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ABSTRACT
The interaction of the diacid chlorid2) (of N,N’-bis(5"-carboxypentyl)-4,4’bipyridnium

bis(hexafluorophosphate})(with m-phenylene-5’-hydroxymethyl-1’,3’-phenylene-32-crod@
(3) at -70°C led to thein situ formation of a pseudorotaxadeas an AB monomer, which was
allowed to polymerize by raising the temperaturd adding a catalytic amount of pyridine. The
resulting hyperbranched polymer was held togetlremechanical bonds formed by threading of
the crown ether units by the bipyridinium (paraquatoieties. The polymer was initially
precipitated into aqueous NPIRsto remove any unreacted, water soluble diddiol form5b and
then precipitated from DMSO into aqueous JRFs to remove any pyridinium monoest8r
complexed with crown ether units in the polymegdieg to6. The hyprerbranched polyester
was characterized byH NMR and NOESY spectroscopies, FAB and MALDI-TOFass
spectrometry and viscometry. NMR spectroscopyiomefd complete esterification of the crown
ether alcohol5b contained 60% monoesterified paraquat urijsagd 40% diester moietie8)(
while 6 contained only 24% monoester moieties, which edigieémarily as “focal point” units

(20), but also as uncomplexed linker unitsl)( A variety of mechanically linked structures



containing cyclic units is possible, includif@- 19. Mass spectrometry dhdetected masses up
to 16.3 kDa, corresponding to a degree of polyragion of 11 units of the diester repeat unit in

17 (and/or isomeric structures).
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Introduction

Dendrimers are precisely defined molecules in #ress of their uniform branching and
essentially monodisperse molecular weights; thess@ss a high degree of surface functionality
and globular shapes, which generally lead to hajhhdlities and very low solution viscositiés.
Dendrimers can be designed to possess segmenietliggs as regards these surface moieties or
the internal repeat unit structures. Additionalgndrimers have internal void spaces that can
accept guests, depending on their size and inienactvith the internal structural features of the
dendrimer. Because of these unique attributegestheir beginnings a few decades ago,
dendrimers are now key components in many functioraderials systems ranging from catalysts
to reaction compartments to photon collectors toegand drug delivery agerifs™ 2 The
component dendrons have been incorporated intatitmaal polymer architectures to produce
dendrigrafts™ which possess unusual properties, including highbslity even for rigid rod
types of backbones.

A disadvantage of these highly useful materialsddens and dendrimers, is their multi-
step synthesis-purification protocol, often comgiéd by the use of protection-deprotection
schemes. As a result, hyperbranched polymersge-tirmensional polymers quite simply
prepared by one-step polycondensations of, B> 2) monomers, have been utilized to mimic
some of their properties, even though they areanqirecise structurally and are more difficult to
characterizé™™ Their potential applications include processingdifiers, '™ toughening
additives '™ drug delivery vehicles™® synthesis supporting material®;” advanced coatings,

Im8 holymeric electrolytes™® and optical waveguide materialS:*



Another means of circumventing the tedious synthatid purification protocols required
for dendrimers is to utilize self-assembly methtdsMany examples of such supramolecular
approaches have now been reported and provide sigieof the synthetic challenges.

However, although we reported a self-assembly psodeading to a hyperbranched
rotaxane polymet> with only a single exception that involved Pd cdemps’® no one else has
reported application of supramolecular approachélsdase systems to our knowledge.

Mechanically interlocked macromolecules of the xaree’* and catenan® types have
been widely sought because of their unique strastand potential functio§.The rotaxane-
type interlocked structure is formed when a lingjecies is locked into the cavity of a cyclic
species by two bulky stoppers at the ends of tieali species, while the catenane-type structure
contains two or more interlocked cyclic species.

In view of current interest in the fields of demidrpolymers and mechanically interlocked
macromolecules, here we report the first mechdyiaaterlocked hyperbranched polymer, whose
synthesis was carried out nearly two decades afjavas prepared by the polycondensation of an
AB, pseudorotaxane monomer. This rotaxane-type imezld hyperbranched polymer has a novel
topology; all of its generations are connected by-oonvalent interactions, compared to reported
interlocked dendritic polymers in which only onenggation is noncovalently linkéd.Considering
its low solution viscosity and large number of gmdups, this prototypical hyperbranched polymer
foreshadows other such systems that can be designagplications similar to covalent analaogs,
but possessing other advantages such as easestruotion and response to external stimuli.

