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Mixing of equimolar amounts of cyclobis(paraquat-  p-phenylene) (CBPQT **) with a bis-4-methylphenyl ether (MPE twice) of a 1,5-dioxynaphthalene
(DNP) derivative in MeCN/CH ,Cl, (3:1) results in the formation of a [2]pseudorotaxane which, on crystallization, yields a [4]pseudorotaxane in

the solid state that is stabilized by multiple [C  —H---F] interactions: a mixture of the same components in a 1:3 ratio affords a crystalline
[2]pseudorotaxane after vapor diffusion of methyl-  tert-butyl ether into a solution of these components in MeCN/CH  ,Cl, (3:1).

The ability to control the self-assembly of different molecules progress has been made in exploiting the molecular recogni-
in the solid state is an often sought-after goal of solid-state tion informatior? stored within molecules to orchestrate
chemists. The practice has been referred to as crystalspecific packing arrangements on molecules in crystals.
engineerind. Toward this uncertain goal, care must be taken Appropriately designed organic crystals have also been
in the understanding and design of the important noncovalentshown to exhibit control of chemical reactivitin the solid

and supramolecular interactidrthat largely determine the  state and have also led to crystalline materials with promising
superstructures of molecules in crystalline solids. Much electronié and photonigproperties. In addition, noncovalent
intermolecular forces that may be too weak to be observed
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predicted a priori. Here, we describe the formation, under
slightly different conditions, of both a [2]- and [4]pseudoro-

time scale between the [2]pseudorotaxane and free species.
Cooling the sample te-15 °C resulted (Figure 2) in well-

taxane in the solid state from the same cyclophane host and

threadlike guest, despite the fact that only the [2]pseudoro—_

taxane can be detected in solution’syNMR spectroscopy.

The known self-assembly that takes place between the ®

s-electron-deficient host, cyclobis(paraqyaphenylene)
(CBPQT*"), and variousn-electron-rich guests, such as
hydroquinone and resorcinol derivativé$,2,6- as well as
1,5-dioxynaphthalene derivativeéspdole and its deriva-
tives® neurotransmitters, biphenyl derivatived? tetrathi-
afulvalene!® and mono- and bispyrrolotetrathiafulvaleriés,
to give [2]pseudorotaxanes is a result af-fx], [C—H---
n], and [C—H---O] interactions.

Upon mixing equimolar amounts @BPQT-4PK and a
1,5-dioxynaphthalene (DNP) derivatized threBMPEEEEN)
(Figure 1) with 4-methylphenyl ether (MPE) appendages in

Figure 1. Structural formulas of CBPQT*t-4PRK~ and

BMPEEEEN.

CDsCN/CD.Cl, (3:1) at 25°C, a deep violet color was
observed immediately, indicating the formation of a charge-
transfer (CT) compleX® The 'H NMR spectrum recorded
at +25 °C revealed noticeable line broadening of all the
resonances, indicative of exchange occurring ortthMR
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Figure 2. H NMR spectra showing the aromatic region of (a) the
1:1 complex betwee@BPQT*" andBMPEEEEN, (b) CBPQT*",
and (c) BMPEEEEN recorded at-15 °C in 3:1 CD;CN/CD,Cl,.
Blue and red lines indicate the upfield or downfield shifts of proton
signals forCBPQT*" and BMPEEEEN, respectively.

resolved signals and revealed the [2]pseudorotaxane to be
the dominant species (>98% by integration). Large upfield
shifts for the DNP and MPE protons in the [2]pseudorotaxane
were observed, along with the separation of all the signals
for the CBPQT*" protons into two resonances, in accordance
with a DNP unit threading and imposing its loc@by
symmetry upon th€BPQT** ring.1® The large upfield shifts

of the resonances for the MPE protons (1.15 and 1.35 ppm
for those at the 2- and 3-positions, respectively) are the result
of [+--7] stacking interactions of the MPE appendages to
the exterior surfaces of the bipyridinium units in the
CBPQT*" ring. This type of interaction has been observed
before in solution and in the solid state in similar [2]-
pseudorotaxanes where the appendages to the threadlike guest
are hydroquinoné’ 1,5-dioxynaphthalen¥, anthracené?
and 4tert-butylanilin€® units. There is no doubt that the
additional jz---77] stacking interactions to the exterior of the
CBPQT*" ring confer increased stability upon the 1:1
complex.
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Large violet single crystals, suitable for X-ray crystal- resonances corresponding to an excess of free host in the

lography?! were grown by vapor diffusion of methyért- former instance and an excess of free guest in the latter
butyl ether (MTBE) into MeCN/CHKCI, (3:1) containing instance. The CT band{.x= 527 nm) for a 3:1 mixture of
equimolar amounts ofCBPQT-4PFk and BMPEEEEN. CBPQT:4PFR; and BMPEEEEN MeCN/CH.CI, (3:1) was

Suprisingly, the solid-state superstructdmevealed notthe  identical to that of a 1:1 mixture of the two components,

presence of the [2]pseudorotaxane but rather a [4]pseudoroindicating that further complexation of the terminal MPE
taxane in whictCBPQT** rings encircle not only the central  ynjts by CBPQT** is not favored in solution.

