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Synthesis, Fluorescence and Two-Photon Absorptiorf a
Series of Elongated Rod-like and Banana-shaped
Quadrupolar Fluorophores: a Comprehensive Study of
Structure-Property Relationships

Olivier Mongin,* Laurent Porrés, Marina Charlot, Cl audine Katan,
Mireille Blanchard-Desce*?

Abstract: An extensive series of push-push and pull-pullvégives was prepared from the
symmetrical functionalization of an ambivalent cai¢gh conjugated rods made from arylene-
vinylene or arylene-ethynylene building blocks, ez different acceptor or donor end-
groups. Their absorption and photoluminescence el &g their two-photon absorption
(TPA) properties in the near infrared (NIR) regioave been systematically investigated in
order to derive structure-property relationshipd ky the guidelines for both spectral tuning
and amplification of molecular TPA in the targegie. Whatever the nature of the core or of
the connectors, push-push systems were found todboe efficient than pull-pull systems and
planarization of the core (fluorene vs biphenylyays leads to an increase of the TPA cross-
sections. At contrary, increasing the conjugatemgth as well as replacement of a phenylene
moiety by a thienylene moiety in the conjugatedsrddi not necessarily lead to increased
TPA responses. The present study also demonstiaethe topology of the conjugated rods
can dramatically influence the TPA properties. Thasof particular interest in terms of
molecular engineering for specific applications csin both TPA properties and
photoluminescence characteristics can be consiyesdlected. It thus becomes possible to
optimize the transparency/TPA and fluorescence/Té&fficiency trade-offs, for optical
limiting in the red-NIR region (700-900 nm) and TPPEicroscopy applications, respectively.
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Introduction

Molecular two-photon absorption (TPA) has beenaating growing interest over
recent years owing to its applications in varioieddg including spectroscopy,? three-
dimensional optical data storagé! microfabricatio®*" laser up-conversiof* ** high-
resolution 3-dimensional imaging of biological syssi***" and photodynamic therap\!
Among these, two-photon-excited fluorescence (TP&ES) gained widespread popularity in
the biology community and given rise to the techeigof two-photon laser scanning
fluorescence microscop¥*® allowing for instanceén vivo imaging of calcium dynami€g
192 or intracellular zind?* 2® Using a two-photon excitation process (i.e. a ime@ir process
involving thesimultaneousabsorption of two photons) instead of a convemii@mme-photon
excitation actually offers a number of advantagBsese include the ability for a highly
confined excitation and intrinsic three-dimensiomakolution in microscopic imaging.
Moreover, by replacing one-photon excitation in té-visible blue region by two-photon-
excitation in the visible red-near IR region (tyglg 700-1200 nm), TPEF offers the
advantage of imaging at an increased penetratipthda tissues (owing in particular to a
reduction of scattering losses) with reduced phatoae as well as improved signal to noise
ratio (owing to reduced background fluorescenchg fast development of TPEF microscopy
has triggered the search for novel fluorophorescifpally engineered for TPEF.
Fluorophores having TPA cross-sections many ordérsagnitude larger than endogenous
fluorophores (such as fluorescent amino-acidsjrfaetc...¥42® are attractive for reducing
background fluorescence lselectivetwo-photon excitation of TPEF probes. In addition
TPEF fluorophores with both broad and intense TRAds are also of interest because of the
versatility they offer in terms of excitation soasc(insofar as costly tunable short-pulses laser
can be replaced by less expensive non tunabledaseces).

Multiphoton absorption has also attracted conslalerattention for optical limiting’

%9 mainly focusing on optical limiting in the visiblegion aiming at eye-protectiéii=>*!

Whereas a number of multiphoton chromophores haen ldesigned and studied in that
context, only scarce effort has been dedicatechéoprotection of NIR detectors typically
working in the 700-900 nm region. Chromophores doamg full transparency and strong
multiphoton absorptivities (such as overlapping sbfong two-photon and excited-state

absorptions) in that spectral range are thus reduir



Within this context, we have implemented a molecelagineering approach towards
elongated rod-like or banana-shaped fluorophordis nhanced TPA cross sectiows)(in
the target spectral window (i.e. 700-1000 #f)A high fluorescence quantum vyield) is
required for TPEF applications whereas a full Im&ansparency is required for optical
limiting applications. In the present paper, weatié® and discuss their molecular design,
synthesis, photophysical and TPA properties. A veidepe of molecules has been prepared
and investigated in order to derive structure-prgpeelationships and lay the guidelines for
both spectral tuning of both absorption and fluceese and amplification of molecular TPA.

Following the route for molecular TPA optimizatioopened by Marder and
collaborator$?™ *? we focused on the optimization of quasi one-dirfmre quadrupolar
systems, i.e. symmetrical conjugated molecules itgatwo electron-releasing (D) or

30, 35, 39—79]have

electron-withdrawing (A) end-group®: ****!Indeed quadrupolar systefiis
been found to be more efficient than push-pull eyt 28 46 47. 56, 64. 68, 808 tarmg of TPA

in particular for multiphoton-based optical limigimpplicationd?” ** 3¥ISuch derivatives can
display very high TPA cross sections in connectigim a quadrupolar intramolecular charge
transfer taking place between the ends and theecaftthe molecule$? Very large o,
values have been obtained with DAAD, ADDA, DADADDBDD... systems having strong
D and A moieties but often at the cost of reduckmréscence quantum vyield and/or
pronounced red-shift of the one-photon absorptamds™ ’" In this context, our purpose has
been the design of optimized systems displayingaecdédo, values in the red-NIR region
(700-1000 nm), while maintaining high fluorescemgantum vyields. Our strategy, founded
on a three-VB state mod&{;*" was based on the push-push or pull-pull functiaatibn of a

semi-rigid conjugated systeff: *34°!
Figure 1

The structure was built from the symmetrical grafti onto a conjugated core, of two

elongated conjugated rods bearing either a D ondxgroup (Figure 1). The central building

blocks were selected as more or less rigid uniés$ thay assist quadrupolar intramolecular
charge transfer by acting either as a (weak) donacceptor core. We selected biphenyl (BP)
or fluorene (Fl) central units, which allow the g of the electronic delocalization along the
conjugated backbone in the ground state by moduladf the twist angle between the two
half of the molecule$” It should be noted that the fluorene building kldtas been



successfully used in the design of both dig8iaf® or quadrupolar systems with large
multiphoton absorptiol% ** *?owing to the planarity it provides. Conjugatedsduhilt from
arylene-ethynylene and/or arylene-vinylene oligsm&ere investigated in order to maintain
fluorescence and modulate the electronic communbnitdietween the end-groups and the core
of the molecules. The aim of these systematic ttrak variations was both to derive
comprehensive structure-TPA relationships and terégin the appropriate combination of
core, linker (double versus triple bond) and cotmrephenylene P, thienylene T, furylene F,
fluorenylene FIl) moieties for optimized TPA/lumicesce and/or TPA/transparency
properties. Long alkyl chains were grafted on tleeigheral groups and/or on the core in
order to obtain highly soluble derivatives, whiale aequired for optical limiting application.
Moreover, the central nonyl chains on the fluoresofe were meant to hinderstacking and

aggregation processes that are detrimental td"¥Rahd photoluminescence properties.

Results and discussion

Synthesis

The assembly of cores, linkers and end-groups wa®nmed by means of Sonogashira or
Heck couplings and Wittig or Horner-Wadsworth-Emmaondensations. Amind.&) and
dialkylamino (Lb)’®* moieties bearing an iodo group were used as electleasing building
blocks, andlb was also converted to the extended rigid moi2@sand 2b in three-step
sequences: (i) palladium(ll)-catalyzed reaction hwi2-methyl-3-butyn-2-ol, (ii) base-
promoted deprotection, and (iii) cross-coupling hwitl,4-diiodobenzene and 4-
bromobenzaldehyde, respectively (Scheme 1). Otfketren-donating dialkylamino building
blocks were prepared, bearing either a formyd{® or a phosphonium3a-9®* group.
Phosphonium salt3b and3c were also converted to the semi-rigid stilbenesiial and4a,
respectively, through their Wittig condensationhatiérephthalaldehyde mono-(diethylacetal)
and 4-iodobenzaldehyde, respectively. The furylendene- and thienylenevinylene-
containing building blocks$a-c were obtained by reaction of 2,5-furanedicarbosiajdie
monoacetal 2)!° or 2,5-thiophenedicarboxaldehyde monoaceig)'{® with phosphonium
salts3b or 3¢, followed by acidic hydrolysis of the intermediateetals (Scheme 1).

[97]

The electron-withdrawing alkylsulfor@a was prepared by oxidation of thioethex™ " while

the trifluoromethylsulfone8d was obtained fronvb in a three-step sequence, involving



oxidation, palladium(ll)-catalyzed reaction withhghyltrimethylsilane and cleavage of the
trimethylsilyl group. Phosphonate3d®® and 9b, as well as phenylenevinylene-extended
phosphonatel 1,°¥ were also used as electron-withdrawing moietide Talogen-bearing
sulfonel0 was obtained from a Horner-Wadsworth-Emmons cosateon betweefb and 4-
iodobenzaldehyde (Scheme 2).

The synthesis of the biphenyl-cored fluorophdt8g 13b and14 was achieved by means of
a double Sonogashira coupling d#*°” with 1b, 2a and 4a, respectively (Scheme 3).
Bisphosphonaté&5b (prepared by Michaelis-Arbusov reaction of 4,4{bromomethyl)-1,1'-
biphenyl (53" with triethylphosphite) was used to prepare thkeotbiphenyl-cored
fluorophoresl6a 16b, 17a and 17b, by condensation with aldehydés 2b, 6a and 6c,
respectively (Scheme 3).

The fluorene cord8d was obtained from 9,9-dinonylfluorent8g) in a three-step sequence:
(i) diiodination, (ii) cross-coupling with 2-meth@tbutyn-2-ol, and (iii) base-promoted
deprotection (Scheme 4). Double Sonogashira coyfri8d with 1b, 2a, and4a afforded
push-push moleculek9a 19b and 20, respectively, whereas reaction wBh and 10 gave
pull-pull molecules2la and 21c¢ respectively. The bis-trifluoromethylsulforiglb was
obtained by reacting the diiodo fluorene cb8d and the alkyn&d (Scheme 4).

From 9,9-dinonylfluorenel8a) was also obtained the bisaldehyde c22é, by successive
dibromination, double bromine-lithium exchange aflodmylation reactions (Scheme 5).
Wittig condensation of  bisaldehyde 22b  with two  equivalents  of
4-(methoxybenzyl)triphenylphosphonium bromide géafter isomerization with a catalytic
amount of iodine under illumination) fluorophoB8, whereas the same reaction with one
single equivalent of phosphonium sait leaded to the formation of fluoropho2d together
with the new extended building blo@6. Vinylic bis-sulfone26a and26b were synthesized
by a double Horner-Wadsworth-Emmons condensatiothefsame bisaldehyd22b with
phosphonate8a and11, respectively (Scheme 5).

The bisvinyl fluorene core 27, obtained by condensation of22b with
methyltriphenylphosphonium iodide, was reacted Wiiodoanilinela to afford fluorophore
28, by means of a double Heck-type coupling undeedgs**® conditions (Scheme 6).
Conversion o22b to the fluorenebisphosphon&6c was achieved in a three-step sequence
(reduction, bromination and Michaelis-Arbusov react At last, this new fluorene core was
reacted with aldehydedglb, 6b and 25 in the presence of sodium hydride to give
phenylenevinylene-linked fluoropho8®, its thienylenevinylene analog3& and the trimeric

fluorenylene-vinylen@2, respectively (Scheme 7).
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Finally, the bisaldehyde co2b and its thienylenevinylene-extended analo88eobtained
by reaction of bisphosphona28c with 5b, afforded fluorophore84a and34b, respectively,
from double Wittig condensations with [[5-(1-pipgiriyl)-2-thienyllmethyl]triphenyl-
phosphonium iodide (Scheme 8).

All new fluorophores have been fully characterizegl NMR, HRMS and/or elemental
analysis. ThéH and**C NMR spectra confirm their high symmetry. In adit theirall-E
stereochemistry was derived from the values of’theoupling constants between vinylic
protons § ~ 16 Hz). All the dinonylfluorene derivatives agtremely soluble in chlorinated
solvents (typically higher than 500 g'Las well as in THF and toluene, whereas the exignd
biphenyl fluorophoresi@b, 14, 16b) exhibit much lower solubilities (1-5 g1). Long alkyl
chains located on the central cores are more efffidn increasing the solubility than those
located on the peripheral groups. Moreover, thedare unnecessary when nonyl chains are
present on the core, as exemplified with methytswlf derivatives26ab, the solubility of
which is quite similar to that of the other dindihybrene derivatives.

Absorption and photoluminescence properties

The photophysical properties (absorption and #soence) of the new series of
fluorophores are collected in Table 1, includingofiescence quantum yields and lifetimes.
We observe that all fluorophores display an intesisgorption in the near UV-visible blue
region with typical molar extinction coefficientsanging from 60,000 to 180,000
mol™.L.cm™. Their absorption and emission range can be tinyedlaying on the nature of
the end-groups, of the core moiety and on the saand length of the conjugated rods. In
addition, all molecules exhibit good fluorescencermfum yields, ranging between 0.45 and
0.98 (Table 1).

Core effect

Substitution of the biphenyl core by a fluoreneecproduces a systematic red shift of the
absorption band while maintaining quasi identit@bfescence properties (Table 1, Figure 2).
Thus, the resulting Stokes shift is consistentjued. Moreover, except for compourids
and20, the halfbandwidth of fluorenyl derivatives is ssatically smaller than the one of its
biphenyl analogue. In fact, these distinctive feaduare directly related to geometrical
properties: while the fluorene core is already pfan the ground state, the biphenyl unit has

some torsional flexibility, the lowest energy comi@tion corresponding to a twist angle of
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about 354" This leads to both blue shift and broadening efahsorption band of biphenyl
derivatives when compared to fluorene analogues.Ssiimilarities of the emission properties
clearly demonstrate that the biphenyl core becopiasar in the relaxed emitting excited
state.

Figure 2

Connector effect: phenylene-vinylene versus pheayt¢hynylene

Changing the nature of the conjugated linker allepesctral tuning of both the absorption and
emission characteristics (Table 1). Replacing pleérbond by a double bond induces a
bathochromic shift and hyperchromic effect of bttle absorption and emission bands, in
agreement with an extended electronic conjugatiothé ground and excited-states (Figure
3). Interestingly, the fluorescence lifetime alwagesreases, most likely in relation with the
higher stretching frequency of a=C bond with respect to that of a C=C bond, that is
responsible for more efficient non-radiative decay.

