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Polymeric Molecular Shuttles: Polypseudorotaxanes &olyrotaxanes Based

On Viologen (Paraquat) Urethane Backbones & Big-Phenylene)-34-Crown-10

Harry W. Gibson*, Ya Xi ShehMukesh C. Bhedaand Caiguo Gong

Department of Chemistry & Macmolecules and Intesfamstitute
Virginia Polytechnic Institute and State UniversiBfacksburg, VA 24061

ABSTRACT
Reaction of dig-isocyanophenyl)methane (MD4) with N,N’-di(2-hydroxyethyl)- ¢b) or N,N’-
di[2-(2'-hydroxyethoxy)ethyl]- 4,4’-bipyridinium dhexafluorophosphate}lé and other diols
[oligo(ethylene glycol)s and poly(tetramethylened@js] in the presence of bisphenylene)-34-
crown-10 @) afforded polyurethane (pseudo)rotaxanes as titatig/P or 7R) and segmented
analogslOP (P = pseudorotaxan® = rotaxane). I'VR a bulky alcohol was incorporated at the
chain ends and id3R a bulky diolas in-chain units to form polyrotaxanes and preeltite
possibility of dethreading. The crown eth2rin 10P and 13R was shown by'H NMR
spectroscopy to be shuttling between the viologemaguat) and urethane sites; in DMSO the
crown ether prefers the urethane site, probablgime of H-bonding with the N-H moieties and
complexation of the pyridinium site by the dipotmivent, while in acetone at low temperatures
the viologen site is preferred by the crown ethgth AH = -6.91 kcal/mol andS = -22.9 eu for
13R.
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INTRODUCTION
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Scheme 1. Pseudorotaxanes as
precursors to rotaxanes, catenanes and
polypseudorotaxanes.

Pseudorotaxanes, rotaxanes and catend@weeine ) are now part of the lexicon of
small molecule chemistry. [1] Pseudorotaxanes isbred cyclic species through which are
threaded linear molecules, whereas rotaxanes haig groups at the end of the linear species,
thus preventing dethreading. And catenanes arerlaoked cyclic species. Similarly, a
poly(pseudo)rotaxane is a molecular composite ca®grof a macromolecule in which
macrocycles are threaded by linear segments wittomalent bonds between the two species. [2]
Similarly polycatenanes contain catenane unitseeith the backbone or pendant groups. [10]
The mechanical linkages in these compounds leadot@l behavior and opportunities for
creative applications. Several types of polyroteesa are depicted inFigure 1;
polypseudorotaxanes do not possess bulky grouppréwent potential diffusional loss of
macrocycles, while true polyrotaxanes do possesh Satoppers.” In practice, however,
polypseudorotaxanes are relatively stable; in aggance of a statistically formed system of Type
A, the half-life was determined to be on the oroieone year at 68C in solution. [3] All of the

architectures represented kigure 1 have now been realized in practice. The formatbm



main chain polypseudorotaxane of Type A, one offticeses of this paper, via situformation
of a low molar mass pseudorotaxane is representearioon form irScheme 1The macrocycle
content, defined as macrocycles per repeat unih)(mi the polyrotaxane derived from the
pseudorotaxane formeth situ depends on the driving force for the threading ahd
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Figure 1. Various types of polypseudorotaxanes (A, D, F and H) and
polyrotaxanes (B, C, E, G and H).

Generally there are two synthetic approaches hiewe the threading that leads to a
monomeric pseuodrotaxane: statistical and tempdatbdost-guest methods. In the statistical
threading approach there is negligible enthalpiciraly force and entropy plays a major role; the
threading efficiency is affected by several vagsbbsuch as ring size and ring rigidity, chain



length and chain rigidity, ring-chain compatibilitgtc., [1] but the equilibrium constant K is
small.

On the other hand, the negative enthalpy changendorcovalent bonding (hydrogen
bonding, coordination, complexation, electron tfansetc.) is adopted as a driving force in the
host-guest approach. A nearly quantitative thrggadefficiency can be obtained at high
concentrations by this approach if K is sufficigntligh. The host-guest or self-assembly
approaches can be further classified into two categ. First, a species such as a metal ion may
be added into the system to serve as a templaeadbrdination among the metal ion and both
cyclic and linear species is the driving force tbe formation of an interlocking system, the
pseudorotaxane @cheme 1[1c,1e,4] Second, direct host-guest complexation betweeliccyc
and linear species may be used as a driving fohteather words, the cyclic and linear species
serve as templates for each other via moleculagretion. [1]

