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Kinetics of the Self-Assembly of a-Cyclodextrin
[2]Pseudorotaxanes with
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The Kkinetics and thermodynamics of the self-assembly of a series of [2]pseudorotaxanes comprised
of a-cyclodextrin (a-CD) and racemic 1,12-bis(4-(a-alkyl-a-methylmethanol)pyridinium)dodecane
dications (L(CH,);:2L2") in aqueous solutions have been investigated using 'H NMR spectroscopy.
The mechanism of assembly involves inclusion of the a-methyl-a-alkylmethanol substituent groups
(—C(CH3)(OH)R, where R = Me, Et, Pr, Bu, allyl, and 4-butenyl) by a-CD, followed by a rate-
determining passage of the cyclodextrin over the pyridinium group onto the dodecamethylene chain.
Dicationic threads containing end groups with R = Ph or i-Pr or where L = 4-(a,a-diethylmethanol)-
pyridinium did not form a-cyclodextrin pseudorotaxanes, even after prolonged heating. The trends
in the rate and activation parameters may be related to the size, shape, and hydrophobicity of the
alkyl substituents and are compared with several other systems from the literature. An increase
in the length and hydrophobicity of the alkyl group increases the strength of end group inclusion
and decreases the rate of threading. In addition, the presence of unsaturation in the alkyl
substituent (allyl vs propyl and 4-butenyl vs butyl) results in an increase in the threading rate
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constant.

Introduction

The supramolecular complex! resulting from the thread-
ing of a cyclic molecular bead by a linear chain that is
stoppered by bulky end units (preventing the supramo-
lecular complex from dissociating into its cyclic and linear
components) is termed a rotaxane.? If the end units are
not sufficiently bulky to prevent dissociation from occur-
ring, a pseudorotaxane is formed. A number of [2]-
pseudorotaxanes and [2]rotaxanes (the [n] refers to the
number of components) have been prepared using a
variety of cyclic components,® including the cyclodex-
trins,* a family of cyclic oligosaccharides normally con-
sisting of six (a-CD), seven ($5-CD), or eight (y-CD)
o-(1—4)-linked p-(+)-glucopyranose units. These cyclic
hosts possess hydrophobic interior cavities and hydro-
philic rims bearing primary and secondary hydroxyl
groups. Hydrophobic linear polymethylene chains, capped
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with charged end units (L(CH),L™"), which have
included aromatic N-heterocycles,>® trialkylammonium
and -phosphonium groups,” carboxylate groups,® and
cobalt(l11) amine,® pentacyanoferrate(11)'° and cob(l11)-
alamin metal centers,*' have frequently been employed
as the threads for cyclodextrin pseudorotaxanes and
rotaxanes.

The kinetics and mechanisms of the self-assembly of
cyclodextrin [2]pseudorotaxanes and [2]rotaxanes have
been investigated for a relatively limited, but growing,
list of linear threads. There have been three mechanisms
identified with the formations of pseudorotaxanes and
rotaxanes of cyclodextrins in aqueous solution. The
“threading” mechanism, in which a linear L'(CH;),L™*
species threads through the CD such that the polymeth-
ylene chain is included in the cavity, is the most
straightforward for pseudorotaxane formation.® Thread-
ing rate constants and activation parameters have been
reported for [2]pseudorotaxane formation where L = L'
=COO™ (n=8-12),2L = L' = pyridinium (n = 8—12),5¢8
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L = 1'-isopropyl-4,4'-bipyridinium (n = 10, L' = bulky
carbazole group),%® L = 1'-propyl-4,4'-bipyridinium (n =
8, L' = 9-hydroxymethylanthracene),’? L = L' = 3-cyan-
opyridinium (n = 10),1%¢ and N(CH3)s* (n = 9—12).7 If
the thread of the pseudorotaxane contains terminal
groups with donor atoms, such as 4,4'-bipyridinium or
pyrazinium, complexation to a metal center, such as the
pentacyanoferrate(ll) ion,'° produces a rotaxane.

We have identified a second mechanism for forming
metal complex-stoppered rotaxanes, which is a variation
on the “threading” process for pseudorotaxanes.’® With
thread-bridged dimeric iron(ll) complexes of the type
(NC)sFe(L(CHy),L)Fe(CN)s*~ (L = 4,4'-bipyridine, pyra-
zine, or 3- or 4-cyanopyridine, n = 8—12), a dissociation
of one Fe(CN)s®~ end groups permits the threading of
a-cyclodextrin to yield a semirotaxane (NC)sFe{L-
(CH,),L-0-CD}~, which is rapidly recomplexed by the
Fe(CN)sOH,%~ ion to yield the rotaxane. These rotaxanes
may therefore be formed irrespective of the order of
adding the cyclic (a-CD), linear (L(CH,),L?*), and stopper
(Fe(CN)sOH»%") components.

A third method of forming rotaxanes is the so-called
“slippage” process,’*~% in which the threading of the
cyclic component occurs efficiently only at elevated tem-
peratures, as the diameters of the cavity of the cyclic host
and end groups of the guest are closely matched in size.
We have recently reported the Kinetics of the formation
of pseudorotaxanes with o-CD and dicationic threads,
L(CHy)10L?", where L = N(CHa)s" or P(CH3)3*.7 In the
system where L = P(CHj3)s*, rotaxane formation is not
observed below about 45 °C, and the rate constant for
the slippage process measured at 75 °C is about 108 faster
than the extrapolated value for the dication with L =
N(CHj3)s*, for which the end group diameter is smaller
by about 0.54 A.

In this laboratory, a kinetic study of the self-assembly
of an a-CD pseudorotaxane with L = 4-tert-butylpyri-
dinium (n = 10) indicated that the threading step was
preceded by weak, reversible binding of a-CD to the tert-
butyl end groups.® To more fully determine the roles of
the end groups in the kinetics and mechanisms of the
pseudorotaxane self-assembly processes, a series of ra-
cemic dicationic 1,12-bis(4-(a-methyl-a-alkyl-methanol)-
pyridinium)dodecane threads, in which the size and
hydrophobicity of the end groups may be varied, were
synthesized (Scheme 1). The kinetics and mechanisms
of the self-assembly of a-cyclodextrin [2]pseudorotaxanes
in aqueous solution were investigated with these threads.
The rate constants, activation parameters, and stability
constants associated with the formation of the [2]pseu-
dorotaxanes have been determined using *H NMR tech-
niques. The stability constants for a-cyclodextrin inclu-
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sion complexes with the corresponding N-methyl-4-(o.-
methyl-a-alkylmethanol)pyridinium cations (Scheme 1),
as end group models, have been also been determined
by means of 'H NMR chemical shift titrations and are
compared with the values calculated from the analyses
of the kinetics of the [2]pseudorotaxane assembly reac-
tions. Analyses of the trends in the threading rate
constants and activation parameters from this study and
others from the literature have been made in terms of
the size and shape of the thread end groups, as well as
the changes in their solvation while passing through the
a-cyclodextrin cavity.