On the other hand, replacement of a triple bond louble bond in elongated derivatives
(PEy) produces very different effects on the fluoreseegquantum yield depending on its
location in the conjugated rods (Table 1). Foranst the shorter derivatives (i.e. connectors
= PE and PV) show similar fluorescence quantumdgidFor the longer derivatives, the
replacement of a triple bond by a double bond awdssignificantly affect the fluorescence
guantum yield when the substituted triple bond asifioned next to the central block (i.e.
connector = PE-PV instead of PBbut a decrease of 25-40% in the fluorescence tqoan
yield is obtained when the double bond is locatedecto the end-groups (i.e. linker PV-PE
instead of PE.'*® This demonstrates that subtle change in the tggotd the conjugated
rods may strongly influence the photoluminescentieiency of the series of quadrupolar
fluorophores investigated in the present work. regéngly, further replacement of a triple
bond by a double bond (i.e. connector =Pstores high fluorescence quantum yields.

Figure 3

Connector effect: influence of arylene moieties

Replacing a phenyl unit by a thienyl unit in thengmated connectors always induces a
significant bathochromic shift of the emission bdmd leads either to a blue shift (PV versus
TV and PV-TV versus TV2) or a red shift (PV2 vergig-TV or TV2) of the absorption
band (Figure 4), indicating that the reduction ledé aromaticity in the connectors does not
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necessarily lead to a reduction of the electroaje lgetween the ground and excited-states. On
the other hand, the introduction of the low-arowigti thiophene heterocycle in the
conjugated systems always results in lower flua@ese quantum yields. In most cases, larger
Stokes shifts are observed but no major nor regeffaicts are visible on the fluorescence
lifetime. This can be related to the combinatiorslofver radiative decays, related to the red-
shifted emission, and greater non-radiative deceytd enlarged intersystem crossitfg.

Figure 4

Length effect

Increasing the connector length induces a systerbati more or less pronounced red shift
and hyperchromic effect of the absorption bandsbl@al). On the other hand, other
photoluminescence characteristics are differentfgcted depending on the nature of the
connector. When increasing the length by doublireggame connector (Figure 5, Table 1),
absorption bands undergo a broadening and emidsamls are red shifted. Since the
hyperchromic effect tends to increase the radialeeay whereas the emission red-shift has
an opposite effect, the fluorescence quantum yigldease (compoun80 versus24) when

the former effect dominates whereas the oppositebserved when the latter dominates
(compound26b versus264d). In the case of thienylene-vinylene oligomergréasing the
number of thienylene-vinylene units results in ldrgest red-shifts of both the absorption and
emission bands, as well as to a hyperchromic etiethhe absorption band (Figure 5b). The
fluorescence quantum yield is maintained but fetithe decreases by about 30%, in relation
with the combination of faster radiative (in retetiwith the hyperchromic effect) and non-
radiative constants (Table 1). In comparison, émgthening of the conjugated rods based on
phenylene-ethynylene oligomers leads to a defihigperchromic effect but only slight
bathochromic shift of the absorption bands (FigGoy. Similarly to phenylene-vinylene
oligomers a red shift of the emission bands is oleskwhereas the fluorescence quantum

yields are maintained or decrease only slightly.
Figure 5

Insertion of thienylene-vinylene, furylene-vinylen®r fluorene-vinylene leads to
bathochromic shift of both the absorption and emis®ands (Figure 6). We note that the

fluorene-vinylene leads to the smallest red-shiftd dighest fluorescence quantum yield

8



whereas the thienylene-vinylene unit leads to #ngdst red-shift and lowest quantum yield,
most probably in relation with increased non-radetdecay due to enlarged intersystem
crossing. Interestingly, the furylene-vinylene ue#ds to a significantly longer fluorescence
lifetime, most probably in relation with a reductiof the radiative decay due to the marked
red-shift of the absorption band which is not congaged by hyperchromic effect of the
absorption band, as well as to higher Stokes shgtg€ompared to other conjugating units
(Table 1).
Figure 6

End-groups’ effect
Finally, we note that increasing either the elatinothdrawing (Figure 7a) or electron-
releasing (Figure 7b) character of the peripheraligs leads to a bathochromic shift of both
the absorption and emission bands indicative ofoaenpronounced either core-to-periphery
or periphery-to-core intramolecular charge transiéris indicates that the core can act as
either an acceptd?® or a donor moieti’® depending on the peripheral counterparts. This
has been confirmed by molecular orbital calculation
We observe that pull-pull compounds appear blueteshias compared to push-push
derivatives (Table 1). Interestingly increasing tfmor strength leads to a slight decrease of
the fluorescence quantum yield whereas increasiagtceptor strength leads to an increase
(Table 1).

Figure 7

Two-photon absorption

The TPA spectra of the fluorophores were determinetthe NIR range (700-1000 nm) by
investigating their two-photon excited fluoresce€PEF) in 10' M toluene solutions. The
measurements were performed under excitation vwathf& pulses from a Ti:sapphire laser,
using the experimental protocol of Xu and Wé&H.The quadratic dependence of the TPEF
signal on the excitation intensity was checked éach data point, indicating that no
photodegradation or saturation occurs. TPEF alldinect measurement of the TPEF action
cross-sectioro,®, the relevant figure of merit for imaging applioats. From these values,
the corresponding TPA cross-sectianscan be derived. This method has been recognized as
more reliable than nonlinear transmission measunesH&® We emphasize that experiments

were conducted in the femtosecond regime, thusepteng contribution from linear non-
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resonant absorption or from excited-state absarpti@mt is known to lead to artificially
enhanced “effective” TPA cross-sections when measants are conducted in the
nanosecond regime. We also stress that the repodiegs arenon one-photon resonant
values, meaning that these chromophores could Ipctlbbw for the 3D resolution offered
by selective two-photon excitation in the NIR regidhis is not the case when even slight
one-photon absorption is present (such as is the icaa number of chromophores with giant
resonant TPA reported recentf{f}>

The TPA cross-sections were determined by compdheng TPEF to that of fluorescein in

water (pH = 11" according to the following equation (1),

_ %G M
Os=——— ¢
S 175 ®s C
where the subscriptsandr refer to the sample and reference molecules, raspic The
intensity of signal collected by a photomultiplieas denoted aS The n and ® are the
overall fluorescence collection efficiency and theorescence quantum yield, respectively.
The number density of the molecules in solutionlesoted a<. Theo; is the TPA cross-
section value of the reference (i.e. fluorescelime experimental data are collected in Table
2.
From Table 2, we observe that in most cases thedbenergy TPA band is observed at lower
wavelength than twice that of the lowest energydbarthe one-photon absorption spectrum.
In fact, as these quadrupoles are nearly centroggrmonthe one-photon excited state has
only little TPA activity*! & *and the two-photon allowed excited-state liesigtér energy.
After two-photon excitation, relaxation to the I®tenergy excited-state leads to the lowest
energy one-photon allowed excited state thus atigor radiative deactivation to take place.
Note that given the spectral window investigatecehthe TPA maxima corresponding to this
higher-lying state is not systematically reachedalbchromophores (Table 2).

Figure 8

End groups’ effect

As noted from Table 2 and illustrated in Figurgp8sh-push chromophores show larger TPA
cross-sections in the NIR region than correspongiol-pull derivatives, following the
definite red shift of both the one-photon and twm{on absorption spectra and the reduction

of the electronic gap between ground and excitatkst Increasing the strength of electron-
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donating end-groups results in a pronounced enhateof the TPA cross-sections in the
NIR region, again following the red-shift of botimeand two-photon absorption spectra of
push-push derivatives, as illustrated in Figure® abserved from Table 2. A similar effect is

observed with electron-withdrawing groups (Figugg. 1

Figure 9
Figure 10

Core effect

Comparison of push-push derivatives built from thiferent core moieties and bearing
similar end-groups demonstrates that the naturethef conjugated core significantly
influences the TPA spectra and governs the TPAsesestion magnitude. Independently of
the connector nature, rigidification of the biphkenpit, as obtained with fluorene, always
leads to a significant increase of the TPA crossise (Table 2). For instance, as observed
from Figure 11, the push-push fluorene-cored déxige24 shows higher TPA cross-sections

than its biphenyl analogubain the whole red-NIR region.

Figure 11

Connector effect: phenylene-vinylene versus pheay¢hynylene

We observe from Table 2 that replacement of aetiggind by a double bond always leads to a
significant increase of the TPA cross-sectionshiem WIR region whatever the nature of the
end-groups (D or A), of the core moiety and of ldgregth of the conjugated rods. In addition,
the replacement of triple bonds by double bonds &lduces a significant broadening and
red-shift of the TPA spectra as illustrated frorgufe 12. This effect parallels the red-shift of
both absorption and emission bands, i.e. correlatts the reduction of the electronic gap
between ground and excited states. As a resuftuaitophores built from vinylene linkers
instead of ethynylene linkers show much higher Té&éss-sections in the whole red-NIR
region, the effect being more pronounced for highavelengths as clearly seen from Figure
12. This is of particular importance when imagingplecations are concerned because (i)
improved penetration depth is achieved when skgiftimhigher wavelength (due to reduction
of scattering losses) and (ii) spectral broadewiffigrs much more flexibility in terms of two-

photon excitation (allowing for a wider choice agér sources).
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Figure 12

Connector effect: influence of arylene moieties

The nature of the arylene unit in the conjugatetsralso plays an important role in tuning the
TPA spectra and influencing the TPA cross-sectiagmitude. For derivatives of comparable
length and bearing similar peripheral groups, weeole that replacement of the phenyl unit
by a thienyl unit in the conjugated backbone hasagedly different impact depending on its
position in the conjugated backbone. In particudren aterminal phenyl ring is substituted
by a thienyl ring, a majodecreaseof the TPA efficiency is obtained (Table 2). Fostance
compound 34a displays TPA cross-sections about one order of niagde lower than
compound24 (Figure 13a) all over the red-NIR range. A simitdfect is observed when
compounds34b and 31 are compared (Figure 13b). In contrast when thenphring is
replaced by a thienyl ring close to the core, éirisincrease of the TPA magnitude as well
as a red-shift andefinite broadening of the TPA spectrum in the Keggion is observed
(Table 2). For instance compouBd displays a TPA cross-section more than twice large
than that of compoun80 at 705 nm and more than three times larger atn®0As a result
fluorophore31 maintains largeTPEF action cross-sectio(@,®) at 1 um (i.e. 265 GM), a
region of particular interest for imaging applicais due to the increased penetration depth in
tissues and availability of lower cost lasers. Téifect parallels the bathochromic shift of
both the absorption and emission bands, i.e. tref&iant reduction of the electronic gap.

We emphasize that the present study demonstraethéhtopology of the conjugated

connectors dramatically influences the TPA progartindeed replacing the phenyl ring by
the less aromatic thienyl ring may have either sitp@ or negative effect on TPA properties
depending on its location in the conjugated systaimthermoralecreasing the aromaticity of
the connector does not necessarily lead to enhamé& propertieseven when the aromatic
connector is located close to the core. This iarbtfeshown from comparison of compounds
17aand17b: replacing the thienyl ring by a furyl ring — wheoaromaticity is much lowgt!
— in the conjugated system results in a mdpureaseof the TPA cross-sections in the whole
red-NIR spectral range (Figure 13c). This cleadyndnstrates the limitations of the strategy
consisting in reducing the aromaticity of conjugasystems for improvement of nonlinear,
and particularly TPA, properties. A more subtle rapgh is clearly needed for molecular
optimization of TPA properties.

12



Figure 13

Topology effect

The importance of the topology of the conjugatestey is also clearly seen from the
comparison of compounds4 and 16b that have the same end-groups, core and analogous
connectors except for the location of the tripledbdinker either close to the core (molecule
14) or close to the end-groups (molecligh). Although compound&4 and16b have similar
one-photon characteristics (Table 1), they cleahgw different TPA spectra in the NIR
range (Figure 14). Indeed when the triple bonddinis located closer to the core, the low
energy TPA band is red-shifted, its maximum beitgfted by 75 nm. Consequently
compound14 show higher TPA efficiency at wavelength longearth770 nm. As an
illustration the TPA cross-section of moleculé is more than twice larger than that of its
analoguel6b at 850 nm. Hence compoudd while showingsimilar linear transparency than
compoundl6b has broader TPA in the NIR. Such effect is of ipalar interest for optical
limiting applications for which improved nonlinewtransparency trade-off is an important
issue. In that respect it is also interesting tterntbat chromophor&4 has lower fluorescence
quantum vyield while maintaining similar excitedtstalifetime, thus offering better
characteristics for broadband optical limiting Ire tvisible-NIR region based on multiphoton
absorption (including two-photon induced exciteatst absorption in the nanosecond
regime)®® This shows that subtle changes in the structufréiseoconjugated arms may have

important implications in terms of molecular enginag for specific applications.
Figure 14

Length effect

The lengthening of the conjugated rods based drerepphenylene-vinylene (Figure
15a) and thienylene-vinylene (Figure 15b) oligomleads to a major increase of the TPA
magnitude in the whole red-NIR range which paralligle lowering of the electronic gap
between the ground and the first excited statebl€T2). It should be stressed that the TPA
magnitude increases faster than the size of theculd in the case of oligomeric phenylene-
vinylene or thienylene-vinylene connectors as iatid byo,/Ne, the peak TPA cross-section
normalized by the effective number of electftifs (Table 2). In addition, we observe a
marked red-shift of the TPA bands which resultsaisignificant improvement of the TPA

properties at higher wavelength. As a result eltaayluorophores show not only higher TPA
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peak but also much broader TPA activity in theeagpectral range. This superlinear increase
indicates that the lengthening approach is a \&lidtegy for TPA enhancement in the red-
NIR range.