Results and Discussion

A. Design and Synthesis.



The general synthetic strategy used herein forgregjon of a mechanically interlocked
hyperbranched polymer is shown fBcheme 1 The main concept is the application of

pseudorotaxane formation from functional cyclicapes and linear species to form supramolecular
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Scheme 1.Cartoon representation of the situ formation of AB pseudorotaxane monomers and their
conversion to mechanically linked hyperbranched/melrs by polycondensation of A and B moietie
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monomersn sity, i. e., an AB pseudorotaxangolycondensation monomer from a monofunctional
cyclic and a complementary difunctional linear dugsecies. The requirements for achieving high
molecular weight products are 1) a high degree ssoeaation for formation of the threaded
structure and 2) efficient polycondensation of theeaded monomer; related parameters are the
association constant, the temperature and the otatens.

In practice, as shown iBcheme 2 in the current study we employed the well studied
bis(m-phenylene)-32-crown-10/paraquat recognition motff as monofunctional host and
difunctional guest, respectively.

In a preliminary study the complexation of the cnoether alcohoB with the paraquat
diacid 1 was examined in acetomig-at 21.4, 30.0, 38.0, 46.0 and 54.0 (x0Q)by following the
chemical shifts of the aromatic paraquat alphg) @thd beta-protons @in NMR spectra (see Sl
Figure S1). The fast exchange data were analyyetebiterative Cresswell-Allred methdd;™
association constants for the 1:1 complex variethfB69 to 74 Mand a van't Hoff plot yielded

AH = -9.48 kcal/mol andAS = -20.5 eu. The association

Fo
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kcal/mol andAS = -20.5 eu, we estimated the association corsstdit(and by analogy) with 3

. . PFg P
constant of3 with the dibenzyl ester df (7) at 21.6 (iO.l)’CO @NQ_@“?
7

was similarly determined to be the same within expentac
error. From the thermodynamic parameterd;l = 9.456
as 5.4 x 10and 3.6 x 1dM™ at -70 and -18C, respectively.
After initial attempts to utilize Mitsonobu conditis failed due to electron transfer from
triphenylphosphine to the bipyridinium salt, theggauat diacidl was converted by reaction with
thionyl chloride into the corresponding diacid afde 2, which was mixed with monofunctional

bis(m-phenylene)-32-crown-10 derivatid® in acetonitrile (0.25 M each) at -?C to minimize



esterification and maximize complexation (ca. 100f4s expected under these conditiciis),
thereby forming the pseudorotaxane monoeahen the temperature was allowed to rise slowly.
At -15 °C pyridine was added to catalyze esterification laber the very viscous reaction system
was warmed to room temperature. The situ generated AB pseudorotaxanet produced
hyperbranched polyestBa by esterification as the temperature rose.

By quenching the reaction mixture in aqueousRIH, any unreacted acid chloride
moieties were hydrolyzed and any initial chloridmusterions were replaced by £gounterions,
forming 5b. Since the diacidl is water-soluble, any unreacted paraquat diacidricle was
effectively removed by simple filtration. The polgr was isolated in 95% vyield. Five more

precipitations of the polymer from acetonitrile gt

Hs  pr@ PFe Hs
- ase =
aqueous NEPFs were carried out to ensure remova Ow —/ \ T\_<°
L L
unreacted diacid and complete conversion to thesRIE ™ ¢ M
~—
H9
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(o] He O 8
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Ha
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o/ \ T \e /
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point the only components of the polymer v_-o 0 o
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noted below, in a number of different ways througffaxane (mechanical) linkages.

Low-resolution fast-atom bombardment mass spectynfiet m-nitrobenzoic acid (NBA)]
on the residue from the aqueous filtrates of trexipitations from DMSO confirmed removal of
the monoesterified paraquat spe@esz 1079 B - PR]" (1.8%) and 9349 - 2PR]" (3%) with
the base peak at m/z 135 for [NBA >®]". No peaks related to paraquat diatidlere observed
in the aqueous filtrate, indicating that there wmas paraquat diacid left i®Bb after the initial
precipitations into aqueous NPIR;. At this point6 was stable because the peripheral rings of the
diester9 served as blocking groups and prevented dissogiafithe rotaxane units.