Results and Discussion

Characterization of the [2]Pseudorotaxanes.
When approximately equivalent concentrations of the
a-CD host and a 1,12-bis(4-(a-alkyl-o-methylmethanol)-
pyridinium)dodecane guest (designated L(CH,);,L.?", where
L = pyrC(OH)(CH3)R™ ) are mixed together in aqueous
solution, the formation of the [2]pseudorotaxane, L{-
(CH,)12:a-CD} L2", may demonstrated by *H and *C NMR
spectroscopy. The resonances of the symmetry-related
pyridine H, and Hj; protons, along with the resonances
of the protons of the dodecamethylene chain (of which
H, and Hg are most easily distinguished (Figure 1a)) are
split into pairs of peaks upon inclusion in the asymmetric
cyclodextrin host. This splitting of the resonances is
shown in the spectra in Figure 1b, in which 1.6 equiv of
a-CD has been added to a L(CHy);,L?" thread bearing
propyl substituents.

A 2D ROESY experiment (using NOE connections to
the internal H3 (wider end) and H5 (narrower end)
protons of the a-CD cavity) revealed that the upfield
resonances of the split pairs of peaks are associated with
the half of the thread at the narrower end of the o-CD.
A proton-decoupled 3C NMR spectrum of a L(CHy);,L2"
thread (R = Et) mixed with 1.04 equiv of o-CD also
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Figure 1. 'H NMR spectra of (a) the dication L(CH>):.L?" (R
= propyl) and the pseudorotaxanes formed with 5 mM
L(CH,)1,L?" and (b) 1.6 equiv of a-CD or (c) 8.2 equiv of a-CD,
in D,O at 25 °C. The thread protons are labeled as in Scheme
1, with * denoting the solvent HOD resonance and CD the H;
proton of a-CD.

demonstrated qualitative evidence of pseudorotaxane
formation, as many of the peaks for the symmetry-related
guest carbons were split into pairs of resonances.

The formation of a pseudorotaxane is also indicated
in the gas phase by positive-ion electrospray mass
spectrometry. Using an aqueous solution of the a-CD (10
mM) and the L(CHj);,L?" thread (1 mM), where R =
propyl, a peak at m/z = 735.4 (100%) consistent with the
[2]pseudorotaxane L{(CH;)1,*a-CD}L?" was observed. In
addition, two smaller peaks were observed at m/z =
1221.7 (72%) and 1708.1 (8%), which may be attributed,
respectively, to L{(CH,)12*a-CD}{L-a-CD}?", in which one
4-(a-propyl-a-methylmethanol)pyridinium end group on
the [2]pseudorotaxane is included in the cavity of a
second o-CD host molecule and {L-o-CD}{(CH,)12:a-CD} -
{L-a-CD}?*, in which the second pyridinium end group
is also included in a third o-CD host molecule. Further
evidence of inclusion(s) of the pyridinium end groups
when excess a-CD is present in solution is provided by
IH NMR spectroscopy, as the resonances for the end-
group methyl and alkyl functionalities shift substantially
and often split into pairs upon binding by the cyclodextrin
host(s). This is illustrated in Figure 1c, which depicts
the 'H NMR spectrum of the L(CH,);;L?" thread (R =
propyl) with 8.2 equiv of a-CD added.

Three of the L(CH,);,L?>" threads synthesized in this
study were unable to form pseudorotaxanes when mixed
with a-CD in solution. The end group on the 1,12-bis-
(4-(a,a-diethylmethanol)pyridinium)dodecane dication was
too large to permit threading through the a-CD, even
with prolonged heating. Inclusion of the 1,12-bis(4-(a-
alkyl-a-methylmethanol)pyridinium)dodecane dications
with R = isopropyl and R = phenyl into the o-CD were
similarly not observed.

The addition of the larger - and y-cyclodextrins to
solutions of the dication threads in Scheme 1 do not, with
one exception, result in splittings of the thread proton
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Figure 2. Time dependence of the pyridine Hj; resonance of
the L(CH_2)12L.?* (R = butyl) upon inclusion into a-CD to form
a pseudorotaxane at 25 °C in DO (I = 0.10 M (NaCl));
[L(CH2)12L2*] = 3 mM, [a-CD] = 15 mM: (a) 1, (b) 17, (c) 48,
(d) 79, (e) 110, (f) 125 min.

resonances, as observed with the a-CD pseudorotaxane
formations. Instead, the proton resonances of the thread
and the cyclodextrins exhibit small chemical shifts
changes upon mixing. These may be the result of CD
inclusions of the substituted pyridinium headgroups and/
or the formation of pseudorotaxanes, whose rates of
formation and dissociation are rapid on the NMR time
scale. The exception to this is the reaction between -CD
and the thread where R = phenyl, which upon mixing
produces small but distinct splittings in the pyridine
proton resonances (Ao = 0.013 ppm for H2 and 0.005 ppm
for H3) into pairs of doublets. Upon warming the
solution, coalescence of the peaks occurs at about 40 °C
for H3 and about 60 °C for H2. For the pseudorotaxanes
described above with a-CD, no coalescence of the split
peaks is observed up to 90 °C.

Kinetics and Mechanism of [2]Pseudorotaxane
Formation. The reactions between a-cyclodextrin and
the 1,12-bis(4-(a-alkyl-a-methyl-methanol)pyridinium)-
dodecane dications (L(CH,),L?") to yield [2]pseudorotax-
anes were slow enough (with the exception of R = methyl)
to be conveniently monitored by using *H NMR spectros-
copy. Upon formation of the pseudorotaxane, the sym-
metry-related protons on each half of the dicationic
threads become inequivalent due to the asymmetry of the
a-CD cavity, with proximity of the protons to either the
narrow or wide rim of the host molecule resulting in a
different induced chemical shift. In this study, the
pyridine H; resonances of the dicationic thread were
monitored, since the doublet that represents the H;
protons of the free thread split into a well-separated pair
of doublets upon a-CD inclusion of the dodecamethylene
chain and is not obscured by resonances from other
protons. With the exceptions of the dication with R =
isopropyl and phenyl, which did not form pseudorotax-
anes even with prolonged heating at 80 °C, pseudorotax-
ane formation was observed at room temperature, as
illustrated in Figure 2 for the complex where R = butyl.

The Kinetics of the pseudorotaxane formations, con-
taining threads with R = Et, allyl, Pr, Bu, and 4-butenyl,
were investigated in D,O (I = 0.10 M (NaCl)) as a
function of the concentration of a-cyclodextrin, present
in excess over the thread. The concentrations of the free
and threaded dications were determined by integrating
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Figure 3. Plots of kq,s against [a-CD] for the formation of the
[2]pseudorotaxanes of a-cyclodextrin and [L(CH2):.L]?" (L =
4-(a-alkyl-o-methylmethanol)pyridinium) threads with the
alkyl substituents R = (O) ethyl, (®) allyl, (v) propyl, (¥) butyl,
and (d) 4-butenyl, in DO (I = 0.10 M (NacCl)) at 25 °C. Inset:
expanded plots for R = (V) propyl, (¥) butyl, and (O) 4-butenyl
(axes labels are the same as the main plot).

