FULL PAPER

Combining Different Hydrogen-Bonding Motifs To Self-Assemble
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Abstract: A series of carboxyl-substi-
tuted dibenzylammonium salts have been
cocrystallized with the macrocyclic pol-
yethers dibenzo[24]crown-8 (DB24C8)
and bis-p-phenylene[34]crown-10
(BPP34C10) to effect the noncovalent
syntheses of a wide range of interwoven
superstructures in the solid state. In all
cases, the dibenzylammonium cations
thread through the cavities of the mac-
rocyclic polyethers—primarily as a re-
sult of N*—H --- O hydrogen bonds, with
occasional secondary stabilization from
C—H---O and aryl-aryl interactions—

ing [2]pseudorotaxanes that interact fur-
ther with one another to produce novel
supramolecular architectures as a result
of hydrogen bonding between their
carboxyl groups (the carboxyl dimer
supramolecular synthon), or between
carboxyl groups and polyether oxygen
atoms. Elaborate architectures, such as
side-/main-chain pseudopolyrotaxanes
and a daisy-chain-like supramolecular
array, were thus synthesized noncova-
lently. BPP34C10 can accommodate two
cations within its macrocyclic interior to
form carboxyl-containing [3]pseudo-
rotaxanes in which BPP34C10 acts as a

orientation of the carboxylic acid-con-
taining recognition sites for additional
intersupramolecular association through
the carboxyl dimer. PF; anions were
also found to play a role in the self-
assembly processes. When the anions
interact with the [3]pseudorotaxanes,
these recognition sites are oriented in
the same direction. This leads to the
formation of doubly-encircled multi-
component  supermolecules  when
BPP34C10 is cocrystallized with diben-
zylammonium cations bearing only one
carboxyl substituent. On the other hand,

to form pseudorotaxane complexes pos-
sessing supplementary recognition sites
(specifically, carboxyl groups) for fur-
ther intercomplex association through
hydrogen bonding. One unit of each of
the dibenzylammonium cations threads
through the DB24C8 macrocycle to
make single-stranded, carboxyl-contain-

drogen bonds -

chemistry

Introduction

Scientists pursuing research on the chemistry of the non-
covalent bond—that is, supramolecular chemistryll—are
constantly discovering new recognition motifs that allow
them to synthesize specific supramolecular architectures
noncovalently with remarkable control and precision.’l We
believe that the controlled supramolecular synthesist®! of
functioning, organized nanostructures, the likes of which have
been identified previously only in nature, will become
possible in the near future. On account of its directionality
and its ability to discriminate between various recognition

girdle that helps to control the spatial an

Keywords: crystal engineering - hy-
interwoven systems
- self-assembly

when BPP34C10 is cocrystallized with
isophthalic acid-substituted am-
monium cation, there is no evidence of
any anion assistance to self-assembly;
the isophthalic acid units are aligned in
opposite directions, creating an inter-
woven supramolecular cross-linked
polymer.

supramolecular

motifs, the hydrogen bond has been harnessed for the
noncovalent synthesis of some remarkable superstructures,
ranging from discrete, multicomponent supermoleculesP! to
infinite, polymeric supramolecular arrays.[) We have recently
reported”? the discovery of practicable, and remarkably
simple, self-assembling supramolecular systems that utilize
hydrogen bonds as their principal noncovalent adhesive.
Secondary dialkylammonium cations, such as the dibenzyl-
ammonium ion (1%), self-assemblel® with macrocyclic poly-
ethers to form multicomponent pseudorotaxanes (Figure 1),"!
the stoichiometry of which may be controlled accurately.
Pseudorotaxanes possessing from two to five organic compo-
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Figure 1. The wide range of multicomponent pseudorotaxane supermolecules that can be
self-assembled from the dibenzylammonium cation (1*) and various macrocyclic polyethers.

nents may be synthesized noncovalently, depending on the
size of the internal cavity of the macrocyclic polyether. For
instance, dibenzo[24]crown-8 (DB24C8) forms a 1:1 [2]pseu-
dorotaxane complex with 17 in which the ammonium thread
interpenetrates the macroring cavity by virtue of N* —H--- O
and C—H--- O hydrogen bonds, supplemented by 7t - stack-
ing interactions."® & 9 Moreover, the crown ether component
can become ditopic (i.e., it can accommodate two ammonium
centers within its interior) provided its two polyether loops
are disassociated from one another, as in the case of bis-p-
phenylene[34]|crown-10 (BPP34C10), which forms a double-
stranded [3]pseudorotaxane with 1*[7>-4 This paradigm can be
extended even further:"™¢l the crown ethers tris-p-phenyl-
ene[S1]crown-15 (TPP51C15) and tetrakis-p-phenylene[68]-
crown-20 (TPP68C20) can bind three and four 1* cations,
respectively, within their macrocyclic cores, since they possess
three and four separated polyether loops, each of which can
form hydrogen bonds with the ammonium centers. Further-
more, on account of the expanded nature of their crown ether
macrorings, the resultant [4]- and [5]pseudorotaxanes possess
ammonium centers that are ideally predisposed to associate
with anions by hydrogen bonding and anion-dipole inter-
actions.

Another hydrogen bonding motif that has been studied
extensivelyl'”! by supramolecular chemists is the carboxyl
dimer supramolecular synthon. In particular, researchers
interested in crystal engineering'!! (the rational design of
organized solid-state superstructures) have employed this
recognition motif for the noncovalent synthesis of a wide
range of supramolecular architectures. By way of illustration,
crystal engineers have utilized the carboxylic dimer for the
solid-state noncovalent synthesis of ribbon-like supramolec-
ular arrays (Figure 2), such as is observed in the crystal
structures of terephthalic acidl'? and isophthalic acid.['}
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Moreover, the placement of bulky alkyl substitu-
ents on the isophthalic acid moiety induces!*! the
production of a hexameric, hydrogen-bonded
supramolecular macrocycle, thereby relieving
unfavorable nonbonding interactions.

We conjectured that we could utilize the
directional attributes of the hydrogen bond for
the noncovalent syntheses of interwoven supra-
molecular architectures involving the aggrega-
tion/polymerization of pseudorotaxanes!™>'°l in
the solid state. It seemed to us that interwoven
superstructures could be synthesized noncova-
lently by combining both i) the threading of
secondary dialkylammonium cations through
crown ethers, and ii) the supramolecular dimeri-
zation of carboxyl groups. The threading motif
would allow the creation of multicomponent
pseudorotaxanes that would be endowed with
pendant carboxyl groups for further noncovalent
association to produce novel interwoven super-
structures. Here, we report that carboxyl-con-
taining, crown ether—dialkylammonium-based
pseudorotaxanes (generated when the crown
ethers DB24C8 and BPP34C10 complex with
the carboxyl-substituted dibenzylammonium cat-
ions 27— 6", Figure 3) do indeed associate with one another to
form unique interwoven supermolecules and supramolecular
arrays in the solid state.['”]

N
J

Results and Discussion

Molecular synthesis: The salts 2 - PF,—6 - PF,, possessing both
secondary ammonium centers for the formation of pseudor-
otaxanes with crown ethers, and carboxyl groups for the
noncovalent association of these pseudorotaxanes, were
readily obtained using the protocol outlined in Scheme 1.
Condensation of the appropriate aldehydes and amines
furnished aldimines that were subsequently reduced to the
secondary amines 13-17 possessing appended benzoate or
isophthalate moieties. Ultimately, each of these esters was
converted into its corresponding salt 2 - PF,—6 - PF¢ by boiling

OCioHz1

CioHz10 \gtj)k J\@/OQUHH
CioH2:0 ? F ﬁ ? OCioHz1

Figure 2. Examples of some of the supramolecular architectures that can
be synthesized noncovalently, from various building blocks, with the
carboxyl dimer supramolecular synthon. Tape-like supramolecular poly-
mers from A) terephthalic acid and B) isophthalic acid. C) Hexameric
supramolecular macrocycle from 5-decyloxyisophthalic acid.
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Figure 3. Chemical formulas and cartoon representations for the macrocyclic polyethers and carboxyl-substituted dibenzylammonium cations studied in this
paper. Note that the aromatic rings are not represented, for the sake of clarity, in the cartoons exhibited in the ensuing figures.

with hydrochloric acid (to effect hydrolysis with concomitant
protonation) followed by counterion exchange from chloride
to hexafluorophosphate. With the exception of 9 and 12, the
aldehyde and amine precursors of the salts were either
commercially available or were known compounds. The
aldehyde 9 was prepared by oxidation of diethyl 5-bromome-
thylisophthalatel'"®! with bis(tetrabutylammonium) dichro-
mate,[”] while the amine 12 was obtained by Fischer - Speier
esterification of 3-carboxybenzylammonium chloride” with
MeOH. The crown ethers employed in the supramolecular
syntheses (specifically DB24C8 and BPP34C10) were also
obtained easily: DB24C8 is commercially available, while
BPP34C10 can be readily prepared?! by a one-pot reaction of
hydroquinone with tetraethylene glycol bistosylate.