B. Proton NMR Characterization.

The proton NMR spectrum of the initially isolatedlyester rotaxane/pseudorotaxdie
(Figure 1) revealed that all of the alcohol units of crowhez3 had been esterified, as evidenced
by loss of the benzylic signal at 4.38 ppm3adnd the appearance of a new signal for benzylic
protons Hp of the ester moieties of componergdsand 9 at 4.95 ppm. For reference, the
uncomplexed model dibenzyl estedisplayed its benzylic COOGHsignal at 5.10 ppm.There
were three sets of signals for the aromatic prowinthe paraquat units; the middle signals,
consisting of a pair of doublets, were attributedat and S-pyridinium protons | and H of
diester units9 and the minor signals consisting of four pairsdofiblets were attributed to
pyridinium protons H, Hy, Hz and H, of mono-ester/mono-acid paraquat uBitsomplexed with
peripheral crown ether unit.The integration ratio of these signals;(H H, = Hz = H,)
confirmed that no diacid remained and vs. ¢4 Hy) indicated that the paraquat units were
40% diesterifiedq) and 60% monoesterified unitd) (n polymer5b.

The proton NMR spectrum of polyestér[resulting from further precipitation from

DMSO to remove complexed paraquat monoester moth@han acetoneds is shown inFigure



2 along with the spectra of guektand host3. Every el i

proton on1 and 3 underwent a chemical shift chan¢ 2°¢ ™= b

O
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after the formation of the mechanically interlocke
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hyperbranched polyest&: The benzylic protons ()

on the crown ether unit had the biggest chemicdl shange, 0.48 ppm. Three sets of signals
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HlO
\ H H
H , H , H ; 5 12
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Figure 1. 400 MHz proton NMR spectrum of polyestr in acetonedsat 22°C.

corresponding to aromatic pyridinium protons welnsasved; as in initially isolated polym&b
the middle set was identified as due tpatd H of rotaxanated paraquat diester uBitsvhile
the other two sets of signals were attributed &asymmetric paraquat monoester unitg ,

Hs, and H) at the focal point id0. This assignment is in keeping with the resultsStmand was



confirmed by the NOESY spectrum @f(Figure 3); only the major signals for dand H of the
paraquat moieties of diester ur@slisplayed strong through-space interactions witlyleheoxy
protons on the crown ether units. The concentratependence of the chemical shifts af Hy,

Hs, and H (see ESI Figure S2) supported this assignniérg.dynamic interaction of focal point
paraquat and crown ether units in acetone was rcoedi by decreased complexation at higher
temperatures and increased complexation at low e@emyres as indicated by changes in
chemical shifts of ij H,, Hs, and H (see ESI Figures S3). Additional confirmation oisth
assignment was provided by the results of adding®xparaquat diacid the signals attributed
to protons H and H of the monoester uni® merged with those df, while those attributed to
protons H and H, of the esterified end & underwent a downfield shift (see ESI Figure S4).
Conversely, upon addition of excess crown ethére signals attributed to protonsg,HH,, Hs,
and H, of the monoester uni&shifted upfield, denoting enhanced complexatioe 81 Figure
S4). However, the signals forgtdnd H of the rotaxanated diester paraquat moiediesd not
shift.

From integrations of these signals;(HH, + Hs + Hy vs. Hg + Hy) in Figure 2, the ratio
of paraquat diester uni®& to monoester paraquat unBésin 6 was estimated to be 3.1:1.0 vs.
0.67:1.0 in5h.

From integrations of signals (7.0-7.2 ppm) corresidog to H on the crown ether units
and H, Hy, Hs, Hs, Hs and H on the paraquat moieties, the ratio of the nunab@rown ether
units to the number of paraquat units6invas 1.92 + 0.04:1.00 vs. 1.60:1.005b, indicating
efficient removal of linear ester-acid gu8dtom the semirotaxane units 8ib. Two triplets atd
= 2.49 and 2.39 ppm were observed decarbonyl methylene protons {Hand H,, Figure 2

inset); the former corresponds to ester units and therlaorresponds to acid units. From

10



integrations of these two triplets, the ratio dkeso acid groups i6 was estimated to be 6.7:1.0.
Thus, this corresponds to about one monoester paramit8 per 2.8 rotaxanated paraquat
diester unit® on average fob. This ratio roughly agrees with the results froomparison of
He/H7 with Hi/Ho/H3/H4: 3.1 diesters per monoester. It should be notedl fibr interlocked
hyperbranched polyestérevery paraquat unit with an acid group is a “fquaiht” in 10.

Two triplets ¢ = 7.02 and 7.07 ppm) and a broad distributionighas © = 5.60-6.40
ppm) were observed for protong Bhd H, respectively, in hyperbranched polye€ién acetone.
The minor signals are due to dynamic (temperatur@ eoncentration dependent), rapidly
exchanging semirotaxane formation between the fooigt paraquat group and peripheral crown
ether units ofLO and other species (see below).