Scheme 2. Mechanism of [2]Pseudorotaxane
Self-Assembly
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the pyridinium Hs protons, and formation reactions were
found to be first-order processes. The dependences of the
observed rate constants on the concentration of a-CD are
depicted in Figure 3. For the dications with R = ethyl
and allyl, the observed rate constants displayed a first-
order dependence on the concentration of o-CD up to 15
mM, beyond which the reactions were too rapid to
monitor. The formation of the pseudorotaxane with R
= methyl was too rapid to be accurately monitored by
1H NMR spectroscopy. With the dicationic threads with
R = propyl, butyl, and 4-butenyl, the observed rate
constants approached limiting values above 25 mM
a-cyclodextrin (Figure 3).

The observed kinetic behavior is consistent with a
mechanism involving a-cyclodextrin inclusion(s) of the
terminal pyridinium end unit(s) of the dication, followed
by threading to place the dodecamethylene chain within
the cyclodextrin cavity, as depicted in Scheme 2.

The observed rate constant may be expressed in terms
of the threading rate constants k; and k, and the end
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Table 1. Rate and Activation Parameters for
Pseudorotaxane Formation from L(CHy)1,L2" (L =
pyrC(OH)(CH3)R™) and o-CD, where R = Ethyl and Allyl2

R group

L(CH2)1oL 2" ethyl allyl
10k1Kcpr (M1 s71) 1.71 £ 0.09 1.00 £+ 0.05
AH* (kJ mol~1) 138+ 8 109+ 8
AS* (J K-t mol—1) 165 + 24 64 + 24
KmeL (M~1)P 60 + 3¢ 79+ 7d
103Ky (s71) 29403 1.3+0.2
AH*; (kJ mol~1) 178 + 13 130 +9
AS*1 (J K1 mol 1) 266 + 39 99 + 27

aAt 25 °C, | = 0.10 M (NacCl) in D;0. P Inclusion stability
constant for N-CH3L™ cation. ¢ AH® = —40 + 5 kJ mol~1, AS° =
—101 + 153K 1mol L. d AH° = —21 £ 1 kI mol~%, AS° = —35 +
3J K1 mol 1
group inclusion stability constants Kcp; and Kep, (eq 1).

_ kiKepa[CD] + KyKep Kep[CDJ*
1+ Kepa[CD] + KepiKepo[CDP

1)

obs

Since the values of kqps for the threads where R = ethyl
and allyl were measured at very low o-CD concentrations
(2.5 mM to 15 mM), it can be assumed that the [CDJ?
terms in the rate expression are negligible and eq 1 can
thus be simplified to eq 2. At these low concentrations

leCDl[CD]

= 2

%~ T+ Kops[CD] @
of a-CD, such that Kcpi[CD] < 1, the rate expression
simplifies further to eq 3, and a linear dependence of Kops
on [a-CD] would result (Figure 3). The slopes of the plots

kobs = leCDl[CD] (3)

of Kqps VS 0-CD for these dicationic threads are equal to
kiKcp1, which are presented in Table 1.

The rates of pseudorotaxane formation for the dica-
tionic threads where R = propyl, 4-butenyl, and butyl
were slow enough to measure by 'H NMR spectroscopy,
even at high concentrations of a-CD. At the very lowest
concentrations of a-CD, the assumptions leading to eq 3
hold, and the initial linear portion of the curves in the
inset to Figure 2 would have a slope equal to k;Kcp;.
However, as the concentration of o-CD increases, the
curves approach limiting values of kgps, and the [CD]?
terms in the rate law begin to dominate until the
conditions KCDlKCDz[CD]Z > KCD]_[CD] > 1 and kZKCDlKCDZ'
[CD]? > kiKcpi[CD] may be assumed. This reduces the
expression in eq 1 to kops = Ko. Thus, the values of Kgps
at high concentrations of a-CD provide initial estimates
of k, for each of the three dications (R = propyl, 4-butenyl,
and butyl) in the nonlinear least-squares fits (Experi-
mental Section), from which values of ki, ky, Kcpy, and
Kecpz for pseudorotaxane formation can be generated.
These rate and equilibrium parameters are listed in
Table 2.

Since the dicationic threads possess two end groups
and thus two initial binding sites for the cyclodextrin host
(Scheme 2), statistical binding ratios might be expected.
The value of Kcpy represents the binding of one host
molecule to one of the two available end groups. After
binding, only one included end group exists from which
the cyclodextrin can dissociate. The Kcp, value repre-
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Table 2. Rate and Activation Parameters for
Pseudorotaxane Formation from L(CH3);2L2" (L =
pyrC(OH)(CH3)R") and o-CD, where R = Propyl,
4-Butenyl, and Butyl?

R group

L(CH>)1oL2" propyl 4-butenyl butyl
10%; (s™) 0.65+0.12 0.90+0.14 0.69+0.13
10%kz (s71) 1.30+£0.09 125+0.13 1.21+0.10
AH*, (kJ mol~1) 148 +9 103 +£13 131+ 7
ASH (K 1mol™l) 176 +28 27 + 38 120+ 21
Kept (M) 580 + 120 990 + 200 550 + 110
Kepz (M) 180 + 20 290 + 30 160 =+ 20
KiveL (M™1)P 581 + 24 805 + 84 389 + 80

aAt 25 °C, I = 0.10 M (NaCl) in D0. P Inclusion stability

constant for N-CHzL™* cation.

sents the binding of a second host molecule to the other
available end group. Now, however, there are two
included end groups from which a cyclodextrin can
dissociate, leading to a theoretical statistical ratio of 4:1
for Kepi:Kepz. The theoretical statistical ratio of the
threading rate constants, ki:k», is 1:2, as the value of k;
represents the rate constant when only one end group is
included into the cyclodextrin host, whereas k; represents
the rate constant for threading when both end groups
are included. The rate and equilibrium constants pre-
sented in Table 2 indicate the experimental Kcp;:Kcepz and
ki:k, ratios are fairly close to the statistical ratios, and
therefore, the threadings of the two end groups onto the
dodecamethylene chain proceed virtually independently
of one another.