Characterization of pseudorotaxanes in solution and the gas
phase: In a similar manner to that of their unsubstituted
congener 17,74 the carboxyl-substituted dibenzylammonium
cations 2" —6" form pseudorotaxane complexes with DB24C8

and BPP34C10 in both solution and in the gas phase, as
ascertained by 'H NMR spectroscopy and liquid secondary
ion mass spectrometry (LSIMS), respectively.

As anticipated from studies on the parent dibenzylammo-
nium salt 1-PF,,[7% <4 solutions of DB24C8 and the salts 2-
PF¢-6-PF, exhibit somewhat slow kinetic exchange with
their complexes, since it is especially difficult for the aromatic
rings of the cations to pass through the relatively small cavity
of the DB24C8 macrocycle. In particular, this exchange is slow
enough on the NMR time scale that the '"H NMR spectra of
equimolar solutions of DB24C8 and the salts display three
sets of resonances for i) the uncomplexed crown ether, ii) the
uncomplexed carboxyl-substituted dibenzylammonium salt,
and iii) the 1:1 complex formed between these two species.
The chemical shift data for the compounds and complexes are
listed in Table 1, which shows that the proton resonances
associated with the pseudorotaxane complexes are shifted
quite dramatically from those in the uncomplexed crown
ether and salt. Furthermore, the observation of signals

RS R5 RS
R4 R4 R4
1. PhMe /A 1. HCI/H,O /A
2. NaBH,4 / MeOH 2. NH4PFg / H,0
THF /20 °C MeNO, or Me,CO +
NH P —— NH
cho t 2 NH 2
PF67
R R3 R R3 R R3
R2 R2 R2
Compound R! RZ R3 R4 RS Compound R! R2Z R3 R4 RS
7 + 10 — 13 H COMe H H H —>  2PF H COH H H H
8 + 10 e 14 CO;Me H H H H R 3-PFg CO,H H H H H
7 + 11— 15 H COMe H CO,Me H — 4-PFg H CO,H H CO,H H
8 + 12 D 16 CO,Me H H H CO,Me —> 5-PFg CO,H H H H COxH
9 + 10 — 17 COEt H COEt H H E— 6-PFg CO,H H CO,H H H

Scheme 1. Synthetic protocol employed for the preparation of the salts 2 PF;—6 - PF. Compound 7: methyl 4-formylbenzoate ; 8: methyl 3-formylbenzoate;
9: diethyl 5-formylisophthalate; 10: benzylamine; 11: methyl 4-aminomethylbenzoate; 12: methyl 3-aminomethylbenzoate.
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associated with both the complex and its uncomplexed
constituents permits facile single-point measurements of the
[2]pseudorotaxanes’ association constants (K,),’><94 from
which their related free energies of complexation (AG®) can
be derived (Table 2). The data reveal that the carboxyl-
substituted ammonium cations 2*-6" form much stronger
complexes with DB24C8 than does the unsubstituted cation
1*, presumably as a direct consequence of i) resonance and
inductive effects, which increase the acidity of both the
benzylic methylene and NH7 hydrogen atoms, and ii) the
greater tendency of the m-electron-deficient Ar(CO,H), rings
of the cation to enter into aryl —aryl stacking interactions with
the m-electron-rich catechol rings of the DB24C8 macrocycle.
Moreover, it can be seen that, as a result of resonance effects
on the hydrogen-bonding ability of the benzylic methylene
moieties, ammonium cations bearing p-carboxy groups form
stronger complexes with DB24C8 than the m-substituted
congeners. In addition, it is evident that ammonium cations
bearing two electron-withdrawing carboxyl substituents form
stronger complexes than those bearing one, but that the
strength of a complex is increased more spectacularly when
the two carboxyl units are situated on the same aromatic ring.
1:1 Mixtures of DB24C8 and the salts 2 - PF,— 6 - PF, were also
studied by LSIMS, where complex formation was evidenced
by the discovery of strong peaks corresponding to the 1:1
complexes with the loss of their PF; counterions.??!

Table 2. Association constants (K,) and related free energies of complex-
ation (—AG°) for the [2]pseudorotaxane complexes formed between
DB24C8 and the dibenzylammonium salts 1-PF,—6-PF, in CD;CN at
20°C.

K, (M1l — AG® (kcalmol 1)l
[DB24C8 - 1][PF,] 420 3.6
[DB24C8 - 2][PF,] 610 37
[DB24C8 - 3][PF,] 480 3.6
[DB24C8 - 4][PF,] 950 40
[DB24C8 - 5[PF,] 880 3.9
[DB24C8 - 6][PF,] 1500 43

[a] Association constants (K,) were obtained by means of single-point
measurements of the concentrations of the complexed and uncomplexed
species, from the relevant 'H NMR spectra at 20°C, by the relationship
K,=[DB24C8-salt]/[DB24C8][salt] (percentage error <15%). [b] The
free energies of complexation (— AG®) were calculated from the K, values
with the expression — AG° = RTInK,.

Complex formation was indicated (Table 3) from the 'H
NMR spectra of 1:2 mixtures of BPP34C10 with the ammo-
nium salts 2-PF,—6-PF,, where substantial chemical shift
changes were detected for the signals®! observed for both the
host and the guest in CD,CL/CD;CN (2:1). However, in this
mixed solvent system, all of the resonances were sharp and
well-defined, indicating that the medium is too polar for
interpseudorotaxane association to occur through the carbox-
yl groups.?*1 LSIMS provided proof of the existence of the 1:2

Table 1. '"H NMR spectroscopic datal®l (9 values) for 1) DB24C8," 2) the carboxyl-substituted dibenzylammonium salts 2-PF,—6-PF,l’l and 3) the

associated [2]pseudorotaxanes in CD;CN at 20°C.Il

Crown ether

Dibenzylammonium cation

OCH, (RO),ArH CH,NH; PhH (HO,C),ArH
DB24C8 3.67 (s, 8H), 6.85-6.96 (m, 8H) - - -
3.79 (m, $H),
4.08 (m, 8H)
2-PF, - - 425 (s,2H), 746 (s, SH) 7.57 (d, 2H), 8.06 (d, 2H)
4.29 (s,2H)
[DB24C8-2][PF,]  3.49-3.63 (m, 8H), 6.71-6.84 (m, 8H) 4.66 (m, 2H), 7.22-7.30 (m, 5H) 7.38 (d, 2H), 7.65 (d, 2H)
3.74 (m, SH), 479 (m, 2H)
3.95-4.06 (m, SH)
3.PF, - - 425 (s,2H), 746 (s, 5H) 7.58 (t, 1H), 7.71 (d, 1 H), 8.07 (d, 1 H),
431 (s, 2H) 8.16 (s, 1H)
[DB24C8-3|[PF,]  3.51-3.65 (m, 8H), 6.70-6.83 (m, 8H) 464 (m,2H), 725-7.34 (m,5H) 7.12 (t, 1H), 7.42 (d, 1H), 7.62 (d, 1 H),
3.77 (m, 8H), 481 (m, 2H) 8.00 (s, 1H)
3.94-4.06 (m, SH)
4-PF, - - 431 (s, 4H) - 7.56 (d, 4H), 8.06 (d, 4H)
[DB24CS-4|[PF,]  3.58 (s, SH), 6.70-6.81 (m, 8H) 478 (m, 4H) - 7.44 (d, 4H), 7.75 (d, 4H)
3.77 (m, 8H),
4.01 (m, 8H)
5-PF, - - 431 (s, 4H) - 7.59 (1, 2H), 7.69 (d, 2H), 8.07 (d, 2H),
8.13 (s, 2H)
[DB24C8-5][PF,]  3.62 (s, 8H), 6.67—-6.81 (m, 8H) 475 (m, 4H) - 726 (t, 2H), 7.54 (d, 2H), 7.76 (d, 2 H),
3.78 (m, SH), 8.06 (s, 2H)
4.00 (m, 8H)
6-PF, - - 425 (s,2H), 746 (s, 5H) 8.35 (s, 2H), 8.58 (s, 1 H)
438 (s, 2H)
[DB24C8-6][PF,] @ 6.55-6.73 (m, SH) 461 (m,2H), 7.38-7.55 (m, 5SH) 7.85 (s, 1H), 8.09 (s, 2H)
4.94 (m, 2H)

