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ARTICLE INFO ABSTRACT

Article history Two amphiphilic polyn,p-phenylene)s were synthesized through Suzuki paolyeosation
Received from 1,3-phenylene dibromide bearing solubilizinig or tetra(ethylene glycol) chains and 1,4-
Received in revised form phenylene diboronic acid diester. Unlike its tfigdene glycol)-functionalized congenenet
Accepted polymer with tetra(ethylene glycobhains was shown to possess considerably high oiat
Available online weight My, = 15 900 andM,, = 7 300) and good solubility in boffolar and nonpolar orgal

solvents. Fluorescence spectra of the polymer decbin CHC{ and aqueous acetoniti
revealed that in the latter solution the fluoreseemtensity is considerably lower and the

Keywords is redshifted by about 70 nm compared to the foromes. This indicates a transitidrom &
polyphenylenes random coil conformation to an ordered compact 8neonvincing indication of helical foldir
amphiphilicity of the polymer came from an induced circular dichro spectroscopistudy of inclusio
helical structures complexes of the tubular helical folds withpineneenantiomers influencing the sense of
folding helix.

Suzuki polycondensation 2009 Elsevier Ltd. All rights reserved

1. Introduction ethynylene)s equipped with optically active substitis was
recently observed directly by means of atomic force
microscopy'® Although the helical motif on the basis of tire
phenylene ethynylene structure has proven to bieyhigaluable

in many respects there are a few limitations forctical
applicability of oligomers and polymers constructefl these
units. Like any other foldamer, oligo§phenylene ethynylene)s
are structurally perfect monodisperse compounds their

Helical structures play key roles in a number ofldaaal
functions. This fact has inspired chemists to designy helical
molecule$ to investigate their molecular chirality and toeus
them for practical applications such as chiral male for
asymmetric  synthesfs, separation of enantiomets,chiral
building blocks for self-assembled nanomatetiaisd devices

etc. In this context the d(;ssi_gn and synthesis Gitdlepolymers  nyistep synthesis is time-consuming and costlydisanally,
and oligomers (foldamerS)in which the helix-sense can be |\ molecular weight oligomers generally find litiese in the
controlled is of significant interesmetaConnected phenylene production of functional materials.  Pahyphenylene
ethynylene is presently one of the most popularciral type  ghynilene)s have the advantages of one-step siathad high

for helical foldamers and polymers. This motif wasstf  mgjecular weightd! However, diyne defects that are often
developed by Moore and co-workéraiho prepared a series of jnyoduced into the polymer chain during the systhewould

oligo(m-phenylene_ ethynilen_e)s and demc_)nstrated theimgtro perturb the folding process and disrupt the tubutafical
tendency to fold into a helical conformation in gololvents  gu,cryre. Therefore, it is of importance to depetmvel helical

driven by noncovalent solvophobicl interapt.ions.. _sThi polymers with improved structural homogeneity, cheahi
conformation was shown to possess an internal lifioptavity  giapility, and functions. Polyarylenes are suitatdedidates in

capable of guest binding. A helicity of the preferfeandedness g regard since they are chemically and thermalust. There

can be influenced by the formation of inclusion gtemes with  5re 4 few reports on helical structures formed lyoateric and
chiral guest$ or chiral substituents at the oligomer backbbne. polymeric ortho- and metaphenylened®!* These compounds
The formation of helical structure with a preferteahdedness of |are shown to fold into tight non-tubular helices. Huere for

oligo(m-phenylene ethynylene) foldamers was evidenced by thapplicative purposes, such as catalysis and ctfisatimination,

appearance of pronounced absorption bands in tealar |0y tubular nanostructures are essential. As shwFigure
dichroism (CD) spectra. The helix formation alonghwits 1 consideration of molecular models suggests  that

absolute  handedness of amphiphilic polythenylene o yphenylene comprising alternatingeta andpara-phenylene
" The article is dedicated to Professor Artem Ogammthe occasion of his #irthday
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moieties can adopt a tubular helical conformatiorthwén
internal diameter of ca. 1 nm. One of us has régegported the
synthesis of high molecular weight patyp-phenylene)s
through Suzuki polycondensatibh. Here we present the
synthesis and folding studies of first amphiphifoly(m,p-
phenylene)s.

