end to form a hydrogen-bonded 
pseudopolyrotaxanerSo1 superstructure, that is, a supramolecular 

in which the pattcrn of x-donor/n-acccptor stacking 
extcnds to include both the alongsidc hydroquinone rings and 
the alongside sidearm (Figure 6). The mean interplanar stack- 

Figui-c 6. Ball-and-stick vicw of part of the hydrogen-bonded paeudopolyrotaxane 
snperstriiclure produced by the noncovalent polymerization oC the [4-H 
HPI'34C 1 0 1 ~ '  pseudorotaxane. 

ing separation between these two latter components is 3.8 A. 
Unlikc in free [4-HI3+, here there is no stacking of adjacent 
dibenzofuran ring systems. 

In terms of the demeanor of the hydrogen-bonded superstruc- 
ture produced by the [4-HI3+ trication, the difference in the 
crystal structures between the uncomplexed tecton and its 
BPP34C 10 cocrystal amounts to a notable superstructural 
change from a dimeric supermolecule to a polymolecular 
supramolecular array (Scheme 4).["] This system may also rep- 
resent a prototypical solid-state supramolecular device:"b, '3 ''1 

I I 

+ 

,. 
PQ 

3PF; f 
4-H-3PF8 N+ 

H 

J021 
0 0 Q BPP34C10 @ 
0 q0g3 

I l +n: + BPP34C10 

- BPP34C10 

+ 

Scheme 4. Schematic presentation of the BPP 34C lomediated interconversion be- 
tween the dimeric [(4-H)3+], supramolecular macrocycle and the pseudopolyro- 
taxane supramolecular array, produced by noncovalent polymerization or the [4- 
H.BPP34C IO]' ' pseudorotaxane. in the solid state. 

by opening thc noncovalently-linked supramolecular macro 
cycle, the macrocyclic polycther BPP 34C 10 effects mcchan- 
ical switching from the closed supramolecular macrocycle 
to the open, pseudopolyrotaxane supramolecular array. 

The X-ray structural 
analysis (Figure 7) of 
6,4PF, shows it to pos- 
sess an open cy- 
clophane-like structurc 
with approximate Ci 
symmetry and overall 
dimensions of ca. 
8.5 x 11.8 A.  The two 
dibenzofuran moieties 
are consequently orient- 
ed in an cznti geometry 
with respect to one an- 
other and are seen to be 
tiltcd by ca. 63 and 66" 
with respect to the mean 
plane of the macrocycle 

U (as defined by the 

atoms). The two bipyri- cyclopliane. 

Figure 7. Ball-and-stick representation of 
four Inethylene the covalent fraincwork of the 64' 
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Figure 8. Ball-and-stick repre- 
sentation of the self-assembled 
tape produced by the noncova- 
lent polymerization of the 64+ 
cyclophane. 

dinium units exhibit twisting (2",  
15") and bowing ( l l " ,  14") distor- 
tions, their overall mean planes 
both being tilted in the same di- 
rection with respect to the mean 
plane of the macrocycle, that is, a 
shearing deformation. This de- 
formation is slight and does not 
produce any significant reduction 
in the free pathway through the 
macrocyclic center. Both diben- 
zofuran moieties are involved in 
z-z stacking interactions[4s1 
(Figure 8) with their Ci related 
counterparts with a mean inter- 
planar separation of 3.48, in 
both instances, to form a self-as- 
sembled tape, produced by the 
solid state noncovalent polymer- 
ization of the 64f tetracationic 
macrocycle. Thc bipyridinium 
units, on thc other hand, are not 
involved in any intercation stack- 
ing interactions. Viewed down 
the crystallographic c direction 
(Figure 9), adjacent cyclophanes 
are seen to form nanotube-like 
channelsrs3] with a cross-section 
free pathway of ca. 5.5 A, though 

with alternate macrorings rotated in plane by ca. 90" with rc- 
spect to each other. There is a small tilt of 14" of the mean plane 
of adjacent cyclophanes within the channel. Two of the PF; 
anions and the included solvent molecules are positioned within 
the extended channels: the remaining two anions are positioned 
over the peripheries of the channels. 

The X-ray structural analysis (Figure 10) of 5.4PF6 reveals 
that it possesses the expected [2]catenane topology: one of the 
hydroquinone rings of the BPP34C 10 macrocycles is sand- 
wiched between the pair of bipyridinium units of the tetraca- 

Figure 9. View of the nanotube-like channels formed by the 64+ cyclophane. 

tionic cyclophane; the 0 

other is positioned 
alongside. The mean in- 
terplanar separations be- 
tween the inside hydro- 
quinone ring and the 
inside and alongside 
bipyridinium units are 
3.7 and 3.6 8,, respective- 
ly, and that bctween the 
alongside hydroquinone 
ring and the inside 
bipyridinium unit is 
3.7 8,. In addition to the 
71-z stacking interac- 
tions, there is a single 
[C-H ' ' . 01 hydrogen 
bond between one of the 
a-bipyridinium hydro- 
gen atoms on the inside unit and the central oxygen atom of one 
of the polyether linkages in the BPP 34 C 10 macrocycle 
([C. . '01,  [H . . '01 distances 3.28, 2.37 A, [C-H . . 01 angle 
158"). The BPP 34C 1 0 ring has approximate C, molecular sym- 
metry about a plane passing through the two central oxygen 
atoms of the polyether linkages with both hydroquinone rings 
having in-plane syn geometries for the two OCH, bonds. The 
OC,H40 axis of the inside hydroquinone rings is inclined by ca. 
42" to the mean plane of the tetracationic cyclophane as defined 
by the four corner methylene carbon atoms. The conformation 
of the tetracalion is markedly different from that observed in its 
uncatenated state (vide supra). Firstly, the two dibenzofuran 
moieties are in a syn geometry (cf. anti in 6.4PF6) with their 
planes inclined by ca. 38" and 30" to the cyclophane ring 
plane.[54] Secondly, and more significantly, instead of the two 
bipyridinium units being bowed outwards away from the ring 
center, here they are appreciably folded inwards so as to mini- 
mize their contact distance with the x-electron-rich inside hy- 
droquinone ring: the inward bow angles of the inside and 
outside bipyridinium units are 14" and 1 I", rcspcctively.["l 
Accompanying this inward bowing, there is a significant 
twisting about the long axis of the tetracationic cyclophane, the 
[N . . . N] axes of the two bipyridinium units being inclined by ca. 
19". In addition to bowing distortions, the bipyridinium units 
exhibit differing degrees of twist about the C-C bond linking 
the pyridinium rings. One of these twists (that associated with 
the alongside bipyridinium unit) is quite large (27"). while that 
for the inside unit is significantly smaller (1 6"). A consequence 
of thcse conformational distortions is a noticeable contraction 
in the smaller dimension of the cyclophane from 8.5 k in 64f 
to 7.4 in 54+ and a slight increase in its length from 11.8 8, 
in 64+ to 12.1 8, in 54+.  Inspection of the packing of the 
catenanes reveals, as in many other [2]catenanes of this 