[a] The "H NMR spectra were recorded on a Bruker AC300 spectrometer (at 300.1 MHz) with CD;CN solvent as the lock and the multiplet observed for the
residual protons of this solvent (at 6 =1.93) as internal reference. [b] The concentration of both components was 1.0 x 1072M. [c] Signals were observed
simultaneously for both the uncomplexed crown ether and salt, in addition to the [2]pseudorotaxane complex. [d] A complicated band of signals was
observed from ¢ =3.55-4.15 in the '"H NMR spectrum of a 1:1 mixture of DB24C8 and 6 - PF, so that it was not possible to correlate signals associated with

the OCH, protons to the uncomplexed or complexed DB24C8 macrocycle.

580 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

0947-6539/98/0404-0580 $ 17.50+.50/0

Chem. Eur. J. 1998, 4, No. 4



Two Hydrogen-Bonding Motifs

577-589

pseudorotaxane complexes in the gas phase. The LSIMS,
obtained from 1:2 molar solutions of BPP34C10 with the salts
2-PF,-6-PF,, displayed peaks for the 1:2 complexes (with
the loss of one PF; counterion) in all cases. However, these
peaks were extremely small compared with the base peaks in
the spectra, indicating that, as noted previously,’< it is
extremely difficult to characterize three-component pseudo-
rotaxane supermolecules, such as these, in the gas phase.

X-ray crystallography (supramolecular synthesis): The X-ray
crystallographic analysis of the 1:1 complex formed between
DB24C8 and the 2* cation shows (Figure 4A) the DB24C8
macrocycle to adopt a V-shaped conformation, with the cation
threaded through the center of the macroring to form a
[2]pseudorotaxane. Complex stabilization is achieved by
means of a combination of N*—H--- O and C—H - O hydro-
gen bonds and a face-to-face aryl—aryl stacking interaction
between the m-electron-deficient benzoic acid ring of the
ammonium cation and one of the m-electron-rich catechol
rings of the DB24C8 macrocycle (the mean interplanar
separation is 3.71 A, with a centroid - centroid distance of
4.12 A, the rings being inclined by ca. 15°). Even though there
is an approach of 4.18 A between the centroids of the other
catechol unit of the crown ether and the benzoic acid ring, the
rings are inclined by ca. 29°, thereby precluding any significant
nt—7 stacking interaction. Inspection of the packing of this
pseudorotaxane shows glide-related complexes to be linked in

a head-to-tail fashion (via bifurcated hydrogen bonds be-
tween the carboxyl hydrogen atom of one pseudorotaxane
unit and the oxygen atoms of a catechol ring of the next) to
generate an interwoven supramolecular architecture that is
reminiscent of a daisy chain (Figure 4B,C).>’l This polymeric
supramolecular architecture presumably originates as a result
of the m—m stacking interaction, in addition to the V-shaped
conformation of the polyether. The combination of these two
factors means that the head-on dimerization of the [DB24CS -
2]* pseudorotaxane, using the carboxyl dimer supramolecular
synthon, is disfavored, since the catechol units from adjacent
pseudorotaxanes would be in very close proximity to one
another, resulting in detrimental nonbonding interactions.
The X-ray analysis of the 1:1 complex formed between the
DB24C8 macrocycle and the cation 4* reveals that, in this
instance, the interpenetrated DB24C8 macroring has an
extended approximately C-symmetric conformation with its
phenoxyethylene units roughly coplanar with their associated
catechol rings, a conformation very similar to that adopted by
the uncomplexed DB24C8 macrocycle.”! As a result of a
combination of N*—H--- O and C—H--- O hydrogen-bonding
interactions (Figure 5A), the cation is threaded asymmetri-
cally through the center of the polyether macroring and has
one of its benzoic acid rings oriented approximately parallel
to, and overlying, one of the catechol rings of the DB24C8
macrocycle (the mean interplanar separation is 3.74 A with a
centroid —centroid distance of 3.91 A, the rings being inclined

Table 3. 'H NMR spectroscopic datal®! (6 values) for 1) BPP34C10, 2) the carboxyl-substituted dibenzylammonium salts 2 - PF;—6 - PF¢ "l and 3) 1:2

mixtures® of the two compounds in CD,Cl,/CD;CN (2:1) at 20°C.

Crown ether

Dibenzylammonium cation

OCH, (RO),ArH CH,NHf  PhH (HO,C),ArH
BPP34C10 3.58 (m, 16H), 6.69 (s, $H) - - -
371 (m. 8H),
3.92 (m, 8H)
2-PF, - - 418 (s,4H), 7.43 (s, 10H) 7.49 (d, 4H), 8.04 (d, 4H)
4.22 (s,4H)
BPP34C10+2-PF,  345-3.59 (m, 16H), 6.69 (s, 8H) 412 (s, 4H), 7.38-7.49 (m, 10H) 7.34 (d, 4H), 7.94 (d, 4H)
3.71 (m, 8H), 4.14 (s,4H)
3.95 (m, 8H)
3-PF, - - 4.16 (s, 4H), 7.40 (s, 10H) 7.51 (1, 2H), 7.62 (d, 2H),
421 (s, 4H) 8.04 (d, 2H), 8.10 (s, 2H)
BPP34C10+3-PF,  3.54 (s, 16H), 6.60 (s, 8H) 415 (s, 8H) 7.42 (s, 10H) 747 (d, 2H), 7.53 (t, 2 H),
3.69 (m, 8H), 7.81 (s,2H), 7.99 (d, 2H)
3.86 (m, 8H)
4-PF, - - 421 (s, 8H) - 7.49 (d, 8H), 8.03 (d, 8H)
BPP34C10+4-PF,  3.48-359 (m, 16H), 6.65 (s, 8H) 419 (br, 8H) - 7.40 (d, 8H), 7.96 (d, 8H)
3.70 (m, 8H),
3.91 (m, 8H)
5-PF, - - 422 (s, 8H) - 7.50 (t, 4H), 7.61 (d, 4H), 8.00 (d, 4H), 8.07 (s, 4H)
BPP34C10+5-PF,  3.55 (s, 16H), 6.63 (s, 8H) 418 (s, 8H) - 7.48-7.54 (m, SH),
3.70 (m, 8H), 7.85 (s, 4H),
3.89 (m, 8H) 7.93 (d, 4H)
6-PF, - - 4.18 (s, 4H), 7.40 (s, 10H) 8.30 (s, 4H), 8.59 (s, 2 H)
428 (s, 4H)
BPP34C10+6-PF,  3.55 (s, 16H), 6.58 (s, $H) 4.18 (br, SH) 7.43 (s, 10H) 8.10 (s, 4H), 8.50 (s, 2H)
3.69 (m, 8H),
3.87 (m, 8H)

[a] The 'H NMR spectra were recorded on a Bruker AC300 spectrometer (at 300.1 MHz) with CD;CN solvent as the lock and the residual solvent peak as
internal reference. [b] The concentration of BPP34C10 was 4.2 x 1073, while that of the salts was 8.4 x 10~>M. [c] In contrast to the spectra described in
Table 1, time-averaged sets of signals are observed for both host and guest species in the 'H NMR spectra, since fast kinetic exchange is occurring between

uncomplexed and complexed states on the 'H NMR time scale.
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Figure 4. A: Crystal structure of the [DB24C8 - 2]* pseudorotaxane. Bond
lengths and angles for hydrogen bonds: a) N*---O 2.92 A, H--O 2.15 A,
Nt—H--0142°;b) N*---02.90 A, H~02.13 A,N*—H -0 144°;¢) C -+
0318A H---0226A,C-H--0159°;d) C--O325A, H---0246 A,
C-H-+0139°;¢) C---0336 A, H---0 2.50 A, C—H-- O 148°. B: The
hydrogen-bonded supramolecular array—resembling a daisy chain—pro-
duced by the noncovalent polymerization of the [DB24C8-2]" pseudo-
rotaxane in the solid state. Bond lengths and angles for hydrogen bonds:
£)0--03.06A,H--0225A, 0-H--0150°;g) O---0292A,H--0O
220 A, O—H--- 0 136°. C: Cartoon representation of the daisy-chain-like
supramolecular array {{DB24C8 - 2]*},.