4 nm

Figure 1.Side (left) and top (right) views of an energy-miided (MMX
force field) helical conformation of an unsubsgtpolyfn,p-phenylene)
consisting of 96 alternating- andp-phenylenes (48 repeat units).

2. Results and Discussion
2.1.Synthesis

A common synthetic route to polyphenylenes consits
Suzuki polycondensation (SPC) of AA and BB types of
monomers bearing pairs of aryl halide and arylbmron
functionalities, respectively. The synthesis of tA& type
monomers3 is depicted in Scheme 1. The transesterificatibn o
commercially available ethyl ester of 3,5-dibromobaic acid 1
with monomethyl ethers of oligo(ethylene glycol}s readily
gives amphiphilic dibromide3. The latter were subjected to SPC
with 1,4-phenylene diboronic acid dieste(BB-type monomer)
under previously reported conditidhgo yield target polyf,p-
phenylene)® (Scheme 2).

OEt OR

reflux
+ HO(CH,CH,0),CHg

-EtOH

Br Br Br

2a: n=3 3a: R=-(CH;CH;0)3CH3

2b: n=4 3b: R =-(CH,CH,0),CHz

Scheme 1. Preparation of the AA monome3s

Os_OR
Q O SPC
3 + B B —
o o)

n

5a: R =-(CH,CH50)3CHj3

5b: R = -(CH,CH,0),CHs

Scheme 2. Suzuki polycondensation (SPC) synthesis of ampligph
polymers5. Reagents and conditions: PgjRélyl)s]s, NaHCQ, THF/H,0,
80 °C, 96h.
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The preparation of polymeésa turned out to be problematic.
The oligomeric product precipitated out from saatduring the
polymerization. After isolation5a was found to be largely
soluble in chloroform at room temperature. The moler weight
of 5a were determined to bk, = 6 500 P, = 19) andM, =
2800 @, = 8) by GPC analysis relative to retention times of
polystyrene standards. The low molecular weighbafand its
poor solubility in polar solvents preclude the w$ehe polymer
to study helical folding. Unlike the case witha, the
polycondensation of3b with 4 proceeded smoothly; no
precipitation occurred during the reaction. Polynfdr was
obtained in nearly quantitative yield and subjedtedhe GPC
analysis revealing,, = 15 900 P,, = 41) andM, = 7 300 P,
19). Notably, according to the molecular model shankigure
1, the determined values of molecular weighBbftranslate to
helices with three to seven full turns (one fullntworresponds to
six repeat units). Structural integrity of the pubrs5a and5b
was confirmed by solutiofH and*C NMR spectroscopy (see
Figure 2 showing the corresponding spectra3lof. Elemental
analyses of the polymeks gave satisfactory convergence with
values calculated not including the end groups Eqerimental
section).

a)

b}

R T T T T T T T
170 160 150 140 130 120 10 100 90 60 ppm

Figure 2.*H (a) and®C (b) NMR spectra of amphiphilic polyphenylefbte
recorded in CDGIl The solvent signals are markej (

2.2.Folding studies

The described analyses of the folding of amphiplaligo(m-
phenylene ethynilene)s revealed that these ampicitipomers
exist as random-coiled conformations in chlorofonmich is a
good solvent for both the lipophilic backbone ande t
oligo(ethylene glycol) chains. The amphiphilic @igers adopt
helical conformations in highly polar solvents tha¢ considered
as bad solvents for the nonpolar oligomer backbéwcetonitrile
and its mixtures with water were found to be the lelsling-
promoting solvents for oligatphenylene ethynylene)s. From a
structure standpoint (nonpolar backbone and pate shains)
poly(m,p-phenylene)s 5 are expected to have a similar
conformational behavior in the given solvents. btigation of
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solubility of polymers5 in different solvents showed that Fluorescence spectroscopy was shown to be a valtadléor
polyphenylene5a could only be dissolved in chloroform. Its study of conformational changes wiphenylene ethynylené$.
solubility in polar solvents, such as acetonitdled DMF was  Therefore, for further conclusions on the confoiorabf 5b its
found to be very poor. On the contrary, polyphengléip fluorescence spectra were recorded.