The activation parameters associated with the rate
constants for the pseudorotaxane formation with
L(CH,)1,L?" guests and a-CD hosts were determined by
studying the effect of temperature on the observed rate
constants at low (R = ethyl and allyl) or high (R = propyl,
butyl, and 4-butenyl) a-CD concentrations. In the case
of the threads where R = ethyl and allyl, lower concen-
trations of o-CD (10 mM) were used such that k = Kgs/
[CD] = kiKcps (k2 is too large to be measured by *H NMR
spectroscopy). The parameters listed in Table 1 are
therefore a sum of the activation parameter associated
with k; and the thermodynamic parameter associated
with Kcp;. For R = propyl, butyl, and 4-butenyl, the rate
constants were measured at high concentrations of o-CD
(200 mM), such that kgps ~ ko.

The inclusion complexes formed between N-methyl-(4-
(a-alkyl-a-methylmethanol)pyridinium cationic guests
(designated as N-CH3L ") and a-CD hosts are good models
of the end group binding of L(CH,)1,L?" guests by a-CD
prior to the threading step of pseudorotaxane formation.
The values of Kcp for the N-CH3z;L* guests where R =
ethyl, allyl, propyl, 4-butenyl, butyl, and isopropyl were
determined using 'H NMR chemical shift titrations!® and
are presented in Tables 1 and 2. The thermodynamic
parameters associated with Kcp, for N-CH3L™ inclusion
in a-CD, were calculated to be AH° = —40 £+ 5 kJ mol—!
and AS° = —101 4+ 15 J Kt mol~! for R = ethyl and AH°
=—-21+1kImoltand AS° = —35 £+ 3 J K"t mol~* for
R = allyl. Using these equilibrium constants and the
associated thermodynamic parameters as estimates for
the binding the dicationic thread end groups by a-CD,
values of k;, AH*;, and AS*; may be calculated (Table 1).

Determining a stability constant for the pseudorotax-
anes, K,r, from a *H NMR titration is complicated by the
slow approach to equilibrium at the low thread and a-CD
concentrations normally employed (<3 mM) and by the
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additional equilibria involving the inclusions of the end
groups (such as Kcpz in Scheme 2). For this reason, a
detailed stability constant measurement was only at-
tempted for the dication with R = methyl, as it threads
quickly and exhibits weak binding of the end groups by
a-CD. The NMR titration at 25 °C in D,O (I = 0.10 M
(NaCl)) yielded a value of (8.9 + 2.4) x 103 ML This
value is in the range of pseudorotaxane stability con-
stants determined for other L(CHy);,L?t threads
((3—10) x 108 M~1).57810

Trends in Pseudorotaxane Formation Param-
eters. The stability constants Kcp generally increase
with the length of the alkyl substituent R. Similar trends
are observed for the neutral 4-(a-alkyl-o-methylmetha-
nol)pyridines,*® alkylbenzenes,'” and alkylmethanols,*®
the data for which are presented in Table 3. With the
neutral pyridines and the N-methylpyridinium cations,
it is observed that K¢p for R = butyl is lower than the
value for R = propyl. This may be due to a protrusion of
the hydrophobic group out the other end of the CD cavity,
such that propyl represents the optimal length for the R
substituent. This is supported by the trend in the value
for the unsaturated R groups, allyl and 4-butenyl. The
value for 4-butenyl is greater than that for butyl, while
the value for allyl is lower than for propyl. This opposite
trend may be related to the less hydrophobic nature of
the —CH=CH-— group. The very low value for R =
isopropyl is likely due to the branched nature of the
alkane that is too large to be accommodated in the a-CD
cavity.

The rate constants for [2]pseudorotaxane formation
from a-cyclodextrin and L(CH,),L™* threads span about
7 orders of magnitude (Table 4). Rapid pseudorotaxane
formation (10® — 10* M~! s7!) has been observed for
dicationic threads with planar carboxylate or pyridinium
end groups, with the a-CD cavity flattening to accom-
modate the aromatic rings. The presence of in-plane ring
substituents such as with L = 3-cyanopyridinium (2.4
M1 s71) slows down the threading process somewhat.
The presence of tetrahedral end groups, such as in the
L(CHy)10L?" threads with 4-tert-butylpyridinium and
trialkylammonium (Table 4), present greater steric bar-
riers to threading.

An examination of the values of k; presented in Tables
1 and 2 reveals that the first-order rate constant for the
threading process for the systems in the present study
decreases as the length of the R substituent increases.
This observation could be a result of the o-CD binding
more strongly to the end groups as they become longer
and more hydrophobic, combined with the possibility that
the a-CD molecule requires more energy to distort and
thread over sterically larger groups. While both the
entropy and the enthalpy of activation for the threading
process of pseudorotaxane formation are effected by a
large number of contributions and are thus difficult to
appreciate conceptually, it is possible to describe some
factors that may influence the values of AS* and AH*
presented in Tables 1 and 2.

All of the AH* and AS* values measured are large and
positive. The unfavorable enthalpy of pseudorotaxane
formation is thought to be caused by the large amount

(16) Smith, A. C.; Lyon, A. P.; Tobin, L.; Macartney, D. H. Manu-
script in preparation.

(17) Sanemasa, I.; Akamine, Y. Bull. Chem. Soc. Jpn. 1987, 60, 2059.

(18) Matsui, Y.; Mochida, K. Bull. Chem. Soc. Jpn. 1979, 52, 2808.
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Table 3. Stability Constants (Kcp, M™1) for Inclusion Complexes Formed between o-CD and Compounds Bearing
a-Alkyl-a-methylmethanol Groups

OH OH OH
+
o O O% O v
R

CH; 24+3° 3343° 494047
CH,CH; 45+4° 60+3° 110+ 10° 26427
CH,CH,CH; 410£67° 581+£24° 590 + 10° 135+ 137
CH(CH;), ' 17+1¢ 1€ 19+29
CH,CH,CH,CH; 282+27° 389+80° 355+£35¢

a Reference 16. P This work. ¢ Reference 17. @ Reference 18.

Table 4. The Rate Constants (25 °C) and Activation Parameters for the Self-Assembly of a-Cyclodextrin
Pseudorotaxanes with [L(CH),L]?" Threads (unless Otherwise Indicated)

L n 10%kM'sY) AR (D moll)  AS'(K mol™)
+, OH
_ ] .
N@_éc‘):?cm 12 17.1£0.9 13848 165 + 24
+, OH
B +
N@—(Zﬁ?émcnz 12 10.0£0.5 109+38 64 +24
O
_ N
N o Cch, 12 3.74 £0.24
+, OH
_NQ—(ZﬁféHZCH% 12 7.09+0.34

+ OH
_N@—_(;ﬁ:gﬂzcnzcm 12 3.82+024

N cH, 10 076+0.14° 102 £ 10 58+ 32
-0
—coo 12 400 000 * 474 -17.0
- @ 12 1300 000 5¢
_I.@—@ 10 4600 000 ¢
e
—O—~Or-crmens 10 83+ 137 498404 279.5 8.0
—N(CH)s 10 1644228 1742 1346
—N(CHy),CH,CH 10 0.58+0.04¢ 1206 1144 16

