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Synthesis of novel conjugated oligomers for secoratder nonlinear optics:
incorporation of a central spacer as a conjugatiomodulator
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Abstract: A new series of second-order nonlinear opticabotophores has been synthesized that consists of a
conjugated segment end-capped with an electrorptmcand an electron donor, respectively, and &raken
spacer intended to modulate the electro-opticakéfiConjugated chains have been tailored téhsvinylene-
1,5-thienylene as the building unit aNdN-dimethylamino and nitro groups as the donor-aarepair. Four
spacers have been incorporated into the centrabp#ite conjugated oligomers, which range fronussied to
totally unsaturated functionse. from methylene to vinylene units. The general sggitrelies upon two
consecutive Wittig or Wittig-Horner reactions beemethe spacer precursor and an aromatic phosphasium
phosphonate bearing the strong electron donortenddceptor, respectively. Two synthetic pathwayselbeen
studied. The first procedure is based on the usesgfnmetric precursor for the spacer. Howevegaation
byproduct is formed, which must be removed andeabses the reaction efficiency. The second approach
requires an asymmetric precursor for the spacersyhthesis of which is a multistep process. lreptd
evaluate the effect of the spacer, a completelyugated oligomer has been prepared by the onecstgping
of two conjugated segments end-functionalized leyelectron donor and the acceptor, respectively.

Introduction

Information processing is likely to change sigrafitly in the near future as the steadily increasiegds for
speed and storage capacity of digital data rigerdst in optical devices is rapidly growing be@aastheir
promise of extremely high speed processing, tragsion and storage of data. The application of apfibres
in high speed communication is essentially devitea small part of modern optics: linear opticshalgh
design and use of optical computers are feasibla®iasis of nonlinear optics (NLO) principfethe poor
performance of present NLO materials limits thigarganic materials are known for this low NLO resgef
and organié: NLO materials have a low degree ofaupiecular organization and/or absorb stronghhe V-
VIS region:

As a result of intensive research efforts, somel&mmental relationships between properties and thleaular
structure of NLO organic materials have emerged.ifsiance, second-order NLO chromophores needla-pu
pull structure, which means thatt conjugated segments must be end-functionalizestriongly electron
conjugated donors and acceptors, respectively. tfddtional concept emphasizes a parallel betwhen
strength of the electron withdrawing and donatiagability of the end-groups and the nonlinearityhef
conjugated molecule. More recently, Martleas stated that molecular geometry is also aiwepprtant factor
affecting NLO properties. Although NLO organic nréés usually have a much higher NLO response than
inorganic materials, their optical application isrently limited by a dramatic absorption red-shiffrom the
UV to the visible regioR.Zyss$ and Moylad have indicated that some interruption of chainjwgation, for
instance, by the incorporation of a semi-conjugateater, might lead to good NLO properties and low
absorption in this region.

Very few studie¥® have dealt with conjugated chains containing @epather than a-n electronic conjugated
bridge. They have shown that the incorporatiorhetts ands-n conjugations has no deleterious effect on
NLO properties, whereas it might result in a veighrdamage threshold working in the off-resonancelei’

Accordingly, the NLO systems envisaged in this pawe based on the tailoring of (macro) molecufes o
triblock structure in which two highly polarizalkdad/or conducting segments are separated fromathehby a
spacer. 1,4-Phenylene, 1,5-thienylene and vinylerits have been considered as building blockshfer t
conjugated segments,N-dimethylamino and nitro groups have been seleasetthe acceptor-donor pair.
Several spacers, X in Scheme 1, will be insertegltire conjugated chain, for which electronic cgafion will
be modulated from high delocalizatiore. vinylene, to a complete break by a totally satutapeup, such as
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propane-2,2-diyl. The general structure of the psagl (macro) molecules is shown in Scheme 1.
Scheme 1

AN
@ n Xj@/ \ @
S S
la—d

X

a s
Me
b —Slu—
Ve
Me
c ¢
Ve
I~

This type of molecule may be of great interestifiquroving our knowledge of the dependence of NLO
properties on molecular structure, without disrdgay potential applications. Indeed, modulatiorelefctronic
conjugation should allow electro-optical properte®e modulated by the application of an eledteilt of
variable strength. Moreover, the spacer withindbejugated chain is expected to improve solubifitgommon
solvents, to facilitate processing and to disptheeUV absorption far away from the visible lighgion.

This paper reports the synthesis of the aforemeationoleculeda-dwith n = 1. A forthcoming paper will deal
with the increase in length of the conjugated sydfe= 2,3) and substitution of 1,5-thienylene for the-1,4
phenylene end-groups, all these modifications bearged out in order to optimize the NLO respookthe
basic material (Scheme 15 1).

Results and discussion
General synthetic strategy

The general strategy relies upon the synthesispoéeursor for each spac&dr 3) that contains two end-
groups reactive in the Wittig reactidre. formyl 2 and/or derivatized acetdl Two successive Wittig-like
reactions then have to be carried out to attackldmer and the acceptor groups to the precursaise(Be 2).
Benzylic phosphonium salts or phosphonates be#nmgonor or acceptor will be considered dependmthe
starting materials available and the stabilityhaf teaction intermediates.