the formation of polar stacks extending through- 
out the crystal in the crystallographic h direction: the outside 
hydroquinone ring of one [2]catenane being positioned approx- 
imately parallel to, and overlapping with, one of the pyridinium 
rings of the outside bipyridinium unit of the next. The mean 
interplanar separations between these rings is 3.6A and the 
centroid-centroid separation is 4.0 A. Unlike in the cyclophane 

Figure 10. Ball-and-stick representation of 
the [?]Gltenane s4'. 

" 9  
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6'+ (vide supra), there is no aryl-aryl stacking involving thc 
dibenzofuran units. 

The solid-state structure (Figure 11) of the tetracationic cy- 
clophane lo4+,  isomeric with 64+,  has a Ci symmetric open-box 
structure with a length of ca. 11.2 A between the dibenzofuran 

Figure 11. The covalent framework of the tetracationic cyclophane lo4' 

moieties and a breadth of ca. 3 0.7 A, that is, it may be consid- 
ered to be an organic molecular rectangle. The decreased width 
of this organic quadrilateral, compared with that of its p,p'- 
bitolyl spaced congener z4+, may be ascribed to the influence of 
the dibenzofuran units: the effect of the central furan ring is to 
pull the p,p'-carbon atoms of p,p'-bitoluene toward itself, there- 
fore decreasing the overall length of the spacer unit. The anti- 
disposed dibenzofuran subunits are inclined by 74" to the cy- 
clophane ring plane. The bipyridinium units have twisting and 
bowing distortions of 38" and 20", respectively. Like its 2,8-dis- 
ubstituted congener 64+ (vide supra), the tetracationic macro- 
cycles pack to form 7c-n stacked chains with the dibenzofuran 
subunits[48J in one cyclophane overlying those of the next with 
a mean interplanar separation of 3.3 A. There are no 7c-n inter- 
actions involving the bipyridinium units, nor are any dominant 
channels formed in the structure. 

The solid-state structure (Figure 12) of 94+ reveals it to be the 
anticipated [3]catenane, in which two BPP34C 10 rings encircle 

bigure 12. Ball-and-stick representation depictmg the [3]catenane 9"' 

opposite bipyridinium units of the macrocyclic tetracation com- 
ponent. The [3]catenane has C, crystallographic symmetry and 
the separations between the planes of the inside hydroquinone 
rings, and between the inside bipyridinium units and the inside 
and outside hydroquinone rings are all 3.4 8, (the centroid-cen- 
troid separation between the two inside hydroquinone rings is 
4.0 A). The centroid-centroid separations between the edge-to- 
face oriented hydroquinone rings and the proximal benzenoid 
rings of the dibenzofuran systems are both 5.6 A, that is, dis- 
tances too large to represent any significant [C-H . . n] interac- 
tions. Similarly, there is a noticeable absence of any [C-H . . .O] 
hydrogen bonding. Despite the absence of these secondary sta- 
bilizing interactions normally present in [2]- and [3]catenanes of 
this type,[5e* 3 5 1  the OC,H,O axes of the inside hydroquinone 
rings are still inclined by ca. 43" to  the mean plane of the cy- 
clophane, tilt angles being very similar to those observed in 
related [2]- and [ 3 ] c a t e n a n e ~ . ~ ~ ~ ~  It is noteworthy that both the 
inside and outside hydroquinone rings have anti geometries as- 
sociated with the OCH, bonds. The tetracationic cyclophane 
has an overall geometry very similar to that observed in its 
uncatenated form, the dibenzofuran subunits adopting an anti 
geometry with respect to each other, with their mean planes 
inclined by ca. 69" to the tetracationic cyclophane mean plane. 
The length and breadth show only small changes with the length 
increasing from 11.2 8, in lo4+ to 11.7 8, in 94+ and the breadth 
decreasing from 10.7 to 10.5 A, permitting near optimal n-n 
stacking geometry with the interlocked BPP34C 10 rings. The 
only significant change in the conformation is a marked reduc- 
tion in the twist angle between the two pyridinium rings to only 
2" (cf. 38" in lo4+).  The bowing of the bipyridinium units is only 
slightly reduced (16", cf. 20" in lo4+). The [3]catenanes pack to 
form a two-dimensional mosaic: in one direction the dibenzo- 
furan ring systems of lattice-translated interlocked species are 
involved in n-n stacking interactions[481 (interplanar separa- 
tion 3.49 A), while in the other, the outside hydroquinone rings, 
again of lattice-translated [3]catenanes, extend the pattern of 
R-TC interactions that is present within the catenane itself (Fig- 
ure 13):[351 the mean interplanar separation between the outside 
hydroquinone rings is 3.51 A, with an associated centroid-cen- 
troid separation of 4.19 A. 

