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ABSTRACT: Here we report the supramolecular coordination polymerization of four bis-functionalized
phenyleneethynylene oligomers. Each oligomer was terminated with pyridyl end groups; three of theetdad
backbone linkages and varied in the number of phenyleneethynylene units from four to eight. The fourth oligomer
served as a geometric control wiplara connectivity and three phenyleneethynylene units. Upon the addition of
trans-dichlorobis(acetonitrile)palladium to a solution of oligomer, supramolecular assembly by metal coordination
was observed by UV spectroscopy, NMR, and isothermal titration calorimetry. For the tetramer and octamer, the
experimental evidence is consistent with a cooperative polymerization mechanism involving pypidilaelium
coordination andr-stacking leading to a helical supramolecular polymer. For the hexamer, macrocyclization
followed by columnar aggregation was indicated by the data. In contragathdinked control oligomer exhibited
noncooperative, isodesmic step-growth polymerization. This work thus demonstrates how the supramolecular
polymerization mechanism is sensitive to length of the starting oligomer and geometry of the monomer units.

Introduction

Cooperativity is a pervasive phenomenon among the bio-
macromolecules and is especially important for functions such
as active site bindin§protein folding? enzyme activity? protein
self-assembly,and transcriptio,to name a few. Actin and
tubulin form filament8 and microtubuleg,respectively, by a
supramolecular polymerization process in which globular
proteins act as monomers and whose mechanism of growth 1. n=2
follows the cooperative nucleatierelongation pathway. This 2:n=4
mechanism brings protein molecules together without covalent 3:n=6
bonding interactions allowing well-balanced assembly and
disassembly, dynamic behavior that translates directly into useful
functions. Despite the abundance of these natural examples, fe e - .
synthetic systems have been shown to exhibit polymer gromh\’\bolymerlzatlon mechanism. Changing the geometry of
by the nucleatiorelongation pathwa§? Herein we report a
synthetic nucleationelongation polymerization governed ex-
clusively by noncovalent interactions.

Synthetic noncovalent, or supramolecular, polymers have
garnered a great deal of attention receftiy? Indeed, some
synthetic supramolecular polymers have shown cooperativity
through hydrogen bondid¢ or both hydrogen bonding and
m-stacking!®16The same cannot be said about polymerizations
employing coordination bond$:21 A coordination polymer
exhibitingr-stacking has been recently studied in the solid state
but the polymerization mechanism was not discug3eal this
article we describe the synthesis and characterization of three
m-phenyleneethynylenerPE) oligomers1-3) that, depending  gecular weight polymers through a nucleatigrlongation
on the oligomer length, either form helical (Figure 1A) or tubular
(Figure 1B) supramolecular coordination polymers withtack-
ing interactions upon the addition of palladium in acetonitrile.

Tg = -(CH2CH20)3CH3

both ends and varying the length of the oligomers new

mechanism of polymerization, since ttpara geometry is
incapable of adopting a helical conformation.

a helical conformation with six units per turn stabilizedsoyx

ally ordered state in solutiotf.- 32 One unique aspect ohPE
oligomers is that they will not fold until a critical chain leng

characteristicg33438 In one such study, short lengtmPE

metathesisg’

and

unigue supramolecular polymers would result by an interesting

the

oligomer backbone frormetato para should also change the

Studies ofmPE oligomers have demonstrated that they adopt

interactions in polar solvent4:26 ThesemPE oligomers have
been termed foldamers, compounds that adopt a conformation-

th

is achieved® We have also shown thamPE oligomers with
' specialized end groups exhibit interesting dynamic covalent

oligomers containing imine end groups were driven to form high
mechanism by taking advantage of dynamic covalent imine

Nucleation-elongation polymerization results when the initial

Previous work from our laboratory has shown that when 2 qjigomerization of monomers is energetically disfavored (nucle-
equiv of mPE oligomers terminated at one end with a coordinat- atjon) relative to a favorable polymerization (elongation). This

ing pyridine group are added to a solutiontns-dichlorobis- — generally leads to the predominance of either high molecular
(acetonitrile)palladium, the oligomers self-assemble into a helical weight polymer or monomer species (sometimes both) and
conformation driven by the cooperativity of metaigand minimal oligomers of intermediate length, which is in great

thermodynamically favored elongation steps arise from nonco-
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Figure 1. Palladium-pyridine binding to form a metalligand complex followed by subsequent “monomer” additions to form a supramolecular
foldamer (A) or an-stacked columnar polymer (B).