For example, with the enthalpic attraction prodids hydrogen bonding interactions of
host macrocycles with the diols, we achieved sysghef Types A, B and C, namely poly(ester-
rotaxane)s [3,5|and polyurethane rotaxanes. [6] Other main chailyrpiaxanes of Type B
include polyacrylonitrile-based systems throughrbgeén bonding of aliphatic crown ethers with
the monomer or polymer. [7]

From the point of view of molecular recognitionsbd templation, an important
discovery was made in 1987 when Stoddart and cawerkeported the synthesis and X-ray
structure of a threaded host-guest or pseudorotada@mplex 3a of N,N’-dimethyl-4,4'-
bipyridinium (1a, “methyl viologen” or “paraquat”) and the aromatocown ether bigt
phenylene)-34-crown-10 (BPP34CI)(Scheme 2. [8] This motif has been widely used in the
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a. R =CHg;, b. R = CH,CH,0OH, c. R = CH,COOH’, d. R = CH,COOCHg, e. R = (CH,CH,0),H

Scheme 2. Pseudorotaxane (3) formation from paraquats (1) and bis(p-phenylene)-
34-crown-10 (2).




intervening decades to self-assemble pseudorotaxan@xane and catenane structures of
increasing size and complexity. [1d,1e,1m,1n1u@B}? 2j,2n,2r,2u] Based on this motif we
reported paraquats with functional groups suitdbtencorporation into polymers, namelp-
1d. [9] Our previously reported work with polyuretigahased polyrotaxanes utilized only the
hydrogen bonding of the urethane linkages withegitiliphatic crown ethers [6a-6g] or a lactam
[6h] as the driving forces. Here we report fog fhrst time in our laboratories the synthesis of
thermoplastic, elastomeric polyrotaxanes containinglogen units in the backbone via
adaptation of host-guest complexation of thesebipdridinium derivatives with an aromatic
crown ether, thus invoking charge transfer amdtacking interactions in addition to hydrogen
bonding and enabling a shuttling of the crown ethetween the two distinct sites on the
backbone. To our knowledge there are no priorditee reports of such polyurethane rotaxanes
based on aromatic crown ethers.

RESULTS AND DISCUSSION
I. Self-Assembly of Pseudorotaxane Monomers

The pseudorotaxane compl8k derived from paraquat didb and BPP34C10 was used
as one of the monomers leading to the ionic payanes described here. The unique topology
of 3, i.e., the difunctional linear monomer threadesbtigh the ring with its functional groups
available from each side of the ring as shown byciystal structure, [9] makes polyrotaxane
formation feasible. Because the threading is ¢sdlgn quantitative under the high
concentrations used in step growth polymerizatieactions, the amount of macrocycle
incorporated into a polymer can be controlled synipyl stoichiometric variation of the monomer
feed ratio. Thus, the microstructure of the polgxaine may be tailored by designed synthesis.
For example, it is possible to make random andkobopolymers.

In the schemes that follow we use the designadipio indicate the fractions of paraquat
or viologen units that are occupied by the crowreetand y/z to indicate the ratio of paraquat
based urethane units to urethane units derived finenother diol.

Il. Syntheses of Model Polymers and Poly(pseudo)raxanes According to the Generic
Approach of Scheme 1.
A. Copolymeric Urethanes of Tri- and Tetra-(ethyl@e glycol)s and Paraquat Diol 1b.

Our early work focused on the use of tri- and tédthylene glycol)s to prepare statistical

copolymeric urethanes from paraquat dibl In the first approach, shown $cheme 3 all of



the reactants, the paraquat dibl 4,4'-diphenylmethane diisocyanate (MB), the glycol5, and

in the case of the (pseudo)rotaxanes, paienylene)-34-crown-10 2], were mixed
simultaneously and polymerization was allowed t@cped in acetonitrile or acetonitrile-
diglyme. Pseudorotaxangb was formedin situ when both1lb and 2 were present. The
monofunctional blocking group alcoh6l[10] was included in the original mixtures in some
cases and added near the end of the polymerizatiother cases to form structures of Type B
(Figure 1). This approach produces a statistical copolyaig¢he two types of urethane repeat
units, the oligo(ethylene glycol) as the soft umtsl the paraquat units as harder components..

X +y OCNO ONCO + Z HoJ[(CH 2ofH 4 HO(CHas, é@_‘,)

5
aa=3
b:a=4 optional
ylb + 2 — 3b
or - DO
y 1b
= =2

HO(CH @C —(CH,),0— RMO(CH)2+O R —O0(CHyps. (C >
2PFL

Scheme 3. Route to statistical copolymeric urethanes 7 of tri- and tetra-
(ethylene glycol)s (5), paraquat diol 1b and MDI (4).