The spacer precursors are just the spacer attacheo thiophene rings. The symmetrical precur&oase
substituted by two identical formyl groups and @asy to prepare. However, their use in the firstigvieaction
might lead to the formation of symmetrical byprotiudn order to prevent this side-reaction fromwcag,
precursors 3 have been synthesized, that bearrotected formyl group and one aldehyde selectivedygtive
in the first of the two Wittig reactions.

As an alternative approach, a direct coupling ieadias been proposed that forms the final moletmgether
with the central spacer. For instance, the moletdlis poorly soluble in common organic solvents, bt tts
synthesis according to the proposed precursor rdéghguite a problem. The coupling method, whiaijuiees a
unique Wittig reaction, is then a straightforwardthod to synthesiskd, as shown in Scheme 2.
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Scheme 2
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Symmetrical spacer precursors

Bis-(5-formyl-2-thienyl) sulfide2awas prepared according to Fedorov's procéd(@eheme 3). Di-2-thienyl
sulfide 5a was formylated by metallation with Buhitetrahydrofuran (THF) and finally reacted with
dimethylformamide (DMF).

Silane precursa2b was prepared by the general method of carbon-gilimnd formatiort?i.e. coupling of
organometallic compounds with chlorosilane deriegi (Scheme 3).

Dichlorodimethylsilane was reacted with compodrfdllowed byin situ hydrolysis of the acetal with dilute
HC1. It is worth pointing out that hydrolysis mim carried out carefully because of the very higtsgivity of
the aromatic C-Si bond to high acidity

(E)-1,2-Bis(5-formyl-2-thienyl)ethylengd was prepared by metallation d)¢1,2-di-2-thienylethylen&d
followed by reaction with dry DMF according to theocedure used for the synthesi®af This result shows
that the double bond (X: -CH=CH-) does not reath\BiuLi at low temperature, in spite of activatiofthe
conjugation effect. It also appears that formylatid oligo(vinylenethienylene) should be an effitienethod
for attaching a functional end-group and for insieg the length of conjugated segments by a Wiyt
condensation. This increase in chain length mighdfinterest for applications in the electronid gotonic
domains, such as polymer conductors, organic #gitting diodes (LEDs) and third-order NLO matesidl™
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Chromophores from symmetrical spacer precursors

Chromophorefa,b were first prepared by two successive Wittig reatgifrom the symmetrical precurs@a,b
(Scheme 4). In order to limit the undesired forimatdf the symmetrical compounds 7 in the first Witt
reaction, the ylide of 4-nitrobenzyl(triphenyl)plpb®nium bromide was reacted with a twofold excéspacer
precursorab. In the case of silane spa@y, the ylide was first prepared by reaction with Budincein situ
generation of these ylides by lithium ethoxidegsponsible for the rupture of the silane bond dytire Wittig
reaction. The resulting byproduct with the Si-OHietyp was characterized by a broad IR absorptiom tzdn
3400 cnit. For this reason, the ylide was prepared separasihg BuLi, which is less reactive towards silane
than alcoholate. Although BuLi can react with thieangroup as previously mention&tno side reaction was
observed, possibly due to the much lowig palue of the phosphonium salt compared to thahiophene"’

Although 2 equiv. oRa,bwere used, the expected final product was contaednayca. 30% of the

symmetrical product. It is also worth noting that the Wittig reactiapplied to a ylide stabilized by conjugation
is poorly stereoselectiv& Contaminan? was separated frofby chromatography on a silica gel column; the
ratio of thecis/transisomers o remained unchanged. This ratio was measuretiiyMR spectroscopy and
found to be close to 3:2 in agreement with valugsently reported for Wittig reactions in case tslized
phenyl ylides {fanscontent: 50 + 30%}®

The second Wittig reaction was performed similarly, preparation of the ylide, which was then addedhéo t
aldehyde solution. Four geometrical isomé&m@ns-trans, trans-cis, cis-trarendcis-cis,were obtained even
after purification by chromatography on silica gharacterization of the mixture byl NMR is quite a
problem due to the overlapping of the signals efalomatic and unsaturated protons [Fig. 1 (a) for

X = -SiMe-].

The chromophore containing a central vinylene spadés actually a chromophore without any spacer,esinc
the vinylene unit does not perturb the electrowigjggation all along the chain. In this case, ttadpct formed
by the first Wittig reaction is of a very limitedlsibility in common organic solvents, which preve&firther
purification and characterization.
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Since the puréransisomer has the highest NLO respofisiejs important to transform the origineis/trans
mixture into completely theeansconfiguration. To this end, the isomerization reacby iodine deserves
interest. This reaction is usually carried outitnabenzené®?' Due to the low thermal stability of the silane
derivative, b was refluxed in the presence of a trace of iodineitrobenzene for only 5 min. Nevertheless,
decomposition occurs with formation of a hydroxymamund as proved by IR spectroscopy. Substitutfon o
xylene for nitrobenzene allows the olefin isometitaato take place after 1 h of reflux with no exmicte of
decomposition. Chromophores containing silane aifitle spacerda, 1bhave been isomerized to purans
olefins.