Figure I ? .  Ball-and-stick view of the two-dimensional m o m c  formed by the 
supramolecular polymerization of the [3]catenane 94+. 
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Molecular Modeling: Molecular modeling was employed so that 
we could anticipate the interaction geometries for the 
[6.BHEENI4+ and the [10.FeCp,14+ template- tetracationic 
cyclophane inclusion complexes. Incorporation of the template 
BHEEN into the cavities of both conformational isomers of the 
tetracationic cyclophane 64+, that is, the syn or anticonformers, 
followed by molecular dynamics at 300 K and minimization of 
the samples obtained from the dynamics simulation, provided 
an ensemble of conformations representing the two low-energy 
ground state structures. The modeling study for the anti con- 
former predicts that the guest species is inserted through the 
center of the internal void of the tetracationic cyclophane (Fig- 
ure 14) with the n-electron-deficient bipyridinium subunits 

Figure 14. Computer-generated structure of the inclusion complex formed between 
the tetracationic cyclophane 64+ and BHEEN. 

located at a mean interplanar separation of approximately 3.9 8, 
from the center of the 1,5-dioxynaphthalene unit. Interestingly 
we noticed that (as in the solid state structure of the [2]catenane 
54+ above), there is a concave distortion of the macrocyclic 
periphery of the cyclophane: the angles subtended by the 
CH,-N+ bonds of the bipyridinium units are in the range 2-3". 
This small "hourglass-like" distortion is presumably a conse- 
quence of the cyclophane attempting to minimize its contact 
distance with the included x-electron-rich guest. Additionally, it 
is predicted that strong, stabilizing [C-H . . '01 hydrogen bond- 
ing interactions exist between the terminal oxygen atoms of the 
hydroxyl groups of the BHEEN guest and the j-bipyridinium 
hydrogen atoms (H . . '0  distance 2.7 A). Similar observations 
were made for the syn conformational isomer, but with the 
notable exception that the deformation of the bipyridinium 
units was even more pronounced: the mean interplanar distance 
between the bipyridinium residues and the centroid of the naph- 
thalene guest species is reduced to 3.8 A. Similarly, as in the case 
of the anti conformer, there exist [C-H . . '01 intcractions be- 
tween the terminal oxygen atoms of the polyether chains and the 
a-bipyridinium hydrogen atoms (H . . '0  distance 2.7-3.5 A). 

Molecular mechanics calculations (with the Sybyl forcefield) 
on the 1 : l  complex formed between the tetracationic cy- 
clophane lo4+ and FeCp, reveal a complex in which the metal- 
locene is ideally located in the center of the macrocyclic cavity. 
The cyclopentadienyl rings are sandwiched between the faces of 
the bipyridinium units (Figure 15) with a distance of ca. 3.3 A 

0 

N N 

Figure 15. Computer-generated structure for the inclusion complex formed he- 
tween the tetracationic cyclophane lo4+ and FeCp,. 

from the center of the bond joining the two pyridinium units of 
the viologen system to the centroid of the cyclopentadienyl ring. 
The cyclophane cavity is slightly enlarged on binding in both the 
syn and anti conformers: the dimensions of the edges of the 
molecular rectangle increase from about 8.1 x 10.0 A to about 
9.9 x 10.2 8, for both the syn and the anti geometries. Single- 
point semiempirical calculations at the PM 3 tm level suggest 
that it is the anti isomer that possesses the more favorable inter- 
molecular interactions, with the heat of formation of the com- 
plex being slightly lower in energy than that for the correspond- 
ing syn isomer. In addition, qualitative examination of the 
calculated hcats of formation for the free cyclophane lo4+, 
FeCp,, and the [1O.FeCp,l4' complex indicates a high degree 
of stabilizing interactions, since the complexes have a heat of 
formation 36 kcalmolF' lower than the sum of the heats of 
formation of the separate constituents. 

Conclusions 

The template-directed synthesis of two organic molecular 
rectangles incorporating dibenzofuran units, 64+ and lo4+, has 
been accomplished. We have employed a synthetic strategy in 
which catenanes were initially prepared in order to identify ap- 
propriate templates for the synthesis of the organic rectangles in 
reasonable yield." These rectangles have also proved to be 
useful building blocks for supramolecular, noncovalent synthe- 
sis in the solid state, where they form supramolecular poly- 
mersr6' (specifically self-assembled r81 tapes consisting of tetraca- 
tionic macrocycles linked by the crossed aryl-aryl stacking 
motif of the dibenzofuran subunits) .r481 Furthermore, the cy- 
clophane 64+ forms nanotubular channels in the solid state. We 
believc that the anticipated solid-state x-donor/x-acceptor 
stacks''4] (analogous to those observed for the cyclophanc 14+) 
are not produced because of the predisposition of thc dibenzo- 
furan subunits to form the crossed x-x stacks that we have seen 
repeatedly in our crystal structures. This motif is cvcn prcvalcnt 
in the crystal structure of the [3]catenane 94+, in which a two-di- 
mensional mosaic is produced: the crossed aryl-aryl stacking of 
the dibenzofuran units proceeds in one direction, while a DAD- 
DAD sequence of x-donors (D) and x-acceptors (A) extends 
throughout the crystal in the other direction. This x--71 stacking 
motif displayed by the dibenzofuran subunits has powerful im- 
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plications for the rational design of organic solids, that is, crys- 
tal engineeringr5] and in the preparation of new supramolecular 
materials.[" Moreover, we have made the scrcndipitous discov- 
ery of the plerotopic tecton [4-HI3', which possesses comple- 
mentary hydrogen bond donor and acceptor sites. The 2,8-dis- 
ubstituted dibenzofuran unit in this trication orients the 
complementary hydrogen bonding sites in a horseshoe-like fish- 
ion, permitting tecton dimerization in the solid state to form a 
supramolecular macrocycle. Conversely, cocrystallization of the 
tecton with BPP34C10 induces opening of thc dimcric super- 
molecule to provide a p ~ e u d o p o l y r o t a x a n e [ ~ ~ ~  supramolecular 
array that combines both n-n stacking and hydrogen bonding 
interactions. In terms of the hydrogen bonding demeanor dis- 
played by the 4 - H 3 +  tecton, the superstructural changes exhib- 
ited in the system presented here correspond to  the opening of 
the closed [(4-H)3 '1, noncovalently-linked macrocycle to lorin 
a [ (4-H)j  '1, noncovalent polymer (Scheme 4), perhaps imply- 
ing that the system could perform as a prototypical supramolec- 
ular 7.8f1 