Experimental conditions and results are summaiiizdable 1

B. Segmented Copolymeric Urethanes of Poly(tetrartieylene oxide)s and Paraquat Diols
1b and le.

Moving on to a system more typical of commercialypcethanes, the standard two-step
synthetic method leading to segmented polyurettdastomers was use&cheme 4. In the
first step, a prepolymer was prepareditu from oligomeric poly(tetramethylene oxide) (PTMO,
8) and MDI @). Three different molecular weight PTMOs [MW = 6@)a = 8.76), 10008 a =
13.6), 2000 &, a = 27.5)] were used as soft segments in ordebserve variation of properties

with the segmental length. The hard segments efpthlyrotaxanes and the model polymers
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Scheme 4. Route to segmented copolymeric urethanes 10 from MDI (4), PTMOs
(8) and paraquat diol 1b. In polypseudorotaxane 10P crown ether 2 was the cyclic
component. The model polymers 10M contained no cyclic species.

consisted of MDI-rotaxane and MDI-paraquat linkagespectively. The prepolymer  was
terminated with isocyanate groups by using an exoé8/DI (molar ratio MDI 4)/PTMO () =
z+yly = 2). The second step was chain extension, by Uge@seudorotaxarih preparedn-
situ or 1b itself to link prepolymer segments, resulting igthmolecular weight polymers, either
polypseudorotaxanes or the corresponding modehpaty, respectively. To ensure quantitative
threading, a slight excess of BPP34C2R) \as used Table 2). The polymerizations were
carried out in mixtures of acetonitrile and diglyméBecause of differences in solubility of
PTMOs, the volume ratio of acetonitrile to diglynvas different for each case: 2.5 for PTMO-
650 systems, 1.3 for PTMO-1000 system and 0.8 Tavi®-2000 system. No blocking groups

or stoppers were used in these systems, so girtineicts were of Type A-{gure 1).



In a second set of experiments depicte@heme 5Sblocking groups or stoppers were
incorporated along the backbone in a structureypeTC Eigure 1) by the use of blocking group
(BG) diol 12. [5¢c] In Scheme 5 the ratio b/y designates thatikad proportions of blocking

groups to paraquat urethane units. As before aessxaf MDI @) was first reacted with PTMO-

15 HOJ[(CHZ)L,oﬂT36 — 9 36 < 251e + 292 R= ~Den
. 8 ‘ or R = — )-cH, NCO
251e 28
50 4 = =2
IOCN — (OCH,CH,) (?\‘ N (CH CHO) J\
. HN ommﬂ;g R—(OCH,CH,), N X N e N
w2 2pFS )
2prO
j 1.0 HO—.—OH

12
i o o o}
A N i A
rR-o—@-0" N R—PQ") HN R{O(CHZ)A—}E% N - R—PQ HHR_O_._O NH
b/2 x/2 yl2 2 yi2

® R 13M: x =0, bly/z = 0.66/1.7/1.0

2 PF,

® - AN A /O N 13R: wly = 0.82, blylz = 0.66/1.7/1.0

b/2

n

Scheme 5. Route to copolymeric urethanes 13 (Type C, Scheme 1) from MDI (4),
PTMO-1000 (8, a = 13.6), paraquat diol 3e and blocking group diol 12. In
polyrotaxane 13R crown ether 2 was the cyclic component.

1000 to afford prepolymed. Then either paraquat dibe or in situ preformed3ewas added to
form the prepolymedl, still possessing isocyanato end groups. Andlfink2 was added to
serve as the chain extender and form the finalysethanel3. In both the model polymd3M,
x=0 and the polyrotaxanE3R the percentages of PQ diol, PTMO and BG diol inlihekbone
were 50, 30 and 20%, respectively. A slight exadsxsrelative tolewas used in preparation of
the polyrotaxane.
C. Purification

All polymers were purified by reprecipitations fnosmall volumes of acetone or
acetonitrile, good solvents for the polymers, ilatge volumes of methanol, in which BPP34C10
is very soluble but the polymers are not. The eejpitations were continued until a constant
composition of the polymer was reached; all fregl{teaded) macrocycles were removed by two

reprecipitations.Tables 1 and 2indicate the compositions of polyrotaxanes deteeahiiy



proton NMR after purification. The fact that x/alues in the polyrotaxanes are close to unity
indicates that threading efficiencies are neargrniiative.
Table 1

