Stabilities of cooperatively formed cyclic pseudor otaxane dimers
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Systematic analysis of the stabilities of cyclic pseudorotax-
ane dimers formed between complimentary homoditopic
molecules demonstrates that cooperative cyclic dimerization
can be minimized by increasing the length of one component
via an aliphatic spacer.

Recently, we reported preparation of supramolecular linear
polymer 5b (Scheme 1) with up to 9.1 repeat units in which
monomeric homoditopic molecules 1 and 2b containing
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dibenzo-24-crown-8 (DB24C8) and dibenzylammonium hexa-
fluorophosphate moieties, respectively, are linked non-cova-
lently via pseudorotaxane complexesin equimolar concentrated
solutions (>1.0 M in CD3COCDs-CDCl3, 1:1 viv a 295
K).1

Unsurprisingly, cyclic dimer 4b (Scheme 1) was preferen-
tially formed in equimolar dilute solutions (<1.0 X 103 M in
CD3COCD3—CDClg, 1:1 v/v at 295 K) as observed in other
cases.2=6 |n pursuit of more efficient construction of supramo-
lecular polymers 5, we speculated that by mismatching the
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Scheme 1 Cartoon illustrations of formation of the linear dimer complex 3
and cyclic dimer complex 4 from homoditopic molecules 1 and 2 in
substantially dilute conditions.

lengths of the aliphatic spacer units in the homoditopic
molecules (e.g. 1 and 2),t the equilibrium process may be
reversed to favor linear extension (e.g. 3 and then to 5) evenin
dilute conditions largely due to a greater steric penalty
associated with the corresponding cyclic dimer complex (e.g.
4).% Here, we investigate the stabilities of cyclic and linear
dimer complexes based on complementary homoditopic mole-
cules whose spacer segments were varied systematically.

The 1H NMR spectra of dilute equimolar solutions of 1 and
2 [Fig. 1(a)—c)] revealed four sets of N-CH, signals corre-
sponding to (i) uncomplexed moieties of the ditopic guest
molecule [H(2),], (ii) complexed moieties in cyclic dimer
[H(4)], and (iii) complexed and (iv) uncomplexed moieties in
the linear dimer [H(3). and H(3),, respectively] on the basis of
slow exchange on the NMR time scale.§ Integration of H(3)¢
and H(3), gave aratio of 1:1 for each solution,{ indicating that
the signals assigned to H(3). and H(3), arise from the same
Species.

The signal assignments were properly made based on our
previousinvestigation! and the tH NMR spectrum [Fig. 1(d)] of
adilute solution of DB24C8 and 2b which exhibited three sets
of N-CH, signals corresponding to uncomplexed ammonium
salt moieties of 2b [H(2b),]|| and complexed and uncomplexed
ammonium salt moieties of 6b [H(6b). and H(6b),, re-
spectively].** The signals for H(6b). and H(6b), were
integrated to be 1: 1; thus complex 6b was exclusively formed,
confirming that the two signals assigned to 6b (and to 3) arise
from the same species. The considerable downfield chemical
shift observed for H(6b), with respect to H(2b), in Fig.1(d) (Aé
= 0.17 ppm) is presumably a consequence of interaction(s)
between the pseudorotaxane and free ammonium salt moieties
in 6b (and by analogy in 3); e.g. ‘intramolecular’ m-stacking
between a benzo ring of complexed DB24C8 and the terminal
phenyl ring of the free ammonium salt moiety achieved by
folding of the flexible aliphatic spacer, asillustrated in Scheme
2.1 These spectroscopic observations alowed us to conclude
that the signals in the region of 6 4.35 to 4.45 in Fig. 1(a)—(c)
correspond to H(3),, and that only 3 and 4 exist and cyclic or
linear oligomers 5 are not present in detectable amountsin these
dilute solutions.

Since the concentrations of each species (1, 2, 3 and 4) at
equilibrium are readily known, one can estimate the association
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Scheme 2 Cartoon illustrations of formation of the 1: 1 dimer complex 6b
from DB24C8 and homoditopic molecule 2b in substantialy dilute
conditions.
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Table 1 Association constants (Kjinear) @ 295 K and enthalpy and entropy
for linear dimerization in CD3COCD3—CDCl3 (1: 1, viv)2a

AHa/kca ASy/ca
Complex Kiinear/M—1 mol—1 mol—1 K-1
3a (1.3£0.3) x 103 —8.0+06 —13+1
3b (37+£0.7) x 103 —11+2 —20+£3
3c (5.2+0.6) x 103 —10+3 —23+7

a + vaues represent standard deviations.

Table 2 Association constants (Keycic) at 295 K and enthalpy and entropy
for cyclic dimerization in CD3COCD3-CDCl3 (1: 1, v/v)a

AHdkcal ASJ/ca

Complex KeyaidM—1 mol—1 mol—1 K-1
4a 25+ 04 —8.6+1.0 —27+2

4b 17+03 —37+01 —12+1

4c 0.62 £ 0.03 —21+06 —81+04
a + vaues represent standard deviations.