exhibited good solubility in both chloroform andettpolar
solvents. At concentrations of up to 100 mg-the polymer was
also soluble in an acetonitrile-water (80:20) solutiHowever,
an attempt at increasing the water content in thetoadrile
solution caused precipitation of the polymer. Thecrdased
solubility of 5b in aqueous acetonitrile compared to thatref
phenylene ethynylene oligomers is understood takingp
account a larger liphophilic load in the backborfighe former
(six carbons inp-phenylene vs. two carbons in acetylene
linkage). On the basis of the solubility analyslkfuather studies
were performed with polyphenyleb.

As shown in Figure 4, the fluorescence intensity5bfin
aqueous acetonitrile is considerably smaller th&mat tin
chloroform. In addition the fluorescence emissiand of the
aqueous acetonitrile sample is redshifted by a@@ubm. Both
the decreased fluorescence intensity and the rfeédsine
indicative of the compact folded conformationstf in aqueous
acetonitrile. After the excitation, the photons eett by the
phenylene chromophores &b in its folded state could get
efficiently absorbed by the phenylene units of islistadjacent
helical turns leading to the emission decrease.magrimum at
425 nm (the redshift compared with the chloroforrmgie) can

UV-spectroscopic measurements of polypheny®mearried  be attributed ta-stacked aromatic chromophorésyhich is also
out in different solvents (CHgJI THF, DMF, CHCN, aqueous in line with the assumption of the helically foldednformation
CH3CN) reveal that the absorption maximum of the polydees  of 5b. The fluorescence spectrum &lf in chloroform indicates
not depend much on the solvent nature; all obsealedrption  an unfolded random coiled structure in which chroh@p units
maxima lie in the range from 286 to 292 nm. Figidepicts UV interact more with the solvent rather than with eaither
spectra obb recorded in pure acetonitrile and in an acetdeitri resulting in efficient emission at a shorter wavgtén
water (80:20) solution. These absorption maximaediffy by
only 6 nm are the two “extreme” cases.

0.5
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Figure 3. UV spectra of polyphenylerb (10 mg- %) in acetonitrile (solid T T T T T T T
line, Amax = 286 nm) and in an acetonitrile-water 80:20tgm (dashed line, %0 2R0T SO0 S0 340 <680 SRR 400
Amax =292 nm).

! nm —
Figure5. CD spectra of the polyphenyleBie (10 mg-LY) in an acetonitrile-
water solution (80:20). Dashed line correspondbécsolution of the pure

polymer. Solid line is the spectrum of the polyrimethe presence of §-(-)-
508 a-pinene; dotted line is the spectrum of the polymehe presence of R-
3000 4 (+)-o-pinene. The concentration @fpinene in the solutions wagdnol- L
that corresponded to a ratio of an@inene per one full helical turn (6 repeat
2500 units).
2000 + As follows from the molecular modeling (Figure 1) the
. heIi_caIIy.foIdeq polytn,p-phenylene) shoulq possess an internal
cavity with a diameter ca. 1 nm. The cavity is hydrabic and,
T 1000 therefore, suitable for nonpolar guests of matchéme. An
e, inclusion of a chiral guest should lead to a foioratof two
. diastereoisomeric complexes wiandsS helices. Assuming that
. in the solution there is a thermodynamic equilibribetween the
7 PR S 155 555 = R anqs helices, the blndlng of the chiral guest.wogld Istht_e
A onm — equilibrium to an energetically more favored disstésomeric
Figure 4. Fluorescence spectra of polyphenylshg10 mg- LY in complex. The prevailing handedness of the helixukhmanifest
chloroform (solid line) and in an acetonitrile-wa(80:20) solution (dashed  itself in CD spectra. Indeed, the addition of opticpure o-
line). Excitation at 290 nm. pinene enantiomers to dilute solutions of polyptems 5b in

aqueous acetonitrile results in induced circulahbism. Figure

Notably, conformational transitions, such as coikidix, are 5 shows the CD spectra &b in presence of both-pinene
rarely evident from the UV spectra of amphiphiliddamers. enantiomers. The control CD measurements of the Hinréid
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not reveal any absorbance (the dashed line in €igt)r 4. Experimental section
Noteworthy, a-pinene does not absorb in this wavelength
region® Therefore, the observed bands in the CD spectr
originate from the helical conformation of the pahenylene
chain.