Experimental Section 

Materials and Methods: Anhqdrous MeCN was distilled from CaH, under 
N,.  Anhydrous D M F  and CCI, were obtained from Aldrich in Sure/Seal"' 
containers and stored under N,. Bz,O, was vacuum-dried for 24 h before 
use. Similarly, NH,PF, was vacuum-dried prior to dissolution in H 2 0  for 
anion exchange procedures, except for the preparation of 4-H.3 PF,. 
NH,PF6 was considered to be suitable for use when it was odorless. Flash 
chromatography was carried out under the usual conditions,[5" except that 
we employed a flow rate of 3.8 cm min- I .  Conventional percolation column 
chromatography was performed on silica gel 60 (Merck 9385, 230- 
400 mesh). iMelling points were determined with an Electrothermal 9200 
inclting point app;iriitus and are uncorrected. Proton and I3C NMR spectra 
were recorded 011 :I Bruker AC300 spectrometer (at 300 and 75 MHz. respec- 
tively) or on a Brukcr AMX 400 (at 400 and 100 MHz, respectively) with the 
deutcrated solvcnt as the lock and the residual solvent as internal reference. 
Liquid secondary-ion mass spectra (LSIMS) were obtained with a VG Zab- 
spec mass spectrometer equipped with a cesium ion source and using a 
,n-nitrohenLyl alcohol matrix. Electronimpact mass spectra (EIMS) were 
obtained from a VG Prospec mass spectrometer. Microanalyses were per- 
formed by thc University of North London Microanalytical Services. The 
cry\tal growing methods used were as described by Jones.i571 

2,8-Ris(chloromethyl)dibenzofuran (3): The procedure used was similar to one 
reported in the Russian literature.i231 A suspension of paraformaldehyde 
(48.0 g. 1 .S mol) in AcOIl(250 mL) and H,PO, (29 mL, 85 wt % in H,O) was 
hcatcd to 100°C with vigorous stirring until a clear, homogeneous solution 
was obtained. The solution was cooled to ambient temperature and then 1 2 ~  
HC1 (148 mL) was added to the stirred solution. Dry HCI gas was bubbled 
thi-ough the cloudy solution with stirring for 0.5 h until the solution became 
clcar again. At this point, dibenzofuran (16.8 g, 0.1 mol) was added all at 
once. Gas addition was continued and, after 2 h, the temperature of the 
reaciion mixture was raised to S O  "C. The tcmpcrature was increased to 80 C 
aftcr n further 2 h, and then ultimately increased to 90°C 2 h later. Finally, 
7.5 h after the addition of the dibenzofuran, the reaction mixture was poured 
into H,O ( 2  L). The resulting precipitate was collected and washed thorough- 
ly with H,O (4 L) and air-dried. Several recrystallirations of the residue from 
iPr,O provided 16.3 g (62 %i) of3 as a white solid. M.p. 125'C (ref. [23] m.p. 
128- 130 C ) ;  ' H  NMR (300 MHz, CDCI,. 2O'.C): d = 4.75 (s, 4H),  7.47 
(dd. . I=X.  I Hz,~H),~.~~(~.J=~HL,~H),~.~~(~,J=IHz,~H);'"C 
NMR (75 MH7, CDCI,, 20 'C) :  5 = 46.5, 112.1, 121.1, 124.2, 128.3, 132.4, 
156.5: EIMS: n11: = 264 [MI '  C,,H,,C1,0 (265.1): calcd C 63.42, H 3.80; 
found C 63.49, H 3.87. 

1, I'-~2,8-Dihen~ofuranhis(methylene)/bis-4,4'-pyridylpyridinium his(hexa- 
fluorophosphate) (4 2 PF,) A solution of 2,8-bis(chloromcthyI)diben~ofuran 
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3 (0.26 g, 1 .0 mmol) in anhydrous MeCN (15 mL) was added dropwise with 
stirring to a refluxing solution of 4,4'-bipyridine (1.09 g, 7.0 mmol) in anhy- 
drous MeCN (10 mL) for 3 h under N,. The solution was heated under reflux 
for a further 45 h and then treated with Et,O (60 mL) on cooling. The 
remaining greenish solid was collected and washed with Et,O (50 mL), before 
being dissolved in a small amount or a hot 60% MeOHi20% H,0/20% 
saturated aqueous NH,CI solution and subjected to flash chromatography 
with the same solvent. The fractions containing the product were combined 
and the solvents evaporated. The residue was dissolved in warm H,O. The 
title compound 4.2PF6 precipitated out of solution upon addition of a con- 
centrated aqueous solution of NH,PF,. The remaining white solid was col- 
lected, washed with H,O, and dried (0.34g, 43%). M.p. 156'C with de- 
camp.; ' H N M R  (~OOMHL, (CD,),CO, 20°C): 6 = 6.27 (s, 4H),  7.81 (d. 
. J = 9 H ~ , 2 H ) , 7 . 9 1  (dd,.I=9,2H~,2H),7.95(d,J=6Hz,4H),8.45(d, 
J = 2 H z ,  2 H ) ,  8.64 (d, J = 7 H z ,  4H),  8.85 (d, J = 6 H z ,  4H) ,  9.38 (d, 
J = 7  Hz, 4H);  I3C NMR (75 MHz, (CD,),CO, 20'C): 6 = 65.1, 113.7. 
121.2. 123.6, 125.4. 127.1, 129.6, 130.4, 142.1, 146.1, 151.9. 155.1, 157.9; 
LSIMS: mi2 = 651 [ M  - PF,]'; C,,H,,F,,N,OP, (796.5): calcd C 51.27. H 
3.29, N 7.03; found C 51.07, H 3.15, N 6.97. 