by ca. 13°). The other benzoic acid ring of the cation is
oriented approximately axially with respect to the DB24C8
macroring. An examination of interpseudorotaxane associa-
tion (Figure 5B,C) reveals that two [DB24C8 - 4] complexes
stack, via the benzoic acid ring that is excluded from
intrapseudorotaxane m—7 stacking (the centroid —centroid
and interplanar separations are 4.19 and 3.79 A, respectively),
to generate a dimer of Cj-related [2]pseudorotaxanes. This
pseudorotaxane dimer is further stabilized by pairs of O—H ---
O hydrogen bonds between one of the carboxyl moieties of
the 4" cation and an oxygen atom in one of the polyether
linkages of the DB24C8 macrocycle of a symmetry-related
[2]pseudorotaxane and vice versa. Further propagation of this
recognition motif is halted by the intervention of an Me,CO
solvent molecule, which is hydrogen-bonded to the vacant
carboxyl donor site attached to the aryl ring that is involved in
intrapseudorotaxane m—g stacking. This crystal structure
convincingly demonstrates a fundamental difficulty associat-
ed with crystal engineering. Here, the anticipated carboxylic
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Figure 5. A: View of the structure of the [DB24C8 - 4] pseudorotaxane in
the solid state. Bond lengths and angles for hydrogen bonds: a) N*---O
311 A, H---0226 A, N*—H---0 158°;b) N*---0 3.02 A, H---O 2.14 A,
N*-H--0 165°; ¢) C--O 321 A, H--0 237A, C-H--O 145°. B:
Association of two Me,CO molecules with each of the pendant carboxyl
groups of the {{[DB24C8-4]*}, species formed by aryl—aryl stacking and
hydrogen-bonding interactions. Bond lengths and angles for hydrogen
bonds:d) O--0273A,H---O1.85A,0-H--0165°;¢) O--0 278 A,
H--O 1.8 A, O-H---O 173°. C: Cartoon representation depicting the
{[DB24C8-4]'},-2Me,CO species.

acid dimer pairs are not observed, presumably because
interpseudorotaxane m—s stacking interactions act as the
dominant factor that determines the packing of the
[DB24C8 - 4]* species.

The coconformation?”! of the [DB24C8-5]* [2]pseudoro-
taxane (Figure 6A) is remarkably similar to that of its
congener [DB24C8-4]*. Nevertheless, although there are
small amounts of Me,CO solvent in the crystals of the
[DB24C8 - 5]* complex, it does not interfere with the expected
hydrogen-bonding pattern: supramolecular polymerization,
employing the carboxyl dimer supramolecular synthon, leads
to the main-chain, hydrogen-bonded pseudopolyrotaxane!™
superstructure illustrated in Figure 6 B,C.

The X-ray analysis of the 1:1 complex formed between
DB24C8 and 6-PF; (Figure 7A) reveals a very similar co-
conformation,?’! for the threading of the cation through the
center of the DB24C8 crown ether macroring, to that
observed for the related complex [DB24C8-2]*. The cation
has a typical all-anti geometry for its C— CH,-NH; -CH,-C
backbone, but the differences in orientations of the isophtha-
late and benzyl rings result in a marked departure from the
normal gull-wing conformation: the isophthalate ring is
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Figure 6. A: The crystal structure of the [DB24C8-5]* pseudorotaxane.
Hydrogen bonding distances and angles: a) N*---0 3.12 A, H---0 2.28 A,
N*-H--O 157°; b) N*---O 3.0l A, H-O 2.32A, N*-H--0O 133°;
¢)N*-03.02A, H--0220A, N—H---O151°;d) N*---O 3.05 A, H--
0234A N+—-H---0 136°;¢) C---O 316 A, H--O 252 A, C-H--O
157°,f) C---0 332 A, H--0 2.49 A, C—H - O 145°. B: The main-chain,
hydrogen-bonded pseudopolyrotaxane produced by the noncovalent
polymerization of the [DB24C8-5]" pseudorotaxane by means of the
carboxyl dimer supramolecular synthon. Hydrogen bond lengths: g) O--- O
2.63 A;h) O---0 2.63 A. C: Cartoon of the {[DB24C8-5]*}, pseudopoly-
rotaxane.

inclined by 81° to the plane of the backbone, while the benzyl
ring is inclined by only 23°. Complex stabilization is again
achieved by a combination of N*—=H-:--O and C-H:---O
hydrogen bonds along with a m-m stacking interaction
between the isophthalate ring and one of the catechol rings
of the DB24C8 macrocycle (the associated centroid — centroid
and mean interplanar separations are 3.79 and 3.48 A,
respectively). As observed for the [DB24C8 - 2]" superstruc-
ture, there is a relatively short contact (4.12 A) between the
center of the isophthalic acid ring and the other catechol ring
of the DB24C8 macrocycle. However, these rings are inclined
by 26°, thus precluding any significant st - interaction. The
packing of the [DB24C8 - 6]* complexes (Figure 7B,C) reveals
the formation of a side-chain, hydrogen-bonded pseudopoly-
rotaxane!™? superstructure, with one of the carboxylic acid
units of one cation linking to the other of the next through the
carboxyl dimer. Presumably, the formation of this supra-
molecular polymer is allowed, in this instance, since the
catechol units of the pseudorotaxane monomers approach
each other in a sterically less demanding side-on fashion as
opposed to a head-on fashion (see [DB24C8-2]*). Inspection
of the packing of the pseudopolyrotaxane chains does not
reveal any significant interchain interactions.

Chem. Eur. J. 1998, 4, No. 4
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Figure 7. A: The structure of the [DB24C8-6]* pseudorotaxane in the
solid state. Bond lengths and angles for hydrogen bonds: a) N*--- O 3.04 A,
H--0 215A, N*=H--0 170°; b) N*---O 2.88 A, H---O 1.98 A, N*—
H--0179°;¢) C--0 330A, H---O 239 A, C-H---O 156°; d) C---O
3.27 A, H:---O 240 A, C-H---O 150°. B: The side-chain, hydrogen-
bonded pseudopolyrotaxane produced by the noncovalent polymerization
of the [DB24C8-6]" pseudorotaxane by means of the carboxyl dimer
supramolecular synthon. Bond lengths and angles for hydrogen bonds:
e)0-—-0260A H--0173A, 0-H---0163°,f) O---02.64 A, H---O
1.75 A, O-H---0O 176°. C: Cartoon representation of the side-chain,
hydrogen-bonded pseudopolyrotaxane {{[DB24C8-6]},.

The X-ray crystallographic analysis of the 1:2 complex
formed between the BPP34C10 macrocycle and the cation 2*
(Figure 8) reveals!'” that both of the cations are threaded
codirectionally through the center of the macrocycle to
produce a [3]pseudorotaxane that is stabilized by five N*—
H--- O hydrogen bonds between the NHJ centers and oxygen
atoms from each of the polyether loops in the macrocycle.
Secondary stabilization of the [3]pseudorotaxane super-
architecture is achieved by an edge-to-face C—H --- m contact
between one of the methylene hydrogen atoms of the 4-
carboxybenzyl group and one of the hydroquinone rings of the
BPP34C10 macrocycle (the associated H---m distance and
C-H--m angle are 2.88 A and 143°, respectively). The
centroid — centroid separation between the benzoic acid rings
of independent 2+ cations is ca. 4.6 A, the rings being tilted by
28°, thereby excluding any meaningful aryl—aryl stacking
interactions. An additional feature of the superstructure,
which is of particular interest, is the directing of a fluorine
atom from one of the PFg anions into the cleft between the
two dialkylammonium cations; it lies at a distance of ca. 2.5 A
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Figure 8. A: View of the {{BPP34C10-(2),]**}, supermolecule (produced
by the noncovalent dimerization of the [BPP34C10 - (2),]** pseudorotaxane
by means of the carboxyl dimer supramolecular synthon) in the solid state,
showing the PFy anions that may assist the self-assembly of the super-
molecule. Bond lengths and angles for hydrogen bonds: a) N*---O 3.18 A,
H--0233A N*-H--0 157°; b) N*---0 2.98 A, H---O 2.32 A, N*—
H--0 130°; ¢) N+~0 293 A, H---0 2.06 A, N*-H---O 161°; d) N*+---O
286 A, H--0219A, N*—H---O 130°; ) N*---O 2.93 A, H--O 2.06 A,
N*—H--0163°;f) O---02.68 A;g) O---0 2.61 A. B: Cartoon portraying
the {[BPP34C10-(2),]*}, - 2PFg species.