However, it should be stressed that the amplitudihe increase is markedly depending on
the nature of the extensor. For instance, the lemyhg of the conjugated rods based on
phenylene-ethynylene oligomers does not necesdeaityto anincrease of the TPA response
(Table 2 and Figure 15c): a marked red shift amédbening of the TPA response is obtained
in the red-NIR range (Figure 15c) whereas the drmagm absorption band is only slightly
red-shifted (Figure 5c). Consequently, a majoraase of the TPA efficiency in the NIR
region is observed (by a factor of 3 to more th@nnlthe 750-850 nm region) with nearly no
loss of linear transparency. Hence phenylene-etkyey oligomers appear as suitable

connectors for broadband optical limiting in theibie-NIR region.
Figure 15

Finally, incorporation of a fluorenylene-vinylene a thienylene-vinylene extensor in the
conjugated arms also leads to major increase offfh efficiency in the whole red-NIR
range, i.e. the spectral range of interest (Fig@e Interestingly the strongest effect (both net
increase and spectral broadening further to the iélRon) is obtained for the thienylene-
vinylene connector, in correlation with the smallesergy gap between relaxed ground and
excited states. As compared to insertion of a pleseyvinylene, the insertion of a
fluorenylene-vinylene allows major TPA increase mhaito the blue of the lowest-energy
TPA peak. In contrast insertion of a thienyleneylene unit allows larger TPA increase in
the whole red-NIR range than insertion of a phemgdeinylene unit (Figure 16). In
comparison to both thienylene-vinylene oligomersd gohenylene-vinylene oligomers,
extended arms based upon thérnation of thienylene-vinylene and phenylene-vinylene
moieties lead to major TPA enhancement and broadem the red-NIR range. Indeed
chromophore31 shows a normalized TPA cross-sectiog/lle) measured in the femtosecond
regime similar to that of the best (in termsnain one-photon resonatPA) chromophore
reported up to noW*® while being blue-shifted by nearly 40 nm. This ewlle is thus
particularly promising for optical limiting in th&00-900 nm region in the nanosecond
regime. The present study thus provides evideratebthplaying not only on the length of the
conjugated arms but even more importantly on iteuneaand its topology, major (and

nonlinear) increase in the TPA efficiency in theolehNIR range can be achieved.
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Figure 16

Conclusion

This systematic study on the absorption, photolestence and two-photon absorption
properties on such a broad series of quadrupalardphores allowed us to derive structure-
property relationships of great significance fothoepectral tuning and amplification of the
molecular TPA in the NIR spectral range. The infice of each moiety constituting these
quadrupolar structures (cores, linkers, conneaatsend-groups) has been studied in detail.
Push-push systems were found to be more effickaart pull-pull systems and planarization
of the core (fluorene vs biphenyl) always leadariancrease of the TPA cross-sections. The
role of the conjugated rods should also be empedsiheir length is of course an important
parameter, but the nature of the linkers (doubldripie bonds) and of the arylene units
(phenylene, thienylene, furylene, fluorenylene) a$ particular importance as well.
Concerning this last point, we have shown thatdlassical strategy consisting in reducing
the aromaticity of the connectors does not necigsggve rise to an enhancement of the TPA
response in the spectral region of interest. Moeeowe have demonstrated that the topology
of the conjugated system, i.e. the location ofénskand connectors in the conjugated rods,
can dramatically influence the TPA properties. Snghanges in the structures may have
important implications in terms of molecular engineg for specific applications, since the
TPA properties (in terms of cross-sections, pasibbthe maximum and bandwidth), as well
as the one-photon and the photoluminescence ckastitts can be considerably affected. It
becomes thus possible to optimize the transparéReykfficiency and the fluorescence/TPA
efficiency trade-offs. With these findings in handsadrupolar fluorophores combining very
large peak TPA cross-sections (up to 5480 GM), dMRA bands in the whole 700-1000 nm
range, and high fluorescence quantum yields (rgn@iom 0.45 to 0.98) could thus be
obtained. Such compounds are of particular intdoeSEPEF microscop$” as well as optical
limiting in the visiblé®*? and NIR*® regions.
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Experimental Section

Photophysical methods.

UV/VISspectra were recorded on a Jasco V-570 spectiapleter.

Steady-state fluorescenogeasurements were performed at rt on dilute swlst(ca.
10°® M) using an Edinburgh Instruments (FLS 920) smeugter working in photon-counting
mode, equipped with a calibrated quantum counteekaitation correction. Fully corrected

emission spectra were obtained, for each compatoid, = A2 with Ajex< 0.1 to minimize

internal absorption. Fluorescence quantum vyieldeweeasured using standard metfdtls
on air-equilibrated samples at rt. Fluorescein.ihM NaOH @ = 0.90 atdex = 470 nm) was
used as a referenté’ The reported fluorescence quantum yields are withi0%.

Fluorescence lifetimesvere measured by time-correlated single photonmtioy
(TCSPC) using the same FLS 920 fluorimeter. Exoitatvas achieved by a hydrogen-filled
nanosecond flashlamp (repetition rate 40 kHz). iAse&rument response (FWHM ca. 1 ns)
was determined by measuring the light scattered hydox suspension. The TCSPC traces
were analyzed by standard iterative reconvolutiethmds implemented in the software of
the fluorimeter. All compounds displayed strictlpnoexponential fluorescence decay’s<
1.1).

TPA (two-photon absorption) measurements were condubge investigating the
TPEF (two-photon excited fluorescence) of the ftydrores in toluene at rt on air-
equilibrated solutions (1DM), using a Ti-sapphire laser delivering 150 fsigation pulses,
according to the experimental protocol establishgdku and Webl°” This experimental
protocol allows avoiding contributions from excisthte absorption that are known to result
in largely overestimated TPA cross-sections. Thadeatic dependence of the fluorescence
intensity on the excitation intensity was verifiéat each data point, indicating that the
measurements were carried out in intensity regimesghich saturation or photodegradation
do not occur. TPEF measurements were calibratatiwvelto the absolute TPEF action cross-
sections determined by Xu and Webb for fluores¢&di* M in 0.01 M aqueous NaOH) in
the 690-1000 nm randg¥®’" 8 This procedure provides the TPEF action crossesec,®
from which the corresponding, value is derived. The experimental uncertainty tbe

absolute action cross-sections determined by teihod has been estimated to be + 285.
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Synthetic Procedures.

General MethodsAll air- or water-sensitive reactions were carraed under argon. Solvents
were generally dried and distilled prior to use.a&®ns were monitored by thin-layer
chromatography on Merck silica gel or neutral alomm oxide 60 fs4 precoated aluminum
sheets. Column chromatography: Merck silica geb®i(40-63um, 230-400 mesh), except
otherwise noted. Melting points were determineanrilectrothermal IA9300 digital melting
point instrument. NMR: Bruker AM 200H: 200.13 MHz), AM250 'H: 250.13 MHz,**C:
62.90 MHz,*'P: 101.25 MHz), ARX 200%H: 200.13 MHz,=C: 50.32 MHz) or Avance AV
300 ¢H: 300.13 MHz,**C: 75.48 MHz,'°F: 282.38 MHz,*'P: 121.50 MHz), in CDGI
solutions;*H chemical shifts d) are given in ppm relative to TMS as internal d&nd, J
values in Hz,*C chemical shifts relative to the central peak &Gl at 77.0 ppm>'P
relative to HPO, as external standard aftF relative to CFGlas internal standard. High and
low resolution mass spectra measurements wererp@tbat the Centre Régional de Mesures
Physiques de I'Ouest (C.R.M.P.O., Rennes), usingi@aomass MS/MS ZABSpec TOF
instrument with EBE TOF geometry; LSIMS (Liquid $edary lon Mass Spectrometry) at 8
kV with Cs" in m-nitrobenzyl alcohol (mNBA) oo-nitrophenyloctyl ether (o0NPOE); ES
(electrospray ionization, positive mode) at 4 kM; (Electron lonization) at 70 eV; CI
(Chemical lonization) with Nklor CH, as ionization gas. Elemental analyses were peddrm
at I.C.S.N. — C.N.R.S. (Gif-sur-Yvette, Francejpbthe C.R.M.P.O. Compoundb,®? 1e/°*!
3a-c,®Y 53[%% 5p %] 7597 9g %8 121001 5nq 154°Y were synthesized according to the
respective literature procedures. [(4-Methoxyphpngthyl]triphenylphosphonium bromide
was prepared according tofit” [[5-(1-Piperidinyl)-2-thienyl]methyl]triphenylphgonium
iodide was prepared analogously td*fit Phosphonate3b and11 were prepared analogously
to it.°® and lit.!**” respectively. 9,9-Dinonyl49-fluorene (8a) was prepared by reaction of

fluorene with 1-bromononane usingoutyllithium in THF, analogously to {2

4-[4-(Dihexylamino)phenyl]-2-methyl-3-butyn-2-ol (X): Air was removed from a solution
of N,N-dihexyl-4-iodobenzenamindllf)®®? (0.775 g, 2 mmol) in BN (10 mL) by blowing
argon for 20 min. Then Cul (15 mg, 0.08 mmol), FRItY.Cl, (28 mg, 0.04 mmol) and 2-
methyl-3-butyn-2-ol (0.254 mL, 2.6 mmol) were addeadd the mixture was stirred at 40 °C
for 12 h. After evaporation of the solvent, the ides was purified by column
chromatography (CCl,) to yield 0.566 g (82%) otc, 'H NMR (200.13 MHz, CDG) &
7.24 and 6.52 (AA'’XX",Jax = 9.0, 4H), 3.25 (m, 4H), 2.12 (s, 1H), 1.60 (8),61.75-1.49
(m, 4H), 1.32 (m, 12H), 0.90 {,= 6.5, 6H);**C NMR (50.32 MHz, CDG)) §147.9, 132.8,
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111.1, 108.1, 91.2, 83.1, 65.7, 50.9, 31.7, 31761,26.7, 22.6, 14.0; HRMS (EI) calcd for
Cu3H3/NO (M™) m/z343.2875, found 343.2879; elemental analysis c@epfor GaHs/NO
(343.55): C 80.41, H 10.85, N 4.08; found: C 80H4,0.61, N 3.95.

4-Ethynyl-N,N-dihexylbenzenamine (1d):To a solution oflc (0.457g, 1.387 mmol) in 25
mL of toluenel-PrOH (4/1), was added solid NaOH (0.14 g). Thetamx was heated under
reflux for 1 h. After cooling, the remaining NaOHasv filtered off and the solvents were
evaporated. The crude product was filtered thrauglad of silica gel (C¥Cl,) to yield 0.330

g (87%) ofld; *H NMR (200.13 MHz, CDG) J7.32 and 6.52 (AA'XX',Jax = 9.0, 4H),
3.25 (m, 4H), 2.95 (s, 1H), 1.65-1.47 (m, 4H), 1(B2 12H), 0.89 (tJ = 6.5, 6H);**C NMR
(50.32 MHz, CDCJ) 0 148.2, 133.3, 111.0, 107.3, 85.1, 74.4, 50.9,,34771, 26.8, 22.7,
14.0; HRMS (EI) calcd for gHziN (M™) m/z285.2457, found 285.2465; elemental analysis
calcd (%) for GoHa:N (285.47): C 84.15, H 10.94, N 4.91; found: C 8418 10.77, N 4.71.

N,N-Dihexyl-4-[(4-iodophenyl)ethynyl]benzenamine (2a): Air was removed from a
solution ofld (0.162 g, 0.568 mmol) and 1,4-diiodobenzene (0462.702 mmol) in 6 mL
of toluene/E{N (5/1) by blowing argon for 20 min. Then Cul (2rg, 0.012 mmol) and
Pd(PPB).Cl, (8.1 mg, 0.012 mmol) were added, and the mixtuas stirred at 30 °C for 6 h.
After evaporation of the solvent, the crude produat purified by column chromatography
(heptane/ChCl,, gradient from 100:0 to 90:10) to vyield 0.197 d¥@) of 2a; 'H NMR
(200.13 MHz, CDG)) 07.64 and 7.21 (AA’XX',Jax = 8.5, 4H), 7.34 and 6.56 (AA’ XX Jax

= 9.0, 4H), 3.27 (m, 4H), 1.67-1.46 (m, 4H), 1.84, (L2H), 0.90 (tJ = 6.5, 6H);**C NMR
(50.32 MHz, CDGJ) 6148.0, 137.3, 132.9, 132.7, 123.9, 111.1, 10817,92.5, 86.2, 50.9,
31.7, 27.1, 26.8, 22.7, 14.0; HRMS (LSIMSMNBA) calcd for GgHszIN (M™) mi/z
487.1736, found 487.1738.

4-[[4-(Dihexylamino)phenyl]lethynyl]lbenzaldehyde (2B Air was removed from a solution
of 1d (0.158 g, 0.553 mmol) and 4-bromobenzaldehyde2@®d, 0.664 mmol) in 6 mL of
toluene/E4N (5/1) by blowing argon for 20 min. Then Cul (2Mg, 0.011 mmol) and
Pd(PPB).Cl, (7.8 mg, 0.011 mmol) were added, and the mixtuas stirred at 40 °C for 15 h.
After evaporation of the solvent, the crude produat purified by column chromatography
(basic alumina, heptane/GEl,, gradient from 100:0 to 60:40) to yield 0.160 ¢%) of 2b;

'H NMR (200.13 MHz, CDGJ)) 49.98 (s, 1H), 7.82 and 7.60 (AA’XXIJax = 8.4, 4H), 7.38
and 6.57 (AA’XX’, Jax = 9.0, 4H), 3.28 (m, 4H), 1.71-1.48 (m, 4H), 1(82 12H), 0.90 (t,

= 6.5, 6H);**C NMR (50.32 MHz, CDG)) §191.4, 148.4, 134.5, 133.2, 131.4, 130.9, 129.5,
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111.1, 107.6, 95.9, 86.9, 50.9, 31.7, 27.1, 2@27%,214.0; HRMS (LSIMS mNBA) calcd for
C,7H3sNO (M™) m/z389.2719, found 389.2722; elemental analysis céeyfor G7HzsNO
(389.58): C 83.24, H 9.06, N 3.60; found: C 83/8®.17, N 3.34.

4-[(1E)-2-(4-lodophenyl)ethenyl]N,N-dioctylbenzenamine (4a): To a solution of3c®¥
(8.826 g, 12.3 mmol) and 4-iodobenzaldef{fde(2.85 g, 12.3 mmol) in anhyd GEI, (45
mL), was added-BuOK (2.07 g, 18.4 mmol). The mixture was stiregd20 °C for 5 h. After
addition of water (60 mL), extraction with GEl,, and drying (Ng&50Oy), the solvent was
evaporated. The residue was purified by filtratibmough a short pad of silica gel
(heptane/CHLCI, 50:50), to afford a mixture of isomers, which wdissolved in BEO (80
mL). A catalytic amount of,lwas then added and the solution was stirred &C2fbr 2 h
under light exposure (75 W lamp). The organic layas washed with aq N&0O3; and dried
(N&SOy). After evaporation of the solvent, the crude prdwas purified by filtration
through a pad of silica gel (GBl,/heptane 90:10) to yield 5.696 g (85%)4a mp 50-51
°C;'H NMR (200.13 MHz, CDG)) 07.61 and 7.19 (AA’XX',Jax = 8.4, 4H), 7.35 and 6.60
(AA'XX’, Jax = 8.9, 4H), 7.02 (dJ = 16.3, 1H), 6.76 (d) = 16.3, 1H), 3.27 (m, 4H), 1.67-
1.48 (m, 4H), 1.42-1.22 (m, 20H), 0.89 Jt= 6.5, 6H);**C NMR (50.32 MHz, CDG) J
147.9, 137.9, 137.5, 129.7, 127.9, 127.6, 123.2,22111.5, 91.0, 51.0, 31.8, 29.5, 29.3,
27.3, 27.1, 22.6, 14.1; HRMS (LSIMSMNBA) calcd for GoHaIN (M*) m/z 545.25109,
found 545.2518; elemental analysis calcd (%) fegHeuIN (545.59): C 66.04, H 8.13, N
2.57; found: C 66.09, H 8.28, N 2.46.