Plerotopic Tecton 4-H.3 PF,: A similar procedure to the one described above 
was einployed to prepare 4.2C1 from 3 (0.53 g, 2.0 mmol) and 4,4'-bipyridine 
(2.18 g, 14.0 mmol). After evaporation of the solvents from flash chromatog- 
raphy, the residue was dissolved in warm H,O and a concentrated aqueous 
solution of practical grade NH,PF6 (Aldrich, 95 + Yo) was added until pre- 
cipitation was complete. The precipitate was collected and recrystallized from 
Me,CO/MeOH/€l,O to give 0.78 g (41 ' X )  of 4-H.3PF6 as white flakes. 
M.p. 221-225°C; ' H N M R  (300MHz. (CD,),CO. 20'C): 6 = 5.60 (brs, 
1 H) ,  6.30 (s. 4H). 7.81 (d, J = 8 Hz, 2 H ) ,  7.92 (dd, J = 8, 2 Hz, 2H). 8.35 
( d , J = 7 H ~ , 4 H ) , 8 . 4 2 ( d , . I = 2 H z , 2 H ) , 8 . 7 1  ( d , J = 7 H r , 4 H ) , 9 . 1 1  (d. 
J = 7  Hz, 4H) ,  9.44 (d, J = 7 H z ,  4H);  I3C NMR (75 MHz. (CD,),CO. 
20'C): 6 = 65.3, 113.7. 123.7, 125.1, 125.4, 127.8, 129.6, 130.5, 146.5, 
147.3, 148.2, 153.7. 158.0; LSIMS: m/z = 651 [M - HPF, - PF,]-; 
C3,H,,F,,N,0P3 (942.5): calcd C 43.33, H 2.89, N 5.94: found C 43.09, H 
2.84, N 5.79. Single crystals, suitable for crystallographic analysis. were 
obtained by liquid diffusion of Et,O into an EtOH/Me,CO solution of 
4 H.3PF,. 

{ 121-ICyclobis(paraquat-2,8-dibenzofuran)]-[ BPP34 C 101-catenane} 
Tetrakis(hexafluorophosphate) (S.4PF6): A solution of BPP34C 10 (108 mg. 
0.20 minol), 4 - 2  PF6 (79 mg, 0.10 mmol), 2,8-bis(chlororiict~iyl)dibcnzofuran 
3 (34 mg, 0.13 mmol), and a catalytic amouiit of NaI ( 2  mg, 0.01 mmol) in 
anhydrous MeCN (5.5 mL) was stirred under N, at 20 :C for 19 d. The 
solution was conccntrated in vacuo and the residue was dissolved in a sinall 
amouiit of a hot 70% MeOH/l0% MeNO,/20% 2~ aqueous NH,Cl solu- 
tion, before being subjected to percolation column chromatography with the 
same solvent. The fractions containing the product were combined and the 
solvents evaporated. The residue was dissolved in warm aqueous MeOH. The 
catenane S,4PF6 precipitated out of solution upon addition of a concentrated 
aqueous solution of NH,PF,. The remaining orange solid was collected. 
washed with H,O and dried (SSmg, 30%"). M.p. 261°C with decomp.; 
' H N M R  (300MHz, (CD,),CO, 20°C): 6 = 3.61-3.83 (m. 32H). 6.03 (s, 
XH),6.30(~,8H),7.88(d,J=OH~,4H),7.97(d,J=9Hz,4H),8.22(s, 
4 H ) , 8 . 3 2 ( d . J = 7 H z ,  ~H),~.~~(~,J=~HZ,XH);~~CNNMR(~OOMHZ, 
(CD,),CO, 31 " C ) :  6 = 65.2, 68.6, 70.8, 71.1, 71.2. 113.2, 115.7, 122.0, 125.8, 
126.9, 130.4, 131.2, 147.2, 148.9, 153.0, 158.0: LSIMS: I ~ Z  =1671 
[ M  ~ PF,]'; C,,H,,F,,N,O,,P, (1817.3): calcd C 50.23, H 4.22. N 3.08; 
found C 50.07, H 3.91, N 3.11. Single crystals, suitable for X-ray crystallo- 
graphic analysis, were grown by vapor diffusion of PhH into a MeNO, 
solution of the catenane. 

Cyclohis(paraquat-2,8-dibenzofuran) Tetrakis(hexafluorophosphate) 
(6.4PF6): A solution of 4.2PF, (79 mg, 0.10 mmol). BHEEN (119 mg. 
0.35 mmol). 2.8-bis(chloro1ncthyI)dibenzofuran 3 (30 mg, 0.1 1 mmol), and 
NaI (7 mg, 0.05 mmol) in anhydrous MeCN (21 mL) wds stirred under N, at 
2O'C for 1Sd,  after which the reaction mixture was poured into Et,O 
(160 mL). The resultant red precipitate was collected and washed further with 
~ t ,0 (50mL)be~orebe ingd i s so lved ina70 '~"  MeOH;l0% MeNO,,20% 2~ 
aqueous NH,CI solution, and subjected to percolation column chromatogra- 
phy with the same solvent. The fractions containing the product were com- 
bined and the solvents evaporated. The residue was dissolved in warm HZO. 
filtered, then treated with a concentrated aqueous solution of NH,PF6. The 
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precipitate generated was collected, washed with H,O, and dried to afford 
6.4PF6 as a white solid (63 mg, 49%). M.p. 272 "C with decomp.; 'H NMR 
(300MH~,CD,CN,20"C):6=5.92(~,8H),7.76(d,J=8Hz.4H),7.83(d, 
J=8H~,4H),8.00(~,4H),8.25(d,J=7Hz,8H),8.89(d,J=7Hz,8H); 
"C NMR (75 MHz, CD,CN, 20°C): S = 65.6, 113.4, 123.3, 125.8, 128.2, 
129.1, 129.8, 131.7, 146.4, 150.8; LSIMS: m/z =I135 [M - PF,]+; 
C,,H,,F,,N,OP, (1280.7): calcd C 45.02, H 2.83, N 4.37; found C 44.96, H 
2.71, N 4.47. Single crystals, suited for X-ray crystallographic analysis, were 
grown by vapor diffusion of iPr,O into a solution of 6.4PF6 in MeNO,. 