4

g.l.GeneraI

NMR spectra were recorded on Bruker Avance 300 and
Bruker Avance 500 spectrometers. TMS was used astemal
standard. MALDI-TOF measurements were carried outgusi
Bruker Ultraflex 1l mass spectrometer. UV/VIS measwzata

Amphiphilic poly(m,p-phenylenebb presented here is a novel were performed on a Perkin Elmer Lambda 20 UV/VIS
structural motif capable of helical folding througblvophobic  spectrometer at 20 °C in 1cm thick quartz cuvefiésorescence
interactions. Molecular modeling reveals that tebdes made up spectra were recorded on a Spex 1681 spectrometsyoat
of the poly(m,p-phenylene) are tubular structures with lipophilic temperature in 1 cm thick quartz cuvettes.Circudahroism

3. Conclusions and outlook

internal cavity. According to the molecular weighstdbution
measured by GPC the polymer can form helices withethio
seven full turns (assuming one turn consists ofrgpeat units).
The folding into helical conformation occurs inudé solutions
of the polymer in aqueous acetonitrile and marsféiself best
through induced circular dichroism spectroscopyhef inclusion
complexes of tubular helical folds with enantiomefsi-pinene.
The addition of an optically purepinene shifts the equilibrium
betweernR andS helices toward the one that forms a more stabl
diastereoisomeric inclusion complex with the givempinene
enantiomer. The increased population of helices oofe
handedness is
Fluorescence spectroscopy is also indicative ofcthieto-helix
conformational transition of the polymer in aqueauastonitrile.

Ongoing work in our laboratory is concerned with tlesign
of monomers for the synthesis of pahy-phenylene)s with
higher molecular weights and an improved hydroptiiophilic
balance. The ability to control the helix sensehigh molecular
weight tubular structures might be of importance anly on
account of their chirality-oriented applicationst talso to keep
the uniform shape of the cylindrical nanoobjectss a
schematically shown in Figure 7.

55

Figure 6. Possible mechanisms of helical folding of ampHiphi
polyphenylenes in chiral (A) and achiral (B) enwineents. The cartoon
representation of the polymer is based on a maecnbdel of polyf,p-
phenylene) consisting of 60 repeat units. In a jpolgmer chain the folding
can occur independently at several places of thasnckurthermore, in case
of folding in an achiral environment the local kalifolds of one polymer
chain may have different handedness.

One can easily imagine the transition of a randorii co
conformation of a high molecular weight helicallyldable
polymer into a helical conformation that startsdpendently at
different sites of the macromolecule. In this casauncontrolled
(with no chiral auxiliary present) folding may lead the
formation of multiple local helical folds of arkatry handedness
resulting in a distorted secondary structure, &sstilated in
Figure 7, path B. In an alternative situation in evhthe folding
is guided by an asymmetric suppa@iy, chiral guest, solvent, or
a substituent, the formation of a uniform secondarycture is
more feasible (Figure 7, path A).

e

reflected by a pronounced CD activity

(CD) spectra were recorded on a Jasco, J-715 spelripeter
at 25 °C.

Analytical GPC measurements in chloroform as eluenewe
performed at room temperature at a flow rate ofrdLOmin. The
column set consisted of SDV columns, and the deteaised
were UV and RI. Polystyrene standards were used fer th
calibration. A Viscotek GPC-System equipped with a pump
degasser (GPCmax VE2001), RI detector (302 TDA), arekth
columns (2xPLGel Mix-C and ViscoGEL GMHHRN 18055,
7.5%x300 mm each) was used. Given GPC data refecevtargle
light scattering measurement. Elemental analysis peaformed
on a Leco 900 instrument.

