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Abstract: The regioselective synthesis of fluorescent oligothiophene isothiocyanates is described. The
isothiocyanates were reacted with bovine serum albumin (BSA) following standard procedures and the optical
properties of the oligothiophene-BSA conjugates were analyzed as a function of oligomer concentration, time,
and irradiation power. The oligothiophene-BSA conjugates were chemically very stable and their photolumi-
nescence characteristics persisted unaltered for several months. Photoluminescence data relative to the conjugate
of an oligothiophen& S-dioxide isothiocyanate with monoclonal anti-CD8 antibody are reported. No
fluorescence quenching was observed following the binding of the isothiocyanate to the antibody and the
conjugate displayed high chemical stability and photostability.

In the past few years optical probes and fluorescence detectionof this type may be stable in many solvents and can even be
have replaced radioisotopes as analytical tools in most biomedi-stored for relatively long times? Since the light emitted upon
cal applications. Fluorescent markers allow for the detection of irradiation is proportional to the amount of fluorescent marker
the components of complex biological systems with great presentin the bioconjugate, quantitative determinations can be
sensitivity and accuracy. There is an extensive literature on themade. Concentrations as low as picomolar and even femtomolar
use of fluorescent markers in biochemistry, pharmacology, and have been monitorett3 Moreover, via chemical synthesis, the
medicine. Fluorescence is the tool of choice to monitor antigen —NH, functionality can easily be grafted to the molecular
antibody interactions in various bioanalytical applications, for skeleton of many biologically important compounds, such as,
use in immunochemistry, genomic studies, hystological assays,for example, oligodeoxynucleotides at theehd position. In
nucleic acids labeling, etc. Fluorescence detection is highly this way fluorophores containing the isothiocyanate functionality
sensitive and noninvasive and enables one to monitor very fastbecome useful for monitoring a variety of different processes
processes, even on the order of picoseconés. of biological importancé.

A few families of fluorescent markers whith light-emitting Further developments of optical probe technology require the
frequencies spanning the entire visible spectrum and near-IRdesign of new fluorophores with better spectral properties,
have been developed and are commercially available. Some ofgreater tunability of the emission frequency, ease of synthesis,
these are high-weight compounds, others are low-weight and standardization of the procedures for binding biomolecules.
molecules with greater membrane permeability, and others arejmprovements in these fields would, in particular, extend the
mixtures of compounds emitting light through a complicated feasibility of multilabeling experiments, i.e., experiments al-
pattern of intermolecular interactiofs. lowing the simultaneous monitoring of different biochemical

The most common fluorophores are amine-reactive com- regctions.
pounds bearing functional groups capable of forming a stable A ideal class of fluorophores should have high absorbance
linkage with biomolecules. One of the most used functional y5),es, Jarge differences from absorption and photoluminescence
groups is the isothiocyanate groegN=C=S, which affords  frequencies (Stokes shifts), and high fluorescence quantum
thioureas upon reaction with amines: yields (the ratio of the number of photons emitted to the number

of photons absorbed). Among fluorophores of current practical
X=NCS+ ¥=NH, = X=NH=C(S)-NH—Y importance such as fluorescein and fluorescein derivétihes
X = fluorescent marker, ¥= biological molecule
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Scheme 1. Synthetic Pattern for the Synthesis of Thiophene Isothiocyanates Starting from Commercial 2-(3-ThienylYehanol
and 2-(2-Thienyl)ethanalb?
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a Conditions: (i) NBS, toluene-20 °C; (ii) 2-tributylstannylthiophene, Pd(AsBh, toluene, 110°C; (iii) CH3SO,CIl, CH,Cl,, EtsN, —20 °C;
(iv) NaNs, DMF, 60 °C; (v) LiAlH 4, ELO; (vi) 2-pyridyl thiocarbonate, CHCl,.

molar extinction coefficients are in the range 56@D0000 SS-dioxide isothiocyanate having the maximum wavelength

cm~t M~ while the photoluminescence quantum yields vary absorption near 480 nm.

from 0.05 to 1.0%2 We will show that our results open the door to the investiga-
High absorbance values and large Stokes shifts are charaction of oligothiophene isothiocyanates as a novel and promising

teristic of thiophene oligomers, a well-known class of com- class of fluorophores for biomolecular applicatiéns.

pounds which have been actively investigated in recent years

for their photo- and electroluminescence propefidsme- Results

resolved experiments have shown that the their photolumines- (I) Synthesis and Optical Properties of Oligothiophene

cence lifetimes are on the order of nanosecbhéand it has  |sothiocyanates. The synthetic pattern for the preparation of
been demonsrated that they can reach high PL quantum yields,igsthiophene isothiocyanates is shown in Schemes 1 and 2,
in solution as well as in the solid state, depending on oligomer g4 ing from commercial thiophene derivatives. Scheme 1 shows

size and substitution patteffr.® Moreover, the solid-state PL the synthesis of isothiocyanat@a and 7b starting from 2-(3-
frequencies of these compounds can be tuned across the ViSibl?nienyI)ethanoI 1a) and 2-(2-thienyl)ethanol1p).