The proton NMR spectra df, 3, and6 in DMSO are shown irFigure 4. Though
compared with the situation in acetone, chemicet shanges in DMSO decreased for all of the
protons on crown ether and paraquat units in thgetyanched polyester, the chemical shift
changes remain in this dissociating solvent. Tloisfieomed the existence of the mechanically
interlocked (rotaxane) structures. It is expedieat, as we have observed in closely related
systemg” in this solvent the cyclic species are not sptizdnfined near the paraquat units, but
have considerable freedom to move between thereamist of the adjacent macrocycles, because
complexation is essentially completely suppressdterefore, in DMSO only a triplet was
observed for lgl[the small time averaged semirotaxane signal G2 ppm observed in acetone
(Figure 2) disappeared] and the distribution ohalg corresponding to dHecame narrow in

DMSO.

~

lael =i
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In addition to structures of typ®0, there are

e

other generic types of structures possible for = HOCH, -—(i:)

hyperbranched polyester rotaxane. Another poss \

structure isll1, bearing an uncomplexed paraquat u no\ Zn+1)/2
linking two hyperbranched structures. One strudt. ..
family that can be ruled out is representedlByit contains a threaded but unesterified crown
ether alcohol, which is unlikely in view of the misiometry employed and, in fact, not
experimentally observed by NMR.

Structures containing only diester urBtsre also expected to form. Thus, there is also

the possibility of forming cyclic unit&3 — 16 in analogy to cyclics observed in normal covalent

"ﬂ-.\l -~ ~
& N 13 x=1 d>/ ” N "O
) 14 x=2 ] =
|/ \
15: x=3 N
16: x=4
I X 17 l
P Etc. "
i S . 50

-~ N

S
hyperbranched systemt$> These units constitute focal points in the pdiese. g..17. Other
cyclics, result in enhanced branching (3-, 4- up to
/,‘O n-fold, respectively). As examplek3 represents a
,//"_Cb cyclic trimerend-capped with macrocycles at@l

C%-}\ incorporates a tetrameric cyclic along with
/ ) “normal” repeat units.
- > P

N

O .
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Figure 3. Correlation of the m'ajor aromatic protong a&hd H of the paraquat
units with the ethyleneoxy protons of the crowneetlunits in the NOESY
spectrum of hyperbranched po!yeﬁen acetonads at 22°C. C k
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Figure ! 2 Partial proton NMR spectra (400 MHz, acet(njaﬁ 22 °C) of (a, top) hyperbranched
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upfield; reglon of the proton NMR spectruméf
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Figure 4. Partial proton NMR spectra (400 Wz, DMSig-22°C) of (a, top) hyperbranched polyeséei(b,
middle) paraquat diacitl and (c, bottom) crown ether alcol®l




C. Mass Spectrometry.

Before the mass spectral results are discussedwidrth pointing out that all oligomers
of types10, 11 and17 - 19 have >131 carbon atoms, sin@ds GCs; and9 is Cgo; hence the
(M+1)" peaks will be more intense than the" Bignals. This fact, coupled with the low
resolution methods employed at the time, meansntfiatvalues within 2 or 3 amu of theoretical
values are considered acceptable.

In low resolution (LR) FAB-MS in nitrobenzyl alcon@\NBA) the polyestersb after
precipitation from acetonitrile into aqueous Mg displayed Figure 5) above m/z 1000 a base
peak at m/z 1483, corresponding to the simple mgldlock diester § — 2 Pk)", theory m/z

1483]; also present were m/z 1628 (48%) assignd(®te PF)*, theory m/z 1628]; m/z 1080
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KH7328 1(3.832) 5m (8G, 1x5.00); Sh (40,00} Scan FB+
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Figure 5. Low resolution FAB mass spectrum of hyperbrancpetyester5b in 3-nitrobenzyl
alcohol. The insert for the higher m/z values is&pansion of the y-axis by a factor of ~100.
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(92%) assigned to the building block monoest8r4(PF + H)*, theory m/z 1080]. The m/z
1108 (38%) signal is an artifact derived from u$ehe instrument to characterize ;8@ GCgo
(exact mass 1109 amtf) Weaker signals (0.2 to 1 %) were observed (in oodedecreasing
intensity): m/z 2852 [0, n=2— Pk)", theory m/z 2852]; m/z 230410, n=2— PFs- C29H41010
(crownCH = 549) + HY, theory m/z 2304]; m/z 233110, n=2 — (CH,)sCOOH — H - GgH4101
(crownCH))", theory m/z 2332]; m/z 28811[0, n=2 — (CH,)sCOOH - HY, theory m/z 2881];
m/z 2159 [(0, n=2— 2Pk - CyoH11010 (crownCH) + H)*, theory m/z 2159]; m/z 34011,
n=2— PR)", theory m/z 3401]. These initial results demornsttahat the desired building blocks