4-[(1E)-2-[4-(Dihexylamino)phenyllethenyl]lbenzaldehyde (8): To a solution of3b°¥
(1.045 g, 1.57 mmol) and terephthalaldehyde momett{glacetal) (0.329 g, 1.58 mmol) in
anhyd CHCI, (15 mL), was addetdBuOK (0.185 g, 1.65 mmol). The mixture was stire¢d
20 °C for 24 h, then filtered through a short pddsibca gel. Evaporation of the solvents
afforded the crude acetal, which was hydrolyze#0atC for 1 h, using 10% HCI (25 mL) in
THF (50 mL). Thereafter, THF was evaporated ang@jwas added. The two layers were
separated and the organic layer was washed witet{"CQ;, dried (NaSQ,) and evaporated.
The residue was dissolved in g, a catalytic amount of Was added, and the solution was
stirred at 20 °C for 3 h under light exposure (79amp). The organic layer was washed with
ag NaS;03 and dried (Ng5Qy). After evaporation of the solvent, the crude pidwas
purified by column chromatography (cyclohexanefCH 20:80) to yield 0.517 g (84%) of
4h,** mp 72-73 °CH NMR (250.13 MHz, CDG)) 59.96 (s, 1H), 7.83 and 7.59 (AA'XX’,
Jax = 8.2 Hz, 4H), 7.41 and 6.63 (AA'’XXJax = 8.8 Hz, 4H), 7.20 (d] = 16.2 Hz, 1H), 6.90
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(d,J = 16.2 Hz, 1H), 3.29 (] = 7.7 Hz, 4H), 1.60 (m, 4H), 1.32 (m, 12H), 0.8 6.5 Hz,
6H); *C NMR (62.90 MHz ,CDG)) 5191.6, 148.5, 144.8, 134.4, 132.7, 130.3, 12886,11
123.6, 121.9, 111.6, 51.1, 31.7, 27.3, 26.8, 2P47]; HRMS (CI, CH) calcd for G/HagNO
([M+H] ") m/z392.2953, found 392.2951.

5-[(1E)-2-[4-(Dioctylamino)phenyl]lethenyl]-2-furanecarboxaldehyde (6a): Reaction of
5a° (336 mg, 2 mmol) witBBd*! (1.44 g, 2 mmol), as described féb, for 15 h, with
subsequent purification by column chromatograplepthne/CHCI, 50:50), afforded 832 mg
(95%) of6a; *H NMR (200.13 MHz, CDG) 59.51 (s, 1H), 7.37 and 6.60 (AA'XXJax =
8.9, 4H), 7.32 (dJ = 16.1, 1H), 7.23 (d] = 3.7, 1H), 6.68 (d) = 16.1, 1H), 6.41 (d] = 3.7,
1H), 3.29 (m, 4H), 1.59 (m, 4H), 1.30 (m, 20H), DB J = 6.5, 6H);"*C NMR (75.48 MHz,
CDCl) 0176.2, 160.5, 151.1, 148.7, 134.2, 130.5, 12&72,7, 111.4, 109.5, 108.7, 51.0,
31.8, 29.5, 29.3, 27.3, 27.1, 22.6, 14.1.

5-[(1E)-2-[4-(Dioctylamino)phenyl]ethenyl]-2-thiophenecaboxaldehyde (6b):Reaction of
50! (366 mg, 1.99 mmol) witBd®* (1.56 g, 2.17 mmol), as described 4, for 14 h, with
subsequent purification by column chromatograplepthne/CHCI, 50:50), afforded 715 mg
(79%) of6b; 'H NMR (200.13 MHz, CDG)) 69.81 (s, 1H), 7.62 (d] = 4.1, 1H), 7.36 and
6.60 (AA'XX’, Jax = 8.5, 4H), 7.09 (dJ = 16.3, 1H), 7.04 (d] = 4.1, 1H), 6.95 (d] = 16.3,
1H), 3.29 (m, 4H), 1.56 (m, 4H), 1.30 (m, 20H), DB J = 6.3, 6H);"*C NMR (50.32 MHz,
CDCl;) 0182.3, 154.6, 148.7, 139.9, 137.6, 133.7, 1284,7, 122.7, 115.4, 111.5, 51.0,
31.8, 29.5, 29.3, 27.3, 27.1, 22.6, 14.1; HRMS KIS!, mNBA) calcd for GgH4sNOS (M™)
m/z 453.3065, found 453.3068; elemental analysis célell for GgH4sNOS (453.72): C
76.77,H 9.55, N 3.09; found: C 76.78, H 9.49, Bi62.

5-[(1E)-2-[4-(Dihexylamino)phenyl]ethenyl]-2-thiophenecaboxaldehyde (6c¢): Reaction
of 5b° (368 mg, 2 mmol) witl8b°*¥ (1.425 g, 2.15 mmol), as described &, for 14 h,
with subsequent purification by column chromatogsaheptane/CECl, 50:50), afforded
677 mg (85%) obc; *H NMR (200.13 MHz, CDG) J9.80 (s, 1H), 7.62 (d] = 4.3, 1H),
7.36 and 6.60 (AA'XX’,Jax = 8.8, 4H), 7.09 (d) = 16.2, 1H), 7.03 (d] = 4.3, 1H), 6.95 (d]

= 16.2, 1H), 3.29 (m, 4H), 1.60 (m, 4H), 1.32 (rAH), 0.90 (tJ = 6.3, 6H);"*C NMR (50.32
MHz, CDCk) 0 182.3, 154.6, 148.7, 139.9, 137.6, 133.7, 1288@,7], 122.7, 115.4, 111.5,
51.0, 31.7, 27.2, 26.8, 22.7, 14.0; HRMS (LSIMBINBA) calcd for GsHzsNOS (M) m/z
397.2439, found 397.2435; elemental analysis d@gdfor CsH3sNOS (397.62): C 75.52, H
8.87, N 3.52; found: C 75.64, H 9.06, N 3.28.
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1-Bromo-4-(octylsulfonyl)benzene (8a):To a solution of 1-bromo-4-(octylthio)benzene
(73" (700 mg, 2.32 mmol) and B&O,2H,0 (12 mg, 0.036 mmol) in 7.5 mL of
EtOH/water (5:1), was slowly added, at 40 °C, 3594150, (0.4 mL). Then, the mixture was
heated at 80 °C and,8, (0.4 mL) was again slowly added. The mixture wedhired for 1 h.
After evaporation of the solvent, the residue wasalved in CHCl,, washed with 10%
NaCO;, water and dried (N&O,). The solvent was removed to yield 720 mg (93%@af
mp 38-39 °C!H NMR (200.13 MHz, CDG) d7.78 and 7.71 (AA'’XX',Jax = 8.8, 4H), 3.07
(m, 2H), 1.69 (m, 2H), 1.24 (m, 10H), 0.86Jt 6.5, 3H);**C NMR (50.32 MHz, CDQ) &
138.2, 132.6, 129.6, 128.9, 56.3, 31.6, 28.92,@88.2, 22.6, 22.5, 14.0; HRMS (EIl) calcd
for CraHx1""BrO,S (M™) m/z332.0446, found 332.0418.

1-Bromo-4-[(trifluoromethyl)sulfonyllbenzene  (8b): A solution of 1-bromo-4-
[(trifluoromethyl)thio]benzene 7b) (922 mg, 3.59 mmol) in 35% ag.6, (12 mL) and
glacial acetic acid (36 mL) was refluxed for 3 Htek addition of CHCI,, the organic layer
was washed with NaHCOthen with water and dried (AB®0;). The solvent was evaporated
and the crude product was purified by column chtography (heptane/Gigl, 70:30) to
yield 912 mg (89%) oBb: mp 63 °C (lit"** mp 59.5-61.5 °C)*H NMR (200.13 MHz,
CDCly) 67.91 and 7.83 (AAXX',Jax = 8.9, 4H);*C NMR (50.32 MHz, CDG) J133.4,
132.8, 132.0, 130.2, 119.6 (@,= 325.8); HRMS (EI) calcd for &, *BrF;0,S (M*) m/z
287.9067, found 287.9066.

Trimethyl[[4-[(trifluoromethyl)sulfonyl]phenyllethy nyl]silane (8c): Air was removed
from a solution oBb (390.0 mg, 1.35 mmol) in 5 mL of & by blowing argon for 20 min.
Then Cul (5.1 mg, 27.0umol), Pd(PPH.Cl, (189 mg, 27.0 umol), and
trimethylsilylacetylene (288 pL, 2.02 mmol) weredad under deaeration. Thereafter, the
mixture was stirred at 40 °C for 3 h. The solveaswemoved and the residue was purified by
column chromatography (heptane/&Hp 75:25) to yield 364.0 mg (88%) @&c, *H NMR
(200.13 MHz, CDG)) J 7.94 and 7.68 (AA'XX’,Jax = 8.6, 4H), 0.25 (s, 9H)**C NMR
(50.32 MHz, CDCJ) 6132.9, 132.0, 130.5, 130.2, 119.7Jg; 325.8), 102.2, 101.9, -0.6.

1-Ethynyl-4-[(trifluoromethyl)sulfonyl]benzene (8d): To a solution oBc (356.6 mg, 1.16
mmol) in 3 mL of THF, was added TBAF (1 M in THEL6 mL, 1.16 mmol) and the mixture
was stirred for 2 min at 20 °C. After addition o&C)h, the solvent was removed and the
mixture was purified by column chromatography (laeef{CHCIl, 75:25) to yield 175.2 mg
(64%) of8d; 'H NMR (200.13 MHz, CDG) §8.02 and 7.76 (AA’XX",Jax = 8.4, 4H), 3.45
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(s, 1H);°C NMR (50.32 MHz, CDGJ)) ¢ 133.2, 131.0, 130.8, 130.6, 119.7 Jg= 325.9),
83.4, 81.2; elemental analysis calcd (%) fgHE30,S (234.20): C 46.16, H 2.15, S 13.69;
found: C 45.88, H 2.09, S 13.66.

1-lodo-4-[(1E)-2-[4-(octylsulfonyl)phenyl]lethenyl]lbenzene (10)To a solution oBb (1.702

g, 4.208 mmol) and 4-iodobenzaldehyde (1.057 ¢h6tramol) in anhyd THF (16 mL), was
added NaH (273 mg, 60% dispersion in mineral di}e mixture was stirred at 20 °C for 15
h. After addition of water, the product was exteactvith CHCl, and was then purified by
column chromatography (heptane/&Hy 30:70) to yield 1.242 g (61%) df0: mp 158-159
°C; 'H NMR (200.13 MHz, CDG)) 57.88 and 7.66 (AA'XX’,Jax = 8.5, 4H), 7.72 and 7.27
(AA'XX’, Jax = 8.5, 4H), 7.15 (s, 2H), 3.09 (m, 2H), 1.72 (rh)21.24 (m, 10H), 0.86 (1

= 5.7, 3H);**C NMR (50.32 MHz, CDG)) §142.1, 137.8, 137.6, 135.7, 131.2, 128.4, 127.2,
126.9, 94.0, 56.3, 31.5, 29.6, 28.84, 28.77, 22264, 14.0; HRMS (LSIM§ mNBA) calcd

for CooHogl02S ([M+H]") m/z483.0855, found 483.0864.

4,4'-[(1,1'-Biphenyl)-4,4’-diyldi-2,1-ethynediyl]bis(N,N-dihexylbenzenamine) (13a):Air
was removed from a solution d2'°”! (90 mg, 0.445 mmol) anth®® (431 mg, 1.112 mmol)
in 4 mL of toluene/E&N (5/1) by blowing argon for 20 min. Then Cul (3rg, 0.018 mmol)
and Pd(PP§).Cl, (12.5 mg, 0.018 mmol) were added, and deaerat@s sontinued for 10
min. Thereafter the mixture was stirred at 20 °€ Zoh. The solvent was removed under
reduced pressure, and the crude product was pribg column chromatography
(heptane/ChCl, 90:10 then 80:20) to yield 270.4 mg (84%)1&& mp 113.5-114.5 °C*H
NMR (200.13 MHz, CDQ) 57.56 (s, 8H), 7.38 and 6.58 (AA'’XXJax = 9.0, 8H), 3.28 (m,
8H), 1.66-1.52 (m, 8H), 1.32 (m, 24H), 0.914t 6.5, 12H);**C NMR (50.32 MHz, CDG)
J0147.9, 139.2, 132.9, 131.6, 126.6, 123.4, 11108.6, 91.9, 87.0, 50.9, 31.7, 27.2, 26.8,
22.7, 14.0; HRMS (LSIM§ mNBA) calcd for GuHsgN2> (M*) m/z 720.5383, found
720.5390; elemental analysis calcd (%) fapHgsN, (721.12): C 86.61, H 9.50, N 3.88;
found: C 86.42, H 9.64, N 3.90.

4,4-[(1,1'-Biphenyl)-4,4’-diylbis(2,1-ethynediyl-4 1-phenylene-2,1-ethynediyl)]bid{,N-
dihexylbenzenamine) (13b)Reaction ofl2 (26.1 mg, 0.129 mmol) witBa (146 mg, 0.299
mmol), as described fol3a with subsequent purification by column chromaamiry
(heptane/CHLCI,, gradient from 50:50 to 0:100) and crystallizatiafforded 102.6 mg (86%)
of 13b: mp 234-235 °C;'H NMR (300.13 MHz, CDG) & 7.61 (s, 8H), 7.49 and 7.46
(AA'XX', Jax = 8.7, 8H), 7.36 and 6.56 (AA'XX'Jax = 9.3, 8H), 3.27 (m, 8H), 1.66-1.52
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(m, 8H), 1.31 (m, 24H), 0.90 @,= 6.6, 12H);"*C NMR (50.32 MHz, CDGJ)) 0148.1, 140.0,
132.9, 132.1, 131.4, 131.1, 126.9, 124.3, 122.3,82111.1, 108.3, 93.2, 90.6, 90.4, 87.0,
50.9, 31.7, 27.2, 26.8, 22.7, 14.0; MS (ESH,Cl/MeOH) m/z 921.6 ([M+H]), 461.4
(IM+2H]?"; HRMS (ES, CH,Cl,/MeOH) calcd for GgH77N, ([M+H] ") m/z921.6087, found
921.6110; elemental analysis calcd (%) faghHGeN2 (921.36): C 88.65, H 8.31, N 3.04;
found: C 88.72, H 8.41, N 2.80.