3,7-Bis(hromomethyl)dihenzofuran (7): This dibromide WAS prepared by an 
adaptation of Weber and Kormany's procedure.[34] A solution containing a 
catalytic amount of Bz,O, (12 mg) and 3,7-dimethyldibenzof~ran~~*~ (1.76 g. 
9.0 mmol) in anhydrous CCI, (36 mL) was heated with stirring to 70 "C 
(bath). NBS (3.20 g, 18.0 inmol) and more Bz,O, (46 mg) were added to the 
solution in small portions over a period of 15 min. Thereafter, the reaction 
mixture was heated under reflux with stirring under slight N, pressure for 3 h. 
The reaction mixture was cooled to 2 0 ° C  then the resulting precipitate was 
collected and recrystallized from CC1, to give 1.36 g (43%) of the title com- 
pound 7 as a white solid. M.p. 205-208°C (ref. [34] m.p. 193-194°C); 
'H NMR (300 MHz, CDCl,, 20°C): S = 4.65 (s, 4H) ,  7.37 (dd, J = 8, 1 Hz, 
2H),  7.59 (d, J = 1  Hz, 2H) ,  7.88 (d, J =  8 Hz, 2H); 13C NMR (75 MHz, 
CDCI,, 20°C): 6 = 33.7, 112.3, 121.0, 124.0, 124.1, 137.4, 156.6; EIMS: 
mjz = 354 [MI'; C,,H,~,Br,O (354.0): calcd C 47.50. H 2.85; found C 47.51, 
H 2.96. 

l,l'-[3,7-Dihenzofuranhis(methylene))bis-4,4'-pyridylpyridinium his(hexa- 
fluorophosphate) (8.2PF6): A solution of 7 (0.25 g, 0.7 mmol) in anhydrous 
DMF (12 mL) was added dropwise with stirring to a refluxing solution of 
4,q-bipyridine (0.77 g, 4.9 mmol) in anhydrous MeCN (5 mL) over a period 
of 3 h under N,. The solution was heated under reflux for a further 20 h, 
before being treated with Et,O (40 mL) upon cooling. The remaining solid 
was collected, washed with Et,O (40 mL), dissolved in a small amount of a 
hot 60 % McOH/20% H,0/20 '/o saturated aqueous NH,C1 solution, and 
thereupon subjected to flash chromatography with the same solvent. The 
fractions containing the product were combined and the solvents evaporated. 
The residue was dissolved in warm H,O. The title compound 8.2 PF, precip- 
itated out of solution on addition of a concentrated aqueous solution of 
NH,PF,. The remaining solid was collected and recrystallized from EtOH/ 
Me,CO/H,O to give 8.2PF6 as a white solid (0.43 g, 86%). M.p. 169°C with 
decomp.; ' H N M R  (300 MHz, (CD,),CO, 20°C): 6 = 6.32 (s, 4H),  7.76 (d, 
J = 8 Hz, 2H),  7.96 (d, J = 6 Hz, 4H),  8.06 (s, 2 H), 8.31 (d, .I = 8 Hz, 2H),  
8.71 (d, J =7 Hz, 4H), 8.85 (d, J = 6 Hz, 4H), 9.46 (d, J = 7  Hz, 4H); 13C 
NMR (75 MHz, CD,CN, 20'C): S = 65.0, 114.0, 122.8, 123.5, 125.5, 125.7, 
227.3, 133.9, 142.1, 146.0, 152.1, 155.7, 157.7; LSIMS: mjz = 651 
[M - PF,]' ; C34H,,F,,N,0P2 (796.5): calcd C 51.27, H 3.29, N 7.03; found 
C 51.47, H 3.33, N 6.36. 

{131-IBPP34 C lO)-ICyclobis(paraqnat-3,7-dibenzofuran)~-[BPP34 C IOI-cate- 
nane} tetrakis(hexafluoroph0sphate) (9.4PF6): A solution of BPP34C 10 
(109 mg, 0.20 mmol), 8.2PF6 (79 mg, 0.10 mmol), and 3,7-bis(bro- 
momethy1)dibenzofuran 7 (45 mg, 0.13 mmol) in anhydrous 60% MeCN/ 
40% DMF (5.5 mL) was stirred under N, at 20 "C for 10 d. The reaction 
mixture was worked up, as described for the [2]catenane 5.4PF6,  to give the 
[3]catenane 9.4PF6 as a magenta-colored solid (42 mg, 18%). M.p. 273°C 
with decomp.; 'HNMR (400 MHz, (CD,),CO, -20°C): 6 = 3.41 (brs, 
8H),3.68(brs,SH),3.76-4.11 (m,56H),6.13(~,8H),6.19(~,8H),7.84(dd, 
J = X , 1 H z , 4 H ) , 8 . 1 3 ( d , J = I H z , 4 H ) , 8 . 1 7 ( d ,  J = 7 H z , 8 H ) , 8 . 3 2 ( d ,  
J =  8 Hz, 4H),  9.20 (d, J = 7  Hz, 8H);  13C NMR (100 MHz, (CD,),CO, 
31 "C): S = 65.7,67.7,70.7,70.9,71.4,114.3,115.5, 123.1.125.4. 125.9, 132.1, 
133.0, 135.0, 146.1, 146.3, 152.0; LSIMS: m/z = 2209 [M - PF,]+; 
Ci,,Hll,F,4N40,,P, (2353.9): calcd C 53.07, H 4.97, N 2.38; found: C 
52.87, H 5.09, N 2.1 2. Single crystals, suitable for X-ray crystallography, were 
grown by vapor diffusion of iPr,O into a solution of 9.4PF6 in MeCN. 