Scheme 1. Formation of Supramolecular Polymers from Oligomers 13
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Scheme 2. Synthesis of Terminal Monomer Unit ¥
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a2 Reagents and conditions: (a) TgOTs, KOH, DMSO,°&) (b) trimethylsilylacetylene, PdgPPh),, Cul, EgN, 80 °C; (c) TBAF, THF.

Scheme 3. Synthesis of Tetrameral predicted that hexam&would form a macrocycle rather than
TgO,C Br a polymer (Scheme $}. Shape-persistent arylene ethynylene
O _ O a 1 macrocycles have the ability tostack into columner aggregates
- 60% in certain solvent4? In the presence of palladium, hexanger
Br 8 CO,Ty may preferentially form a macrocycl&{) because its length

is suitable to form an unstrained cyclic. The smaller size of the
macrocycle compared to a supramolecular polymer may make
this the thermodynamically favored product for entropic rea-
sons*! Moreover, the flat macrocycle should possess the ability
to formz-stacked columnar aggregates (Figure 1B), presumably

X . P by an indefinite isodesmic process governed by the association
undergo nucleationelongation polymerization in the presence

of palladium since they start in an unfolded state below the constant K_E_)"% . _ _

critical chain length and should be folded above it (Figure 1A). The equn!bna despnbed for oligomets-3in Schemell have .
Hypothetical models for nucleatierelongation polymeriza- ~ analogues in protein assembly. For example, certain proteins

tion of the various oligomers investigated here are shown in form macroc_ycles in order to perform the|r_funct|cﬁ%:§'.he heat_

Scheme 1, where the superscript represents the degree thOCk protein Gr.oEL forms a hep.tame.nc macropycle which

polymerization of the starting oligomers (i.e., =T tetramerl creates a 45 A diameter cavity which aids in folding of other

and O= octamer3) and the trailing subscript represents whether Proteinst The requirement of supramolecular polymerization
the polymer is below (unfolded, U) or above (folded, F) the to perform a specific function is illustrated by actin and tubdin.
critical chain length. An assoc}ation event defined,as pal- Furthermore, the tobacco mosaic virus can alter its intermo-
ladium—pyridine coordination where either the palladium or Ieculqunteracnons (@ combmgﬂonmfstacklng, metatligand
pyridine is part of the polymer backbone, that involves the Ponding, and hy‘?‘f?‘ge” bonding) to undergo a macrocycle-to-
interaction of unfolded chains is considered a nucleation event "€lix transformatiort” Inspired by nature’s cooperative supra-
when no stabilization fromz-stacking interactions is gained. molecular assembI!es, we sought to mimic this balancelbetween
An association event that involves a folded chain and a starting Macrocycle formation and supramolecular polymerization. We
oligomer is considered an elongation event because folding "6POrt the reversible formation of three types of supramolecular
contributes to the stability of the associated oligomers. Tetramer'C’lc,’lymers'I the gperztlgle ?;Chan'sm is found to be sensitive to
1 must undergo four nucleation event&;{-K,) before the oligomer length and backbone geometry.

critical chain length is reached, at which point elongation occurs
(Ks—Ky). Octamer3, on the other hand, only requires two
nucleation eventsk;—Kj3) before elongation occur&§—K.). Synthesis.In our previous report of monopyridine-function-
On the basis of previous studies of imine-linked oligomers, we alized oligomers there was no solubilizing side chain onérbev

a Reagents and conditions: (@) Pd(R-Bus)z, Cul, E&N, 75 °C.

the polymerization reaches a critical chain lengBecause a
critical chain length (usually ca. 1®PE units for foldamers)
must be attained before folding occurs, oligom&rs3 might