DNP unit but also both terminal MPE units (Figure 3). The It follows that formation of a [4]pseudorotaxane from a

1:1 (host/guest) mixture must be the result of additional
noncovalent interactioAsthat are absent in solution but
present in the crystal. These interactions involve thg PF
anions in the form of short [F-H] contacts of 2.6 A or less
(Table 1) between the anions and hydrogen bond donors on

Table 1. Hydrogen Bond Lengths (A) for the Interactions
between the F Atoms of the PFAnions and the H Atoms of
Either BMPEEEEN or CBPQT*" in the Solid-State
Superstructure of the [4]Pseudorotaxane

Figure 3. X-ray superstructure of the [4]pseudorotaxane formed interaction® no. of H bonds range® (A)
from a 1:1 mixture ofCBPQT*" and BMPEEEEN (hydrogen
atoms, MeCN, and RF anions have been omitted for clarity). [F---H(B)] 2 2.56—2.58
[F--H(C)] 4 2.47-2.50
[F---H(D)] 3 2.50—2.59
formation of a [4]pseudorotaxane, on crystallization, is ~ FH®E]I 8 2.28-2.53
suprising?® It requires that the complexation of the MPE ggg]] ; 2'22_2 5
units by the CBPQT*" rings occurs at the expense of [F--H(J)] 3 9.19-9 45
stabilizing [C-H---Q] interaction&* that normally exist when [F---H(K)] 2 2.32-2.47
BMPEEEEN threads through €BPQT*" ring to form a [F---H(L)| 2 2.36—2.55
[2]pseudorotaxane. Although we suspetiat the MPE units [F---H(PEG)] 7 2.28—2.60

will be bound EXtremely Weakly ngBPQTH' we decided a Aromatic rings B-D and J-L are labeled as indicated in Figure 3.
to explore whether the presence of the [4]pseudorotaxaneThe polyether chains MPEEEEN have been assigned the descriptor
could be detected in solutioHd NMR spectroscopic studies E;E?rigmz rfggt?gnigcggggeiﬁ etgeinsfégqhe;tn a{ld longestHi&-F] bond lengths
of a 3:1 (as well as a 1:3) mixture &@BPQT-4PFK and '

BMPEEEEN in CD3;CN/CD,CI; (3:1) showed no evidence
for [4]pseudorotaxane formation. Peaks associated with the
[2]pseudorotaxane were observed with no noticeable shifts
of any signals compared with the equimolar mixture plus

both the CBPQT*" ring and the polyether chains of
BMPEEEEN. A multitude of [C—H---F] contacts are
revealed on inspection of the space-filling representation

(21) Crystals were analyzed with a Bruker Smart 1000 CCD-based (Figure 4) of the packing of the [4]pseudorotaxane super-
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and a hydroquinone-based thread terminated taridbutylaniline residues S.; Stoddart, J. F.; White, A. J. P.; Williams, D.Chem.—Eur. J1998,4,
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Figure 5. X-ray crystal superstructure (a) and packing (b) obtained
from a mixture of CBPQT*" and BMPEEEEN in a 3:1 molar
ratio showing the exclusive formation of the [2]pseudorotaxane
(hydrogen atoms and MeCN omitted for clarity). Some of thg PF
anions are shown in the packing diagram.

in BMPEEEEN are [z---7] stacked alongside the outer faces
of the CBPQT** bipyridinium units. This kind of interaction,
Figure 4. Crystal packing of [4]pseudorotaxanes showing the which has been noté8previously in similar 1:1 complexes,
channel arrangement of PFanions (hydrogen atoms and MeCN  persists in solution and so accounts for the upfield shifts of
omitted for clarity). the MPE protons in théH NMR spectrum (Figure 2) of the
[2]pseudorotaxane. The packing (Figure 5b) of these super-
molecules is also highly ordered in the crystal where MPE
: _units are found to be in azf--7] stacking interaction modé
NMR spectrum (Figure 2) of the [2]pseudorotaxane in ih the p-xylyl units of theCBPQT4* rings in neighboring
solution. _ supermolecules.

In a determined attempt to produce crystals of the  The results reported here highlight the vagaries that
[2]pseudorotaxane, single crystéfssuitable for X-ray  syrround crystal engineering, even with a relatively simple
analysis?” were obtained by vapor diffusion of MTBE into  qyq of organic substrates in the shape of a neutral one and
a MeCN/CHCI, (3:1) solution of a 3:1 (guest/host) mixture 5 tetracationic one. Given half a chance, the supporting
of BMPEEEEN and CBPQT-4PF. These crystals turned  anions can intervene quite dramatically and dictate the solid-

out to contain the [2]pseudorotaxane, as shown by the solid-state superstructure obtained on crystallization in a profound
state superstructure (Figure 5a) wherein the threadlike guestyanner.

wraps itself around the host such that the terminal MPE units

still remains as to the origin of the upfield shifts in thé
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