It has been observed that a high contemtasfsisomerl can be obtained by isomerization of the crudetieac
product independently of the addition of iodinethie case where the aldehy@lbas been isomerized with
iodine just after the first Wittig reaction. Thisservation merely indicates that the catalytic amati iodine
has a masked affinity for the olefinic oligomerisice it is still active beyond the synthesis andffmation of 6.
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Although there is no report on the possible eftécdditives on the second-order NLO response eend for
the possible effect of iodine on the excited statergy might be found in the UV spectrum of tharsi
containing chromophonb, in which an additional small absorption at 650 riraracteristic of the oligomer
doped with iodine is recorded after isomerizatigriddine.

The only way of avoiding the iodine treatment ig threct synthesis of the allansisomer chromophores,
which is reported in the next section, togethehlite improvement of the efficiency of the firstttgj reaction.

Fig. 1 'H NMR spectra of the Wittig reaction products t). Before isomerization, and (b) after isomerizatio
with iodine. Assignment of the resonance peaksedound in the Experimental section.

H¢ H HE Qb ) ]
H? Hb  HY H' H H
sERgE
i S \ N/
NO, s - ~
“ H H!

il
@ L_wp IU\J- WL}J *M | J\W\W

CHCI,
a bk ; & 1
. c h d 1 J i
! c w
|
®) UV }\)}\
8.0 75 70 65

8

Synthesis of asymmetrical spacer precursors

The use of asymmetrical precursors substituted fliptected formyl groupa-cinstead of the previously used
symmetrical precursors would prevent the final piidrom being contaminated by the symmetric oligoth

The two first steps for the synthesis of the selfilecursoBa (Scheme 5) are the same as for the synthesis of
23, i.e.the symmetrical counterpart. Di-2-thienyl disulfidas reacted with 5-lithiothiophene-2-carbaldehyde
dimethyl aceta#t in order to reduce the disulfide to sulfifl@a The yield of the recovered sulfi@a is very low
(18%), and may result from a secondary reactiowéen the acetal and the Rfion formed as a byprodifét.

Since the disulfide reduction yield is low, a nevategy has been proposed for the synthesis qfrémurso3a.
Sulfide5ais first synthesized by reaction of 2-lithiothiopteewith bis(phenylsulfonyl) sulfide as a coupling
agent?® Sulfide5a can be converted to the mono-formyl compound Hgriéier reactioni* followed by
acetalization of the aldehyde by reaction with &ihyl orthoformate in the presence of toluéhsulfonic acid
with formation of8a. This second strategy uses easily controlled i@@ctind gives quite high yields.

Scheme 6
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Silane precursaBb was synthesized in a two-step process. Firstieetbld molar excess of
dichlorodimethylsilane was reacted with 2-lithiatphene. The monochlorosila@b was then separated from
the starting materials and the symmetrical dithiesiigne by distillatiorin vacuo.The same coupling reaction
was repeated, in which the monochlorosil@bes reacted with 5-lithiothiophene-2-carbaldehydeeathyl

acetald in dry THF. Although the order of these two reant might be reversed, the extreme instability-of 5
chlorodimethylsilylthio-phene-2-carbaldehyde dimgticetallObin the presence of air makes this modification
of no practical use. Indeed, the acefdlb are easily prepared (Scheme 6) but they are ragettpmposed with
formation of HC1?*

Scheme 7. Reagents: i: HC1 ii: POG] MFA iii: HC(OMe)/H" iv: BuLi
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In addition to the spacers X able to modulate trgrcconjugation, special attention was also paia t
completely saturated spacer that would completedygnt the electronic conjugation from being praad.
The methylene group (X = -GH was chosen for this purpose.

The general strategy proposed for the preparafitimeomethylene precursor consists of the prelimyina
synthesis ofl1 (Scheme 7) followed by metallation with BuLi ancc#on of the lithio derivative with DMF.
However, metallation of the thiophene ring doesowmtur as desired. Actually, the methylene protufrisl are
expected to be acidic enough to react with BuLi fomch an anion stabilized by the two thienyl sutostints. For
comparison, diphenylmethane haska pf 352 Thus a proton abstraction from the methylene spag&ulLi
competes the desired metallation of thiophene.

This acidity of the methylene spacer decreasemtbeest in any chromophore that contains it. Irules
electronic delocalization may occur with formatinira thiophene quinoidal structure (Schemé°8).more
suitable spacer for isolating the conjugated systempletely could be found in a substituted methglgroup,
such as the propane-2,2-diyl group (X = -GNle

2,2-Di-2-thienylpropan&c was prepared from thiophene and acetone wiQ4as a catalyst. Then, classical
formylation and aldehyde protection led8owith very good yields (71 and 92%, respective§gi{eme 5).

The last step in the synthesis of the spacer psecsBa-cconsists of the formylation of the thiophene ririg o
8a-cby BuLi (Scheme 5). The intermediate product inregwction of the organometallic compounds with DMF
is easily hydrolysed by water with formation ofteoagly basic solution. It is the reason why a @dre
neutralization with a dilute aqueous HC1 solutismeécommended for precursor 3b, so as to avoidghef
breaking the C-Si bonds. PrecursBascare finally isolated by chromatography on silichayed characterized
by *H NMR spectroscopy (see Experimental).