Results and Discussion
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Scheme 4. Synthesis of Hexamer 2 and Octamef 3

a
/" 529 Br
CO,Tg
H

2
CO,Tg 10 CO,Tg

CO,Tg

4
CO,Tg 1 CO,Tg
a2 Reagents and conditions: (a) 2-[2-(2-methoxyethoxy)ethoxy]ethyl 3-bromo-5-iodobenzoatgPPt{3, Cul, EgN, rt; (b) 7, Pd(R-Bus)z,

ZnBr,, EGN, rt; (c) 8, Pd(dba), Cul, EgN, 70 °C; (d) 7, Pd(R-Bus),, Cul, EgN, 70 °C.

terminal pyridine uni® Preliminary studies indicated that the — Observed
supramolecular polymers targeted here would require additional . 1% — Theoretical
groups to enhance the solubility. To this end, a triethylene glycol = 80 |

chain was added to the pyridine unit of oligomérs3. The 2

synthesis of the pyridine-terminate@®E oligomers began with 2 6o

the preparation of the terminal ethynylpyridine monomer unit g

(Scheme 2). AlcohoK was reacted with triethylene glycol o 40

monomethyl tosylate to yield eth& which was then coupled =

to trimethylsilylacetylene to give alkyné. Treatment with < 207

tetrabutylammonium fluoride (TBAF) gave the ethynylpyridine x 04 ‘ ‘ ' ‘
end groupr. 1890 1892 1894 1896 1898

The synthesis ofmPE dimer 8 has been previously de-
scribed®® Tetramerl (Scheme 3) was synthesized by coupling Mass (m/z)
8 with 2 equiv of 7. Dimer 9, the synthesis of which has been Figure 2. MALDI-TOF MS of a mixture of hexame® and 1 equiv
previously described was a key intermediate since it was a  ©f palladium (M+ Na, m/z= 1893.6). The observed spectrum is shown
precursor for both hexame2 and octamer3 (Scheme 4). in black, and the calculated isotopic distribution is shown in gray.

Coupling9 with 2 equiv of 2-[2-(2-methoxyethoxy)ethoxylethyl  conformation of the oligomer backboA®&2547 When mPE
3-bromo-5-iodo-benzoate gave tetranid), which was then  gligomers adopt a highlgisoid conformation (i.e., helix or

coupled with 2 equiv of ethynylpyridiné to afford the desired  macrocycle), the absorbance at 303 nm is significantly attenuated

hexamer2. Alternatively, coupling oB with 5 equiv of8 gave rejative to the peak at 280 nm. It can be seen in Figure 3 that
hexamerl1, which was subsequently coupled with 2 equiv of - 3 significant decrease in the 303 nm peak occurs for oligomers
ethynylpyridine7 to afford the desired octamér 1—3 upon the addition of palladium in an acetonitrile solution,

Complex Formation: Physical Appearance and MS  thys indicating that a predominatetysoid conformation has
Analysis. The supramolecular palladium complexes were formed.
prepared by adding 1 equiv efans-dichlorobis(acetonitrile)- To probe the oligomerpalladium stoichiometry for each of
palladium to a solution of oligomet, 2, or 3 in acetonitrile. A the complexes, the method of continuous variation (Job’s
change in the physical appearance of each oligomer was noticedmethod) was employet$:#? The samples were analyzed in
upon the addition of the palladium and removal of the solvent. zcetonitrile at 25, 20, and 1M concentrations of, 2, and3,
Tetramer 1 changed from an oil to a yellow waxy solid.  yespectively, by varying concentrations of palladium while
Hexamer2 changed from a waxy solid to a yellow sticky  keeping the concentration of oligomer palladium constant.

spongelike solid. Octamed changed from a waxy solid to @  The normalized absorbance at 303 nm was calculated according
yellow rigid solid. Starting from a solution of the supramolecular g gq 1.