Statistical Polyurethane Copolymers & Rotaxanes 7 llde According To Scheme 3

Polymer Molar Feed Ratios Polymer Composition
1b 2 4 5 6 xly @ yl/z® DP,?
(aorb)
™M1 0.420 0 1.00{ a: 0.570 0 0 0.74
7R1 | 0.432| 0.532] 1.00 a:0.558 | 0.0198° 1.0 0.80 412
7™M2 | 0.639 0 1.00, b:0.351 0 0 1.8
7R2 | 0.443| 0.398 1.00 a:0.547 | 0.0099° 0.83 0.79 128
7M3 | 0.910 0 1.00] b:0.0799| 0.058° 0 9.1 87.5
7R3 [ 0.905| 1.36| 1.04 b:0.0852| 0.058° 0.80 10 67.5
2By 'H NMR spectroscopy’ Added after 2 days® Added at the beginning.
Table 2
Segmented Polyurethane Copolymers & Pseudorotaxan&® Made According To Scheme 4
Polymer Molar Feed Ratios Polymer Composition
1b 2 4 | aof8 8 xly® ylz® | [n]°® My, ©
(dug) | (kDa)
10M1 | 0.494| O 1.00| 8.76 0.506 0 0.98 0.258 105
10P1 | 0.498| 0.576| 1.00| 8.76 0.502 0.98 0.99 0.230 153
10M2 | 0.449| O 1.00| 13.6 0.551 0 0.82 0.351 143
10P2 | 0.405| 0.489| 1.00| 13.6 0.595 0.98 0.64 0.433 250
10M3 | 0.620| O 1.00| 275 0.380 0 1.6 0.408
10P3 | 0.631| 0.757| 1.00{ 27.5 0.369 0.81 1.7 0.400 500
10M4 | 0.500| O 1.00| 27.5| 0.500 0 1.0 0.408 286
10P4 | 0.500| 0.618| 1.00| 27.5| 0.500 1.0 1.0 0.40¢ 333
10P5% | 0.500| --- 1.00| 275 0.500 0.45 1.0

2By 'H NMR spectroscopy” In 60 mM LiBr/N-methylpyrrolidinone, 31C. ¢ By LALLS 60
mM LiBr/N-methylpyrrolidinone® Prepared by mixingOM4 with 10 equivalents d in 3:1
acetone:dichloromethane for 7 days af@3



lll. Polyrotaxane Synthesis by Self Assembly fromPreformed Linear Polymer and

Macrocycle

An alternate approach to main chain polyrotaxayethesis is the equilibration of
preformed linear macromolecules and preformed negctes. [1,6f] The attractive feature of
this methodology is its enablement of property rficdiion of preformed linear polymers. The
enthalpic driving force for threading provided bgngplexation of 4,4'-bipyridinium units and
BPP34C10 Z) made the present systems ideal test cases fomtathodology. Threading of
preformed polyethers and polyesters containing treec rich aromatic rings by
cyclobis(paraquap-phenylene), a cyclic species containing two paaéquoieties, has been
reported. [11]

Thus model ionomeric polyurethad®M4, a=27.5, x = 0, a nearly colorless material,
was equilibrated in acetone:dichloromethane (3xi), for five days with ten equivalents (based
on bipyridinium units) of BPP34C1@), During the equilibration the solution becamd re

DADADADADADADADADAD

D =
-3

A = paraquat = I

Figure 2. Proposed donor-acceptor alternating stacks formed by chain folding during
solution threading of preformed polyurethane 10M4 by crown ether 2, forming 10P5.

orange. After purificatiodOP5 a=27.5, x/y = 0.45 was isolated as a red-orafteggamer.

Thus, nearly one half of the bipyridinum sitesngjothe backbone became occupied
during the equilibration. This is very interestimglight of results for low molar mass rotaxanes
of this type. Previously we [12] and Stoddart @oavorkers [13] have reported that low molar
mass rotaxanes can be prepared in this way beginvith linear paraquat-containing molecules
with end blocking groups smaller than the cavityBgP34C10. The incomplete occupation of
the paraquat sites is attributed to chain foldifighe polymer backbone to form DADADA
stacks Figure 2), in which the donors are the two hydroquinondsuaf the BPP34C10 and the
acceptors are the paraquat units; since there ae donors per macrocycle, a 1:2

macrocycle:paraquat ratio would represent 100%wvedgncy of donor and acceptor sites. The

10



solid state DADA packing motifs of several rotaxa@ad catenanes reported by Stoddart et al.
[14] support this concept.
IV. Physical Properties