CN
_ﬁ@ 10 240+907

a Reference 6. P Reference 5c. ¢ Reference 8. 4 Wylie, R. S.; Lyon, A. P.; Macartney, D. H. Unpublished results. ¢ Asymmetric [L(CH2)10L']""
thread used, where L is the viologen shown in the chart and L' is a bulky carbazole group that cannot thread through o-CD. f Refer-
ence 5b.

of distortion the a-CD host undergoes while threading the planar pyridinium group. The favorable entropy is
past the branched portion of the end group, followed by probably due to the desolvation of the ordered water



Self-Assembly of a-Cyclodextrin [2]Pseudorotaxanes

LNV /1
1‘ @TT‘ITW\\;} K

i
A Gin AGout

ﬁ*VVJ.LLLLL\\VV:}
ANTTITTIT FAN

VLNV Ly,
gAMTrrrMAh

N INVY fxwm /

ﬁﬁ\ AN
Figure 4. Free energy profile for the formation of a pseu-
dorotaxane between a-CD and a dicationic thread composed
of a hydrophobic polymethylene chain and pyridinium end
groups with hydrophobic substituents. The symbol OO0 rep-
resents water clusters about the hydrophobic groups,® while

the tilted V symbol represents solvation of the hydrophilic
groups.

molecules surrounding the positive pyridinium function-
ality and the regaining of motional freedom of the
hydrophobic R substituent upon formation of the pseu-
dorotaxane. Two distinct trends in the activation pa-
rameters listed in Tables 1 and 2 can be observed. First,
the dicationic threads with saturated R substituents on
their end groups tend to have larger values of AH* and
AS* for the threading step of pseudorotaxane formation
than the dicationic threads with the analogous unsatur-
ated R substituents (i.e., R = propyl vs allyl and R =
butyl vs 4-butenyl). The larger AH* values can be
attributed to the need to overcome larger hydrophobic
interactions between the saturated end groups and the
a-CD cavity when the host threads over the end group
and rests on the polymethylene chain. Smaller values
of AS* for the dicationic threads with unsaturated R
substituents are probably caused by the fact that they
do not gain back as much freedom of motion as their
corresponding saturated R groups upon resolvation, due
to the rigidity of the double bond. A second trend, of
substantially decreasing values of AS* for the threading
process of a-CD pseudorotaxane formation as the length
of the R substituent of the dicationic threads increases
(AS*R = butyl < AS*R:propyl < AS*R:ethyl), is also evident. This
trend can be explained by the fact that end groups with
longer R substituents require resolvation of a larger
surface area upon the threading of the a-CD host, thus
ordering a larger number of water molecules into “water
clusters™® and decreasing the value of AS*. These
desolvation and resolvation processes that occur during
the self-assembly of the pseudorotaxanes are shown
schematically in Figure 4, which depicts a free-energy
profile for the formation of an a-CD pseudorotaxane using
a dicationic thread with hydrophobic end group substit-
uents.

The values of AG* and AG°cp; shown on the free-
energy profile in Figure 4 can be calculated for the five
dicationic guests studied in this study. The first-order
rate constants (k;) for the threading step of a-CD pseu-
dorotaxane formation (Tables 1 and 2) can be used to
calculate the values of AG*; associated with this step of

(19) Yoshida, N.; Seiyama, A.; Fujimoto, M. J. Phys. Chem. 1990,
94, 4246.
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Figure 5. Plot of the free energy of activation for the
threading step of pseudorotaxane formation, using 1,12-bis-
(4-(o-alkyl-a-methylmethanol)pyridinium)dodecane threads and
o-CD hosts, against the standard free energy for the inclusion
of the pyridinium end group at 25 °C. R = ethyl (@), allyl (v),
propyl (¥), butyl (O), and 4-butenyl (H).

the mechanism. Similarly, the a-CD inclusion stability
constants (Kc¢p;) for the end group binding of these
dicationic threads allow the calculation of AG°cp;, Using
the equation —AG°cp; = RTINKcp:. A plot of AG¥ vs
—AG°cp1, shown in Figure 5, displays a linear relation-
ship between these two parameters, with AG*; increasing
as AGc°cp; decreases. The intercept of this plot repre-
sents the value of AG¥ for a 4-(a-alkyl-o-methylmetha-
nol)pyridinium dicationic thread whose end groups do not
bind significantly to o-CD (i.e., a dicationic thread with
Kepr & 1 M7 and thus AG°cp; &~ 0 kJ mol™?). At this
point, AG* is effectively equal to AG*,, and there is no
stabilization due to end group binding prior to the
threading step of pseudorotaxane formation. The value
of AG¥, from the plot in Figure 5 is approximately 74 kJ
mol~1, which corresponds to a second-order rate constant
of approximately 0.67 M~! s~ (assuming that Kcp; = 1
M™1). This rate is about four times larger than the
fastest rate of threading measured in this study for a
[L(CH2)1,L]>" guest (see Table 4) and would represent the
value of kj, for the formation of a pseudorotaxane using
a dicationic thread similar to those synthesized for this
thesis, with small R substituents (such as R = H or CHy)
that provide no steric or thermodynamic barriers to
threading. With the larger cavities of the (- and
y-cyclodextrins, pseudorotaxane formation with the
L(CHy)10L?" threads in the present study occurs rapidly.
With the exception of the 5-CD pseudorotaxane with the
thread where R = phenyl, dissociation of these complexes
is also rapid on the NMR time scale. We are presently
exploring techniques for determining the rate constants
for the rapid formation and dissociation of these and
other o- and -CD pseudorotaxanes.

While the end groups of the dicationic ligands possess
chiral centers, we are unable to detect any preferential
binding of one optical isomer over the other in the chiral
a-cyclodextrin host. We have, however, observed that the
neutral 4-(a-alkyl-a-methylmethanol)pyridine compounds
exhibit differential binding in the larger g-cyclodextrin
cavity, when coordinated to the pentacyanoferrate(ll)
center.'® With neutral 4-(a-phenyl-a-methylmethanol)-
pyridine (L), for example, the pyridine H; resonance of
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the Fe(CN)sL3~ complex splits into two resonances, one
shifting downfield (yielding Kcp = 1000 + 200 M%) and
the other upfield (Kcp = 400 + 100 M™1). The preferen-
tial 5-CD binding of one guest enantiomer over the other
has been observed for a number of guests, such as (R)-
and (S)-2-phenylpropanoic acids, for which K¢p values
of 1090 + 30 and 1010 + 40 M™%, respectively, have been
measured.?® Further kinetic and binding studies on the
effects of guest chirality are ongoing in this laboratory.

Experimental Section

Materials. The a-, 8-, and y-cyclodextrins (Aldrich) were
dried at 80 °C under reduced pressure for at least 8 h prior to
use.