Scheme 8
«@cm@ f; Q‘CH:C):

non-conjugated conjugated
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Chromophores from asymmetrical spacer precursors

The Wittig-Horner reaction has been proposed t@hup the desired conjugated chains with Higimsdouble
bond content. Nevertheless, due to the exceedhigly stability of the intermediate compound fornigathe
addition of diethyl 4-dimethylaminobenzylphosphanan the aldehyde in the Wittig-Horner reactibthe
alkene linking the donor group to the thiopheneebashromophore must be formed by a classical Wittig
reaction with the phosphonium derivative of the@ofScheme 9). Recrystallization has proved to berp
efficient method for the separation of th@ns-andcis-isomers of compound2a-c.Compoundd2aandl12c
with the sulfide and the propane-2,2-diyl spacespectively, were easily recrystallized from ethamater, so
that the purérans-intermediatesere easily isolated. For compounds with a silgraeerl2b, recrystallization
was carried out from light petroleum and hexane latv temperature (-20 °C) after chromatographgitca
gel in order to eliminate the triphenylphosphinéexbyproduct.

Hydrolysis of the acetal is currently performedamaqueous HC1 solution at pH = 2-3. These comditaoe
suitable for chromophores containing stable spasersh as sulfide and propane-2,2-diyl. The readsoery
rapid and complete within 5 min. In the presencthefcarbon-silicon bonds, mild hydrolysis condigsanust be
used. For instance, aldehytizb was obtained in a 96% yield by using pyridiniunueieP-sulfonate as
catalyst for the hydrolysis.

In contrast to the synthesis of the NLO chromopfidrem the symmetrical precursda,b,a Wittig-Horner
reaction is now proposed to attach the nitro aczagoup to the oligomerk2a-cin mainly thetrans
configuration. An excess of phosphonate anionépgred separately by reaction of parent phosphavitite

BuLi in dry THF The aldehyd#&2a-cis then transferred into the anion solution. Mdgtm, the chromophore is
easily recovered by precipitation of the crude tieagproduct into water, while the phosphonate iattains
soluble in water. In the particular case of chrohmelb, the silane spacer could be decomposed by the basic
solution of the excess of phosphonate anions. @tp$ains why the chromophore containing a silamesty
spacelb was purified differentlyi.e. first by chromatography on silica gel in order ¢onove the phosphonate
and other highly polar impurities, and then by ystallization from light petroleum-hexane mixture.

All three synthesized NLO chromophorks-chave an excellent stereochemical purity, sincethesomer
cannot be detected B NMR analysis. In spite of a large number of pnstin the aromatic region, all the
protons were identified from the observed chensbdts and coupling constants. The experimentafnit
shifts and their assignments are given in the Hxpatal section.

Synthesis of the chromophore 1d by the coupling method

The NLO chromophore with a central vinylene 'spabgfvas synthesized as a standard for a completely
conjugated chromophore. The strategy based orstmaraetrical precursor was first applied to the kgats of
1d. The starting material wag)-1,2-di-2-thienylethylene, which was prepared Iy tVittig reaction of
thiophene-2-carbaldehyde with thienyltriphenyl-pilosnium bromide in the presence of lithium ethoxadea
catalyst?® Formylation by 1 mol of BuLi and DMF mainly forntise mono-substituted aldehyd8. Whatever
the experimental conditions, the acetalizatiod®has repeatedly failed. Upon the addition of a sarabunt
(0.05 mol%) of an acid,e. tolueneP-sulfonic acid, no reaction occurs even at 50 aCfb, although a rapid
decomposition of the aldehyde is observed whemtietamount is increased upda. 1 mol%. Formation of a
less stable quinoid-like structure by a proton @ddicould favour the occurrence of side reacti@eheme 10).

Scheme 10
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This drawback has been avoided by using the coyptiethod illustrated in Scheme 11. 5-[(4-
Dimethylaminophenyl))-vinyl]thienylmethyltriphenylphosphonium bromidd was synthesized as an
electron donor containing a conjugated segmengrdagy to the improved reaction of a phosphoniuontide
with an alcohol as previously report&ds-[(4-Nitrophenyl)-E)-vinyl]thiophene-2-carbaldehydks'® was
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considered as the reactive counterpart bearingléwtron acceptor segment.
Scheme 9
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The coupling reaction, which is nothing but a Witteaction, has led to the deep-red compdithdue to the
long conjugated chain and ttransdouble bond in each of the original conjugated sags) the solubility otd
in common organic solvents is limited even for eochophore containing thas-isomer of the central vinylene
spacer. Accordingly, recrystallization from ethaoodiethyl ether cannot be used as an efficierthotkfor the
separation of theis- andtransisomersH NMR shows two unsaturated signals with a 12 Hzptiag constant
that corresponds todas: transratio of 2:3.