complex, the pure oligomer could be recovered by addition of
excess PPhand subsequent column chromatography. normalized absorbance —(A — €bP; — ¢,bO;) (1)
MALDI mass spectrometry of these products revealed some
differences between the oligomers. Though the most intenseThe measured absorband®),(cell path lengthlf), the molar
peak observed in the spectrum of hexarBewith palladium absorptivity of purd@rans-dichlorobis(acetonitrile)palladiunag),
correlated to free hexamer, a significant peak corresponding tothe molar absorptivity of pure oligometd), the total concentra-
the mass and isotopic distribution @PdChL was observed  tion of transdichlorobis(acetonitrile)palladium in solutioR<),
(Figure 2). Conversely, when tetramerand octameB were and the total concentration of oligomer in soluti@y) are all
combined with 1 equiv palladium and analyzed by MALDI, utilized to determine the normalized absorbaffc€igure 4
only the free oligomer was observed, supporting the idealthat shows that the maximum for each oligomer occurs at 0.5 mole
and3 form a different type of structure thah fraction, indicative of a 1:1 palladium:oligomer stoichioméetty.
UV Spectroscopy.For mPE oligomers, we have previously NMR Spectroscopy. An NMR study was undertaken to
shown that the absorbance at 303 nm is dependent upon thenvestigate the species present in solution as palladiumcxfﬂs/
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Figure 3. UV spectra ofl (A), 2 (B), and3 (C) and a 1:1 mixture of each oligomer wittans-dichlorobis(acetonitrile)palladium in acetonitrile

(the concentration of, 2, and3 in both spectra is 12.5, 10.0, and 1.8,
arrow in (A).
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Figure 4. Job’s plot in acetonitrile of oligomers (M) at 25uM, 2

(®) at 20uM, and 3 (®) at 10uM as measured by the normalized
absorbance at 303 nm vs the mole fraction [R@E:CN).}/([PACL(CHs-

CN);] + [oligomer]) at constant [PA@CH;CN),] + [oligomer]. Error

bars were generated from the standard deviation obtained from four
measurements of each point.

added. Evidence for folding of oligometsand3 was observed
upon titrating a 1.85 mM solution of each oligomer with varying
mol equiv oftrans-dichlorobis(acetonitrile)palladium in aceto-
nitrile-dz using mesitylene as the internal standard (Figure 5).
Titration of the two oligomers showed many similar features.
For both1 and 3 the peaks of free oligomer disappeared, and

respectively). The decrease in absorbance at 303 nm is shown by the

still present at 0.5 mol equiv of palladium (Figure 6). Also, no
1:2 (oligomer:palladium) complex was observed even when
excess palladium was present. This behavior is consistent with
a nucleation-elongation supramolecular polymerization. Nucle-
ation—elongation polymerizations are known to exclude excess
monomer (i.e., oligomer or palladium) in a manner similar to
crystal growtt?37 This is in contrast to isodesmic polymerization
in which a nonlinear decrease in free oligomer concentration is
expected as a function of the palladium:oligomer rétio.

OTg

In an effort to provide further evidence that conformational
ordering is influencing the polymerization dfand3, oligomer
12 was investigated since its geometry is incommensurate with
a helical conformation. Compount® links the pyridine unit
in a para fashion, which only allows the formation of a linear
coordination polymer. The triethylene glycol chainsldhwere
attached via ether linking groups to decrease self-association
by z-stacking®® A IH NMR titration was performed witti2
just as for oligomer& and3, and the free monomer peaks were

broad upfield peaks appeared with increasing palladium. Theseintegrated relative to the internal standard (Figure 6). Compari-
broad upfield peaks are consistent with previous observationsson of these data show the linear disappearance of free oligomers

of aggregatednPE foldamers in acetonitrik®:2The integrated
area of the entire aromatic region is constant during the titration
of both oligomers. Approximately half of the free oligomer is

1 and 3 as a function of palladium:oligomer molar ratio,
consistent with a theoretical description of nucleatietonga-
tion polymerization (black line, Figure 65.In contrast,12

Tetramer 1 PdCI(CH;CN), Octamer 3

™ 3 equiv
2 equiv
1 equiv

A A JLIL,_.,MH

l | L } A ~___0.5 equiv
T & S
J 0.25 equiv M
: . . ‘ 0 equiv; M : ‘ .
9.0 8.5 8.0 7.5 7.0 9.0 8.5 8.0 75 7.0
PPM PPM

Figure 5. *H NMR of oligomersl and3 with the indicated equiv of PAgICH;CN), in acetonitrileds at an oligomer concentration of 1.85 mM.