General Procedure for the Synthesis of the 4-(a-Alkyl/
aryl-o-methylmethanol)pyridines. The racemic 4-(a-alkyl-
o-methylmethanol)pyridine compounds were prepared accord-
ing to the method of Weber and Seebach.?® To a stirred
solution of 4-acetylpyridine (40 mmol, Aldrich) in diethyl ether
(100 mL) under N, at —20 °C was added the appropriate
alkylmagnesium bromide (48 mmol, Aldrich). Isopropylmag-
nesium bromide was prepared from Mg turnings and isopropy!
bromide in ether.?* The reaction mixture was allowed to warm
to room temperature. After 1 h, saturated NH,ClI solution was
added, and the organic layer was separated, washed with
brine, dried over Na,SO,, and freed from the solvent under
reduced pressure. The product was further purified by flash
chromatography (90% ether, 10% methanol, silica gel 60 with
particle size 0.040—0.063 mm (230—400 mesh ASTM, EM
Separations Technology)), recrystallization from H,O, and/or
distillation, with yields ranging from 10% to 80%.

R = Me: mp 136—138 °C (lit.?? mp 139—140 °C); 'H NMR
(D20) 6 8.49 (d, 2H, J = 6.1 Hz), 7.52 (d, 2H, J = 6.1 Hz), 1.56
(s, 6H) ppm.

R = Et: mp 101-103 °C (lit.?2 mp 102—104 °C); *H NMR
(D20) 6 8.49 (d, 2H, H,, 3 = 5.3 Hz), 7.48 (d, 2H, J = 5.3 Hz),
1.85 (g, 2H, 3 = 7.4 Hz), 1.53 (s, 3H), 0.76 (t, 3H, J = 7.4 Hz)
ppm. Anal. Calcd for CoH13NO-Y/gH,0: C, 70.44; H, 8.70; N,
9.13. Found: C, 70.53; H, 8.57; N, 9.21.

R = Pr: mp 68—69 °C; H NMR (D;0) ¢ 8.45 (d, 2H, J =
5.0 Hz), 7.45 (d, 2H, J = 5.0 Hz), 1.78 (t, 2H, J = 8.4 Hz), 1.51
(s, 3H), 1.24 (m, 1H), 1.04 (m, 1H ), 0.80 (t, 3H, J = 7.3 Hz)
ppm. Anal. Calcd for C;0H1sNO: C, 72.67; H, 9.17; N, 8.48.
Found: C, 72.45; H, 9.22; N, 8.39.

R = Bu: mp 69—-71 °C; 'H NMR (D20) ¢ 8.48 (d, 2H, J =
4.7 Hz), 7.48 (d, 2H, J = 4.7 Hz), 1.83 (m, 2H), 1.54 (s, 3H),
1.23 (m, 2H), 1.22 (m, 1H), 1.02 (m, 2H), 0.80 (t, 3H, 3 =7.4
Hz) ppm. Anal. Calcd for C;1H7NO: C, 73.70; H, 9.56; N,
7.81. Found: C, 73.43; H, 9.25; N, 7.72.

R = allyl: 'H NMR (D;0) 6 8.49 (d, 2H, J = 4.8 Hz), 7.48
(d, 2H, J = 4.8 Hz), 5.65 (m, 1H), 5.08 (m, 2H), 2.61 (m, 2H),
1.56 (s, 3H) ppm. Anal. Calcd for C10H13NO-Y/,H,0: C, 69.74;
H, 8.19; N, 9.13. Found: C, 70.53; H, 7.58; N, 8.22.

R = 4-butenyl: 'H NMR (D0) ¢ 8.47 (d, 2H, J = 4.7 Hz),
7.47 (d, 2H), 5.80 (m, 1H), 4.97 (m, 2H), 2.02 (m, 1H), 1.84 (m,
1H), 1.91 (m, 2H), 1.54 (s, 3H) ppm. Anal. Calcd for Cy1H;5-
NO: C, 74.54; H, 8.53; N, 7.90. Found: C, 74.30; H, 8.42; N,
7.73.

(20) Weber, B.; Seebach, D. Tetrahedron 1994, 50, 6117.

(21) Fieser, L. F.; Fieser, M. Reagents for Organic Synthesis; John
Wiley and Sons: New York, 1967; Vol. 1, p 415.

(22) Zymalkowski, F.; Reimann, E. Liebigs Ann. Chem. 1968, 715,
98.
(23) Zeng, X.; Jiagiang, C.; Gu, Y. Tetrahedron Lett. 1995, 36, 7275.
(24) Toma, H. E. Can. J. Chem. 1973, 57, 2079.
(25) Ferles, M.; Stern, P.; Vysata, F. Collect. Czech. Chem. Commun.
1973, 38, 1979.

(26) Attalla, M. I.; McAlpine, N. S.; Summers, L. A. Z. Naturforsch.
1984, 39B, 74.

(27) Chu, C.; Teague, P. C. J. Org. Chem. 1958, 23, 1578.

(28) Brown, S. E.; Coates, J. H.; Duckworth, P. A.; Lincoln, S. F.;
Easton, C. F.; May, B. L. J. Chem. Soc., Faraday Trans. 1993, 89, 1035.
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R =i-Pr:'H NMR (D;0) 6 8.46 (d, 2H, J = 6.2 Hz), 7.46 (d,
2H, J = 6.2 Hz), 2.03 (m, 1H, J = 6.8 Hz), 1.51 (s, 3H), 0.86,
(d, 3H,J =6.8 Hz), 0.76 (d, 3H, J = 6.8 Hz) ppm. Anal. Calcd
for C10H1sNO-Y/gH,0: C, 72.69; H, 9.15; N, 8.48. Found: C,
71.59; H, 9.08; N, 8.30.

R = Ph: mp 137—138 °C (lit.2 142—143 °C); 'H NMR (D.0)
68.48 (d, 2H, J = 6.0 Hz), 7.60 (d, 2H, J = 6.2 Hz), 7.57—7.46
(m, 5H), 1.97 (s, 3H) ppm. Anal. Calcd for Ci3H13NO: C,
78.36; H, 6.94; N, 7.02. Found: C, 77.75; H, 6.54; N, 7.15.

General Procedure for the Synthesis of the N-Methyl-
4-(a-alkyl-a-methylmethanol)pyridinium lodides. The
N-methyl-4-(a-alkyl-a-methylmethanol)pyridinium iodides were
prepared according to the method of Toma et al.?* by adding
methyl iodide (12.1 mmol, Aldrich) to a solution of the
appropriate 4-(o-alkyl-a-methylmethanol)pyridine compound
in carbon tetrachloride (when using 4-(o,a-dimethylmethanol)-
pyridine, methanol was used as the solvent?®). After the
reaction was maintained in the dark for several days, it was
combined with approximately 100 mL of diethyl ether to
precipitate the product as an orange oil. The crude product
was dissolved in warm ethanol and precipitated again with
diethyl ether. Several iterations of this step afforded the pure
hygroscopic solid in 60—95% yields.