Films of the model polymers (x=0) cast from acetarere transparent and light yellow in
contrast to the scarlet color of the poly(pseudajane (x>0) films. Both
poly(pseudo)rotaxanes and model polymers displagedth temperature elastomeric behavior.
[15]

In acetone, we observed that the reduced viscagityes of all polymer solutions
increased drastically at high dilutions, due topbéelectrolyte effect. However, this effect was
suppressed by using 0.06 M LiBr in N-methylpyrroii@ (NMP) as the solvent; linear
dependences of reduced viscosity versus concamtratiere obtained, affording intrinsic
viscosity valuesTable 2); the intrinsic viscosity of polyrotaxarie8R, x/y=0.82 was 0.382 dL/g
at 30°C. Molecular weights of some representative polgmeere measured by static light
scattering in 60 mM LiBr/NMP Table 2). The molecular weights of polymei® generally
increase with increasing molecular weight of theM®@I used, nearly linearly in fact for the
model systems. Molecular weights of the polypseo@xanes10P are higher than the
corresponding model polymedM partly due to the contribution of BPP34C10, raisthg
molecular weights of the polyrotaxanes relativéhi® corresponding model polymers with same
number of repeat units. It was expected that BPRB4@ould tend to "stay" on the hard
segments due to the strong charge transfer anttad&tic interactions between BPP34C10 and
the paraquat dication. Thus, the macrocycleserhtdrd segment domain were expected to cause
physical property differences between polyrotaxaaes the model polymers in the solid state.
These structure-property relationships have begorted separately for polymet$. [15] Films
of 10P1cast from THF and dried at 9C displayed markedly higher tensile moduli andissra
at break than the model polyntHM1; these results clealy indicate that the threadedrt ether
affects the properties. However, on the basis efdhserved shuttling in these systems (see
below) we anticipate that the locus of the crowreet and hence physical properties may depend

on processing conditions.
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V. NMR Spectroscopy: Dynamic Behavior, Shuttling bBPP34C10 Rings
Figure 3 contains spectra for a model prepolymer oligomadenbyquenching9 with
methanol, model polyurethad®M4, a = 27.5, x = 0, y/z = 1.00 and polypseudorotaXfiir4 a

= 27.5, x/ly/lz = 1.00/1.00/1.00, all taken in acetdg; it is interesting to compare the chemical

.

u\,JLJUL e MILF

0 9.0 80 7.0 6.0 5.0 Bbm PP
6.0 5.0 10 9 8 7 ' 6 ' 5

Figure 3. 'H NMR spectra (270 Figure 4. *H NMR spectra (270 MHz,
MHz, acetone-dg) of a) model acetone-ds) of a) polypseudorotaxane
oligomer from 9, a=27.5 by 10P4, b) with one drop of DMSO-ds
guenching with methanol, b) and c) with several drops of DMSO-de.

model polyurethane 10M4 and c)
polypseudorotaxane 10P4.

shift differences for thex-protons of the bipyridinium units in the model yoker and the
polypseudorotaxane, which shifted upfield from gFgure 3b) to 9.35 Figure 3¢ and
broadened. In the polypseudorotaxane, the aronpatitons of BPP34C10 gave rise to two
signals, at 6.70 ppm and 6.25iqure 3¢). These and other chemical shift changes, whieh ar
generally consistent with the results of Stoddasle[8b,13,14] and our own [16], revealed the
formation of the polymeric host-guest complex.

The effect of solvent was examined by additiorDMSO-ds to an acetone solution of
10P4 a = 27.5, xlylz = 1.00/1.00/1.0Figure 4). One drop of DMSO initially caused a
decrease in the signal,Ht 6.25 ppm and an increase in signalaH6.70 ppm and addition of

several drops caused total loss @f Hkewise, the broad bipyridinium signal at 9.4npghifted

12



and split into three distinct signals. As expedtis2h] DMSO disrupted the interaction between
the crown ether and paraquat units. Similar chengere observed for polyrotaxad@R,
x/ly=0.82 Figure 5); in DMSO H, dominated g, whereas in acetone the two signals were of
almost equal intensity.

We then examined the effects of temperature usiagsignals for Hland H,to monitor
the changes in structure of botBR, x/y=0.82 Figure 6) and 10P4 a=27.5, xly/z
1.00/1.00/1.00Kigure 7). The polypseudorotaxane and the polyrotaxanaveekimilarly; at
50 to -60°C there is no signal for JHonly H,.