Scheme 11

Br(Ph)3PCH2 /
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Preliminary analysis of NLO properties

The NLO response of the four synthesized chromahaias measured in CHGlolution by hyper-Rayleigh
scattering (HRSYJ (Table 1). The range gfmodulation by the spacer effect varies from 15@%°1o0

218 x 10® esu, which suggests that the first hyperpolarlitgittian be improved by choosing a proper spacer
with a moderate red-shift in UV absorption. They&adifference irf values betweerg.g.the sulfide-spacer-
based chromophore and the completely conjugateshwphore (more than ten times higher than thedsulfi
spacer) indicates that the NLO properties coulchbdulated by spacers. The four chromophores under
investigation have highgtvalues than that d®-nitroaniline (PNA Surs = 23 x 10 esd®). Thep.rs value of
the NLO chromophore 'without spacer' (X: -CH=CH-yVery high. This effect may be explained by the
complete conjugation that increases the hyperpmalaiiity, and by the resonance mdtsince the doubled
frequency of the laser used for measurements (53843am) is rather close to the chromophore absoriti,ax
487 nm). The NLO properties will be discussed itadén another paper, in parallel with theoreticalculations
according to the INDO/CI-SOS methods.

Conclusions

Various synthetic strategies all based on a Wiitjge condensation reaction have allowed four NLO
chromophores to be synthesized with a high stetectséty. In this respect, superiority of the agyetric
precursor method must be outlined. Thanks to swirbility in common organic solvents, separatibthe cis-
transisomersla-c,as prepared by a Wittig reaction, was successtaliyied out by a selective recrystallization
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except for the completely conjugated chromopHatethe solubility of which is intrinsically limitedlhis
chromophoreld was synthesized in a one-step coupling reactiawoefmutually reactive segments, one bearing
the electron donor group and the second one tlsr@heacceptor group. The NLO properties of theehov
chromophores were also measured and the prelimisanjts have demonstrated the possibility of maititug

the NLO properties by the insertion of central gvacThe increase in conjugated length by the pastion of
additional thienyleneE)-vinylene units on both sides of the spacer wélithe topic of the forthcoming papers.

Table1l. Properties of NLO chromophores with spackasi

Spacer -C(Me),- -Si(Me),- -S- -CH=CH-
pW/Debye 6.1 5.0 7.1 6.4
BHRS 150 180 218 2980
(10*° esu)
Ama/NM 377 376 388 487
(eV) (3.29) (3.30) (3.19) (2.54)

#1064 nm, in CHGlsolution.

Experimental
Materials

Thiophene (99+%), thiophene-2-carbaldehyde (98%),i B2.5 M in hexane) and dichlorodimethylsilan®¢8)
were purchased from Janssen Chimica, Belgium. THE nefluxed over sodium-benzophenone and disiilisd
before use. Di-2-thienyl sulfide;? di-2-thienyl disulfide'* thiophene-2-carb-aldehyde dimethyl acétal;
dimethylaminobenzyl(triphenyl)-phosphonium bromfdd;nitrobenzyl(triphenyl)phosphonium bromitfe,
diethyl 4-nitrobenzylphosphonatg(E)-1,2-di-2-thienylethyler@ and bis(phenylsulfonyl) sulfid@were
prepared according to the cited references.

Characterization and purification

The new compounds were characterizedb§MR and FTIR. NMR spectra were recorded in CBGding
tetramethylsilane (TMS) as a reference with Bruki400 apparatus] values in Hz. IR spectra were recorded
with a Perkin-Elmer FT-1600 spectrometer, and samplere prepared by solvent casting on a KBr drysta
Purification was achieved by chromatography omaitiel: 0.5 g samples were eluted through a cofiltad

with 25 g of silica gel (Merck 63-200 um ref. 773%he final purity was ascertained by thin-layer
chromatography (TLC) and high performance liquidochatography (HPLC) (Waters 600 with detector 486).

General procedure for preparation of acetals

The aldehyde (0.5 g) was added to trimethyl orttroéde (10 ml) at room temp. A catalytic amountadfiene-
p-sulfonic acid monohydrate (5 to 10 mg) was theteadslowly. The reaction medium was neutralizedh wit
Na,CO; after 1 h reaction at the same temperature. Témlawas recovered by distillation under vacuurnhimit
high yields (>90%).

General procedure of formylationvia metallation

This formylation procedure has been repoffethe thiophene derivatives were dried by azeotrdjsitillation

(x 3) with previously dry toluene under.NDry THF was added as solvent and cooled dowsQd€. BuLi (0.8
M) was transferred to the reaction medium with a g@imhen dry DMF oN-formylpiperidine (200% based on
thiophene derivatives) was added to the solutidh°&. After 1 h, the aldehyde was recovered bgipr&tion
into water. Due to their high molecular mass, ymisesized molecules could not be purified by Wégion in
vacuo.Chromatography on silica gel was successfully dsed purification method of the precursors usually
by using an ethyl acetate-hexane (1:4 v/v) mixageluent.

General synthesis of the symmetrical precursors bwittig reactions (Scheme 4)
The phosphonium salt (0.015 mol) and the preclaktghyde (0.01 mol) were separately dried by aneatr

distillation with dry toluene. The precursor waseridissolved in dry THF and the phosphonium salpelised in
the same solvent. BuLi (0.015 mol) was first adttethe phosphonium salt at -30 to -40 °C. The teatpee
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was allowed to rise to room temp, for 30 min, befthre aldehyde solution in THF was added. After thé
solvent was removed and the crude product wasigdifify chromatography on silica gel with ethyl atet
hexane (1:4 v/v) as eluent.