from the benzylic hydrogen atoms of one of the cations.”) A
similar approach of ca. 2.5 A is also evident between one of
the equatorial fluorine atoms of this anion and one of the
hydrogen atoms of a hydroquinone ring. We hypothesize that
this PF; anion may assist’ the macrocyclic polyether by
helping to align the two carboxyl groups of the [3]pseudor-
otaxane codirectionally with respect to each other, leading to
the noncovalent dimerization of pairs of C; symmetrically-
related [3]pseudorotaxanes to generate doubly-encircled six-
component organic supermolecules that are linked through
pairs of strong O—-H---O hydrogen bonds (Figure 8), both
involving carboxyl dimers. In many respects, the structure of
this six-component assemblage is similar to that of the 2:2
complex formed between a,a'-bis(benzylammonium)-p-xy-
lene bis(hexafluorophosphate) and BPP34C10,7>< an obser-
vation that is hardly surprising, given the fact that the carboxyl
dimer may be regarded as a surrogate for a p-disubstituted
benzene ring. ']

The analogous 1:2 complex formed between BPP34C10 and
37, in which the carboxyl substituent is located in the meta
position, possesses a very similar supramolecular architecture
to that of the [BPP34C10-(2),]** complex. Pairs of cations
thread codirectionally through the BPP34C10 macrocycle and
are hydrogen bonded, through the carboxyl groups, to their
immediate neighbors in Ci-related 1:2 complexes (Figure 9).
In essence, the only significant change in the overall super-
structure is a shearing of one of the BPP34C10 rings in one
[BPP34C10- (3),]** pseudorotaxane with respect to that of its
hydrogen-bonded counterpart. Once again, complex stabili-
zation is achieved by means of the same N*—-H---O and O—
H---O hydrogen bonds that were observed in the
{[BPP34C10-(2),]**}, superstructure. Although there is a
near-parallel alignment of the pairs of benzoic acid rings
(the mean interplanar separation is ca. 3.62 A), they are offset
(the centroid—centroid separation is 4.99 A) such as to
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supermolecule produced by the noncovalent dimerization of the
[BPP34C10-(3),]** pseudorotaxane by means of the carboxyl dimer
supramolecular synthon, showing the PFg anions located in the clefts
between two neighboring 3" cations. Bond lengths and angles for hydrogen
bonds: a) N*---O 2.92A, H--O 211 A, N*—-H--O 149°; b) N*---O
290A, H---O 213 A, N*-H---0 142°;c) N*---02.90 A, H---0 2.07 A,
N*-H-~0153°;d)N*-0292 A, H--O 218 A,N*—-H--0 139°;¢) O -+
0 257A; f) O---O 2.67A. B: Cartoon depicting the {[BPP34C10-
(3),]**},- 2 PF§ supermolecule.

preclude any significant mw—m stacking between them. A
particularly interesting feature of this six-component assem-
blage is the positioning (Figure 9) of one of the PF; anions
within the cleft formed between the two 3" cations, an
arrangement that is almost identical to that observed for the
[BPP34C10 - (2),]** complex. In the crystal lattice, this anion is
notable for its order and for the proximal relationship
between its fluorine atoms and pairs of hydroquinone hydro-
gen atoms on the BPP34C10 macroring (there are three H---
F distances of less than 2.5 A). We feel that this recurrence of
a selective positioning of one of these anions reinforces our
conclusion (vide supra) that this anion may be assistingl’l the
polyether in enforcing the codirectionality of the benzoic acid
rings, thus allowing the production of the discrete multi-
component assemblage.

Contrasting with the crystal structures of the [BPP34C10-
(2),]** and [BPP34C10-(3),]** pseudorotaxanes, the X-ray
crystallographic analysis['” of the 1:2 complex formed be-
tween the BPP34C10 macrocycle and the isophthalic acid-
substituted cation 6" (Figure 10 A) reveals that the secondary
dialkylammonium strands are, in this instance, threaded
centrosymmetrically with respect to one another—that is, in
an antiparallel fashion—presumably since, in this case, no PFy
anions are involved in the self-assembly process (vide infra).
Once again, stabilization of the [3]pseudorotaxane super-
structure is achieved by N*—H --- O hydrogen bonds between
the NH7 centers and pairs of oxygen atoms in each of the
polyether arcs of the macrocycle. The cations maintain the
normal gull-wing conformation, with a planar all-anti C-
CH,-NHj - CH, - C backbone, though with the isophthalate
ring markedly skewed from an orthogonal relationship.
Noncovalent association occurs between the pairs of carboxyl
groups of each cation and their nonequivalent counterparts in
symmetry-related complexes as a result of strong O-H---O
hydrogen bonding between the carboxyl groups. In this case,
the outcome of combining multiple carboxyl dimer and
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Figure 10. A: The crystal structure of the [BPP34C10-(6),]*" pseudor-
otaxane. Bond lengths and angles for hydrogen bonds: a) N+---O 2.88 A,
H--0209A N*—H--0 145°; b) N*---O 2.87 A, H---O 2.09 A, N*—
H---O 146°. B: The interwoven supramolecular cross-linked polymer
formed through the noncovalent polymerization of the [BPP34C10- (6),]**
pseudorotaxane by means of the carboxyl dimer supramolecular synthon.
Hydrogen bond lengths: ¢) OO 2.57 A; d) O---O 2.69 A. C: Cartoon
illustrating the interwoven supramolecular cross-linked polymer
{(BPP34C10-(6),]**},.

|
P

double threading motifs is the production of a novel type of
supramolecular polymer (Figure 10B,C),% specifically, an
interwoven supramolecular cross-linked polymer, in which
cross-linking of isophthalic acid tapes!’® (cf Figure 2B) is
induced by the macrocyclic polyether, since it guides two
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isophthalic acid units from separate 6 cations in opposing
directions, that is, the tapes are interlinked through the
[3]pseudorotaxane unit to form two-dimensional pseudo-
polyrotaxanel'”l sheets. The sheets are fairly thick (ca. 12.5 A)
since the planes of the O-H---O hydrogen bonds are
approximately orthogonal to the planes of the BPP34C10
macrocycle. Included PhH solvent molecules and disordered
PF; counterions are located in the interstices between the
polymeric layers. Neither of these species play significant
roles in establishing the pseudopolyrotaxane sheet super-
structure.

The crystal structures of the [3]pseudorotaxanes described
above demonstratel'”] that the ditopic crown ether BPP34C10
acts as a useful unit for solid-state supramolecular synthesis in
that it can, to a certain extent, direct supramolecular recog-
nition sites in space (Scheme 2), leading to the creation of
multiply encircled supermolecules and interwoven supramo-
lecular arrays, that is, the crown ether induces supramolecular
preorganization of the benzoic or isophthalic acid subunits for
further noncovalent association using the carboxyl dimer
supramolecular synthon. In fact, superstructures comparable
to the ({[BPP34C10-(2),]*"},, {[BPP34C10-(3),]*"},, and
{[BPP34C10- (6),]**}, architectures have been observed in
the crystal structures of species in which molecular preorgan-
izationP® dictates the spatial disposition of benzoate or
isophthalate moieties by covalent frameworks. Molecular
biscarboxylic acids that are endowed with two codirectionally-
oriented carboxyl groups within the same covalent skeleton
(like the supramolecular biscarboxylic acids [BPP34C10-
(2),]* and [BPP34C10- (3),]*") can combine to form dimeric
supermolecules in the solid state.’%3 Likewise, molecular
bisisophthalic acids, wherein two isophthalic acid moieties are
located at the opposite ends of a covalent framework, exhibit
(like the corresponding supramolecular bisisophthalic acid
[BPP34C10- (6),]**) the formation of supramolecular cross-
linked polymers™! in the solid state.['¢?*2] However, as we
have demonstrated previously,’1 one should not underesti-
mate the potential role of the PF; anions (and solvent
molecules) in influencing these self-assembly processes.