The solvent and temperature effects ¢ H

interpreted in terms of shuttling of the crow | -"‘Lﬁ / in DMSO-d
ether between two binding sites-one t )

N

bipyridinium units and the other the urethal ;‘w‘ \\‘, a A

moieties Figure 8). The upfield signal for H
is assigned to the aromatic protons of t

crown ether bound at the bipyridinium sit |

based on the shielding effect resulting from a in acetone-ds

Il I

stacking with the biyridinium units, and,hb W J M‘( H,
. . : e M A\

assigned to the urethane site, with which 1~ —

crown ether interacts via hydrogen bonds. [€ 1.5 7.0 6.5 6.0 5.5 5.0 ppm

It is noted that the kisignal of 10P4is time | Figure 5. Partial *H NMR spectra (400

averaged; this indicates that the crown ethe] MHz, 22 °C) of poly(urethane rotaxane)
13R in a) DMSO-dg and b) acetone-ds.

exchanging between threaded and unthreg|

(free) states; in other words,

13
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Figure 6. Partial '"H NMR spectra (400 Figure 7. Temperature

dependence of 'H NMR spectra
MHz, acetone-dg) of poly(urethane rotaxane)
13R at different temperatures. (1%3?3) of polypseudorotaxane

r‘o '\'O‘/\O'\‘

I/
e

o i
K‘O:/Yj"\,'oJ

o) o o) —@0\ o
S WS- OJL,N..,@W = ME;}C My
g )

Figure 8. Shuttling equilibrium of crown ether 2 in poly[urethane (pseudo)rotaxane)]s
between urethane moieties (left) and paraquat units (right).
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some of the crown ether molecules are escapingswmitdion and exchanging with those on the
paraquat ends of the polyurethane; a similar sgoawvas observed in “inverse” poly(urethane
pseudorotaxane)s in which cyclobis(paraquat)

was the cyclic component. [17] This and tF 5
resulting partial overlap of signals renders tl 4

y=3.48x-11.5
R*=0.9845

values for polypseudorotaxandOP4 less
reliable and their interpretation more difficult ? J
Although the mole fraction of paraquat repe é 9
units in the two polymers was the same, 50%, N

)
13R the bulky blocking groups at the ends (? 1
-

the paraquat-containing segments preven 0

loss of the threaded crown ether to solutio AH =R (slope) = -6.91 (¢ 1.07) kcal/mol
AS = R (intercept) =-22.9 (+4.3) eu

while in 10P4 some the paraquat-containin -1
moieties were located at the chain ends a 32 34 36 38 4 42 44
there was no bulky stopper to prevent exchar 1000/ T (K1)

of the threaded crown ether with free croy Figure 9. Van't Hoff plot for shuttling of

ether in solution. That is, motion of the croW poly(urethane rotaxane) 13R in acetone-

de. The error bars represent +20 %
ether along the backbone 18R was limited to vgriation in the b/a ratios. P ’

the segments between stoppers, in effect
forming a molecular abacus.

In 13R on average there were 2.5 paraquat units and IMKCPUnits between the bulky
blocking groups. In total then this amounts to Rabaquat units and 8 urethane moieties. The

equilibrium process is as follows:

Ke
PQ + NH-Crown «—2=  PQ-Crown + NH
and the approximate average equilibrium constatieefore:
Ke = [PQ-Crown] [NH] / [NH-Crown][PQ] = (8/2.5) (b/ag 3.2 (b/a)
Thus, using the results from polyni8R K. values were calculated and a van’t Hoff plot
allowed estimates of th&H andAS values for the equilibrium dfigure 8 as noted irFigure 9.
These thermodynamic quantitites represent the rdiffee in binding enthalpies and binding

entropies between the two sites, the paraquaasdehe urethane site.
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CONCLUSIONS
We have successfully synthesized a series of p@ifjane (pseudo)rotaxane]s via host-guest
complexation of paraquat diols and BPP34C10 andticea of the in situ generated
pseudorotaxane with other diols and a diisocyanafehe threading efficiency is nearly
guantitative with this complexation as a drivingd®. Extensions of this methodology will
allow precise stoichiometric control of the macreycontent of a variety of polyrotaxane
architectures.