H(2by,
@ H(6b), H(6b),

H(‘}c) H(2c),
H(3
L
H(‘}'b) H(2b),
H(3b
¢ vy v L
D e i O
H(3a),
(a) H(2a),

4.8 47 4.6 4.5 4.4 4.3

Fig. 1 The stacked *H NMR spectra of equimolar solutions of (a) 1 and 2a,
(b) 1 and 2b, and (c) 1 and 2c (4.0 X 10—+ M each) and (d) a solution of
DB24C8 and 2b (8.0 X 10-44.0 X 10-4 M) at 295 K (400 MHz,
CDsCOCDs—CDCl3, 1:1, viv). A verticaly enlarged version of the
spectrum in Fig. 1(a) (6 4.45-4.75) is shown in Fig. 1(&’). In Fig. 1(a)—(c)
the four sets of signals are assigned for the benzylic protons of the
ammonium salt units in 2 (uncomplexed, u), 3 (complexed end, ¢, and
uncomplexed end, u) and 4. In Fig. 1(d) the three sets of signalsare assigned
for the benzylic protons of the ammonium salt unitsin 2b (uncomplexed, u)
and 6b (complexed end, ¢, and uncomplexed end, u).

constants (Kjinear and Kgyaic); the results at 295 K are
summarized in Tables 1 and 2 with AH and ASvalues.tt

Kiinear (Table 1) varies systematicaly, increasing as the
length of the aliphatic spacer increases (from 3a to 3c). Note
that AH, and AS become more negative from 3ato 3b, but the
values for 3b and 3c are essentially identical. This observation
is consistent with more effective stabilization of 3b and 3c
relative to 3a by ‘intracomplex’ interaction between the
threaded crown ether and the non-threaded ammonium salt
moiety; as shown by CPK modelsthelonger spacersin thelatter
two species allow more effective interaction.

Similarly, Kgyaic (Table 2) varies systematically, decreasing
as the length of the aliphatic spacer increases (from 4a to 4c).
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AH: and AS. aso become less negative as the spacer length
increases, the most dramatic change taking place from 4ato 4b.
These observations are consistent with two factors: (i) limited
stabilization of precursor 3a by intracomplex interaction and (ii)
the increasing end-to-end distance of the linear precursors 3.

As we anticipated, Kqyaic for 4c was reduced, almost three-
fold, compared to that for 4b. Most importantly, the Kjinea/
Keyalic value, which should be regarded as a critical parameter
for the efficiency of linear extensionto 5, obtained for 3c/4c (8.4
X 108 M—1) clearly stands out, showing nearly a 16-fold
improvement with respect to that of 3a/4a (5.2 x 102 M—1).

Our present results, contrary to our initial speculation,
indicate that the steric penalty associated with 4 may not be as
important as the end-to-end distance of 3 in terms of shifting the
equilibrium over to the linear dimer complex. Nevertheless,
purposely increasing the length of the spacer in one component
successfully reversed the equilibrium of 3 and 4 toward 3. Our
preliminary investigation of construction of a supramolecular
polymer using 1 and 2c as building components has revesled an
improved linear extension in 5c¢ at lower concentrationsrelative
to using 1 and 2b. We will report these results in detail in a
forthcoming publication.

Footnotes and refer ences

T All compounds were characterized by *H NMR spectroscopy, FAB mass
spectrometry, and elemental analysis.

¥ Similar observations, though qudlitative in nature, were reported for
complexation of ditopic aromatic guests with biscyclophanes in water (ref.
6).

§ Slow exchange was aso reported for the complexation of Bn-NH,*—
Bn:PFs— and DB24C8 in solution (ref. 7).

1 The tH NMR spectra of three sets of each solution were recorded with at
least 50 min of acquisition time for determination of ratios of the H(3). and
H(3), signals. Each spectrum was enlarged vertically (thus the signals of
interest were detectable from the baselines; e.g. Fig. 1(a’) showsaverticaly
enlarged version of the spectrumin Fig. 1(a) from 6 4.45 to 4.75) and the
signalswereintegrated using adeconvolution technique. Ratios of the H(3).
and H(3), signals were determined within experimental errors (ca. 5%).

|| The downfield chemical shift (A5 = 0.05 ppm) observed for H(2b), in
Fig. 1(b) compared to that in Fig. 1(d) is attributed to the increased ratio of
PFs— relative to uncomplexed ammonium salt moieties of 2b. To
demonstrate this phenomenon experimentally, asolution of DB24C8 and 2b
(8.0 X 10-4/4.0 X 104 M in CD3COCD3-CDCl3, 1:1 v/v) was mixed
with solutions of BusN*+PFs— (from 4.0 X 10-4t0 16 X 10-4 M in the same
solvent system) and the 1H NMR spectra were taken at 295 K. A gradual
downfield chemical shift for H(2b),, was observed as the PFs— concentra-
tion was increased, validating the hypothesis.

** Many different conformations existing at the pseudorotaxane complexa-
tion site of 6b contribute to the broadening of the H(6b). and H(6b), signals
since the signals are time averaged.

Tt In the crystal structure of the pseudorotaxane from DB24C8 and Bn—
NHx*-Bn-PFs— (ref. 7) one of the benzo rings mt-stacks with one of the
phenyl rings. The other electron rich benzo ring is uncomplexed.

11 Variable-temperature *H NMR spectroscopy was performed in the range
285-313 K. Plots of RINK|inear and RINK¢yqic Versus 1T yielded straight
lines (R >0.97) from which AH and AS values for linear and cyclic
dimerization were obtained.
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