for the hyperbranched system were formed.
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Figure 6. Low resolution FAB mass spectrum of hyperbrancpetiester6 in 3-nitrobenzyl
alcohol. The insert for the higher m/z values isapansion of the y-axis by a factor of ~200.
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Next the LR-FAB-MS (in NBA) of polyestes (after precipitation from hot DMSO into
aqueous NEPF) was examinedHigure 6). The following signals were observed above m/z
1000: a base peak at m/z 1482, corresponding taithple building block diester§(— Pk —
HPR)®, theory m/z 1483]; m/z 1628 (69%) assigned So{PF)", theory m/z 1628]. Note that
the strong peak at m/z 1080 fo8 £ PFs + H) observed in Figure 4 was greatly reduced ixelat
to the 1482/1483 signal; this indicates that piigagijon from DMSO removed most of the
monoesteB that was present in semirotaxane unit$ afpon conversion t6. Again the m/z

1107 signal at the same relative intensity as gufé 4 is an artifact derived from use of the

40 —
P
30+
20- O > 5
;o |2888 22y - o
rel ﬁRN% u\—) LO%
o ©|©
104 %‘— =) ™ © o5
Q@S %l © |18
] N o
U1, = T
OI ' | ' T '
2200 3800 5400 7000

m/z

Figure 7. The partial MALDI-TOF mass spectrum of the mechakyc interlocked
hyperbranched polyestérin 2,5-dihydroxbenzoic acid.
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instrument to characterize $&@ Cgo (exact mass 1109 amtf)Again weaker signals (0.1 to 0.2
%) were observed (in order of decreasing intensity 3400 [{7, n=2 — PFR)", theory m/z
23400], m/z 2880 (0, n=2- (CH,)sCOOH - HY, theory m/z 2881], m/z 28521[¢, n=2— PF)",
theory m/z 2852] and m/z 23311ff, n=2- (CH2)sCOOH - H - GgH41010 (crownCH))", theory
m/z 2332].

The MALDI-TOF mass spectrum taken in 2,5-dihydrosyboic acid igure 7)
provided corroborative support for the formationtte# mechanically interlocked hyperbranched
polyester6. The strongest peak was foundréz 1480 (100%), which corresponds &-[2HPF
— H]". One more peak was found firmvz 1628 P - PRs]" (19%). Four peaks correspondli@
n=1:m/z 2851 [10, n=1 - HPR]" (2.3%), 2709 10, n=1- 2Pk + 2H]" (2.5%), 2562 10, n=1 -
3PR]" (6.2%), and 241810, n=1- 4Pk + H]" (2.8%). Four peaks correspond @ n=2: m'z
3400 [L7, n=2 - PR]* (7.0%), 3260 17, n=2 - 2HPE + Li]* (13%), 3111 {7, n=2 - 3PK"
(40%), and 29651[7, n=2 - 4PE]" (7.0%). Five peaks were attributed1fg n=3:mvVz 5174 [L7,
n=3 - Pk + H]" (2.0%), 5028 17, n=3 - 2PE]" (3.0%), 4887 {7, n=3 - 3HPE + Li]" (4.3%),
4739 17, n=3 - 4Pk + H]" (6.1%), and 45941[7, n=3 - 5Pk + H]" (2.0%). Five peaks were due
to 17, n=4:m/z 6947 [L7, n=4 - Pk + H]" (1.3%), 680217, n=4 - 2Pk + H]" (1.8%), 6656 17,
n=4 - 3PK]"* (1.9%), 651117, n=4 - 4Pg]* (2.0%), and 63661[7, n=4 - 5PE|" (2.1%). Weaker
peaks as high asvz 16,305 7, n=11 - 17Pk - 5HPFR]" (0.5%) corresponding th7, n=11
(19,499.40 - 22(144.96) - 5(1.01) = 16,305.3) waeerved for hyperbranched polynte(see
ESI, Figures S5 and S6)7, n=11 contains 22 macrocyclic moieties and 11 qaatunits. The
successive losses of P&nions and Pfneutrals have been observed previously with pataqu
PR complexes® The MALDI-TOF mass spectrum 6fmeasured in the positive-ion mode using

trans-3-indoleacrylic acid as the matrix gave similasuks. Since the MALDI-TOF spectra
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depend on the ability of the molecule to “fly” undbe experimental conditions, the possibility
of the presence of still larger units in the polyroan not be ruled out. However, the intensity of
the peaks diminishes as the molecular weight iseaAs with covalent hyperbranched

1,27

polymers,“" a broad molecular weight distribution is expectlEnt these mechanically

interlocked analogs.