R = Me: mp 133—135 °C (lit.2> mp 135—136 °C); 'H NMR
(D;0) 0 8.71 (d, 2H, 3 = 6.6 Hz), 8.09 (d, 2H, J = 6.6 Hz), 4.35
(s, 3H), 1.62 (s, 6H) ppm.

R = Et: mp 126—127 °C; 'H NMR (D;0) ¢ 8.70 (d, 2H, J =
6.7 Hz), 8.05 (d, 2H, J = 6.7 Hz), 4.35 (s, 3H), 1.91 (q, 2H, J =
7.5 Hz), 1.60 (s, 3H), 0.79 (t, 3H, J = 7.5 Hz) ppm; 3C{*H}
NMR (D20) 6 167.26, 144.72, 124.54, 75.09, 47.63, 35.19, 27.58,
7.33 ppm. Anal. Calcd for C1;0H1sNOI: C, 40.97; H, 5.51; N,
4.78. Found: C, 40.88; H, 5.49; N, 4.77.

R = Pr: *H NMR (D20) ¢ 8.70 (d, 2H, J = 6.8 Hz), 8.06 (d,
2H, J = 6.8 Hz), 4.35 (s, 3H), 1.88 (t, 2H, J = 8.3 Hz), 1.61 (s,
3H), 1.36 (m, 1H), 1.06 (m, 1H), 0.85 (t, 3H, J = 7.3 Hz) ppm.
Anal. Calcd for C11HisNOI: C, 43.01; H, 5.91; N, 4.56.
Found: C, 42.65; H, 5.97; N, 4.61.

R = Bu: H NMR (D;0) ¢ 8.75 (d, 2H, J = 6.9 Hz), 8.11 (d,
2H, J = 6.9 Hz), 4.40 (s, 3H), 1.95 (t, 2H, J = 6.9 Hz), 1.66 (s,
3H), 1.31 (m, 2H), 1.35 (m, 1H), 1.04 (m, 1H), 0.87 (t, 3H, J =
7.2 Hz) ppm. Anal. Calcd for CioH2oNOI-Y/,H,0: C, 43.65;
H, 6.41; N, 4.24. Found: C, 44.04; H, 6.12; N, 4.16.

R = allyl: *H NMR (D;0) ¢ 8.72 (d, 2H, J = 6.0 Hz), 8.06
(d, 2H, J = 6.0 Hz), 5.70 (m, 1H), 5.11 (m, 2H), 4.36 (s, 3H),
2.68 (d, 2H, Jap = 7.1 Hz), 1.64 (s, 3H) ppm. Anal. Calcd for
C11H1sNOI-1/,H,0: C, 42.05; H, 5.45; N, 4.46. Found: C,
42.35; H, 5.24; N, 4.37.

R = 4-butenyl: *H NMR (D,0) 6 8.73 (d, 2H, J = 6.1 Hz),
8.09 (d, 2H, J = 6.1 Hz), 5.82 (m, 1H), 5.04 (m, 2H), 4.37 (s,
3H), 2.02 (t, 2H, J = 5.8 Hz), 2.15 (m, 1H), 1.87 (m, 1H), 1.65
(s, 3H) ppm. Anal. Calcd for C12H1sNOI: C, 45.16; H, 5.68;
N, 4.39. Found: C, 45.08; H, 5.66; N, 4.31.

R = i-Pr: IH NMR (D;0) ¢ 8.69 (d, 2H, J = 6.7 Hz), 8.05 (d,
2H,J = 6.7 Hz), 4.35 (s, 3H), 2.12 (m, 1H, J = 6.8 Hz), 1.60 (s,
3H), 0.95 (d, 3H, J = 6.8 Hz), 0.75 (d, 3H, J = 6.8 Hz) ppm.
Anal. Calcd for C1:H1sNOI-Y,H,0: C, 41.79; H, 6.06; N, 4.43.
Found: C, 42.09; H, 5.89; N, 4.27.

General Procedure for the Synthesis of the 1,12-Bis-
(4-(a-alkyl-o-methylmethanol)pyridinium)dodecane Di-
bromides. The 1,12-bis(4-(c-alkyl-a-methylmethanol)pyri-
dinium)dodecane dibromides were prepared by a modification
of the method of Attalla et al.?® The appropriate 4-(c-alkyl-
a-methylmethanol)pyridine compound (2.5 mmol) was dis-
solved in DMF (5 mL), and 1,12-dibromododecane (0.5 mmol,
Aldrich) was then added to the solution. After being stirred
at 50 °C for 8 h, the reaction was cooled and combined with
approximately 100 mL of diethyl ether to precipitate the
product as an orange oil. The crude product was dissolved in
warm ethanol and precipitated again with diethyl ether.
Several iterations of this step afforded the pure hygroscopic
solid in 60—80% vyields.

R = Me: 'H NMR (D20) ¢ 8.74 (d, 4H, J = 6.5 Hz), 8.09 (d,
4H, J = 6.5 Hz), 4.55 (t, 4H, J = 7.1 Hz), 1.97 (m, 4H), 1.60 (s,
12H), 1.29—-1.21 (m, 16H) ppm. Anal. Calcd for CzgH4sN20,-
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Br;-1/,H,0: C, 55.00; H, 7.75; N, 4.58. Found: C, 55.17; H,
7.77; N, 4.66.

R = Et: *H NMR (D;0) ¢ 8.75 (d, 4H, J = 6.6 Hz), 8.06 (d,
4H, J = 6.6 Hz), 4.56 (t, 4H, J = 7.0 Hz), 1.99 (m, 4H), 1.91
(g, 8H,J = 7.4 Hz), 1.59 (s, 6H), 1.30—1.22 (m, 16H), 0.78 (t,
6H) ppm. Anal. Calcd for C3HsoN20,Br2:3H,0: C, 52.63; H,
8.24; N, 4.09. Found: C, 52.63; H, 8.24; N, 3.92.

R = Pr: 'H NMR (D;0) ¢ 8.78 (d, 4H, J = 6.7 Hz), 8.10 (d,
4H,J =6.7 Hz), 4.59 (t, 4H, J = 7.1 Hz), 2.02 (m, 4H), 1.89 (t,
4H, J = 8.4 Hz), 1.63 (s, 6H), 1.32—1.24 (m, 16H), 1.24 (m,
2H), 0.94 (m, 2H), 0.86 (t, 6H, J = 7.2 Hz) ppm. Anal. Calcd
for Cs2HsaN202Br*H.0: C, 56.81; H, 8.34; N, 4.14. Found:
C, 56.68; H, 8.14; N, 4.13.