The second Wittig reaction in the preparation ef O chromophores from the intermediate 6 wasgpeméd
by the same procedure.

Isomerization by iodine

A small pellet of iodine (<I mg) was added at 180t a xylene solution (20 ml) containing 0.6 gl sample
to be isomerized. After 1 h reflux, the mixture vediewed to cool to room temp. and the isomerizedge was
recrystallized from hexane (100 ml). The producs fithered and dried. Yields were in the range &83.%.

Bis(5-formyl-2-thienyl) sulfide 2a

Di-2-thienyl sulfide5a (4.0 g, 0.0202 mol) was formylated by metallatiottwBuLi (2.5 M, 18 ml) in THF (120
ml) and then reaction with 4.0 ml of dry DMF Etladetate-hexane (1:1) was used as eluent for chognagthy
on silica gel. The diformyl compound was isolate®8% yield.oy 9.83 (2 H, s), 7.66 (2 H, d), 7.28 (2 H,
d),7/cm* 3080, 2821, 2733, 1668, 1650, 1412, 1220, 11966,1989, 801, 749, 665.

Bis(5-formyl-2-thienyl)dimethylsilane 2b

A solution of 5-lithiothiophene-2-carbaldehyde diimg acetal was prepared by metallation of thiophen
carbaldehyde dimethyl acetal (15 g, 0.095 mol) \Bittvi (2.5 M, 38 ml) in dry THF at -78 °C. To thigas
added 5.7 g (0.0475 mol) of freshly distilled dmtadimethylsilane at -78 °C. The temperature whshad to
increase to room temp, for 30 min. Then, the solutif the acetal was hydrolysed with 0.1 M HC1 435 for
5 min. The product was recovered by precipitatrowater and purified by chromatography on silichvgiéh
1:1 ethyl acetate-hexane as eluent. (Yield, 6%9.96 (2 H, s), 7.82 (2 H, d), 7.39 (2 H, d); 0.184, s),
vicm* 3089, 2959, 2845, 1664, 1511, 1426, 1254, 1058, 983, 790, 760, 669.

(E)-1,2-Bis(5-formyl-2-thienyl)ethene 2d

This compound was prepared froE)1,2-di-2-thienylethene by metallation, followed teaction with DMF as
reported fora (yield, 69%).0y 9.89 (2 H, s), 7.69 (2 H, d), 7.24 (2 H, s), 7.224 d), v/icm' 3082, 1652, 1456,
1229, 1046, 949, 808, 668.

5-Formyl-2-thienyl 5'-dimethoxymethyl-2'-thienyl sulfide 3a

Method 1. Di-2-thienyl disulfide (1.74g, 7.6 mmol), previoysdried by azeotropic distillation with toluene, sva
added to a solution of 5-lithiothiophene-2-carbhigie dimethyl acetal 4 (0.0106 mol) in THF at -T8 The
mixture was warmed to room temp., stirred for &rd then poured into water. Compowaiwas recovered by
extraction with diethyl ether, washed with wataied over anhydrous N80, and finally distilledin vacuo

(125 °C, 0.1 mmHg): yield, 18%.

Method 2. Di-2-thienyl sulfideba (3.1 g, 0.016 mol) was mixed with PQE8.12 g, 0.02 mol) ani-
methylformanilide (2.75 g, 0.02 mol) at 0 °C. Afeeslight release of HC1, the solution was headgddm
temp. and stirred overnight. The viscous mixture waenched by adding ice and extracted with diedthér.
The extracted product was washed and dried, andi¢ieyl ether removed. The aldehyde was purified b
distillation (yield: 82%). The acetalization proced is the same as described above. Compound 8abtained
in 91% vyield by distillatiorin vacuo(126 °C, 0.1 mmHg).

Compoundawas reacted with BuLi and DMF to produce the preciBa following the standard procedure
detailed above (yield: 55%j; 9.74 (1 H, s), 7.57 (1 H, d), 7.27 (1 H, d), 7.84, d), 5.60 (1 H, s), 3.37 (6 H,
s), vicri™ 3086, 2934, 2829, 1666, 1414, 1223, 1179, 109851973, 801, 667.

5-Formyl-2-thienyl-(5 '-dimethoxymethyl-2 '-thienyl)-dimethylsilane 3b
Thiophene (2.6 g, 0.031 mol), distilled from GakWas metallated with BuLi (2.5 M, 12.5 ml) in diHF (65

ml) under Nat 0 °C for 30 min. The solution was added dropwasdichlorodimethylsilane (12 g, 0.09 mol)
under vigorous stirring at room temp. The reacti@s very rapid and followed by distillation of seht and
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unreacted reagents under reduced pressure. Thechlorasilanedb was finally purified by distillation (37 °C,
0.1 mmHg): yield, 58%.