D. Viscosity Study. 0.05

Viscous flow is /
0.04 »
characteristic of polymer solutions. ] a J/
/ [
/I
/ AN

T
o
. —
Therefore, we turned to viscometry 2 0.031 v .
Qo L
(Fi 8) for direct physical = LD
igure or direc sica 1 VRIS
g Py 0.02 Y =0.019 + 0.0028X
2 _
evidence of the formation of the R*=0.998
0.01 5S~—T—-—+—
. . 0.0 0.4 0.8 1.2 1.6
mechanically  interlocked 2%
c/gdL™

hyperbranched polymer6. The
Figure 8. Reduced viscosity of hyperbranched polyesteas a

relationship between the reducedunction of concentration for solutions in (a) amet and (b) an
acetone solution of 50 mM tetrabutylammonium haxabphosphate

. : . t 22°C.
viscosity of acetone solutions 6f a

and concentration has the feature typical of tiawiti covalent polyelectrolytes, that is, a
maximum?®3° In order to obtain the intrinsic viscosity, an t@ce solution of 50 mM
tetrabutylammonium hexafluorophosphate was usetieasolvent. The intrinsic viscosityp ]|
of 6 in this solution was 0.019 dLfd.This low intrinsic viscosity value can be at lepartly
ascribed to the globular shape of the hyperbranpbsdner®? and added saft.
Conclusions
In summary, the first mechanically interlocked hypanched polymes was successfully

prepared (some time ago) from a trifunctional riphenylene)-32-crown-10/paraquat
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pseudorotaxane complef) (It is a “real” mechanically interlocked dendzipolymer because all
of its generations are connected by non-convalateractions® The polymer consists of
macrocycles as the peripheral groups with the o possibility of a large number of
peripheral host units for molecular recognition.isTHacile method for preparing three-
dimensional interlocked dendritic macromolecules ba expanded to prepare other dendritic
interlocked macromolecules and similar interlocka@cromolecules based on other well-
established recognition motifs. The present requitavide proof of principle for a method of
construction of mechanically linked hyperbranchgsteams. To achieve higher molecular weight
requires design/syntheses of host-guest systenmssivibnger complexation. We have recently
reported such systems with greatly enhanced aswocizonstantd? which can be used for this
purpose.

Experimental Section
General. All solvents were HPLC or GC grade. NMR solventsavbought from Cambridge
Isotope Laboratories and used as receilféd@ NMR spectra were recorded on Varian Unity or
Inova 400 MHz instruments. The melting points weaiken in capillary tubes and are
uncorrected. Elemental analyses were performed tgn#ic Microlabs of Norcross, GA.
Viscosities were measured with a Cannon-Ubbeloletiei-snicro dilution viscometer with 200
centipoise inner diameter capillary. LR FAB masgctppmetric measurements were done in
house on a Fisons VG Quattro instrument. MALDI-T@Ess spectrometry was carried out at
the Washington University Resource for Biomedicald aBio-organic Mass Spectrometry

employing an Applied Biosystems Voyager system.
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N,N’-Bis(5”-carboxypentyl)-4,4’-bipyridinium Bis(he xafluorophosphate) (1) 4,4’-Dipyridyl
(2.86g, 18.3 mmol) in 20 mL acetonitrile was addddwly to a refluxing solution of 6-
bromohexanoic acid (24.98 g, 128.1 mmol) in 20 noktanitrile over a period of 20 h under
nitrogen. Heating under reflux was continued forhilOrhe yellow precipitate was filtered and
washed several times with acetonitrile. The resgltsolid was dissolved in water (readily
soluble). The aqueous solution was poured intotara@d solution of NEPFRs. The resultant
precipitate was filtered and washed several timés water and dried under vacuum at°&Dfor
24 h to yieldl as a colorless solid (7.86 g, 63%), mp 186&8.3°C. '"H NMR (400 MHz,
acetoneds, 22 °C): 9= 1.48-1.55 (m, 4H), 1.63-1.71 (m, 4H), 2.18-2(&6 4H), 2.31 (tJ = 7
Hz, 4H), 4.97 (tJ = 7 Hz, 4H), 8.84 (dJ = 7 Hz, 4H), 9.46 (dJ = 7 Hz, 4H), 10.52 (brs, 1H).
13C NMR (400 MHz, acetonds, 22°C): 5= 23.88, 25.21, 30.91, 32.86, 61.96, 127.26, 116.0
150.07, 173.66. Anal. calcd forsE3004NPoF12: C, 39.06; H, 4.47; found : C, 39.00; H, 4.48.
N,N’-Bis(5”-benzyloxycarbonylpentyl)-4,4’-bipyridin ium Bis(hexafluorophosphate) (7) In