R = Bu: H NMR (D,0) 6 8.79 (d, 4H, J = 6.3 Hz), 8.10 (d,
4H, J = 6.3 Hz), 4.60 (t, 4H, J = 6.8 Hz), 2.02 (m, 4H) 1.92 (t,
4H, J = 7.9 Hz), 1.63 (s, 6H), 1.31—1.01 (m, 24H, Hy), 0.83 (t,
6H, J = 7.2 Hz) ppm. Anal. Calcd for C34HssN202Brz-H,0:
C, 57.95; H, 8.58; N, 3.98. Found: C, 58.00; H, 8.49; N, 4.00.

R = allyl: *H NMR (D;0) ¢ 8.76 (d, 4H, J = 6.7 Hz), 8.06
(d, 4H, J = 6.7 Hz), 5.68 (m, 2H), 5.07 (m, 4H) 4.46 (t, 4H, J
= 7.0 Hz) 2.66 (d, 4H, 3 = 7.3 Hz) 1.98 (m, 4H), 1.63 (s, 6H),
1.28—-1.21 (m, 16H, H) ppm. Anal. Calcd for CsHsoN>O2Br-
,H,0: C, 57.92; H, 7.75; N, 4.22. Found: C, 58.04; H, 7.74;
N, 4.32.

R = 4-butenyl: *H NMR (D.0) 6 8.64 (d, 4H, J = 6.8 Hz),
7.96 (d, 4H, J = 6.8 Hz), 5.66 (m, 2H), 4.85 (m, 4H), 4.45 (t,
4H,J = 7.1 Hz), 1.88 (m, 8H), 1.99 (m, 2H), 1.71 (m, 2H), 1.50
(s,6H), 1.17—1.04 (m, 16H) ppm. Anal. Calcd for C3sHssN>O>-
Br,-H,0O: C, 58.29; H, 8.06; N, 4.00. Found: C, 58.38; H, 8.02;
N, 4.00.

R =i-Pr:*H NMR (D;0) 6 8.76 (d, 4H, J = 6.5 Hz), 8.08 (d,
4H, J = 6.5 Hz), 4.54 (t, 4H, J = 7.1 Hz), 2.13 (m, 2H), 2.01
(m, 4H), 1.61 (s, 6H), 1.31—-1.23 (m, 16H), 0.82 (d, 6H, J = 6.8
Hz), 0.62 (d, 6H, J = 6.8 Hz) ppm. Anal. Calcd for C3,Hs4N,O--
Bry-Y,H,0: C, 57.57; H, 8.30; N, 4.20. Found: C, 57.43; H,
8.09; N, 4.20.

R = Ph: 'H NMR (D20) ¢ 8.73 (d, 4H, J = 6.6 Hz), 8.06 (d,
4H, J = 6.6 Hz), 7.48—7.37 (m, 10H), 4.54 (t, 4H, J = 7.2 Hz),
2.03 (s, 6H), 1.95 (m, 4H), 1.25—-1.16 (m, 16H) ppm. Anal.
Calcd for CszgHsoN20O,Br-H,O: C, 61.29; H, 7.04; N, 3.76.
Found: C, 60.31; H, 6.82; N, 4.10.

Synthesis of 1,12-Bis(4-(o,a-diethylmethanol)pyridini-
um)dodecane Dibromide. The 4-(a,a-diethylmethanol)-
pyridine used in this synthesis was prepared in 23% yield (mp
142—145 °C lit.?2 mp 146—148 °C) as described above, using
ethyl 4-pyridyl ketone (prepared according to the method of
Chu et al.?’) in place of 4-acetylpyridine. The 1,12-bis(4-(o,0-
diethylmethanol)pyridinium)dodecane dibromide was prepared
in 75% yield, as described above, from 4-(o,a-diethylmethanol)-
pyridine and 1,12-dibromododecane: *H NMR (D,0): 6 8.76
(d, 4H, J = 6.4 Hz), 8.05 (d, 4H, 3 = 6.4 Hz), 4.57 (t, 4H, J =
7.1 Hz), 1.98 (m, 4H), 1.95 (g, 8H, J = 7.5 Hz), 1.30—1.22 (m,
16H), 0.75 (t, 12H, J = 7.5 Hz) ppm. Anal. Calcd for
C32H54N2028r2~21/2H20: C,54.62; H, 8.45; N, 3.98. Found: C,
54.62; H, 7.96; N, 4.35.

Physical Measurements. The *H and *C NMR spectra,
along with the Kinetic measurements and chemical shift
titrations, were recorded on a Bruker AM-400 instrument, with
the temperature of the probe maintained within +1 °C. For
the kinetics experiments, a solution of the appropriate 1,12-
bis(4-(a-alkyl-a-methylmethanol)pyridinium)dodecane dication
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([L(CH2)12L]?", 3.0 mM after mixing) was measured into an
NMR tube, followed by the addition of a known concentration
of o-CD solution varied (2.5—100 mM after mixing) to give a
total volume of 600 uL. All solutions were maintained at a
constant ionic strength (I = 0.10 M) using NaCl.

The cyclodextrin inclusion stability constants for the N-meth-
yl-4-(a-alkyl-a-methylmethanol)pyridinium cations were de-
termined by 'H NMR chemical shift titrations, as described
previously.?® Solutions of the appropriate guest compound
were prepared in D,O and maintained at a constant ionic
strength of 0.10 M with NaCl. The solution (500 uL) was
titrated with 10—100 xL aliquots (using graduated gastight
Hamilton syringes) of a cyclodextrin solution that contained
the same concentration of the guest. The solutions were mixed
thoroughly in the NMR tube and allowed to equilibrate in the
probe (298 + 1 K) prior to obtaining a spectrum. In these
experiments, the concentration of the included species was
found by analyzing the areas of the pyridine Hs; resonances.
Upon o-CD inclusion of the [L(CH):;,L]?" thread, the Hs
doublet resonance becomes two separate doublets due to the
asymmetry of the o-CD cavity. The upfield doublet of the
included species appears at a chemical shift similar to that of
the nonincluded species and is of the same area as the
downfield peak of the included species. Thus, the fraction of
the ligand that is included, I, is given by (2 x Ai)/Awt, Where
A is the area of the downfield peak for the included ligand
and A is the total area of both the included and free ligand
peaks. The plots of In(l. — I;) vs time yielded straight lines
with slope = —Kgps (I.. was determined after the samples were
maintained at 25 °C for at least 24 h). The subsequent plots
of Kops Vs [a-CD] were then analyzed with nonlinear regression
analysis (eq 1) using Simplex minimization to determine Kcp
values and limiting rate constants.?° 32 The chemical shift
titrations provided plots of Ad vs [a-CD] that were analyzed
in the same manner.

The electrospray ionization mass spectrometry experiments
were performed on a Fisons VG QUATTRO triple quadrupole
mass spectrometer, with an atmospheric pressure electrospray
source and a mass range for singly charged ions of 4000. The
samples were prepared in distilled water containing 0.10 M
o-CD and were introduced into the source at a flow rate of 5
mL min~!. Elemental analyses were performed by Canadian
Microanalytical Services Ltd (Delta, BC).
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