Molecular shuttles form the basis of many typespafposed molecular switches and
machines,[18] sensors [19] and nanoelectronic ésvil20] And polyurethanes continue to be
commercially important in a number of fields. [Zje methods described here enable synthesis
of polyurethane rotaxanes that could be tailoredifese applications.
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EXPERIMENTAL

Chemicals and Instruments:N,N’-Bis(2-hydroxyethyl)-4,4’-bipyridinium hexafluophosphate
was prepared by the Menschutkin reaction of 4,@xddyl with 2-iodoethanol and then anion
exchange with NgPFs in water. [9] 4,4-Bigg-t-butylphenyl)-4-phenylbutanob) was prepared
as previously reported. [LOMDI (4) was purchased from Eastman Kodak Co. and purified
two vacuum distillations. PTMOS) were purchased from Polyscience Inc. or Aldriod ased
without purification. Bis(p-t-butylphenyl)bis[p-@’-hydroxyethoxy)ethoxyphenyllmethan&2j
was prepared by the reported method. [5¢c] The MRNproton) spectra were recorded on
Bruker WP270 MHz or Varian Unity 400 Mhz instrumenising tetramethylsilane as the internal
standard. The instruments used for measuring mialeeveights were a Chromatrix KMX-6
LALLS and a Chromatix KMX-16 differential refractater. The viscosity measurements were
carried out at 30 or 31 (x0.3C with a Canon-Ubbelohde micro dilution solutiorpidary
viscometer with a diameter of 100 centipoise u€iogmM LiBr in N-methylpyrrolidinone as
solvent.

N,N’-Bis[2-hydroxyethoxy(ethoxy)]-4,4’bipyridinium Di(hexafluorophosphate (1e): To a
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solution of 2-(hydroxyethoxy)ethyl chloride (30.0241 mmol) in acetone (300 mL) was added
Nal (38.0 g, 254 mmol). The solution was refluded 10 h and stirred for 24 h at room
temperature. The salt was removed by filtratiod #re solvent by evaporation to give 40 g (77
%) of liquid. Proton NMR showed that the produshtained 25 % unreacted chloride, but since
the impurity does not affect the next reaction, fadher purification was doneH NMR in
CDCls: 62.19 (s, 1H); 3.29 (1= 7, 2H); 3.62 (t, J = 7, 2H); 3.75-3.78 (m, 4H)4’-Dipyridine
(5.00 g, 32.0 mmol) and the iodid@8.0 g, 129 mmol) were dissolved in ¢EN (150 mL) and
the solution was refluxed for two days. The reecppitate was filtered and redissolved in water
(200 ml). Ammonium hexafluorophosphate (30 g, &84ol) was added to the aqueous solution
to precipitate the Rfsalt. The crude product was recrystallized froater to give colorless
crystals, 15.3 g (81%), mp: 154.2-158C, lit. mp 240 (dec),[22] 167C (dec).[23] *H NMR in
DMSO-ds: 62.1 (s, 2H); 3.27 (m, 8H); 3.98 (d,= 5, 4H); 4.88 (tJ = 5, 4H); 6.78 (dJ = 7,
4H); 9.32 (d,J = 7, 4H). *C NMR in DMSO4s: 60.48; 61.05; 68.98; 72.63; 126.72; 146.65;
149.35 (7 peaks as required).

Bis(p-phenylene)-34-crown-10 (2):A solution of hydroquinone (11.1 g, 100 mmol), NaOH
(9.10 g, 228 mmol), water (10 mL) anébutanol (450 mL) was stirred at reflux for 30 raimder

N,. Tetra(ethylene glycol) ditosylate (50.2 g, 100 atinand CsCO; (32.6 g, 100 mmol) in 500
mL of a 3:2 (v:v) mixture of 1,4-dioxanmebutanol were added. The mixture was refluxed with
stirring for 20 h. The cooled mixture was filteradd the filtrate was evaporated to afford a dark
solid, which was dissolved in GBI, (100 mL) and passed through a short silica gelral
with ethyl acetate. The eluent solution was evajgal to dryness and subjected to column
chromatography on alumina using diethyl ether asrdgl a colored oil eluted first and then the
desired product, which was recrystallized from 8:2/) toluenen-hexane as clear, colorless
crystals that were dried overnigint vacuq 3.35 g (12.5%, lit. yield 8% [24] by a similaren
step process), mp 95.0-96@ (lit. mp 93.5-94.GC [24], 87-88°C [25]).

Typical Procedure for Preparation of Statistical Cgolymeric Urethanes 7 According to
Scheme 3: A solution of 292.7 mg (1.949 mmol) of tri(ethyleglycol) (5a), 809.9 mg (1.51

mmol) of paraquat didlb, 1.00 g (1.86 mmol) of BPP34C18)(@nd 29.16 mg (6.92 x i%mol)

of 4,4-bisp-t-butylphenyl)-4-phenylbutandb) in 5 mL of acetonitrile in a dry 15 mL 1-necked
flask equipped with a condenser was stirred fomiif. under a positive pressure of nitrogen

17



Then 874.3 mg (3.494 mmol) of MD#) were added and the flask was placed in an ol bat
maintained at ca. 10T for 96 h.