Cyclobis(paraquat-3,7-dihenzofuran) tetrakis(hexafluorophosphate) 
(10.4PF6): A solution of 7 (36 mg, 0.10 mmol) in anhydrous D M F  (1.9 mL) 
was added to a stirred solution of 8.2PF6 (81 mg, 0.10 mmol) and FeCp, 
(410 mg, 2.21 nimol) in anhydrous MeCN (1 5 mL) under N,, After the reac- 
tion mixture had been stirred at 20°C for 17.5 d, the solvent was removed 
under reduced pressure, and the residue washed by stirring with Et,O 
(50 mL). The residue was worked up as described for 6.4PF, to afford the 

title compound 10-4PF6 as a yellow solid (48 mg, 37%). M.p. 239°C with 
decomp.; ' H N M R  (300 MHz, CD,CN, 20'C): ( 5  = 5.94 (s, 8H) ,  7.43 (d, 
J = l  Hz, 4H),  7.68 (dd, J =  8, 1 Hz, 4H),  8.15 (d, J =  8 Hz, 4H).  8.24 (d, 
. / = 7 H z , 8 H ) , 8 . 9 3 ( d , J = 7 H z , 8 H ) ;  13CNMR(75MHr,CD,CN.20"C):  
6 = 65.8, 112.5,123.4, 125.6, 128.3, 128.5, 134.9, 146.4, 150.R. 157.6; LSIMS: 
m/z =I135 [ M -  PFhlf ;  C3,H,6F,,N40P2 (1280.7): calcd C 45.02, H 2.83, 
N 4.37; found C 45.73, H 2.90, N 3.83. Single crystals. suitable for X-ray 
analysis. were obtained when a MeCN solution of the tetracationic macro- 
cycle was layered with iPr,O. 

X-Ray Crystallographic Analyses: Table 4 provides a summary of the 
crystal data, data collection and refinement parameters for the compounds 
4--H.3PF6, S.4PF6, 6,4PF,, 9.4PF6. and 1O.4PF6, and the complex 
[4-H.BPP34C10][PF6], . Refinements were by full matrix Icast-squares 
based on F 2 ;  in the case of S.4PF6, the refinement was blocked on account 
of the large number of variable parameters. In all the structures. the major 
occupancy non-hydrogen atoms were refined anisotropically. All the strnc- 
tures, with the exception of 6,4PF, and 10,4PF6. contain disordered PF; 
anions. In each case, the disorder was resolved into alternate, partial occu- 
pancy orientations. All the structures contain included solvent molecules; in 
10.4PF6, these molecules are both ordered and of full occupancy, whereas in 
the other five structures there is a mixture of ordered full occupancy mole- 
cules and disordered molecules distributed over multiple partial occupancy 
sites. All of the C -H hydrogen atoms in each of the six structures were placed 
in calculated positions, assigned isotropic thermal parameters, U(H) = 
3.2 U,,(C) [U(H) = 1.5 ci,,(C .Me)], and allowed to ride on their parent 
atoms. In S.4PF6, one of the polyether linkages was found to be disordered, 
and alternate, partial occupancy conformations were identified. The major 
occupancy conformation is that Illustrated. Computations were carried out 
with the SHELXTL PC program system.'"" The crystallographic data (cx- 
cluding structure factors) for the structures reported in Table 4 have been 
deposited with the Cambridge Crystallographic Data Centre as supplemen- 
tary publication number CCDC-100139. Copies of the data can bc obtained 
free of charge on application to The Director, CCDC, 12Union Road, 
Cambridge, CB2 IEZ, UK (Fax: Int. code +(1223)336-033; e-inail: 
deposit(u:chemcrys.cam.ac.uk) . 

Methods for the Determination of the Association Constants by UV/Vis and 
'HNMR Spectroscopy: 

Method A: A series of solutions of the tetracationic cyclophane 6.4PF, at 
constant concentration (1.15 x 1 0 - 3 ~ )  and containing different amounts of 
BHEEN (10-4-10- '~)  in MeCN were prepared. The absorbance at the 
wavelength (i,,,J corresponding to the maximum of the charge-transfer band 
for the 1 : 1 complex was measured for all the solutions at 25' C. The correla- 
tion between the absorbance and the guest concentration was usedr3'! to 
evaluate the association constant ( K J  in a nonlinear curve-fitting program 
(Ultrafit, Biosoft, Cambridge, 1992) running on an Apple Macintosh person- 
al computer. A similar procedure was employed for the determination of the 
association constant for the [4-H.BPP34C 10][PF6], complex in Me,CO 
with solutions having a constant concentration of 4- H.PF, and VArbdbk 
amounts of BPP34C10. 

Method B: A series of solutions of constant Concentration (2.2 x 1 0 - 3 ~ )  of 
the tetracationic cyclophane 10.4PF, and containing variable quantities of 
FeCp, - 1 0 - l ~ )  in CD,CN were prepared. The chemical shifts of the 
host protons attached to the bipyridinium units /I  to the nitrogen atoms were 
measured by 'HNMR spectroscopy at 25 "C.  The correlation between the 
chemical shift and the guest concentration was u ~ e d [ ~ ' . ~ * ~  to evaluate the 
association constant ( K J  in a nonlinear curve-fitting program (Ultrafit, Bio- 
soft, Cambridge, 1992), running on an Apple Macintosh personal computer. 