a three necked 50 mL round-bottom flask, equippéhd & reflux condenser, nitrogen inlet and
stoppers, N,N'-bis(5"-carboxypentyl)-4,4'-bipyridim bis(hexafluorophosphate}l,(0.115 g,
0.17 mmol) was refluxed in 3 mL of SQQbr 2 h. The excess thionyl chloride was removed
under vacuum and the system was flushed with retro@ry acetonitrile (2 mL, freshly distilled
from Cah and collected over molecular sieves) was addedadid chloride dissolved. Benzyl
alcohol (0.035 mL, 0.34 mmol) and 0.027 mL (0.34 eijnof pyridine were added. The mixture
was stirred at room temperature for 24 h and pourtedwater. The solid was filtered, washed
several times with water and dried, 0.132 g (91%4),239.5 - 247.6 °C (decH NMR (acetone-

de): & (ppm) 1.50-1.56 (M, 4H), 1.70-1.74 (m, 4H), 2.2262(m, 4H), 2.40 (t}=7, 4H), 4.97 (,
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J=7, 4H), 5.10 (s, 4H), 7.34 - 7.37 (m, 10H), 8.84J 6, 4H), 9.46 (dJ= 6). Anal., calcd for
CseH4204N2PoF12 : C 50.47; H 4.94; found: C 50.45; H 4.92.

Measurements of Association Constants for 1@3 and@r3. Exchange is fast on the NMR
time scale. Thus, a series of titrations were peréal. A specified concentration of the guest
paraquatl or 7 in acetone was prepared in a volumetric flask.nfals and exact volume of this
solution was added to an NMR tube using a to-delwget; the remainder was used to prepare a
known concentration of ho&?° Titration was achieved by adding a defined volushehis
paraquat guest plus host solution to the NMR tulitb & to-deliver pipet. Thus, the initial
component concentrations were known while the tgtedst concentration remained constant.
Upon mixing, charge transfer yielded an orangetswiy indicative of the rapid formation of a
[2]pseudorotaxane via through-spasstacking interactions of host and guest. THeNMR
data (Tables 1 and 4) were collected on a temperanntrolled (+ 0.°C) spectrometer. The

data were analyzed using the iterative Cresswéitbdlmethod (Tables 2 and 5§"° A van't

Hoff plot was used to determine the thermodynamarameters shown in Table 3.

Table 1L Temperature Dependence of the Chemical Shift® (MHz, acetone) of
Protons H and H of 1 Upon Complexation wit3.#

[3lo 21.4°C 30.0°C 38.0°C 46.0°C 54.0°C
(mM) 8¢/ 57" 6 187" 86 187" 86/ 87° 86 /87"
(ppm) (ppm) (ppm) (ppm) (ppm)
0.00 9.492/8.867 9.484/8.860 9.476/8.851 9.469/B.84 9.462/8.836
351 9.406/8.687 9.413/8.709 9.419/8.730 9.42318.74 9.426/8.761
6.92 9.353/8.571 9.369/8.611 9.383/8.648 9.39418.68 9.402/8.708
10.43 9.317/8.494 9.337/8.541 9.356/8.586 9.372/8.6 9.383/8.664
13.90 9.295/8.448 9.315/8.493 9.335/8.539 9.3581B.5 9.367/8.627
17.47 9.283/8.420 9.301/8.461 9.320/8.506 9.3398.5 9.355/8.598
20.68 9.273/8.400 9.290/8.433 9.308/8.479 9.32218.5 9.343/8.572
27.42 9.261/8.375 9.275/8.405 9.292/8.444 9.31688.4 9.326/8.535

2 [1], held constant at 6.889 mM. Chemical shift +0.001 ppm.

22




Table 2. Temperature Dependence A$sociation Constant fat@3 Determined via Iterative

Cresswell-Allred Treatment.

Obs. Proton| Temperatute A, Ka r° Sint / Stree”
(°C) (ppm) M
Ho 21.4 0.256 398+ 19 0.999 0.999990
H, 0.552 369 £ 10 1.000 0.999983
Ho 30.0 0.244 254+ 11 0.999 0.999998
H, 0.544 230£6 0.999 0.999983
Ho 38.0 0.231 167+7 0.998 0.999988
H, 0.523 148 +3 1.000 0.999970
Ho 46.0 0.212 125+5 0.997 0.999988
Hy 0.500 104 ¢ 2 0.999 0.999992
Ho 54.0 0.198 88+4 0.997 0.999996
H, 0.474 7442 0.999 0.999966

& This parameter compares the intercept of the flatbserved chemical shifts vs. the iteratively atdted A,
[3)/[1] to the measured value for the free guest; thebmurof nines represents the degree of convergenteei
determination of K andA,.