The intensity of each spectrum was normalized to the mesitylene internal standard present at a concentration of 1.85 mM.
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Figure 6. Percentage of free oligomed,(H; 2, ®; 3, ¢; 12, 0O) 8.3 -
observed by*H NMR vs mol equiv of the palladium complex. Free
monomer was calculated using a mesitylene internal standard and the
integration of the aromatic peaks at 0 equiv palladium. The titration 8.2
was performed three times for contd®, the data represent the average ) ) )
value with a standard deviation2% for each point. The soild line -3 -1 1
represents the expected behavior of cooperative polymerization, and Log([Concentration] (mM))
the dashed curve represents the theoretical behavior of step-growth_. . . - -
polymerizatior?® Figure 8. Plot of chemical shift of a pyridine proton (shaded in Figure
7) vs log(concentration) (mM) of an equimolar amount Dfand
- PdCL(CH:CN), in acetonitriled; at room temperature. The curve
- represents the best fit of the data to the isodesmic model of indefinite
- association wheikg = 12300+ 1400 M.
/ ation®> The combination of MS, UV, and NMR data are
I I J JL JJ‘ oA consistent with a macrocyclic structure of the palladium complex
from 2.

Next experiments were carried out to quantify the macrocycle
self-association. Our laboratdPP% and other¥->8 have previ-
ously shown that the self-association const&®) ©Of arylene-
ethynylene macrocycles is well described by the isodesmic
model of indefinite associatiof?.Using eq %£° it can be seen
that theKg can be determined from an NMR dilution experi-
ment. This was done by plotting the chemical shift of a pyridine
proton of the complex formed from hexanfewith 1 equiv of
trans-dichlorobis(acetonitrile)palladium against concentration
(Figure 8). From the observed chemical st} &t known molar

[ ; ; : ‘ concentrations of the macrocycl€+), the chemical shift of
8.8 8.6 8.4 8.2 8 7.8 free macrocycleRmonome), Overall change in chemical shift of
PPM free macrocycle to fully stacked macrocycle)(and association

Figure 7. *H NMR of oligomer2 with 0 (bottom), 0.25, 0.5, 1,2, and  constant Kg) were determined by nonlinear least-squares
3 equiv of PAGI(CHsCN), (top) in acetonitrileds at an oligomer regression analysis. THé: in acetonitrileds was determined

concentration of 0.19 mM. The intensity of each spectrum was tg pe 12300+ 1400 ML This result is consistent with the
normalized to the mesitylene internal standard present at a concentration ot : :
of 0.19 mM. The arrows denote the peak corresponding to the shadedc’bserv(':‘d self-association ofPE macrocycles in polar aprotic

proton. organic solvents and implies that this metal-coordination mac-
rocycle behaves similarly to previously studied, fully covalent

deviates from this linear behavior and is in better agreement aryleneethynylene macrocyclés.
with an isodesmic step-growth polymerization (Figureé?6). _ 12