Molecular Simulation: All molecular mechanics simulations (except those 
incorporating FeCp,) were carried out by means of the Amher* forcefield as 
implemented in Macromodel V 5.0.[60' Sybyl molecular mechanics and AM 1 
and PM 3 semiempirical calculations were carried out with Spartan 4.1 , I  .[611 

All calculations were performed on a Silicon Graphics Power Indigo2 Work- 
station. Generally, the starting structures were assembled within the Macro- 
model INPUT submode and then fully minimized (final gradient 
<0.5 k J k ' )  by the Polak Ribiere Conjugate Gradient (PRCG) algorithm. 
Solvation (with extended cut-offs) was included in the form of the GBjSA 
solvation model for H,O, and was utilized for all molecular mechanics simu- 

Chem. Eur. J 1997, 3, No. 7 8 VCII Vrrlags~r.selIs~/r~~ft  mhN, D-6Y4Si Wrinheim, 1997 0947-653Y/Y7/0307-1147$ 17.50+ S0/0 1147 



FULL PAPER J. F. Stoddart et al. 

Table 4. Crystal data, data collection, and refinement parameters [a] 

4- H . 3  PF, [4-H.BP1'34ClO] 5 4PF6 6.4 PF,, 9 4PF6 10.4PF6 
[PF613 

formula 
solvent 
formula weight 
color. habit 
crystal sireimm 
lattice type 
space group 
17K 
cell dimensions 

<,.,A 
h +  
?A 
9 deg 
{I deg 
y dep 

I.' A' 
Z 
D, g ~ m - ~  
F(O00) 
rxht io i i  used 
p,'nim ~ ' 
0 range !deg 
no. of unique reflections 

ineasured 
observed, IF,I >4g( \E ,J )  

no. of vnriables 
R,.  % [d] 
K R ~ ,  '% [el 
weighting factors a,  b [f] 
largest difference peak, 
hole i e A  ' 

C,,W,,N,O. 3 PF, 
0.5 Me,CO. 0.5Et,0 
1008.6 
clear needles 
0.40 x 0.28 x 0.1 5 
triclinic 

293 

10.848(2) 
14.iox(i) 
16.959(2) 
72.30( 1) 
75.1 Y( 1 )  
84.12(1) 
2%') .6( 5 )  

pi 

, 
1.402 
1022 

2.117 
4.2 60.0 

6978 
5608 
633 
7.62 
21.77 

CUK, 

0.145, 2.943 
0.75. -0.44 

C,ZH,,N,O,, .3PF, 
2 MeCN 
1561.2 
red blocks 
1 . 0 0 ~  1.00 x0.50 
triclinic 

293 

13.531(2) 
14.140(2) 
21.664(3) 
96.08(1) 
95.61(2) 
11 1.88(2) 
3782.3(9) 

p i  

1371 
1612 
M 

1.8 -22.5 

9754 
59x5 
1028 
8.51 
23 86 

0.182 

0.154, 3.447 
0.69, -0.31 

C,,H,,N,0,,.4PF6 
PhH .4  MeNO, 
2139.6 
amber blocks 

triclinic 

233 

10.516(2) 
15.429(4) 
30.595(4) 
s0.45(2) 
83.63(3) 
XS.SS(2) 
48.58(2) 
2 
1.463 
2204 
CU,, [bl 
1.759 

0.53 x 0.30 x 0.17 

p i  

1.5 5s.n 

11886 
9255 
1424 
Y.69 
26.31 
0.169, 9.811 
0.76, -0.52 

CuH,&"O, -4PF ,  
SMeNO, 
1585.9 
yellow prisms 
0.33 x 0.33 x 0.17 
monoclinic 
P2,  / c  
203 

18.606(1) 

17.076(2) 
21 .884(2) 

112.47(1) 

6425( 1) 
4 

3216 
CUK, Ibl 
2.333 
2.6 60.0 

9470 
6036 
929 
13.92 
36.39 

0.78. -0.60 

1.640 

0.204, 53.962 

C,o,H,,eN,0,2 -4PF6 
4 MeCN 
2518.1 
red blocks 

triclinic 

243 

13.606( I )  
14.413(1) 
17 Y26(2) 
71 .X0(1) 
85.75(1) 
64.57(1) 

0.67 x 0.40 x 0.17 

pi 

3008.6(5) 
1 [cl 
1.390 
1308 
CU,, [bl 
1.519 
2.6 -60.0 

8607 
5897 
833 
11.22 
30.30 
0.212, 4.827 
0.90, -0.41 

C,,H,,N,O, .4PF, 
4MeCN 
1444.9 
yellow plates 

triclinic 

293 

10.499( I )  
12.236(1) 

0.40 0.27 0.13 

pi 

13.274( I )  
85.32(1) 
72.51(1) 
75.79(1) 
1576.6( 1) 

1.522 
732 

2.190 
3.5-63.7 

5121 
3904 
426 
9.01 
25.57 

1 [cl 

CU,, 

0.160, 1.503 
0.92. -0.59 

[a ]  Details in common: graphite monochroinated radiation, io-scans, Siemens P4 diffractometer, refinement based on F'. [b] Rotating anode source. [c] The molecule has 
cr)stallographic C, symmetry. id] R ,  = xl[F,l - lF,I1;ClEl. [e] wRZ = ~ ~ ~ [ , I , ( ~ ~ ~ ~ ~ ) ~ ] ~ ~ ~ , , ( ~ ~ ~ ' ] ~ ,  [f] iF' = d(c:) + (UP)' + hP. 

hi ions  that employed the Amber* forcefield. Molecular dynamics simula- 
tions (MD) were carried out a t  a bath temperature of 300-900 K (timestep = 

1 .S Is) with dala sampling during the acquisition period (genei-ally 
10 100 ps). Routinely, 100 conformations were sampled and subsequently 
minimized with the conditions and procedures described above. For struc- 
tures containing the FeCp, unit, the general inolecular mechanics forcefield 
Sybyl wiis employed. A M  1 and P M  3 semiempirical calculations werc carried 
out on the lowest energy conformations obtained from molccular mechanics, 
dynamics calculations. The coordiiiates for FeCp, were obtained from the 
Daresbui-y Crystnllographic Database.'"' 
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