4,4'-[(1,1’-Biphenyl)-4,4’-diylbis[2,1-ethynediyl-4 1-phenylene-(E)-2,1-
ethenediyl]]bis(N,N-dioctylbenzenamine) (14)Reaction ofl2 (34.6 mg, 0.171 mmol) with
4a (215 mg, 0.394 mmol), as described 1&a for 3.5 h, with subsequent purification by
column chromatography (heptane/&Hp, gradient from 40:60 to 0:100) and crystallization
afforded 144.4 mg (81%) df4: mp 221-222 °C*H NMR (200.13 MHz, CDG) 57.61 (s,
8H), 7.51 and 7.44 (AA’XX'Jax = 8.8, 8H), 7.38 and 6.62 (AA'XX'Jax = 8.8, 8H), 7.08
(d,J=16.3, 2H), 6.86 (d] = 16.3, 2H) 3.28 (m, 8H), 1.67-1.52 (m, 8H), 1(81, 40H), 0.89

(t, J = 6.3, 12H):"*C NMR (50.32 MHz, CDG) §148.0, 139.8, 138.5, 132.0, 131.8, 129.9,
128.8, 127.9, 126.8, 125.8, 124.1, 122.7, 120.8,6,00.9, 89.7, 51.1, 31.8, 29.5, 29.3, 27.3,
27.2, 22.6, 14.1; HRMS (LSIMS mNBA) calcd for GeHogN2 (M**) m/z 1036.7574, found
1036.7565; elemental analysis calcd (%) fogHgeN2 (1037.61): C 87.97, H 9.33, N 2.70;
found: C 87.95, H 9.56, N 2.71.

[(1,2-Biphenyl)-4,4'-diylbis(methylene)]bisphosphmic acid tetraethyl ester (15b): A
solution of15d'° (10.20 g, 30.0 mmol) and P(OE(L3.34 g, 80 mmol) in toluene (60 mL)
was refluxed for 60 h. Filtration of the precipéatbtained after cooling at 0 °C gave 11.7 g
(86%) of15b: mp 109 °C (1it*! mp 109-110 °C)*H NMR (200.13 MHz, CDG)) §7.45 (d,

J = 8.0, 4H), 7.28 (dd] = 8.0, 2.1, 4H), 3.96 (dd}, = 7.8, 7.1, 8H), 3.10 (dl = 21.6, 4H),
1.18 (t,d = 7.0, 12H):*C NMR (50.32 MHz, CDGJ) §139.2, 130.7 (dJ = 9.2), 130.1 (dj=
6.5), 127.1 (dJ = 2.3), 62.1 (dJ = 6.7), 33.4 (dJ = 137.3), 16.4 (dJ = 6.0);*'P NMR
(101.25 MHz, CDGJ)) J 26.20 HRMS (CI, CH) calcd for G:HzsOeP> [M + H]* m/z
455.1752, found 455.1749.
4,4-[(1,1’-Biphenyl)-4,4’-diyldi-(1E)-2,1-ethenediyl]bis{,N-dihexylbenzenamine) (16a):
To a solution ofl5b (1.70 g, 3.74 mmol) antid®® (2.494 g, 7.48 mmol) in anhyd THF (70
mL), was added NaH (0.45 g, 60% dispersion in naiheil). The mixture was stirred at 20

°C for 20 h, then under reflux for 4 h. After adolit of water (25 mL), the THF was

evaporated. The resulting precipitate was filteaed washed successively with EtOH and

23



pentane. The crude product was then purified byroal chromatography (heptane/&Hy,
60:40) to vyield 1.90 g (70%) df6éa mp 147-148 °C*H NMR (200.13 MHz, CDG) J7.59
and 7.53 (AA'’XX’, Jax = 8.6, 8H), 7.39 and 6.62 (AA’XXJax = 8.8, 8H), 7.08 (d] = 16.2,
2H), 6.90 (dJ = 16.2, 2H), 3.28 (m, 8H), 1.59 (m, 8H), 1.32 @4H), 0.91 (tJ = 6.4, 12H);
13C NMR (50.32 MHz, CDG) J 147.8, 138.7, 137.2, 128.8, 127.8, 126.8, 126234,
123.1, 111.6, 51.0, 31.7, 27.3, 26.8, 22.7, 14RMS (LSIMS’, mNBA) calcd for GoH72N»
(M™) m/z724.5696, found 724.5694; elemental analysis c@edfor G,H7oN, (725.15): C
86.13, H 10.01, N 3.86; found: C 85.81, H 10.03.B.

4,4'-[(1,1’-Biphenyl)-4,4’-diylbis[(1E)-2,1-ethenediyl-4,1-phenylene-2,1-
ethynediyl]]bis(N,N-dihexylbenzenamine) (16b):To a solution ofl5b (75.4 mg, 0.166
mmol), 2b (148.5 mg, 0.381 mmol) and 18-crown-6 (4.3 mganhyd THF (8 mL), was
added NaH (26 mg, 60% dispersion in mineral oifje Tnixture was stirred at 40 °C for 3 h.
After addition of water, the precipitate was fikgdrand washed with water, EtOH&tand
pentane successively, and dried under vacuum. Towupt was then purified by column
chromatography (heptane/@El,, gradient from 40:60 to 0:100) to yield 128 mg ¥@4of
16b: mp 243-244 °C'H NMR (200.13 MHz, CDG)) §7.65 and 7.59 (AA'XX',Jax = 8.7,
8H), 7.49 (s, 8H), 7.37 and 6.57 (AA'’XXJax = 9.1, 8H), 7.15 (s, 4H), 3.28 (m, 8H), 1.65-
1.50 (m, 8H), 1.32 (m, 24H), 0.91 @,= 6.6, 12H); MS (E§ CHCk/MeOH) m/z 925.6
(IM+H] "), 463.4 ([M+2H}"); HRMS (ES, CHCk/MeOH) calcd for GgHg:N2 ([M+H]") m/z
925.6400, found 925.6391; elemental analysis c@edfor CssHgoN2 (925.39): C 88.26, H
8.71, N 3.03; found: C 88.03, H 8.95, N 2.97.

4,4'-[(1,1’-Biphenyl)-4,4’-diylbis[(1E)-2,1-ethenediyl-5,2-furanediyl-(E)-2,1-
ethenediyl]]bis(N,N-dioctylbenzenamine) (17a):To a solution ofl5b (216 mg, 0.475
mmol) and6a (422 mg, 0.965 mmol) in anhyd THF (10 mL), wasetitNaH (150 mg, 60%
dispersion in mineral oil). The mixture was stir@d?0 °C for 19 h. After addition of water,
the precipitate was filtered and washed with wdE¢@QH and pentane successively, and dried
under vacuum, to yield 390 mg (80%) bfa mp 247-249 °C!H NMR (200.13 MHz,
CDClg) 07.63 and 7.56 (AA’XX",Jax = 8.3, 8H), 7.37 and 6.62 (AA'’XX'Jax = 8.6, 8H),
7.13 (d,J = 16.3, 2H), 7.08 (d) = 15.8, 2H), 6.91 (d] = 16.3, 2H), 6.67 (d] = 15.8, 2H),
6.39 (d,J = 3.3, 2H), 6.28 (d) = 3.3, 2H), 3.29 (m, 8H), 1.56 (m, 8H), 1.31 (AH}, 0.89 (t,

J = 6.6, 12H):**C NMR (50.32 MHz, CDG) ¢ 154.3, 152.1, 147.8, 139.4, 136.4, 131.3,
129.4, 128.0, 127.7, 127.0, 126.7, 125.7, 124.6,311111.6, 109.2, 51.0, 31.8, 29.5, 29.3,
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27.3, 27.2, 22.7, 14.1; HRMS (LSIMSﬂNBA) calcd for GoHggN>Oo (M+-) m/z1020.7472,
found 1020.7477.

4,4-[(1,1’-Biphenyl)-4,4’-diylbis[(1E)-2,1-ethenediyl-5,2-thiophenediyl-(E)-2,1-
ethenediyl]]bis(N,N-dihexylbenzenamine) (17b)Reaction ofL5b (227 mg, 0.5 mmol) with
6¢ (415 mg, 1.04 mmol), as described 1ata for 16 h, afforded 301 mg (64%) a¥b: mp
250-252 °C;*H NMR (200.13 MHz, CDG) 47.62 and 7.53 (AA'XX',Jax = 8.3, 8H), 7.33
and 6.61 (AA'XX’, Jax = 8.7, 8H), 7.23 (d) = 16.6, 2H), 6.97 (d] = 16.0, 2H), 6.94 (d] =
3.7, 2H), 6.89 (dJ = 16.6, 2H), 6.86 (d) = 3.7, 2H), 6.84 (dJ = 16.0, 2H), 3.28 (m, 8H),
1.57 (m, 8H), 1.32 (m, 24H), 0.91 @&,= 6.2, 12H); HRMS (LSIM§ mNBA) calcd for
CeaHgoN2S, (M™) m/z940.5763, found 940.5758.

2,7-Diiodo-9,9-dinonyl-H-fluorene (18b): To a mixture ofl8a (10.0 g, 23.88 mmol),
AcOH (25 mL), concd BEBO, (0.75 mL) and water (5 mL) at 75 °C, were addetDil (1.09
g) and } (2.42 g). The solution was heated at 75 °C for thén AcOH (25 mL), EIOg (1.09
g) and } (2.42 g) were again added and the heating wasncaat at 75 °C for 1 h. The
reaction mixture was cooled, diluted with &H, and a solution of N&,O; was added. The
two layers were separated and the organic layemvaated with 1 N NaOH, then with water
and dried (Ng5Qy). After evaporation of the solvent, the residuesvparified by column
chromatography (heptane) to yield 11.02 g (69%]}8&#; '"H NMR (200.13 MHz, CDG) J
7.65 (d,J = 8.5, 2H), 7.40 (dJ = 8.5, 2H), 7.63 (s, 2H), 1.89 (m, 4H), 1.29-1(61, 24H),
0.85 (t,J = 6.7, 6H), 0.57 (m, 4H)**C NMR (50.32 MHz, CDG) J 152.5, 139.7, 136.0,
132.0, 121.5, 93.1, 55.5, 40.0, 31.8, 29.8, 294, 29.1, 23.6, 22.6, 14.1; HRMS (LSIMS
mNBA) calcd for GiHaal> (M™) m/z670.1533, found 670.1527; elemental analysis o@ted
for CsiHa4l, (670.50): C 55.53, H 6.61; found: C 55.74, H 6.89.

4,4’-(9,9-Dinonyl-H-fluorene-2,7-diyl)bis(2-methyl-3-butyn-2-ol)(18c): Air was removed
from a solution ofl8b (4.19 g, 6.25 mmol) in 20 mL of 4 by blowing argon for 20 min.
Then Cul (48.1 mg, 0.253 mmol), Pd(BREI, (176.0 mg, 0.251 mmol) and 2-methyl-3-
butyn-2-ol (1.868 mL, 19.12 mmol) were added, dramixture was stirred at 20 °C for 16 h.
The precipitate which separated was filtered offl asashed with EO. The filtrate was
evaporated to dryness and the residue was purifigd column chromatography
(heptane/ChCl, 30:70) to yield 2.64 g (72%) df8c, *H NMR (200.13 MHz, CDG) d7.59
(d,J=8.5, 2H), 7.39 (dJ = 8.5, 2H), 7.37 (s, 2H), 2.10 (s, 2H), 1.92 (H)41.66 (s, 12H),
1.28-0.98 (m, 24H), 0.84 (fl = 6.7, 6H), 0.54 (m, 4H)**C NMR (50.32 MHz, CDG) J
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150.8, 140.4, 130.6, 125.9, 121.4, 119.7, 94.9,85.6, 55.0, 40.3, 31.7, 31.4, 29.9, 29.4,
29.2, 29.1, 23.6, 22.5, 14.0; MS (LSIVMSnNBA) m/z582.4 ([M"], 63), 565.4 ([M+H-
H,O], 100); HRMS (LSIMS, mNBA) calcd for GiHsgO> (M™) m/z 582.4437, found
582.4432.

2,7-Diethynyl-9,9-dinonyl-H-fluorene (18d): To a refluxing solution oll8c (1.72 g, 2.95
mmol) in 30 mL of toluene&/PrOH (4/1), was added solid KOH (0.494 g, 8.8 mmohe
mixture was stirred under reflux for 0.5 h. Aftesoting, the mixture was filtered through
Celite® and the filter cake was washed with £H. The combined filtrate and washings were
dried (NaSQO,) and evaporated to give a crude product, which pasfied by column
chromatography (heptane) to yield 1.21 g (88%)&d *H NMR (200.13 MHz, CDG) &
7.63 (d,J = 8.6, 2H), 7.48 (d) = 8.6, 2H), 7.46 (s, 2H), 3.14 (s, 2H), 1.93 (H),41.27-0.99
(m, 24H), 0.84 (1) = 6.7, 6H), 0.56 (m, 4H)*C NMR (50.32 MHz, CDG) §151.0, 141.0,
131.2,126.5, 120.8, 119.9, 84.5, 77.3, 55.2, 441 B, 29.9, 29.5, 29.2, 29.1, 23.6, 22.6, 14.1,
HRMS (LSIMS', mNBA) calcd for GsHas (M™-) m/z466.3600, found 466.3602.

4,4-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)di-2,1-ethynediyl]bis(N,N-dihexylbenzenamine)
(19a): Reaction of18d (231.6 mg, 0.496 mmol) witib®? (462.9 mg, 1.195 mmol), as
described for13a for 3 h, with subsequent purification by columhramatography
(heptane/CkCl, 90:10), afforded 221 mg (45%) @Pa ‘H NMR (200.13 MHz, CDG) J
7.60 (d,J = 8.3, 2H), 7.46 (d) = 8.3, 2H), 7.45 (s, 2H), 7.39 and 6.57 (AA'XXxx = 9.0,
8H), 3.27 (m, 8H), 1.96 (m, 4H), 1.58 (m, 8H), 1(82 24H), 1.30-0.99 (m, 24H), 0.90 {,

= 6.6, 12H), 0.83 (tJ) = 6.7, 6H), 0.61 (m, 4H)!*C NMR (50.32 MHz, CDG) J 150.9,
147.8, 140.0, 132.8, 130.3, 125.5, 122.7, 119.6,2,1108.7, 91.1, 88.2, 55.1, 50.9, 40.5,
31.8, 31.7, 30.1, 29.6, 29.3, 29.2, 27.2, 26.87,232.7, 22.6, 14.1, 14.0; HRMS (LSIMS
mNBA) calcd for GiHi0dN2 (M**) m/z 984.8200, found 984.8209; elemental analysis calcd
(%) for CriH104N2 (985.62): C 86.52, H 10.64, N 2.84; found: C 86H20.85, N 2.88.

4,4’-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis(2,1-ethynediyl-4,1-phenylen,1-
ethynediyl)]bis(N,N-dihexylbenzenamine) (19b):Reaction ofi8d (100 mg, 0.214 mmol)
with 2a (241 mg, 0.494 mmol), as described I8g for 20 h, with subsequent purification by
column chromatography (heptane/stHp, gradient from 90:10 to 80:20), afforded 208.6 mg
(82%) of 19b; *H NMR (200.13 MHz, CDG) 67.67 (d,J = 8.4, 2H), 7.52 (dJ = 8.4, 2H),
7.52 and 7.47 (AA’XX',Jax = 8.8, 8H), 7.50 (s, 2H), 7.37 and 6.57 (AA'’XXxx = 8.9, 8H),
3.28 (m, 8H), 1.98 (m, 4H), 1.58 (m, 8H), 1.32 @aH), 1.30-1.02 (m, 24H), 0.91 (= 6.5,
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12H), 0.82 (t,J = 6.6, 6H), 0.61 (m, 4H)**C NMR (50.32 MHz, CDG) ¢ 151.1, 148.0,
140.7, 132.9, 131.4, 131.1, 130.7, 125.9, 124.2,(,221.9, 120.0, 111.1, 108.4, 93.1, 91.9,
89.8, 87.0, 55.2, 50.9, 40.3, 31.8, 31.7, 30.05,299.3, 29.2, 27.2, 26.8, 23.7, 22.7, 22.6,
14.04, 14.02; HRMS (LSIMS oNPOE) calcd for gH112N, (M™) m/z 1184.8826, found
1184.8813; elemental analysis calcd (%) fefHz12N, (1185.86): C 88.12, H 9.52, N 2.36;
found: C 88.00, H 9.65, N 2.18.