5-Lithiothiophene-2-carbaldehyde dimethyl acetad2® mol) in THF (60 ml) was added to the
monochlorosilan®b (4.5 g, 0.025 mol) at -78 °C. The temperature fivasincreased to room temp., and the
solution was then poured into water and extractithl diethyl ether. The ethereal phase was wash#ddwater
and dried over anhydrous p&0;. After solvent removal, the ace&th was distilledin vacuo(105 °C, 0.1
mmHg): yield, 70%dy 7.60 (1 H, d), 7.20 (2 H, d), 7.16 (1 H, d), 7.9, d), 5.65 (1 H, s), 3.37 (6 H, s), 0.62
(6 H, s), v/crit 3062, 2930, 2885, 1530, 1400, 1251, 1210, 1187),10961, 981, 832, 786, 671.

Compound3b was prepared by the standard formylation procediarmetallation of8b (final yield: 91%).0y
9.91(1H,s),7.79 (1 H,d), 7.36 (1 H, d), 7.2(H, d), 7.13 (1L H, d), 5.65 (1 H, s), 3.36 (6 H,6s663 (6 H, s),
vicm® 3060, 2957, 2830, 2732, 1674, 1512, 1425, 1345419214, 1182, 1094, 1060, 996, 834, 808, 782, 668

2-(2-Thienyl)-2-(5'-dimethoxymethyl-2'-thienyl) propane and 2-(5-formyl-2-thienyl)-2-(5 ' -
dimethoxymethyl-2 ' -thienyl) propane 8c and 3c

The same procedure as used for the synthesis(oi&thod 2) was implemented with 2,2-di-2-thieny|pane
instead of di-2-thienyl sulfide.

8c: yield, 92%.0, 7.31 (1 H, d), 6.89 (1 H, d), 6.86 (2 H, m), 6.13;, d), 5.54 (1L H, s), 3.35 (6 H, s), 1.83 (6
H, s), vicri-3072, 2969, 2829, 1682, 1478, 1348, 1186, 10953,19985, 904, 850, 802, 698.

3c yield, 70%,5,, 9.82 (1 H, s), 7.59 (1 H, d), 6.97 (1 H, d), 6.8 d), 6.80 (1 H, d), 5.56 (1 H, s), 3.36 (6 H,
s), 1.85 (6 H, s), V/ct* 3103, 2972, 2801, 1667, 1527, 1446, 1366, 121831860, 811, 760, 700, 666.

Wittig reaction for the synthesis of intermediatesl2a-c

The Wittig reaction previously used for the syntbhed the symmetrical precursa2a-cwas considered. A
typical preparation of the intermediate2a-cwas as follows for the particular case of thersilapacet2b. The
precursor 3b (0.5 g, 0.0016 mol) and 4-dimethylarbénzyl(triphenyl)phosphonium bromide (0.002 34,mol
1.0 g) were separately drigdvacuoatca. 40 °C for 30 min., and then added to 80 ml of dHFTBuLi (2.5 M,
1.0 ml) was added to the phosphonium suspensie80ab -40 °C, and the ylide solution formed wasndy
warmed to room temp. for 30 min. The solutiorBbfwas transferred to the ylide solution with vigosatirring.
After 2 h, the solvent was removed and the crudeuymt was purified by chromatography on silicawith
ethyl acetate-hexane (1:4 v/v) as eluent. Finatdiydis in acetone (40 ml) containing pyridiniuntiueneP-
sulfonate (50 mg in 10 ml water) for 2 h at roompe released the almost completely essentiedlys-aldehyde
12b. Compoundl2b was finally purified by recrystallization from henelight petroleum (EtOH-§ for 12a,c)
at -20 °C (yield: 47%).

5-Formyl-2-thienyl 5-[(4-dimethylaminophenylE)-vinyl]-2-thienyl sulfide12a:yield, 60%.0y4 9.74 (1 H, s),
7.58 (1 H,d), 7.35(2H,d), 7.22 (1 H, d), 7.0, d), 6.95 (1 H, d), 6.91 (1 H, d), 6.86 (1 Hi, @69 (2 H, d),
3.00 (6 H, s), v/cm 3080, 2885, 2806, 1651, 1601, 1526, 1418, 13597,12200, 1063, 949, 810, 752, 666.

5-Formyl-2-thienyl-5-[(4-dimethylaminophenylE)-vinyl]-2-thienyldimethylsilanel 2b: yield, 47%.0y 9.95 (1
H,s), 7.80 (1 H, d), 7.39 (2 H, d), 7.33 (1 H,dRg0 (1 H, d), 7.12 (1 H, d), 7.09 (1 H, d), 7(@H, d), 6.90 (1
H, d), 3.01 (6 H, s), 0.67 (6 H, s), V/¢rB054, 2954, 1673, 1605, 1524, 1425, 1358, 1252212061, 990, 948,
833, 806, 781, 761.

2-(5-Formyl-2-thienyl)-2-[5-[(4-dimethylaminopheRy(£)-vinyl]-2-thienyl] propanel2c: yield, 69%.0y 9.83
(1H,s),7.60(1H,d),7.32(2H,d), 6.99 (1hi,6.95 (1 H, d), 6.78 (3 H, m), 6.68 (1 H, dP2(6 H, s), 1.86
(6 H, s), vicrit 3070, 2969, 2802, 1667, 1604, 1520, 1445, 135871247, 809, 668.