Conclusions

The crystal structures considered in this paper illustrate a
powerful synthetic supramolecular paradigml®! that may be
employed for the rational noncovalent synthesis of inter-
woven supramolecular architectures in the solid state. More
generally, they show that complex superstructures may be
generated easily by using the concomitant self-selectivel’]
operation of several distinct recognition algorithms: in this
instance, hydrogen-bonding motifs. In all the cases reported,
the thread-like cations are inserted through the cavities of the
macrocyclic polyethers with their NH; centers interacting
with the polyether loops, thus leaving their pendant carboxyl
groups available for additional noncovalent association. For
the most part, the recognition algorithms operate independ-
ently of one another, so that crossover does not usually occur
between hydrogen-bonding motifs, that is, running the crown
ether—dialkylammonium cation and carboxyl dimer supra-
molecular synthons simultaneously allows the creation of
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Scheme 2. Cartoon highlighting the role of BPP34C10 as a girdle for supramolecular synthesis that,
possibly in conjunction with attendant anions, dictates the orientation of recognition sites in space.

elaborate supramolecular aggregates and arrays. The idea that
operating concurrently at least two orthogonal recognition
algorithms simplifies noncovalent syntheses dramatically is
one that is rapidly gaining credence amongst those working in
synthetic supramolecular chemistry. Indeed, we and others
had previously used the concurrent operation of combinations
of disparate recognition algorithms, such as metal —ligand/
hydrogen-bonding!'®! or w—m stacking/hydrogen-bondingl’®
15a15d] glgorithms, for the solid-state supramolecular synthesis
of interwoven superstructures that would once have been
inconceivable. The research presented here demonstrates that
a combination of two different algorithms of the same type (in
this case, hydrogen-bonding interactions) can also be em-
ployed for the noncovalent synthesis of interwoven super-
structures in the solid state. It must be emphasized, however,
that only once the factors involved in crystal packing are
completely understood will synthetic supramolecular chem-
ists be able to control inter(supra)molecular architectures
with a level of precision comparable to that which has been
observed hitherto in natural systems.

Experimental Section

General: Flash chromatography was carried out employing the customary
procedures.* Melting points were determined on an Electrothermal 9200
melting point apparatus and are uncorrected. 'H and *C NMR spectra
were recorded at 20°C on a Bruker AC300 spectrometer (at 300.1 and
75.5 MHz, respectively) with the deuterated solvent as the lock and the
residual solvent as internal reference. Liquid secondary ion mass spectra
(LSIMS) were obtained from a VG ZabSpec mass spectrometer equipped
with a cesium ion source and utilizing a m-nitrobenzyl alcohol matrix.
Electron-impact mass spectra (EIMS) were obtained from a VG ProSpec
mass spectrometer. Microanalyses were performed by the University of
North London Microanalytical Services.

Benzyl-4-carboxybenzylammonium hexafluorophosphate (2-PF(): A sol-
ution of benzylamine (10, 1.50 g, 14.0 mmol) and methyl 4-formylbenzoate
(7,2.30 g, 14.0 mmol) in PhMe (205 mL) was heated under reflux for 15.5 h
while the H,O discharged was isolated with a Dean —Stark separator. The
solution was filtered while hot and the solvent evaporated off under
reduced pressure to yield 3.53 g (100%) of 4-carbomethoxybenzylidene-
benzylamine as a white solid ['H NMR (CDCl;): 6 =3.95 (s, 3H), 4.87 (s,
2H), 724-725 (m, 5H), 7.85 (d, /=8 Hz, 2H), 8.09 (d, /=8 Hz, 2H), 8.45
(s, 1H)], which was dissolved in a THF/MeOH solution (1:1, 110 mL).
NaBH, (0.57 g, 15.0 mmol) was added with stirring at ambient temperature.
A further portion of NaBH, (0.59 g, 15.5 mmol) was added to the reaction
mixture after an additional 2 h. The solution was stirred subsequently for
20 h, before being treated with 1IN HCI to adjust the pH to 2. After
evaporation of the solvent in vacuo, the residue was partitioned between 1N
NaOH (100 mL) and CH,Cl, (100 mL). The aqueous phase was then
further extracted with CH,Cl, (2 x 100 mL). The combined organic extracts
were dried (MgSO,), filtered, and concentrated to afford 3.37 g (95%) of
benzyl-4-carbomethoxybenzylamine 13U¢ as a pale brown oil ['H NMR
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(CDCLy): 6=3.79 (s, 2H), 3.85 (s, 2H), 3.89 (s, 3H),
715-7.37 (m, 5H), 741 (d, J=8 Hz, 2H), 7.99 (d,
J=8Hz,2H)]. A portion of this aminoester (1.03 g,
4.0 mmol) was boiled with 12x HCl (40 mL) for
19h. On cooling, the residual white solid was
collected and washed with EtOH (25 mL), CHCl;
(25 mL), and Et,0 (25 mL). The solid was taken up
in boiling H,O (300 mL), then a solution of NH,PF,
(0.86 g, 5.3 mmol) in H,O (8 mL) was added and the
cooled solution extracted with MeNO, (3 x
200 mL). The combined MeNO, extracts were
washed with H,O (200 mL) and the solvent evapo-
rated off under reduced pressure to provide the title
compound as a white solid (0.97 g, 62%). M.p. 176 -
179°C; 'H NMR (CD;CN): 6 =4.25 (s, 2H), 4.29 (s, 2H), 7.46 (s, 5H), 7.57
(d,J=8Hz,2H),8.06 (d,/=8 Hz,2H); ®C NMR (CD;CN): 6 =51.9,52.8,
128.9, 130.2, 130.9, 131.25, 131.28, 131.32, 132.0, 136.6, 168.5; MS (LSI): m/
7=242 [M —PFE(]*; C;sH (FsNO,P (387.3): caled C 46.52, H 4.16, N 3.62;
found C 46.41, H 4.16, N 3.53.

Benzyl-3-carboxybenzylammonium hexafluorophosphate (3 - PF,): Benzyl-
amine (10, 1.61 g, 15.0 mmol) was condensed with methyl 3-formylben-
zoate (8,°12.46 g, 15.0 mmol) following the general procedure (vide supra)
to provide 3-carbomethoxybenzylidenebenzylamine (3.80 g, 100%) as an
oily white solid ['H NMR (CDCl;): 6 =3.93 (s, 3H), 4.85 (s, 2H), 7.28 - 7.38
(m, 5H), 749 (t, /=8 Hz, 1H), 8.02 (d, /=8 Hz, 1H), 8.10 (d, /=8 Hz,
1H), 8.39 (s, 1H), 8.43 (s, 1H)], which was reduced with NaBH, (see
preparation of 13) to furnish benzyl-3-carbomethoxybenzylamine (14,
3.83 g, 100%) as a yellow oil ['H NMR (CDCl;): 6 =3.81 (s, 2H), 3.85 (s,
2H), 391 (s, 3H), 7.22-744 (m, 6H), 7.56 (d, /=8 Hz, 1H), 793 (d, /=
8 Hz, 1H), 8.02 (s, 1H)]. A portion of this aminoester (1.04 g, 4.1 mmol)
was converted into the title compound by a procedure similar to that
described for 2-PFg; a white solid (1.27 g, 80 %) was obtained. M.p. 191 -
194°C with decomp.; 'H NMR (CD;CN): 6 =4.25 (s, 2H), 4.31 (s, 2H), 7.46
(s,5H), 758 (t,/ =8 Hz,1H), 7.71 (d, /=8 Hz, 1H), 8.07 (d,/ =8 Hz, 1 H),
8.16 (s, 1H); BC NMR (CD;CN): 6 =52.1, 52.7, 129.7, 130.0, 130.2, 130.6,
131.0, 131.9, 132.0, 132.4, 132.7, 136.1, 167.3; MS (LSI): m/z =242 [M —
PF,]*; CsH;sFNO,P (387.3): caled C 46.52, H 4.16, N 3.62; found C 46.68,
H 4.25, N 3.68.