Typical Procedure for Segmented Model Polyurethane$0 Prepared According to Scheme
4: To an oven-dried 15 mL 1-necked flask, M@J 813.70 mg, 3.2514 mmol) was added with 5
mL of dry acetonitrile and 2 mL of dry diglyme.hd flask was immersed in an oil bath at 90 °C
and magnetically stirred under nitrogen until th®IMhad dissolved and then PTMO-658) (
a=8.76, 1.0692 g, 1.6449 mmol) was added and tlR&ureiwas stirred for 1.5 h at reflux under
nitrogen. Paraquat didb (861.48 mg, 1.6065 mmol) was added and the reacwution
turned yellow in 10 min. The reaction was contohée 3 days under the same conditions.
Typical Procedure for Segmented Polypseudorotaxand$P Prepared According to Scheme
4: To an oven-dried 15 mL 1-necked flask, MDI (827r@Q, 3.3082 mmol) was added with 5
mL of dry acetonitrile and 1 mL of dry diglyme. &Hflask was immersed in an oil bath at 90 °C
and magnetically stirred under nitrogen until th®IMvas dissolved and then PTMO-658) (
a=8.76, 1.0794 g, 1.6606 mmol) was added and tReureiwas stirred for 1.5 h at reflux under
nitrogen. Paraquat didlb (883.52 mg, 1.6476 mmol) was added 10 min. aflePB4C10 %,
1.0200 g, 1.9050 mol) was added. A deep red adoeloped immediately upon the addition of

1b. The reaction was continued for 3 days undes#ime conditions.

Threading of Preformed Polyurethane 10M4 with Bisp-phenylene)-34-crown-10 (2) to
Form 10P5: A solution of 1.2 g olOM4 (0.395 mmol of paraquat units) and 2.12 g (3.95 fhmo
of 2 in 30 mL of acetone and 10 mL of dichloromethaneSalays. Most of the solvent was
removed and 25 mL of hexane were added; the mixtaestirred 30 min and the colorless but
cloudy solvent was decanted from the red polym€&he washing procedure was repeated 15
times with 25-40 mL of 5:95 (v:v) dichloromethanexnes until no mor2 could be extracted
(TLC). The polymer was soaked in 40 mL of dichlosghrane for 24 h, filtered and washed with
dichloromethane (5 x 25 mL) and dried. The redigeapolymer weighed 1.3 g (100% based on
xly = 0.45). By integration of the aromatic signaé 2 vs. the aromatic signials of the
bipyridinium units in théH NMR spectrum, x/y was determined to be 0.45.

Model SegmentedCopolyurethane 13M, x = 0 (Scheme 5PTMO-1000 8, a=13.6, 195 mg,
0.195 mmol) was added to a solution of M@] (62.7 mg, 0.6501 mmol) in 1 mL of DMF.
After the solution had stirred for 1.5 h at 90-P0) paraquat diolle, 181.5 mg, 0.3251 mmol)
in 1 mL of acetonitrile was added and polymerizatieas allowed to proceed for 2 h. Then diol
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BG 12 (83.1 mg, 0.130 mmol) was added and reaction vestirzied for 5 h at the same
temperature.
Segmented Copolyurethane 13R, x/y=0.82 (Scheme BTMO-1000 8, a=13.6, 183 mg,
0.183 mmol) was added to a solution of M@ (52.2 mg, 0.6082 mmol) in a mixture of
diglyme (0.6 mL) and acetonitrile (1.5 mL). Aftére solution had stirred for 1.5 h at 90-£@Q
a solution of paraquat didle (169.8 mg, 0.3041 mmol) in 2 mL of acetonitrilehish had
previously been stirred at room temperature forl).&vas added and polymerization was carried
out for 2 h under reflux. Then diol B&2 (83.1 mg, 0.130 mmol) was added and reaction was
continued for 20 h.r] = 0.382 dL/g (60 mM LiBr/NMP, 36C)
Isolation and Purification (General Procedure): When the system had cooled to room
temperature, the solution was added dropwise to MO®f methanol with stirring and the
precipitated polymer was collected by filtrationhel polymer was dissolved in 10-15 mL of
acetone or acetonitrile and added dropwise to 4Q@0 afin methanol with stirring and the
precipitated polymer was filtered. The proceduss wepeated three timedH-NMR analysis
was done on the dried polyrotaxane sample afteln e@precipitation. The x/y values were
constant after the second precipitation, e. g.,1fafP1 1.04,0.98, 0.95, 0.98; folOP4 1.04,
0.99, 0.99, 1.00.
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