Wittig-Horner reaction for the synthesis of NLO chromophoresla-c: (Scheme 9)

As a representative example, a typical proceduréhivsynthesis of the silane-containing chromoehbris as
follows. The intermediat&2b (0.48 g, 0.0012 mol) and diethyl 4-nitrobenzylpHuspate (0.50 g, 0.0018 mol)
were dried separately under vacuum and dissolvedyimHF (50 ml x 2). BuLi (1.3 M, 1.3 ml) was adte
dropwise to the phosphonate solution at -78 °Gfmin and the solution was then slowly warmed tanmo
temp. (about 30 min). Compoud@bin THF was transferred into the anion solutioncatm temp. After 2 h,
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the solvent was removed and the product was pdrfiechromatography on silica gel with ethyl aceta¢éxane
(1:4 viv) as eluent. Compourtiol was finally recrystallized from the same solvenktunie at -20 °C (yield,
67%).

5-[(4-Nitrophenyl)-E)-vinyl]-2-thienyl 5-[(4-dimethylamino-phenyl)E)-vinyl]-2-thienyl sulfide (a): yield,

61% (Found: C, 63.64: H, 4.87: N, 5.55: S, 19.48cCC, 63.65: H, 4.52: N, 5.71: S, 19.6%).8.18 (2 H, d),
7.53(2H,d),7.33(2H,d), 7.26 (1 H, d), 7.1, d), 7.07 (L H, d), 6.99 (1 H, d), 6.93 (1 hi, &85 (1 H, d),
6.83 (1 H, d), 6.82 (1 H, d), 6.67 (2 H, d), 2.8, s). v/crit 3010, 2919, 2850, 1594, 1506, 1361, 1340, 1226,
1110, 1060, 945, 812, 792, 748, 688.

5-[(4-Nitrophenyl)-E)-vinyl]-2-thieny{5-[(4-dimethyl-aminophenyl) &)-vinyl]-2-thienyl}dimethylsilane Ib):
yield, 67% (Found: C, 65.12: H, 5.94: N, 5.42: 3,2B. Calc: C, 65.08: H, 5.46: N, 5.42: S, 12.41548.19 (2

H, d), 7.57 (2 H,d), 7.41 (1 H, d), 7.35 (2 H, AR5 (1 H, d), 7.23 (1 H, d), 7.20 (1 H, d), 7(@&H, m), 6.98 (1
H, d), 6.91 (1 H, d), 6.69 (2 H, d), 2.98 (6 H,&)%5 (6 H, s). v/cth3017, 2953, 1621, 1604, 1514, 1358, 1338,
1067, 990, 947, 830, 808, 779.

2-{5-[(4-Nitrophenyl)-E)-vinyl]-2-thienyl}-2-5-[(4-dimethyl-aminopheny)-(E)-vinyl]-2-thienyl}propane Ic):
yield, 50% (Found: C, 69.68: H, 6.11: N, 5.61: 3,8D. Calc: C, 69.57: H, 5.64: N, 5.60: S, 12.8184)8.18 (2
H, d), 7.52 (2 H, d), 7.31 (3 H, m), 6.98 (1 H, @6 (1 H, d), 6.84 (1 H, d), 6.82 (1 H, d), 6(2&8H, m), 6.76

(1 H,d),6.68 (2H,d), 297 (6H,s),1.85 (6sH,v/icn' 3072, 2967, 2802, 1620, 1603, 1589, 1336, 1108, 94
863, 809, 746, 688.

Wittig reaction for the synthesis of I-{5-[(4-nitrophenyl)-(E)-vinyl]-2-thienyl-2-5-[(4-
dimethylaminophenyl)-(E)-vinyl]-2-thienylethene (1d)

5-[(4-Nitrophenyl)-E)-vinyl]thiophene-2-carbaldehyde (0.31 g, 0.0012)rand 5-[(4-dimethylaminophenyl)-
(E)-vinyl]thienyl-methyl(triphenyl)phosphonium brade (0.8 g, 0.001 37 mol) were added to 50 ml gfTHF.
Lithium ethoxide (0.44; 5.0 ml) was then added to the vigorously stirrespsasion at room temp. After 2 h,
the product was recovered by precipitation witraathl, and washed with diethyl ether: yield, 61%u{fd: C,
69.90: H, 5.53, N, 5.84: S, 12.76. Calc: C, 691394.99: N, 5.78: S, 13.23%), 8.19 (2 H, d), 7.57 (2 H, d),
7.34(2H,d),7.33(1H,d), 7.16 (1 H, d), 7.2H, d), 7.02 (1 H, d), 7.00-6.806a.4 H, m), 6.68 (2 H, d), 2.99
(6 H, s), 6.58ca.0.4 H, d,J11.9) and 6.48ca.0.4 H, d,J11.8) associated wittis-double bond in the middle
of the molecule). v/cm-2950, 1593, 1509, 1363, 1338, 1229, 1182, 947, 8&4, 811, 793, 746, 688.
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