4,4’-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis[2,1-ethynediyl-4,1-phenyleng1E)-2,1-
ethenediyl]]bis(N,N-dioctylbenzenamine) (20):Reaction ofl8d (96 mg, 0.206 mmol) with
4a (272 mg, 0.498 mmol), as described 1@&a for 15 h, with subsequent purification by
column chromatography (heptane/&Hp, gradient from 90:10 to 80:20), afforded 223 mg
(83%) of20; '"H NMR (200.13 MHz, CDGQ) J7.66 (d,J = 8.6, 2H), 7.52 (dJ = 8.6, 2H),
7.52 and 7.45 (AA’XX',Jax = 8.6, 8H), 7.50 (s, 2H), 7.38 and 6.62 (AA'XXdxx = 8.7, 8H),
7.08 (d,J =16.1, 2H), 6.86 (d] = 16.1, 2H), 3.28 (m, 8H), 1.98 (m, 4H), 1.59 @hl), 1.31
(m, 40H), 1.30-1.02 (m, 24H), 0.89 {t= 6.2, 12H), 0.83 (1) = 6.7, 6H), 0.62 (m, 4H)"°C
NMR (50.32 MHz, CD(QJ) 0151.1, 148.0, 140.6, 138.4, 131.8, 130.7, 12929,9, 125.8,
125.7, 124.2, 122.8, 122.1, 121.0, 119.9, 111.69,990.3, 55.2, 51.0, 40.4, 31.82, 31.80,
30.0, 29.52, 29.48, 29.31, 29.3, 29.2, 27.3, 2227, 22.64, 22.61, 14.1, 14.0; HRMS
(LSIMS®, oNPOE) calcd for gHi3N, (M™) m/z 1301.0391, found 1301.0381; elemental
analysis calcd (%) for §gH130N2 (1302.10): C 87.63, H 10.22, N 2.15; found: C 87 .M
10.13, N 1.91.

9,9-Dinonyl-2,7-bis[[4-(octylsulfonyl)phenyl]lethyny]-9H-fluorene (21a): Reaction of18d
(106.7 mg, 0.229 mmol) witBa (174 mg, 0.523 mmol), as described 18a at 45 °C for 6
h, with subsequent purification by column chromaapdpy (heptane/CiLI, 35:65), afforded
186.0 mg (84%) o21g *H NMR (200.13 MHz, CDG)) J7.91 and 7.73 (AA'’XX’ Jax = 8.6,
8H), 7.72 (dJ = 8.0, 2H), 7.56 (d] = 8.0, 2H), 7.54 (s, 2H), 3.11 (m, 4H), 2.00 (H)A41.73
(m, 4H), 1.41-1.02 (m, 44H), 0.87 @,= 6.5, 6H), 0.81 (tJ = 6.6, 6H), 0.61 (m, 4H)-C
NMR (50.32 MHz, CDGJ) 0151.2, 141.2, 138.1, 132.0, 131.0, 129.1, 12&%6,11, 121.1,
120.2, 94.3, 88.2, 56.3, 55.3, 40.2, 31.7, 31.69,289.4, 29.2, 29.1, 28.9, 28.8, 28.2, 23.7,
22.59, 22.55, 22.50, 14.02, 14.01; HRMS (LSIMBINBA) calcd for GsHgs0sS, (M*) m/z
970.5968, found 970.5981; elemental analysis c@edfor GssHgsO4S, (971.49): C 77.89, H
8.92; found: C 77.66, H 8.96.
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9,9-Dinonyl-2,7-bis[[4-[(trifluoromethyl)sulfonyl]p henyllethynyl]-9H-fluorene (21b):
Reaction ofL8b (175.7 mg, 0.26 mmol) witBd (153.4 mg, 0.66 mmol), as described I8g,
at 40 °C for 14 h, with subsequent purificationdmjumn chromatography (heptane/s&Hp
80:20), afforded 138.0 mg (60%) afb; *H NMR (200.13 MHz, CDG)) §8.04 and 7.82
(AA'XX’, Jax = 8.5, 8H), 7.74 (dJ = 7.9, 2H), 7.58 (dJ = 7.9, 2H), 7.56 (s, 2H), 2.02 (m,
4H), 1.26-1.07 (m, 24H), 0.81 (= 6.6, 6H), 0.62 (m, 4H)*C NMR (75.48 MHz, CDG)) J
151.4, 141.6, 132.5, 132.4, 131.3, 130.7, 129.8,.412120.9, 120.4, 120.2 (d,= 325.9),
96.7, 87.8, 55.5, 40.2, 31.8, 29.9, 29.5, 29.27,22.6, 14.0°F NMR (282.38 MHz, CDG)

0 -78.22; HRMS (LSIMS, mNBA) calcd for GgHs:FsOsS, (M*) m/z 882.3211, found
882.3225.

9,9-Dinonyl-2,7-bis[[4-[(1IE)-2-[4-(octylsulfonyl)phenyl]ethenyl]phenyl]ethynyl]-OH-
fluorene (21c): Reaction ofl8d (109.7 mg, 0.235 mmol) withO (271 mg, 0.562 mmol), as
described fol3a at 35 °C for 14 h, with subsequent purificatigndolumn chromatography
(heptane/CkLCl, 25:75 then 20:80), afforded 239.8 mg (87%)2&ft: mp 164-165 °C}H
NMR (200.13 MHz, CDGJ)) 07.89 and 7.68 (AA'XX',Jax = 8.6, 8H), 7.69 (dJ = 8.0, 2H),
7.53 (d,J = 8.0, 2H), 7.60 and 7.54 (AA'XXJax = 8.8, 8H), 7.54 (s, 2H), 7.27 (@= 16.5,
2H), 7.16 (dJ = 16.5, 2H), 3.10 (m, 4H), 2.01 (m, 4H), 1.73 @hH{), 1.41-1.00 (m, 44H),
0.86 (t,J = 6.4, 6H), 0.83 (t) = 6.7, 6H), 0.62 (m, 4H)*C NMR (50.32 MHz, CDG) J
151.1, 142.3, 140.7, 137.6, 136.1, 131.9, 131.D0.83128.5, 127.3, 127.0, 126.8, 125.9,
123.3, 121.8, 120.0, 92.0, 89.8, 56.3, 55.2, 48137, 31.6, 29.9, 29.4, 29.2, 29.1, 28.9, 28.8,
28.2, 23.7, 22.6, 22.54, 22.48, 14.01, 13.98; HRMSIMS', mNBA) calcd for GgHgg04S;
(M™) m/z 1174.6907, found 1174.6913; elemental analysisdcgPb) for GoHggOsS;
(1175.76): C 80.70, H 8.40; found: C 80.71, H 8.41.

2,7-Dibromo-9,9-dinonyl-H-fluorene (22a): To 300 mL of a CKCI, solution of18a (18 g,

43 mmol) and iodine (22 mg, 0.087 mmol), was addieghwise a solution of bromine (4.41
mL, 86 mmol), and the mixture was stirred for 1&tH20 °C. The organic layer was washed
with aq NaS,03; and dried (MgSQ). After evaporation of the solvent, the crude pidvas
purified by column chromatography (heptane) to djigl.16 g (97%) oP2g ‘H NMR
(200.13 MHz, CDQ) 0 7.52 (d,J = 8.6, 2H), 7.45 (dd) = 8.6, 1.8, 2H), 7.44 (d = 1.8,
2H), 1.90 (m, 4H), 1.32-0.99 (m, 24H), 0.84Jt 6.8, 6H), 0.57 (m, 4H)*C NMR (50.32
MHz, CDCk) J152.5, 139.0, 130.1, 126.1, 121.4, 121.1, 55.61,481.8, 29.8, 29.4, 29.2,
23.6, 22.6, 14.1; HRMS (LSIMSmMNBA) calcd for GiHas *Bro (M*) m/z574.1810, found
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574.1820; elemental analysis calcd (%) farHzBr, (576.50): C 64.59, H 7.69; found: C
64.96, H 7.95.

9,9-Dinonyl-9H-fluorene-2,7-dicarboxaldehyde (22b)A solution of 11.65 g (20.21 mmol)
of 22ain 340 mL of anhyd benzene was cooled to 0 °Creed®.5 mL of a solution ai-
butyllithium (2.5 M in hexane, 121.25 mmol) was adddropwise. After the addition was
complete, the reaction mixture was stirred at 60 f6€ 4 h, cooled to 0 °C, andl-
formylpiperidine (32 g, 282.8 mmol) was added aifidwaed to react at 20 °C for 14 h.
Thereafter, 3 M HCI (240 mL) was added. The twoetaywere separated and the organic
layer was washed with water. The solvents were vechainder reduced pressure, and the
residue was purified by column chromatography (@e@tCHCI,, gradient from 95:5 to
70:30) to yield 4.65 g (48%) @2b; *H NMR (200.13 MHz, CDGJ)) 610.10 (s, 2H), 7.92 (m,
6H), 2.07 (m, 4H), 1.32-0.97 (m, 24H), 0.82J& 6.7, 6H), 0.56 (m, 4H)-*C NMR (50.32
MHz, CDCk) 6191.6, 152.5, 145.3, 136.2, 129.8, 123.2, 1215®,539.7, 31.4, 29.5, 29.1,
28.9, 28.8, 23.5, 22.3, 13.7; HRMS (LSIMSnNBA) calcd for GsHs70, ([M+H]") m/z
475.3576, found 475.3576; elemental analysis c@edfor CisHse0, (474.73): C 83.49, H
9.77; found: C 83.65, H 9.86.

2,7-Bis[(1E)-2-(4-methoxyphenyl)ethenyl]-9,9-dinonyl-81-fluorene (23): To a solution of
22b (122.0 mg, 0.26 mmol) and 4-(methoxybenzyl)tripiphosphonium bromid&® (261.8
mg, 0.57 mmol) in anhyd Gi€l, (5 mL), was added-BuOK (87 mg, 0.77 mmol). The
mixture was stirred at 20 °C for 48 h. After aduhtiof water, extraction with Gi&l,, and
drying (Na&SQy), the solvent was evaporated. The residue wadsiguiby filtration through a
short pad of silica gel (Cil,), to afford a mixture of isomers, which was diseal in EtO
(5 mL). A catalytic amount ok lwas then added and the solution was stirred 4C2for 3 h
under light exposure (75 W lamp). The organic layas washed with aq N&0O; and dried
(N&SOy). After evaporation of the solvent, the crude midwas purified by column
chromatography (heptane/AcOEt 98:2 then 95:5) &dyl30.7 mg (75%) 023, 'H NMR
(200.13 MHz, CDG) 6 7.65 (d,J = 7.8, 2H), 7.51 and 6.93 (AA’XX'Jax = 8.8, 8H), 7.48
(d,J=7.8, 2H), 7.46 (s, 2H), 7.16 (@= 16.4, 2H), 7.07 (d] = 16.4, 2H), 3.85 (s, 6H), 2.02
(m, 4H), 1.27-1.08 (m, 24H), 0.82 @,= 6.6, 6H), 0.69 (m, 4H)}*C NMR (75.48 MHz,
CDCl) 0 159.2, 151.4, 140.3, 136.5, 130.3, 127.6, 1272%4,3, 125.3, 120.4, 119.8, 114.1,
55.2, 54.9, 40.5, 31.8, 30.0, 29.5, 29.24, 29.A17,222.6, 14.0; HRMS (E% calcd for
CioHsaNaO, ([M+Na]®) m/z 705.4647, found 705.4640; elemental analysis cgléyl for
CagHs20, (683.03): C 86.17, H 9.15; found: C 85.53, H 9.14.
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4,4’-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)di-(1E)-2,1-ethenediyl]bis{\,N-
dibutylbenzenamine) (24) and 7-[(E)-2-[4-(dibutylamino)phenyl]ethenyl]-9,9-dinonyl-
9H-fluorene-2-carboxaldehyde (25)To a solution oB2b (2 g, 4.21 mmol) an8d°¥ (2.56

g, 4.21 mmol) in anhyd Ci€l, (50 mL), was addet#tBuOK (709 mg, 6.32 mmol). The
mixture was stirred at 20 °C for 16 h. After aduhtiof water, extraction with Gi&l,, and
drying (Na&SQy), the solvent was evaporated. The residue wasddtthrough a short pad of
silica gel (CHCIy), to afford a mixture, which was dissolved in@&t(65 mL). A catalytic
amount of 3 was then added and the solution was stirred atQ@or 16 h under light
exposure (75 W lamp). The organic layer was wasth#d aq NaS,03; and dried (Ng5Qy).
After evaporation of the solvent, the compoundsenssparated by column chromatography
(heptane/CHKLCI,, gradient from 100:0 to 70:30) to yield 430 mg %d2of 24 and 1.68 g
(59%) of25.

24: mp 62 °C;*H NMR (200.13 MHz, CDG) 67.60 (d,J = 8.0, 2H), 7.43 (dJ = 8.0, 2H),
7.41 (s, 2H), 7.40 and 6.63 (AA'’XXJax = 8.8, 8H), 7.09 (d] = 16.3, 2H), 6.95 (d] = 16.3,
2H), 3.30 (m, 8H), 1.99 (m, 4H), 1.58 (m, 8H), 1(&7, 8H), 1.24-1.06 (m, 24H), 0.97 {}t=
7.2, 12H), 0.81 (tJ = 6.5, 6H), 0.69 (m, 4H)*C NMR (50.32 MHz, CDGJ)) d151.3, 147.6,
139.8, 137.0, 128.0, 127.6, 124.9, 124.7, 124.8,A2119.5, 111.6, 54.8, 50.7, 40.6, 31.8,
30.1, 29.53, 29.47, 29.2, 23.7, 22.6, 20.3, 1413599; HRMS (LSIMS, mNBA) calcd for
CeaHo2N2 (M™) m/z876.7261, found 876.7258.