Table 3. Thermodynamic Parameters Determined for the Coxafiteh of1 and3 from a van't

Hoff Plot of the Temperature Dependent AssociaGomstant.

Obs. Proton Slope Intercept f AH AS
(K) (kcal/mol) (eu)
Hs 4438 -9.096 0.998 -8.82 +0.19 -18.1 0.2
H, 4771 -10.30 0.999 -9.48+£0.20 -20.5+0.5

# These values are deemed more reliable in vieweofdiger chemical shift chang&.J observed for Hvs. H;.
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Table 4. Chemical Shifts (400 MHz, acetongrdof Protons H and H of 7 Upon
Complexation witl8 at 21.4°C 2

[3lo 86" 5,°

(mM) (Ppm) (Ppm)
0.00 9.470 8.849
2.10 9.410 8.720
3.80 9.370 8.632
10.3 9.294 8.465
13.4 9.278 8.433
17.7 9.263 8.400
21.5 9.257 8.385
28.12 9.246 8.362
42.5 9.233 8.340

2 [7],held constant at 5.190 mM. Chemical shift +0.001 ppm.

Table 5. Association Constant faf@3 Determined via Iterative Cresswell-Allred Treatrhen

Obs. Proton Ao Ka r° Sint / Stree”
-1
(ppm) (M™)
He 0.248 386 + 39 0.999 0.999995
H, 0.540 379 +18 0.999 0.999996

& This parameter compares the intercept of the flatbserved chemical shifts vs. the iteratively atdted A,
[3)/[7] to the measured value for the free guest; thebmunof nines represents the degree of convergenteei
determination of K andA,.

Topologically Hyperbranched Polyester Rotaxane (5tand 6). In a three-necked 50 mL
round-bottom flask, equipped with a reflux condenseagnetic stirrer, and nitrogen inlet,
paraquat diacid (0.3382 g, 0.5001 mmol) was refluxed in 5 mL @@, for 2 h. The excess
thionyl chloride was removed under vacuum and tstesn was flushed with nitrogen. Dry
acetonitrile (2.0 mL, freshly distilled from Cakind collected over molecular sieves) was added
to the flask along with crown ether alcol®i° (0.280 g, 0.494 mmol) and the temperature of the
resulting solution was immediately lowered-t80 °C in a dry ice-acetone bath. The solution
was intense yellow-orange in color. The temperatwas slowly raised tel5 °C by the removal

of the bath and pyridine (0.8 mL) was added; theas no change in color, but the viscosity

began to increase. The mixture was then allowedaton and stirred at room temperature for 8
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days. Acetonitrile (6 mL) was added to aid in stgrof the viscous mixture for another 4 days.
The reaction mixture was poured into a saturategags solution of NiPFs. An intense yellow
gum-like material (0.59 g, 95%) separated outds filtered, dried and dissolved in acetonitrile
and precipitated into a dilute aqueous/RHR; solution. The product was reprecipitated five more
times in this way%b). A part of the precipitate was dissolved in héd®0O and precipitated into
a hot aqg NHPF; solution. Two more reprecipitations were carried m this manner and the
final product 6) was dried under vacuum at room temperature fdr.48
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Interaction of equimolar amounts of a crown ether monoalcohol and a 4,4'-
bipyridinium salt with two terminal acyl chloride moieties formed a
pseudorotaxane in situ at low temperature. This complex was an AB;

monomer.

Addition of pyridine and increasing temperature led to formation of a
polyester that was hyperbranched due to the mechanical linkages

between the macrocycle and the bipyridinium guest.

The polyester thus consisted of two basic components: the diester of the
bipyridinium compound and the corresponding monoester. The former
contained two macrocycles and the latter only one. Conversion of the
alcohol moieties was complete as determined by NMR. Purification by
precipitation from DMSO, which dissociates any non-mechanically linked

complexes, removed any non-polymeric moieties.

NMR spectroscopy in acetone revealed complex formation between
unthreaded macrocycles and focal point uncomplexed bipyridinium units,
while in DMSO these non-mechanically linked complexes do not exist,

allowing the observation of the mechanically entrapped moieties.

Mass spectrometry confirmed the presence of hyperbranched structures,
since that is the only way that high molar mass product can form. Indeed

masses up to 16.3 kDa were observed.