Note, the slightly excessive deviations between #dieutated
and measured values in elemental analyses of camqmslymers
5a and5b are associated with the polymers’ end groups. Given
the not fully clarified nature and the amount oé thatter, we
neglected them in the calculated values of elerhanglyses.

4.2.2-(2-(2-Methoxyethoxy)ethoxy)ethyl 3,5-dibromobateo
(3a)

A suspension of ethyl 3,5-dibromobenzoat€6.8 g, 21.17
mmol), 2-(2- (2-methoxyethoxy)ethoxy)etharaal (18.3 g, 111.0
mmol) and potassium carbonate (1.0 g, 7.24 mmol)heased at
85 °C in a distillation system as long as the cosdéon of
ethanol was complete. The excess of effaewas removed by
distillation under reduced pressure. The residue suégected to
flash chromatography with ethyl acetate/hexane @sl¢luent to
give upon evaporation 6.27 g (65%) of colorless [fibund: C,
39.39; H, 4.42; @H.sBr,0O5 requires C 39.66, H 4.28%];; R
(ethyl acetate/hexane 1:1) = 0.2 (liquid film) 3130-3055
(ArH), 2820 (CH), 1729 (C=0), 1120, 1127 (C-0O), 1075 (ArB
cm™; 'H NMR (CDCl, 300 MHz)§ (ppm): 3.29 (s, 3H, OCHi
3.46 (t, 2H,J 3.66 Hz, OCH), 3.58. —3.63 (m, 6H, OCH 3.76
(t, 2H,J 4.17 Hz, OCH)), 4.41 (t, 2HJ 4.28 Hz, OCH), 7.75 (t,
J 1.8 Hz, 1H, ArH), 8.01 (s, 2H, ArH)*C NMR (CDCk, 200
MHz); & (ppm): 59.00, 64.81, 68.96, 70.59, 70.61, 70.6697,
122.94, 131.38, 133.31, 138.21, 163.8%z (LC-MS, APCI):
M+, found 424. GHgBr,Os requires 423.93.

4.3.2,5,8,11-Tetraoxatridecan-13-yl 3,5-dibromobenzd¢aky

A suspension of ethyl 3,5-dibromobenzoate 1 (24.62500
mmol), 2,5,8,11-tetraoxatridecan-13-ol 2b (15.6Z'%5,0 mmol),
and potassium carbonate (0.52 g, 37.5 mmol) waetiedt85 °C
in a distillation system as long as the condensaifaethanol was
complete. The excess of eth®ly was removed by distillation
under reduced pressure. The residue was subjectethsio
chromatography with ethyl acetate/hexane (1:1) asnelto give
upon evaporation 3.1 g (44%) of colorless oil. [FduC, 40.75;
H, 4.70; GgH2Br,Os requires C 40.88, H 4.72%];; Rethyl
acetate/hexane 1:1) = 0.1 (liquid film) 3133-3057 (ArH),
2822 (CH), 1721 (C=0), 1115, 1126 (C-O), 1069 (ArBr)'chi
NMR (CDCk, 300 MHz)3 (ppm): 3.41 (s, 3H, OCH, 3.53-3.58
(m, 2 H, OCH), 3.60-3.73 (m, 10 H, OGH 3.87 (t, 2H,J 4.8



Hz, OCH), 4.51 (t, 2H,J 3.8 Hz, OCH), 7.88 (t, 1H,J 1.8Hz,
ArH), 8.15 (d, 2HJ 1.8 Hz, ArH);"*C NMR (CDCk, 75 MHz)5
(ppm): 59.00, 64.84, 68.96, 70.51, 70.62, 70.6497,1122.96,
131.39, 133.32, 138.23, 163.98/z(LC-MS, APCI): M+, found
468. GgH,,Br,Og requires 467.98.