25: mp 77 °C;*H NMR (200.13 MHz, CDG)) 010.04 (s, 1H), 7.85 (d,= 1.5, 1H), 7.84 (dd,
J=8.2,15, 1H), 7.78 (dl = 8.2, 1H), 7.71 (dJ = 8.0, 1H), 7.49 (dJ = 8.0, 1H), 7.44 (s,
1H), 7.41 and 6.64 (AA'XX' Jax = 8.9, 4H), 7.14 (dJ = 16.2, 1H), 6.96 (d] = 16.2, 1H),
3.30 (m, 4H), 2.02 (m, 4H), 1.60 (m, 4H), 1.37 @&hl), 1.24-1.04 (m, 24H), 0.97 @,= 7.2,
6H), 0.82 (tJ = 6.6, 6H), 0.62 (m, 4H)*C NMR (50.32 MHz, CDG) §192.0, 152.6, 151.5,
147.8, 147.4, 139.2, 137.9, 134.8, 130.5, 129.4,82125.1, 124.2, 123.5, 122.7, 121.0,
120.1, 119.5, 111.5, 55.0, 50.6, 40.2, 31.7, 22084, 29.1, 26.3, 23.6, 22.5, 20.2, 14.0. 13.9;
HRMS (LSIMS’, mNBA) calcd for GeHegNO (M*) m/z675.5379, found 675.5379.

2,7-Bis[(1E)-2-[4-(methylsulfonyl)phenyllethenyl]-9,9-dinonyl9H-fluorene (26a): To a
solution 0f22b (237 mg, 0.499 mmol) ar@d® (337 mg, 1.1 mmol) in anhyd THF (15 mL),
was added NaH (60 mg, 60% dispersion in mineral diie mixture was stirred at 20 °C for
16 h. After addition of water, extraction with @El,, and drying (Ng&SOy), the solvent was
evaporated. The residue was purified by filtratibrough a short pad of silica gel (gE1,),

to yield 370 mg (95%) o26a mp 152-153 °C*H NMR (200.13 MHz, CDG) 47.94 and
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7.71 (AA'XX’, Jax = 8.3, 8H), 7.71 (d) = 8.2, 2H), 7.54 (d) = 8.1, 2H), 7.51 (s, 2H), 7.36
(d,J = 16.3, 2H), 7.19 (d] = 16.3, 2H), 3.09 (s, 6H), 2.04 (m, 4H), 1.25-1(01, 24H), 0.79

(t, J = 6.6, 6H), 0.63 (m, 4H)**C NMR (50.32 MHz, CDGJ)) §151.7, 142.9, 141.2, 138.5,
135.4, 133.0, 127.8, 126.8, 126.2, 125.8, 121.0,2155.0, 44.5, 40.3, 31.7, 29.9, 29.6, 29.4,
29.1, 23.6, 22.5, 14.0; HRMS (LSIMSMNBA) calcd for GgHe:04S, (M**) m/z 778.4090,
found 778.4096.

2,7-Bis[(1E)-2-[4-[(1E)-2-[4-(methylsulfonyl)phenyl]ethenyl]phenyl]etheny]-9,9-dinonyl-
9H-fluorene (26b): To a solution oR2b (66.5 mg, 0.14 mmol) antil (115 mg, 0.28 mmol)
in anhyd THF (10 mL), was added NaH (18 mg, 60%lision in mineral oil). The mixture
was stirred at 20 °C for 16 h and the solvent wvaamaved under reduced pressure. After
addition of water, extraction with GBl,, and drying (Ng50y), the solvent was evaporated.
The residue was purified by column chromatogra@iy,Cl,) to yield 87 mg (63%) o26Db;

'H NMR (200.13 MHz, CDG)) 67.93 and 7.70 (AA’XX',Jax = 8.5, 8H), 7.69 (dJ = 8.8,
2H), 7.58 (m, 8H), 7.52 (dl = 8.8, 2H), 7.49 (s, 2H), 7.26 (d,= 16.3, 2H), 7.25 (s, 4H),
7.16 (d,J = 16.3, 2H), 3.08 (s, 6H), 2.02 (m, 4H), 1.24-1(6Y, 24H), 0.81 (tJ) = 6.7, 6H),
0.67 (m, 4H); HRMS (LSIM§ mNBA) calcd for GsH740,S; (M™) m/z 982.5029, found
982.4992.

2,7-Diethenyl-9,9-dinonyl-H-fluorene (27): To a solution of22b (670.0 mg, 1.41 mmol)
and methyltriphenylphosphonium iodide (1.46 g, 3mé&ol) in anhyd THF (32 mL), was
added NaH (310 mg, 60% dispersion in mineral die mixture was stirred at 20 °C for 48 h
and then filtered through Celfte(heptane). After evaporation of the solvent, tmade
product was purified by column chromatography (aep} to yield 417.0 mg (63%) af; *H
NMR (200.13 MHz, CDG) 07.66 (d,J=7.9, 2H), 7.44 (dd)=7.9,J= 1.7, 2H), 7.39 (d)

= 1.7, 2H), 6.84 (dd) = 17.6,J = 10.9, 2H), 5.84 (dd] = 17.6,J = 0.9, 2H), 5.30 (dd) =
10.9,J = 0.9, 2H), 1.58 (m, 4H), 1.29-1.08 (m, 24H), 087 = 6.4, 6H), 0.65 (s, 4H}C
NMR (50.32 MHz, CDGJ) J 151.8, 141.1, 137.9, 136.9, 125.7, 120.9, 12018B,.4l 55.3,
40.8, 32.3, 30.5, 29.9, 29.7, 24.1, 23.0, 14.5. R®I) calcd for GsHso (M™) m/z470.3913,
found 470.3909.

4,4-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)di-(1E)-2,1-ethenediyl]dibenzenamine (28): Air
was removed from a solution 8% (65.9 mg, 0.14 mmol), 4-iodoanilinéd) (77.0 mg, 0.35
mmol) and KCOs (49.9 mg, 0.36 mmol) in anhyd DMF (3 mL) by blogiargon for 30 min.
Thenn-BusNCI (103.9 mg, 0.37 mmol), PRI7.5 mg, 0.029 mmol) and Pd(OAdB.2 mg,
0.014 mmol) were added. Thereafter, the mixture stased at 90 °C for 22 h. The solvent
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was removed by distillation, and the crude produas purified by column chromatography
(heptane/ChCl, 30:70 then 25:75) to yield 51.0 mg (56%)28 'H NMR (200.13 MHz,
CDCl) 87.62 (d,J = 7.9, 2H), 7.44 (d) = 7.9, 2H), 7.42 (s, 2H), 7.38 and 6.70 (AA'’XX,
Jax = 8.5, 8H), 7.10 (dJ = 16.4, 2H), 7.00 (d) = 16.4, 2H), 3.68 (br s, 4H), 2.03 (m, 4H),
1.30-1.10 (m, 24H), 0.87 (t, 6H), 0.70 (m, 4HJC NMR (75.48 MHz, CDG) ¢ 151.4,
145.9, 140.1, 136.7, 128.4, 127.8, 127.7, 125.8,212120.3, 119.7, 115.3, 54.9, 40.6, 31.8,
30.1, 29.5, 29.2, 23.8, 22.8, 22.6, 14.0.; HRMSIMS', mNBA) calcd for G/HgoN2 (M™)
m/z652.4756, found 652.4733.

9,9-Dinonyl-9H-fluorene-2,7-dimethanol (29a):To a solution o22b (1.018 g, 2.14 mmol)
in 38 mL of EtOH/CHCI; (2/1), was added KBH(346 mg, 6.42 mmol). The mixture was
stirred at 20 °C for 14 h. After addition of wattdre solvent was evaporated. The residue was
filtered and washed with water. The crude produas purified by column chromatography
(CH,Cl,) to yield 0.994 g (97%) a29a 'H NMR (200.13 MHz, CDG) 47.67 (d,J = 8.3,
2H), 7.34 (s, 2H), 7.32 (d, = 8.3, 2H), 4.78 (dJ = 5.8, 4H), 1.95 (m, 4H), 1.68 @,= 5.8,
2H), 1.24-1.03 (m, 24H), 0.83 (= 6.7, 6H), 0.60 (m, 4H)*C NMR (50.32 MHz, CDG) J
151.3, 140.3, 139.7, 125.7, 121.5, 119.6, 65.7,58.3, 31.8, 30.0, 29.5, 29.3, 29.2, 23.8,
22.6, 14.0; HRMS (LSIM§ mNBA) calcd for GsHsgO. (M*) m/z 478.3811, found
478.3814; elemental analysis calcd (%) fagHz00, (478.76): C 82.79, H 10.53; found: C
82.81, H 10.56.

2,7-Bis(bromomethyl)-9,9-dinonyl-H-fluorene (29b): A solution of 29a (1.05 g, 2.19
mmol) in 48% aqg HBr (5.2 mL) was refluxed for 3 After addition of aqg NaHC®)
extraction with CHCI,, and drying (Ng5Qy), the solvent was evaporated to yield 1.19 g
(90%) of29b; *H NMR (200.13 MHz, CDG) 57.64 (d,J = 8.2, 2H), 7.36 (dJ = 8.2, 2H),
7.34 (s, 2H), 4.60 (s, 4H), 1.94 (m, 4H), 1.25-1(6% 24H), 0.83 (tJ = 6.7, 6H), 0.61 (m,
4H); 3¢ NMR (50.32 MHz, CDG)) 0151.6, 140.6, 136.8, 127.9, 123.6, 120.0, 55.10,40
34.3,31.8, 29.8, 29.4, 29.1, 23.6, 22.6, 14.1; HRMSIMS’, mNBA) calcd for GsHa7" Br
(IM-H] ") m/z601.2045, found 601.2026.

[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis(methylene)]bisphosphonic adi tetraethyl ester
(29c¢): A solution 0f29b (1.18 g, 1.96 mmol) in P(OEt§20 mL) was refluxed for 60 h. Then
P(OEty was removed by distillation under vacuum. The erymtoduct was purified by
column chromatography (GBIl,/AcOEt, gradient from 85:15 to 50:50) to yield 87ty
(62%) of29¢ *H NMR (200.13 MHz, CDG)) 7.61 (d,J = 8.1, 2H), 7.26 (m, 4H), 4.00 (m,
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8H), 3.24 (dJ = 21.7, 4H), 1.94 (m, 4H), 1.23 &= 7.1, 12H), 1.19-0.98 (m, 24H), 0.83t,
= 6.7, 6H), 0.57 (m, 4H):3C NMR (50.32 MHz, CDG)) J151.0, 139.6, 130.2 (d,= 9.1),
128.4 (d,J = 6.3), 124.2 (dJ = 6.6), 119.6, 62.1 (d} = 7.1), 54.9, 40.4, 34.1 (d,= 137.6),
31.7, 30.1, 29.5, 29.4, 29.2, 23.9, 22.6, 16.1J(¢& 6.1), 14.0%P NMR (121.50 MHz,
CDCl;) 0 27.15 HRMS (LSIMS, mNBA) calcd for GiHsgOsP> ([M+H]") m/z 719.4569,
found 719.4554.

4,4-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis[(1E)-2,1-ethenediyl-4,1-phenylene-@)-2,1-
ethenediyl]]bis(N,N-dihexylbenzenamine) (30)To a solution oR9c(124.4 mg, 0.17 mmol)
and 4b (149.1 mg, 0.38 mmol) in anhyd THF (9 mL), was edldNaH (15 mg, 60%
dispersion in mineral oil). The mixture was stirrad20 °C for 20 h and the solvent was
removed under reduced pressure. After additionaiewy extraction with CkCl,, and drying
(NaSQy), the solvents were evaporated. The residue wafsgouby column chromatography
(heptane/ ChCCl, 80:20) to yield 82.0 mg (53%) 80; 'H NMR (300.13 MHz, CDG)) J7.62
(d,J = 8.3, 2H), 7.57-7.50 (m, 12H), 7.42 (= 8.7, 4H), 7.25 (d) = 16.3, 2H), 7.17 (d] =
16.3, 2H), 7.10 (dJ = 16.2, 2H), 6.93 (d] = 16.2, 2H), 6.66 (d) = 8.7, 4H), 3.32 (m, 8H),
2.07 (m, 4H), 1.64 (m, 8H), 1.37 (m, 24H), 1.186a1(fn, 24H), 0.96 (tJ = 6.4, 12H), 0.85 (t,

J = 6.9, 6H), 0.75 (m, 4H)**C NMR (75.48 MHz, CDG) J 151.5, 147.8, 140.5, 137.6,
136.4, 135.7, 128.8, 128.5, 127.8, 127.7, 126.5.22125.5, 124.5, 123.2, 120.7, 120.0,
111.6, 55.0, 51.0, 40.5, 31.8, 31.7, 30.1, 29.2£229.22, 27.3, 26.8, 23.8, 22.7, 22.6, 14.0;
HRMS (ES) calcd for G7H121N2 ((M+H] ") m/z1193.9530, found 1193.9502.

4,4-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis[(1E)-2,1-ethenediyl-5,2-thiophenediyl-(E)-
2,1-ethenediyl]]bis(N,N-dioctylbenzenamine) (31):To a solution of29c¢ (140.5 mg, 0.195
mmol), 6b (225 mg, 0.496 mmol) and 18-crown-6 (10 mg) iny@hfiHF (20 mL), was added
NaH (48 mg, 60% dispersion in mineral oil). The tane was refluxed for 7 h. After addition
of water, extraction with CyCl,, and drying (Ng50Qy), the solvents were evaporated. The
residue was then purified by column chromatograpleptane/ChICl, 90:10) to yield 175 mg
(68%) of31; 'H NMR (200.13 MHz, CDGQ) J7.63 (d,J = 8.1, 2H), 7.43 (dJ = 8.1, 2H),
7.41 (s, 2H), 7.33 and 6.61 (AA'’XXJax = 8.9, 8H), 7.24 (d] = 15.9, 2H), 6.97 (d] = 15.6,
2H), 6.95 (dJ = 15.9, 2H), 6.94 (d] = 3.9, 2H), 6.86 (d) = 3.9, 2H), 6.83 (dJ = 15.6, 2H),
3.28 (m, 8H), 2.00 (m, 4H), 1.59 (m, 8H), 1.30 ¢aH), 1.15-1.07 (m, 24H), 0.89 = 6.5,
12H), 0.82 (t,J = 6.7, 6H), 0.67 (m, 4H)**C NMR (50.32 MHz, CDG) ¢ 151.5, 147.8,
143.2, 140.6, 140.5, 136.1, 129.1, 128.3, 127.7,02125.4, 125.3, 124.0, 121.4, 120.4,
119.9, 117.0, 111.6, 54.9, 51.0, 31.8, 30.0, 2928850, 29.33, 29.26, 29.23, 27.3, 27.2,
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22.65, 22.62, 14.10, 14.07; HRMS (LSIMSMNBA) calcd for GiHizN.S, (M*) m/z
1316.9832, found 1316.9837; elemental analysisdcéd6) for GiH13N.S, (1318.18): C
82.92, H 10.09, N 2.12, S 4.86; found: C 82.820:83, N 2.07, S 4.83.