Bis(4-carboxybenzyl)ammonium hexafluorophosphate (4 - PF,): Bis(4-car-
bomethoxybenzyl)amine (15, 0.52 g, 1.7 mmol) was transformed into the
title compound by the general procedure given above for 2-PF,. It was
acquired as a white solid (0.46 g, 65%). M.p. 209-213°C; 'H NMR
(CD;CN): 6=4.31 (s, 4H), 756 (d, /=8 Hz, 4H), 8.06 (d, /=8 Hz, 4H);
BCNMR (CD;CN): 6 =51.9, 131.0, 131.2, 132.1, 136.0, 167.3; MS (LSI): m/
7=286 [M —PF¢]*; C;;H sFsNO,P (431.3): caled C 44.56, H 3.74, N 3.25;
found C 44.37, H 3.57, N 3.92.

Methyl 3-aminomethylbenzoate (12): HCI gas was bubbled through a
solution of 3-carboxybenzylammonium chloride®! (2.48 g, 13.2 mmol) in
MeOH (110 mL) for 10 min. The resultant solution was heated under reflux
for 14 h with protection from the atmosphere. The solution was filtered and
the solvent removed in vacuo. The residual white solid was triturated with
Et,0 (140 mL) before being collected and partitioned between 5%
aqueous Na,CO; (40 mL) and CH,Cl, (60 mL). The aqueous phase was
further extracted with CH,Cl, (3 x 60 mL), then the combined organic
extracts were dried (MgSO,), filtered, and concentrated to provide the title
compound as a colorless oil (0.63 g,29 % ). 'H NMR (CDCl;): 6 =1.54 (brs,
2H), 3.87 (s, 5H), 7.36 (t, /=8 Hz, 1H), 747 (d, /=8 Hz, 1H), 787 (d, J =
8 Hz, 1H), 7.95 (s, 1H); ¥C NMR (CDCl;): 6 =46.1, 52.1, 128.0, 128.1,
128.6, 130.3, 131.7, 143.6, 167.1; HRMS (EI) C,H;,NO, [M+H]*: calcd m/
7 =166.0868; found m/z =166.0872.

Bis(3-carboxybenzyl)ammonium hexafluorophosphate (5 - PFy): Methyl 3-
aminomethylbenzoate (12, 0.62 g, 3.8 mmol) was condensed with methyl 3-
formylbenzoate (87 0.62 g, 3.8 mmol) following the general procedure
(vide supra) to provide 3-carbomethoxybenzylidene-3-carbomethoxyben-
zylamine as a viscous yellow oil (1.13 g, 97 %) ['H NMR (CDCl;): 6 =3.91
(s, 3H), 3.93 (s, 3H), 4.88 (s, 2H), 741 -7.61 (m, 3H), 7.93-8.14 (m, 4H),
8.40 (s, 1H), 8.46 (s, 1H) ], which was reduced with NaBH, (see preparation
of 13) to provide bis(3-carbomethoxybenzyl)amine (16) as a thick yellow
oil (1.02 g,90%) ['H NMR (CDCl;): 6 =3.85 (s, 4H), 3.91 (s, 6 H), 7.40 (t,
J=8Hz, 2H), 7.55 (d, J=8 Hz, 2H), 7.93 (d, /=8 Hz, 2H), 8.01 (s, 2H)],
which was boiled with a stirred 12N HCI solution (28 mL) for 68 h. The

X}
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reaction mixture was treated with H,O (20 mL) and the precipitated solid
collected. This solid was washed with H,O (20 mL), Me,CO (20 mL), and
Et,0 (20 mL), before being suspended in Me,CO (300 mL). 0.2m NH,PF
was added, and the suspension stirred at room temperature for 1 h. The
resulting clear solution was filtered and the Me,CO removed under
reduced pressure so that the hexafluorophosphate salt precipitated out of
solution. The suspension that remained was treated with H,O (200 mL), the
solid collected and then washed with H,O. The solid was then dissolved in
Me,CO (200 mL), 30 mg of decolorizing charcoal was added, and the
solution boiled for 5 min, before being filtered while hot. This procedure
was repeated and the solvent was evaporated off under reduced pressure to
provide 5 - PF; as a white solid (1.00 g, 71 % ). M.p. 217 °C with decomp.; 'H
NMR (CD;CN): 6 =4.31 (s, 4H), 7.59 (t, /=8 Hz, 2H), 7.69 (d, /=8 Hz,
2H), 8.07 (d, J=8 Hz, 2H), 8.13 (s, 2H); *C NMR (CD;CN): 6 =51.9,
130.3, 131.6, 131.7, 132.3, 133.6, 135.7, 166.0; MS (LSI): m/z =286 [M —
PF¢]*; C¢H (FsNO,P (431.3): caled C 44.56, H 3.74, N 3.25; found C 44.71,
H 3.62, N 3.20.

Diethyl 5-formylisophthalate (9): A stirred solution of diethyl 5-bromo-
methylisophthalate!'"®! (1.26 g, 4.0 mmol) and bis(tetrabutylammonium)
dichromate (5.62 g, 8.0 mmol) in CHCl; (20 mL) was heated under reflux
for 2.5 h. On cooling to ambient temperature, the reaction mixture was
filtered through 19.5 g of flash silica. The silica was washed with Et,O
(250 mL) and the combined CHCI; and Et,0O solutions concentrated to give
a dark brown gum. Flash chromatography with CH,Cl, provided the title
compound as a white solid (0.76 g, 76 %). M.p. 90°C; '"H NMR (CDCl,):
0=139 (t,/J=7Hz, 6H), 440 (q, /=7 Hz, 4H), 8.65 (s, 2H), 8.85 (s, 1 H),
10.09 (s, 1H); ®*C NMR (CDCL): 6 =14.3, 61.9, 132.2, 134.2, 135.7, 136.8,
164.8, 190.6; MS (EI): m/z =250 [M]*; C;3H,,05 (250.3): caled C 62.39, H
5.64; found C 62.57, H 5.54.

Benzyl-3,5-dicarboxybenzyl ium hexafluorophosphate (6 - PF;): Fol-
lowing the standard procedure (vide supra), benzylamine (10, 0.32 g,
3.0 mmol) was condensed with diethyl 5-formylisophthalate (9, 0.74 g,
3.0 mmol) to give 3,5-dicarboethoxybenzylidenebenzylamine as a white
solid (0.98 g, 97 %) ['H NMR (CDCL;): 6 =1.40 (t, /=7 Hz, 6H), 4.41 (q,
J=7Hz, 4H), 4.88 (s, 2H), 7.10-7.43 (m, 5H), 8.46 (s, 2H), 8.59 (s, 1H),
8.72 (s, 1H)]. A portion of this aldimine (0.21 g, 0.6 mmol) was reduced
with NaBH, (see preparation of 13) to afford benzyl-3,5-dicarboethoxy-
benzylamine 17 as a yellow oil (0.20 g,95% ) ['H NMR (CDCl;): 6 =1.38 (t,
J=7Hz, 6H), 3.78 (s, 2H), 3.86 (s, 2H), 4.37 (q, /=7 Hz, 4H), 719-7.39
(m, SH), 8.19 (s, 2H), 8.54 (s, 1H)], that was transformed into the title
compound 6 - PF, (employing a procedure similar to that described for 2-
PF;), which was obtained as a white solid (0.15 g, 59 %). M.p. 194-195°C
with decomp.; '"H NMR (CD;CN): 6 =4.25 (s, 2H), 4.38 (s, 2H), 7.46 (s,

Table 4. Solvents and methods employed for the crystallization of the
pseudorotaxane complexes reported in this paper.

Solvent! Precipitant!y  Method
[DB24C8 - 2][PF,] MeNO, PhH liquid diffusionl!
[DB24C8 - 4][PF]! Me,CO iPr,0 liquid diffusionl®!
[DB24C8 - 5][PF4]t Me,CO iPr,0 liquid diffusion!*]
[DB24C8 - 6][PF,]l* Me,CO nCeH,, liquid diffusiont
[BPP34C10 - (2),][PF,],® MeCN/(CICH,), iPr,0 liquid diffusionl®!
[BPP34C10 - (3),][PF,],® Me,CO PhH slow evaporation!!]
[BPP34C10 - (6),][PF],® Me,CO PhH slow evaporation!!]