4.4.Poly[2-(2-(2-methoxyethoxy)ethoxy)ethyl 4',5-biphey
carboxylate](5a)

Dibromide 3a (2 g, 4.5 mmol) and benzene-1,4-bis(boronic
acid)propane-1,3-diol diestdr(4.5 mmol) were dissolved in dry
THF (100 mL). A concentrated solution of NaHE® water (30
mL) was added to the reaction mixture and the systeas
degassed. Freshly prepared Pgf@(yl)s]s™ (3 mg, 0.6 mol%)
was added and the reaction mixture was allowed t@as80 °C
for 96 h under nitrogen atmosphere. Then deionizatér (200

mL) was added and the emulsion was taken up with

dichloromethane (2x150 mL). The organic layer wgsassted,
washed with water, brine, dried over )@, and evaporated to
give 0.97 g (60%) of polyphenylenBa as colorless solid.
[Found: C, 69.44; H, 6.60;,84,,05 requires C 70.15, H 6.48%)];
Vimax (KBr) 3154-3072 (br, ArH), 2800 (CH), 1690 (C=0), 1111
(C-0); '*H NMR (CDCL, 500 MHz)& (ppm): 3.37 (br. s, 3H,
OCH;), 3.52 (br. s, 2H, OC}), 3.72 (br. s, 6H, OC}), 3.94 (br.
S, 2H, OCH), 4.62 (br. s, 2H, C(O)OCH 7.89 (br. s, 4H, ArH),
8.17 (br. s, 1H, ArH), 8.40 (br. s, 2H,Arllﬁ:: NMR (CDCE,
175 MHz) §(ppm): 59.00, 64.81, 68.96, 70.59, 70.61, 70.66
71.92,128.00, 128.29, 130.87, 131.90, 140.22, #4167.03.

4.5.Poly[2,5,8,11-tetraoxatridecan-13-yl 4',5- biphe3y}
carboxylate](5b)

Dibromide 3b (1.01 g, 2.14 mmol) and benzene-1,4-
bis(boronic acid)propane-1,3-diol dieste(0.526 g, 2.14 mmol)
were dissolved in dry THF (50 mL). A concentrateduioh of
NaHCQG; in water (10 mL) was added to the reaction mixture a
the system was degassed. Freshly prepared guiR()s]s (1.5
mg, 0.6 mol%) was added and the reaction mixture allas/ed
to stir at 80 °C for 96 h under nitrogen atmosphérben
deionized water (100 mL) was added and the emulsientaken
up with dichloromethane (2x70 mL). The organic layeas
separated, washed with water, brine, dried overS@y and
evaporated to give a highly viscous residue. Theerdawas
dissolved in chloroform (10 mL) and the solution wasured
into stirred hexane (100 mL). The suspended polymes
separated by centrifugation as colorless solidufféo C, 67.86;
H, 6.93; G,H»Os requires C 68.37, H 6.78%;,ax (KBr) 3160—
3066 (br, ArH), 2807 (CH), 1695 (C=0), 1110 (C-); NMR
(CDCl;, 300 MHz)3 (ppm): 3.43 (br. s, 3H, OGH 3.52 (br. s,
2H, OCH), 3.61 (br. s, 2H, OC}), 3.64 (br. s, 2H, OC}), 3.69
(br. 2H, OCH), 3.72 (br. s, 2H, OC}), 3.76 (br. s 2H, OCH),
3.93 (br. 2H, OCH), 4.60 (br. s, 2H, C(O)OCH{ 7.87 (br. 4H,
ArH), 8.15 (br. s, 1H, ArH), 8.38 (br. s, 2H, ArH)’C NMR
(CDCls, 300 MHz)4 (ppm): 58.96, 64.43, 69.26, 70.49, 70.65,
71.89, 127.35, 127.88, 130.14, 131.51, 139.67.5841166.39.
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SUPPLEMENTARY DATA

A Helicaly folded poly(m,p-phenylene)
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GPC of polyphenylene 5a
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Peak No Mo - Mn . Mw Mz Mzt v = PD
1 3351 2782 6543 21097 78680 4309 23519
GPC of polyphenylene 5b
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