A similar titration with hexamer2 at a 10-fold lower P'= Pronomer = AL+ (1 = (4KeCr + 1)) (2KeCo) )
concentration is shown in Figure 7 where the proton on the
pyridine ring at the 2-position is followed. The titration shows Isothermal Titration Calorimetry (ITC). ITC was em-
the disappearance of free hexar@@nd appearance of a discrete ployed to obtain quantitative thermodynamic data for the
structure with broadened chemical shifts presumably caused bymacrocylization of2 and the polymerization of, 3, and 12
m-stacking®® As expected, the peaks corresponding to the ITC offers the capability to directly determine the enthalpy
macrocycle shift upfield as palladium is added (vide infra); (AH®), and by interpreting the data with a mathematical model
beyond 1 equiv of palladium the resonances cease to shift. Thisfor a system of two or more interacting species, the values of
behavior is consistent with complete formation of a 1:1 equilibrium constantsKop9 can be deduce®:®! Since the
palladium:hexamer macrocycle. No destruction of the product thermodynamic parameters should be similar for each oligomer
(e.g., formation of a 2:1 palladium:hexamer complex) was with respect to palladiumpyridine binding, the differences in
observed with further increase in palladium. Another titration thermodynamic quantities can be attributed to thstacking
was also performed in chloroforah-a solvent known to inhibit interactions of the complexes. Solutions of oligom&+s3 and
s-stacking formPE macrocycle&* The titration in chloroform 12 were prepared at 0.10 mM concentrations and titrated with
shows the formation of discernible peaks shifted downfield of a 1.33 mM solution ofrans-dichlorobis(acetonitrile)palladium
the free hexamer peaks. This shift is expected for a nonaggre-in acetonitrile at 20C (Figures 9-12). The data were fit using
gated macrocycle formed by pyridin@alladium complex- nonlinear least-squares regression analysis to a singl%f)ik?
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Figure 9. ITC binding isotherm for the titration of a 0.10 mM solution bfvith a 1.33 mM solution ofrans-dichlorobis(acetonitrile)palladium
in acetonitrile at 20°C (A). Residual analysis of the difference from the observed data compared to the fit data as a function of palladium (B).
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Figure 10. ITC binding isotherm for the titration of a 0.10 mM solution 2fvith a 1.33 mM solution ofrans-dichlorobis(acetonitrile)palladium
in acetonitrile at 20°C (A). Residual analysis of the difference from the observed data compared to the fit data as a function of palladium (B).
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Figure 11. ITC binding isotherm for the titration of a 0.10 mM solution ®fvith a 1.33 mM solution ofrans-dichlorobis(acetonitrile)palladium
in acetonitrile at 20°C (A). Residual analysis of the difference from the observed data compared to the fit data as a function of palladium (B).
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Figure 12. ITC binding isotherm for the titration of a 0.10 mM solution 1 with a 1.33 mM solution ofrans-dichlorobis(acetonitrile)palladium

in acetonitrile at 20°C (A). Residual analysis of the difference from the observed data compared to the fit data as a function of palladium (B).

Table 1. Thermodynamic Parameters (in kcal mot?) for Oligomers
1-3 and 12 Binding to PACL(CH3CN); in Acetonitrile at 20 °C

(Kobg- The model used to describe this behavior (Scheme 1) is
consistent with the recorded ITC results. The titration data of

1 2 3 12 hexamer2 are well described by a single-site binding model
AG® —7.974+£0.12 -8.25+0.03 —8.02+0.08 —7.87+0.06 with Kops = (1.35 + 0.06) x 10° M~L. ThoughKg must be
AH®  —21.04+£02 -2024+0.01 —-242+0.3 -—17.7+0.1 ; ;
JAS —130L02 -119+01 -162+03 -—o8+01 factored into theKqps value, the fact that thopsis 2 orders of

binding model (vide infra). After the calculation &,s and

AH?, the free energyAG°) and entropy AS’) were determined

for the titration of each oligomer (Table 1).

From the data reported above, it is expected that hex@mer :
binds to 1 equiv of palladium with a distinct equilibrium constant parameter model (Figure 10).

magnitude larger than the NMR-determined value Ky
indicates thaKqps is dominated by the formation of a single
macrocycle and not the subsequemnstacking of the macro-
cycles. Analysis of residuals shows some systematic error,
although not unusually large for treating the data with a two-
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The titration data for oligomer$ and3 are also reasonably ~ dramatic effect on the structure and mechanism of growth for
well fit by a single-site binding model. Although this treatment the supramolecular polymers formed.
is an oversimplification of the polymerization shown in Scheme  These results could be helpful in understanding how and why
1, such behavior would be expected if elongation events in proteins achieve nucleatierelongation mechanism over mac-
nucleatior-elongation polymerizations dominate tKgsvalue®? rocyclization (e.g., why actin forms filaments and not macro-
The Kops for tetramerl (Kops = (8.47 & 1.20) x 10° M~1) cycles). Consistent with our data, macrocycle formation is
showed no statistical difference when compared to octé@Bner expected to be entropically favored over polymerization.
(Kobs = (9.104 0.85) x 10° M~1). This can be explained by =~ However, for some proteins the nucleatieglongation mech-
the AH® value for octamer3 being more enthalpic that anism is an essential part of its function. The results noted in
because morer-r interactions are obtained from folding per these simple systems could be helpful for understanding the
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