[a] Crystals were obtained from a solution containing equimolar amounts of the
pseudorotaxane constituents. [b] Crystals were acquired from a solution
containing a 1:2 molar ratio of BPP34C10 and the appropriate ammonium salt.
[c] Good solvent in which the pseudorotaxane complexes are soluble. [d] Poor
solvent in which the pseudorotaxane complexes are insoluble. [e] In the liguid
diffusion method, the pseudorotaxanes’ constituents were dissolved in a small
amount of solvent, then the precipitant was carefully layered on top of the
resulting solution. X-ray quality single crystals were obtained after several days,
when the precipitant had diffused totally into the solution. [f] In the slow
evaporation method, the pseudorotaxane components were dissolved in a small
amount of solvent. The solution was mixed thoroughly with an amount of
precipitant that did not induce immediate crystallization, then the solution was
allowed to slowly evaporate at 20°C over several days, resulting in the
formation of single crystals that were suitable for X-ray crystallographic
analysis.

5H), 8.35 (s, 2H), 8.58 (s, 1 H); *C NMR (CD;CN): 6 =514, 52.5, 130.0,
1305, 130.7, 131.0, 131.8, 132.2, 132.4, 136.7, 166.3; MS (LSI): m/z =286
[M — PF]*; CH,FsNO,P (431.3): caled C 44.56, H 3.74, N 3.25; found C
44.49, H 3.95, N 3.17.

Crystal growth: The crystal growing methods that were used have been
described by Jones.”” Table 4 lists the techniques employed and the solvent
systems utilized for the preparation of single crystals that were suitable for
X-ray crystallographic analysis.

X-ray crystallography: Table 5 provides a summary of the crystal data, data
collection and refinement parameters for complexes [DB24CS8 - 2][PF],
[DB24C8 - 4][PF,], [DB24C8-5][PF,], [DB24C8-6][PF], [BPP34C10-
(2),][PF¢],, [BPP34C10 - (3),][PF,], and [BPP34C10- (6),][PF],. Although
structure solution and refinement details for [BPP34C10- (2),][PF4], and
[BPP34C10- (6),][PF,], have already been published,!'”! the data for these
compounds are included here as their structures have been refined again
slightly differently. The structures were solved by direct methods and were
refined by full-matrix least-squares based on F2. In [DB24C8 - 5][PF4] and
[BPP34C10- (6),][PFg],, disorder was found in part of one of the polyether
linkages and, in the latter, in the benzyl ring of the cation. In each case, this
disorder was resolved into two partial-occupancy orientations, the major
occupancy portions of which were refined anisotropically. In [DB24C8 -
2][PF,], [DB24C8-4][PF;], [DB24C8-6][PF;], and [BPP34C10-
(6),][PFg],, the PF¢ anions were found to be disordered. For each structure,
this disorder was resolved into two partial-occupancy orientations, the
major occupancy portions of which were refined anisotropically. The PhH
solvent molecules in [DB24C8-2][PF;] were optimized and refined
anisotropically. The included Me,CO molecules in [DB24CS8 - 4][PF,] were
ordered and refined anisotropically. The solvent molecules in [DB24C8 -
5][PF,] were found to be disordered over two partial-occupancy sites, the
atoms of both being refined isotropically. In [DB24CS8 - 6][PF], the half-
occupancy included Me,CO molecule was refined anisotropically. The
MeCN molecules in [BPP34C10 - (2),][PF], were not clearly defined, and
the solvent was modeled by the assignment of various peaks of electron
density to total up to two-and-a-half molecules. In [BPP34C10 - (3),][PF].,
the three included PhH molecules were found to be a mixture of ordered
and disordered molecules (with two of the ordered ones positioned about
centers of symmetry), all the non-hydrogen atoms of which were refined
anisotropically. In [BPP34C10-(6),][PF],, the two PhH molecules were
found to be distributed over three partial occupancy sites, all of which were
refined isotropically. The remaining non-hydrogen atoms in all of the
structures were refined anisotropically. In each structure, the C-H
hydrogen atoms were placed in calculated positions, assigned isotropic
thermal parameters, U(H) =12U(C) [U(H)=1.5U.,(C-Me)], and al-
lowed to ride on their parent atoms. The N—H hydrogen atoms in all the
structures were optimized and refined isotropically. In [DB24C8 - 2][PF;],
[DB24C8 - 4][PF4], and [DB24CS8 - 6][PF4] the O—H hydrogen atoms were
located from AF maps and refined isotropically—in the other four
structures, these hydrogen atoms could not be located. Computations were
carried out using the SHELXTL PC program system.*®! Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-100689. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: (+ 44)1223-336-033; e-mail: depos-
it@ccdc.cam.ac.uk).
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[DB24C8 - 6]- [BPP34C10-(2),]- [BPP34C10-(3),]- [BPP34C10-(6),]-
[PF] [PFl, [PFl, [PFl,
CyHssNOy, - PFs  CsH7N,O44 - 2PFs CssHypN,Oy4 - 2PFg CqgH7oN,O 5 2PF
0.5Me,CO 2.5MeCN 3PhH 2PhH
908.8 1413.8 1545.4 1555.4

clear prisms

0.53 % 0.50 x 0.40

clear plates

0.37 x 0.33 x 0.30

clear plates

0.83 x 0.63 x 0.10

clear rhombs

0.30 x 0.28 x 0.10

FULL PAPER

Table 5. Crystal data, data collection, and refinement parameters.!
[DB24C8-2]- [DB24CS8 - 4]- [DB24C8-5]-
[PFq] [PF] [PFq]

formula CyHiNOy - PF,  CyHyNO,,-PFy  C,iHNO,, - PFg

solvent 2PhH Me,CO 0.25Me,CO

formula weight ~ 992.0 937.8 894.3

color, habit clear blocks clear prisms clear prismatic

needles

crystal size (mm) 0.83 x 0.83 x 0.67 0.93 x 0.83 x 0.40 0.50 x 0.30 x 0.13

lattice type monoclinic triclinic triclinic

space group P2/c, 14 Pi,2 P12

T (K) 293 293 293

a(A) 16.248(3) 11.908(1) 11.015(3)

b (A) 17.194(3) 12.336(1) 11.022(1)

c(A) 19.002(3) 16.627(2) 19.764(2)

a (°) - 79.92(1) 78.39(1)

B () 105.99(1) 83.55(1) 77.94(2)

y (°) - 76.17(1) 89.81(1)

V (A% 5103(1) 2328.8(4) 2296.6(7)

V4 4 2 2

Pearea (€M) 1.291 1.337 1.293

F(000) 2088 984 936

radiation used Moy, Mok, Cug,

u (mm') 0.13 0.15 1.26

0 range 1.8-22.5 2.0-25.0 2.3-63.0

no. unique reflns 6625 8157 7400

measured

no. unique reflns 3994 4844 5257

observed,

|Fy|>40(| F,])

no. of variables 594 622 586

R\ 0.063 0.079 0.083

WR,l¢! 0.164 0.217 0.246

weighting factors 0.086, 4.589 0.126, 1.334 0.170, 0.713

a, b

largest difference 0.33, —0.25 0.50, —0.42 0.65, —0.29

peak, hole (e A=3)

monoclinic triclinic triclinic monoclinic
P2,/n, 14 P12 Pi,2 P2/c, 14
293 293 203 293
16.890(1) 10.619(1) 10.154(1) 12.513(1)
15.997(2) 17.292(1) 17.209(1) 16.555(1)
20.949(1) 22.109(2) 24.643(5) 18.593(1)
- 79.64(1) 105.49(1) -
104.79(1) 79.54(1) 101.51(2) 96.10(1)

- 76.94(1) 99.27(1) -
5472.7(9) 3848.2(4) 3960.1(9) 3829.7(5)
4 2 2 210

1.103 1.220 1.296 1.349

1904 1478 1620 1624

Cuy, Cuy, Cuy, Cuy,
1.07 1.27 1.27 1.36
3.0-57.5 2.0-55.0 1.9-55.0 3.6-60.0
7421 7886 9776 5661

3566 3167 5485 3497

614 813 933 550

0.130 0.158 0.090 0.087
0.337 0.401 0.212 0.237
0.249, 0.000 0.326, 5.190 0.110, 7.276 0.139, 3.740
0.89, —0.35 0.89, —0.49 0.53, —0.31 0.40, —0.39

[a] Details in common: graphite-monochromated radiation, w-scans, Siemens P4 diffractometer, refinement based on F2. [b] The supermolecule has
crystallographic C; symmetry. [c] Rotating anode source. [d] R, =2 || F, || —| F.||/Z|F,|. [e] wR, = /{Z[W(F% — F2*JIZ[w(F2)1}. [f]w'=0*(F2)+ (aP)*+

bP.
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