4,4'-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis[(1E)-2,1-ethenediyl-7,2-(9,9-dinonyl-BI -
fluorenediyl)-(1E)-2,1-ethenediyl]]bisN,N-dibutylbenzenamine) (32):To a solution o29c
(200 mg, 0.278 mmol) areb (414 mg, 0.612 mmol) in anhyd THF (15 mL), waseditiaH
(25 mg, 60% dispersion in mineral oil). The mixtwras stirred at 20 °C for 16 h and the
solvent was removed under reduced pressure. Adtiitian of water, extraction with Gi€l,,
and drying (NaSQy), the solvent was evaporated. The residue wadiguirby column
chromatography (heptane/@El,, gradient from 92:8 to 85:15) to yield 410 mg (846632,

'H NMR (300.13 MHz, CDG) 57.66 (d,J = 7.6, 2H), 7.64 (s, 2H), 7.63 (d,= 7.6, 2H),
7.53 (d,J = 8.4, 2H), 7.52 (s, 2H), 7.52 @z 8.0, 2H), 7.51 (s, 2H), 7.45 and 6.64 (AA'XX’,
Jax = 8.8, 8H), 7.41 (dJ = 8.2, 4H), 7.27 (s, 4H), 7.10 (d= 16.1, 2H), 6.97 (d) = 16.1,
2H), 3.30 (m, 8H), 2.02 (m, 12H), 1.60 (m, 8H), (&, 8H), 1.22-1.07 (m, 72H), 0.97 {,

= 7.3, 12H), 0.81 (&) = 6.8, 18H), 0.68 (m, 12H)’C NMR (75.48 MHz, CDG) J151.5,
151.4, 147.7, 140.8, 140.5, 139.6, 137.3, 136.%,113128.6, 128.2, 127.7, 125.7, 125.0,
124.7, 124.3, 120.5, 120.1, 119.8, 111.6, 55.09,%0.8, 40.7, 31.7, 30.1, 29.5, 29.3, 29.2,
23.8, 22.6, 20.3, 14.1, 14.0; HRMS (ESH,Cly/MeOH) calcd for GodHigsN, ([M+H]™") m/z
1762.4538, found 1762.4533; elemental analysisdc#6) for GodHigN, (1762.89): C
87.89, H 10.52, N 1.59; found: C 88.05, H 10.35,.81.

5,5-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)di-(1E)-2,1-ethenediyl]bis-2-
thiophenecarboxaldehyde (33)To a solution of2b (170 mg, 0.237 mmol) ansb (100.4
mg, 0.545 mmol) in anhyd THF (22 mL), was added N@bimg, 60% dispersion in mineral
oil). The mixture was stirred at 20 °C for 15 herthat 60 °C for 2 h. After addition of water,
extraction with CHCI,, and drying (Ng&5Qy), the solvents were evaporated. Purification of
the residue by column chromatography (heptane/AcEBO) afforded the crude acetal,
which was hydrolyzed at 20 °C for 2 h, using 10%l KECmL) in THF (8 mL). Thereatfter,
THF was evaporated and @El, was added. The two layers were separated andrgjamio
layer was washed with ag NaHgQ@ried (NaSQ,) and evaporated. The crude product was
purified by column chromatography (heptane/AcOER8)P to yield 90 mg (55%) o33; *H
NMR (200.13 MHz, CDGJ)) § 9.87 (s, 2H), 7.70 (dl = 7.8, 2H), 7.69 (dJ = 4.1, 2H), 7.50
(d,J=7.8, 2H), 7.46 (s, 2H), 7.26 (m, 4H), 7.19]d; 4.1, 2H), 2.02 (m, 4H), 1.26-1.04 (m,
24 H), 0.80 (tJ = 6.5, 6H), 0.61 (m, 4H)H NMR (200.13 MHz, GDs) & 9.51 (s, 2H), 7.55
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(d,J = 8.0, 2H), 7.43 (s, 2H), 7.24 (@= 8.0, 2H), 7.10 (dJ = 16.1, 2H), 6.98 (dJ = 16.1,
2H), 6.88 (d,J = 3.9, 2H), 6.56 (dJ = 3.9, 2H), 2.14 (m, 4H), 1.46-0.76 (m, 28H), 081 =
6.5, 6H).

1,1’-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis[(1E)-2,1-ethenediyl-5,2-
thiophenediyl]lbis(piperidine) (34a): To a solution o22b (129.6 mg, 0.27 mmol) and [[5-
(1-piperidinyl)-2-thienyllmethyl]triphenylphosphamn iodide (357.6 mg, 0.63 mmol) in
anhyd CHCI, (4 mL), was addettBuOK (92 mg, 0.82 mmol). The mixture was stirr¢@@
°C for 48 h. After addition of water, extractionttviCHCl, and drying (NgSQ), the solvent
was evaporated. The residue was purified by fitrathrough a short pad of silica gel
(heptane/ChKLCl, 50:50), to afford a mixture of isomers, which vagssolved in BO (5 mL).

A catalytic amount of,lwas then added and the solution was stirred &Q2fbr 3 h under
light exposure (75 W lamp). The organic layer waasked with ag N&,0O; and dried
(N&SOy). After evaporation of the solvent, the crude mwidwas purified by column
chromatography (heptane/AcOEt 99:1 then 99:2) &dyi#8.5 mg (22%) o843 'H NMR
(200.13 MHz, CDGJ) 4 7.64 (d,J = 7.9, 2H), 7.49 (d) = 7.9, 2H), 7.41 (s, 2H), 7.21 (@=
16.5, 2H), 7.18 (dJ = 5.7, 2H), 6.97 (dJ = 16.5, 2H), 6.92 (d) = 5.7, 2H), 2.97 (m, 8H),
1.98 (m, 4H), 1.78 (m, 8H), 1.59 (m, 4H), 1.25-1(A7, 24 H), 0.81 (t) = 6.6, 6H), 0.72 (m,
4H); **C NMR (50.32 MHz, CDG) J 156.4, 151.5, 140.1, 136.9, 127.3, 127.2, 1248,1],
120.8, 120.7, 119.7, 117.2, 56.3, 54.8, 40.4, R08l, 29.6, 29.3, 29.2, 26.1, 23.9, 22.6, 14.1,
HRMS (LSIMS, mNBA) calcd for GzH7:N.S, (M*) m/z 800.5137, found 800.5149;
elemental analysis calcd (%) fors#87:N,S, (801.30): C 79.44, H 9.06, N 3.50, S 8.00;
found: C 79.66, H 9.42, N 3.22, S 7.70.

1,1’-[(9,9-Dinonyl-9H-fluorene-2,7-diyl)bis[(1E)-2,1-ethenediyl-5,2-thiophenediyl-(E)-
2,1-ethenediyl-5,2-thiophenediyl]]bis(piperidine) 84b): Reaction of33 (77.0 mg, 0.11
mmol) with [[5-(1-piperidinyl)-2-thienyllmethyl]tphenylphosphonium iodide (140.0 mg,
0.25 mmol), as described f8da with subsequent purification by column chromaamiry
(heptane/CkLCl, gradient from 70:30 to 40:60), afforded 20.2 mg%) of 34b;, '"H NMR
(300.13 MHz, CDGJ) d 7.64 (d,J = 8.0, 2H), 7.45 (d] = 8.0, 2H), 7.41 (s, 2H), 7.25 (@=
15.9, 2H), 7.08 (d) = 5.4, 2H), 6.99 (d] = 15.9, 2H), 6.98 (s, 4H), 6.96 (@= 3.8, 2H) 6.89
(d,J =3.8, 2H), 6.85 (d) = 5.4, 2H), 2.95 (m, 8H), 2.00 (m, 4H), 1.80 (rh)81.59 (m, 4H),
1.26-1.05 (m, 24H), 0.82 (8§ = 6.8, 6H), 0.66 (m, 4H)**C NMR (75.48 MHz, CDQ) J
156.8, 151.6, 142.9, 141.4, 140.6, 136.0, 128.7,012126.6, 126.1, 125.4, 123.9, 121.6,
121.3, 120.5, 120.0, 119.9, 116.4, 56.3, 55.0,,48168, 30.1, 29.5, 29.3, 29.2, 26.2, 23.9,
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23.8, 22.6, 14.1; HRMS (ESMeOH) calcd for GHgiN2S; ([M+H] ") m/z1017.5283, found
1017.5268.
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Table 1. Photophysical properties of quadrupolanmaunds in toluene

Compound b Stokes
Length AT log FWHM A, _
End- 4 shift  @#
Linker Core (M)  (nm)  &ax (CM?)  (nm) 4 (ns)
group (cm™)

13a NHex PE BP 2.4 374 492 3800 424 3200 0.9070
16a NHex, PV BP 2.3 401 4.92 3900 456 3000 0.8482
13b  NHex P& BP 3.8 381 5.03 4250 433 3200 0.8273
14 NOct, PV-PE BP 3.7 406 5.13 3600 463 3000 0.%074
16b NHex, PE-PV BP 3.7 400 5.22 3950 452 2900 0.8179
17a NOct PV-FV BP 3.5 443 5.13 4400 522 3400 0.69.25
17b  NHex, PV-TV BP 3.6 458 5.10 3900 522 2700 0.50.85

19a NHex, PE FL 2.4 387 4.92 3700 421 2100 0O.8w74
23 OMe PV FL 2.3 381 4.82 3900 415 2200 0.9m87
28 NH> PV FL 2.3 392 487 4000 433 2400 0.82.83
24 NBu, PV FL 2.3 415 498 3600 457 2200 0.70.87
34a Pip TV FL 2.2 387 478 3900 484 5200 0.45.00
19b NHex P& FL 3.8 387 5.11 4100 433 2700 0.80.60
30 NHex, PV, FL 3.6 431 5.13 4000 480 2400 0.88.83
20 NOct, PV-PE FL 3.7 411 5.10 4300 464 2800 0.6180
32 NBu, PV-FIV FL 4.5 429 5.26 3700 472 2100 0.78.73
31 NOct, PV-TV FL 3.5 470 5.09 3800 525 2200 0.40.79
34b Pip TV, FL 3.5 451 498 3900 540 3600 0.46.67

21b SOCHK PE FL 2.4 372 484 3900 404 2200 0.9879
2la SOOct PE FL 2.4 363 486 3500 389 1800 0.7664
26a SOMe PV FL 2.3 387 4.82 3600 423 2200 0.94.87
21c SOOct PV-PE FL 3.7 382 5.08 4500 419 2300 0.9056
26b SOMe PV FL 3.7 412 491 4000 456 2300 0.76.74

2 Fluorescence quantum vyield determined relativeldoréscein in 0.1 M NaOH’® Fluorescence

lifetime determined using time-correlated single{oim counting (TCSPC).
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Table 2. Structure-TPA properties of quadrupolangounds in toluene

COMPNS e 2a AT AT 7 (oW e
e
# End- Linker Core (€VY) (nm) (nm) (nm) &t 705 nmat A%, at A™4, (GM)
group

13a NHex PE BP 3.12 748 - - 890 - - 28 31.8
16a NHex PV BP 290 802 730 - 740 1040 - 28 37.1
13b NHex PE BP 3.06 762 750 - 610 820 - 44 18.6
14 NOct, PV-PE BP 287 812 815 - 1140 910 - 44 25.9
16b NHex, PE-PV BP 292 800 740 - 1230 1050 - 44 28.0
17a NOct, PV-FV BP 259 886 850 - 810 420 - 44 184
17b NHex, PV-TV BP 254 916 880 960 3040 1350 1020 44 69.1
19a NHex PE FI. 3.07 774 - - 1200 - - 28 42.9
23 OMe PV FI. 312 762 - - 110 - - 28 3.9
28 NH. PV FI. 3.01 784 - - 400 - - 28 14.3
24 NBu, PV FI. 285 830 740 - 1130 1260 - 28 45.0
34a Pip TV FIl. 288 774 - - 95 - - 28 3.4
19b NHex P& Fl 3.03 774 735 - 1080 1020 - 44 24.5
30 NHex PV, Fl 273 862 730 815 2110 1920 1210 44 48.0
200 NOct, PV-PE Fl 284 822 815 - 1970 1150 - 44 44.8
32 NBu, PV-FIV Fl 276 858 730 - 3470 2960 - 56 62.0
31 NOct, PV-TV F 250 940 880 - 5480 1530 - 44 124.5
34b Pip TV, FI. 253 902 735 - 850 680 - 44 19.3
21b SO.CHR; PE FI. 320 744 730 - 83 68 - 32 2.6
2la SO0ct PE FI. 330 726 730 - 52 33 - 32 1.6
26a SOMe PV FI.  3.07 774 - - 220 - - 32 6.9
21c SOOct PV-PE FlI 310 764 - - 610 - - 48 12.7
26b SOMe PV, FIl. 287 824 725 815 1040 960 420 48 21.7

% The electronic gap (&) is calculated from the absorption and emissiorxima. 1 GM = 10

cm’*.s.photoit; TPEF measurements were performed using a mottedo€i:sapphire laser delivering 80 fs

pulses at 80 MHz, calibrating with fluoresc&ff!  Effective number ofrt electrons in the conjugated

system*'¥ © Highest TPA cross-section measured in the 700-1080range, normalized by the effective

number, of Ttelectrons in the conjugated system.
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equiv), 4-bromobenzaldehyde (1.2 equiv), Pd@el,, Cul, toluene/EN, 40 °C, 15 h (74%
of 2b); (e) 3¢, 4-iodobenzaldehydé¢,BuOK, CH,Cl,, 20 °C, 5 h, themnplcat, v (85% of4a);
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of 8a); (b) 7b, H,O,, AcOH, reflux, 3 h (89% o8b); (c) HC=CSiMe;, Pd(PPH).Cl,, Cul,
Et:N, 40 °C, 3 h (88%); (d) TBAF, THF (64%); (8p, 4-iodobenzaldehyde, NaH, THF, 20
°C, 15 h (61%).
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(methoxybenzyl)triphenylphosphonium bromide (2.2iiel] t-BuOK, CH.Cl,, 20 °C, 48 h,
then | cat, v (75%); (d)3a (1.0 equiv){-BuOK, CHClI,, 20 °C, 16 h, therpkcat, tv (12% of
24, 59% 0f25); (e)9a (2.2 equiv), NaH, THF, 20 °C, 16 h (95%284); (f) 11, conditions as
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NaH, THF, 20 °C, 48 h (63%); (H)a (2.5 equiv), Pd(OAe) PP, n-BusNCI, K,COs, DMF,
90 °C, 22 h (56%).
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Figure 4. Absorption and emission in toluene of 2#)and34a (b) 30, 34b and31: connector effects.
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length effects.
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A comprehensive series of push-push and pull-puibrbphores was prepared from the

symmetrical functionalization of an ambivalent cengh conjugated rods bearing acceptor or

donor end-groups. Their absorption, photolumineseeand two-photon absorption (TPA)

properties have been investigated, allowing tovéestructure-property relationships and to lay

guidelines for both spectral tuning and amplifioatof TPA.
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