range_and ”eaf"R with_an astonishing number of Sha@'_es bY" Monomers1a and 1b can easily be transformed into the
cha}nglng the.ollgomer size and the ”“mbef and the position of corresponding isothiocyanates by the following pattern: alcohol
various substitutenf§.Major advantages of thiophene oligomers __ tosylate— azide— amine— isothiocyanate through steps
are the chemical stability and the easy functionalizati®hey i to vi. 911 Moreover, these isothiocyanates are easily mono-

?re S.OIU?.Ie In most c_)rgamcé solvents and with appropriate o gibrominated at the terminal positions. Unfortunately, we
unctionalization even n water. ) ) were not able to find the experimental conditions to couple these
~ On these grounds thiophene oligomers appear suitable topomg derivatives with thienyl stannanes or boronic acids and
investigate as fluorescent probes for biomolecules, but to the piiq up oligomers by means of the Stifl@r Suzuki3 reactions.
best of our knowledge no attempts in this direction have been Thus, we first incorporated the (thienyl)ethanol moiety into an
made so far. Furthermore, despite the great number of func-gjigothiophene and then transformed the OH functionality into
tionalization types described in the literature for these com- {hg jsothiocyanate group according to the modalities described
pounds; the functionalization with the isothiocyanate group has i scheme 1.
not yet been reported. _ _ _ Tuning the absorption and emission wavelengths of thiophene
In this paper we describe the regioselective synthesis of gjigomers requires changes in oligomer size and functionaliza-
fluorescent oligothiophene isothiocyanates and their conjugationtjgn pattern. Thus, we found it more expedient to develop an
with bovine serum albumin (BSA), the cheapest commercially gjternative synthetic method in which the tranformation of a
available protein. The optical properties of oligothiophene-BSA fynctional group into the isothiocyanate is carried out in the
conjugates were analyzed as a function of oligomer concentra-|5st step of the reaction and is almost quantitative. Scheme 2
tion, irradiation power, and resistance to prolonged irradiation. justrates the synthesis of isothiocyanath, 12¢ and 13b
The paper also describes the o.ptlcal properties of a conjugatestarting from commercial thiophene and ‘2p@thiophene.
of the anti-CD8 monoclonal antibody with an oligothiophene-  The method illustrated in Scheme 2 takes advantage of the
(5) (a) Nalwa, H. S., EdHandbook of organic condue molecules dlfferent reactivity of the thorme atoms in c_hloro(chlorometh-
and polymersJohn Wiley & Sons: Chichester, NY, 1997; Vols-4. (b) yl)dimethylsilane (CICHSIi(CH;)2Cl), which is also a com-
Electronic Materials: The Oligomer ApproacMiillen, K., Wegner, G., mercial product. The chlorine atom attached to silicon being

Eds.; Wiley-VCH: New York, 1998. (cHandbook of oligo and poly-  1,,ch more reactive than the one attached to carbon: €ié,-
thiophenesfichou, D., Ed.; Wiley-VCH: New York, 1999. . . . . - .

(6) (a) Chosrovian, H.; Rentsch, S.: Grebner, D.; Dahom, U.; Birckner, Si(CHs)2Cl moiety can be directly linked to the thiophene ring
E. Synth. Met1993 60, 23. (b) Kanemitsu, Y.; Suzuki, K.; Masumoto, Y.; by lithiation followed by reaction with chloro(chloromethyl)-
Tomiuchi, Y.; Shiraishi, Y.; Kuroda, MPhys. Re. B 1994 50, 2301. (c)
Cerullo, G.; Lanzani, G.; Zavelani-Rossi, M.; De Silvestri, S.; Barbarella, (8) Patent pending.

G.; Sotgiu, GSynth. Met2001, 119, 617. (d) Oelkrug, D.; Egelhaaf, H. J.; (9) Creary, X.; Zhu, C.; Jiang, Z. Am. Chem. Sod 996 118 12331.
Gierschner, J.; Tompert, ASynth. Met.1996 249. (e) Barbarella, G.; (10) Kim, S.; Yang Yi, K.Tetrahedron Lett1985 26, 1661.
Favaretto, L.; Sotgiu, G.; Zambianchi, M.; Bongini, A.; Arbizzani, C.; (11) Barbaro, G.; Battaglia, A.; Giorgianni, P.; Guerrini, A.; Seconi, G.

Mastragostino, M.; Anni, M.; Gigli, G.; Cingolani, R.. Am. Chem. Soc. J. Org. Chem1995 60, 6032.
200Q 122 11971. (f) Antolini, L.; Tedesco, E.; Barbarella, G.; Favaretto, (12) (a) Stille, J. KAngew. Chem., Int. Ed. Endll986 25, 508. (b)The
L.; Sotgiu, G.; Zambianchi, M.; Casarini, D.; Gigli, G.; Cingolani, R. Stille ReactionFarina, V., Krishnamurthy, V., Scott, W. J., Eds.; John Wiley
Am. Chem. So200Q 122, 9006-9013. & Sons Ltd.: Chichester, 1998.
(7) Barbarella, G.; Zambianchi, M.etrahedron1994 50, 11249. (13) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457.
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Scheme 2. Synthetic Pattern for the Preparation of Oligothiophene Isothiocyanates by Means of

Chloro(chloromethyl)dimethylsilafe
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a Conditions: (i) LDA,CICHMe,SiCl; (ii) BuLi, BusSnClI; (iii) 4-biphenylbromide, Pd(AsRh, toluene, 110C; (iv) NaSCN, acetone, ED; (v)
5-bromo-2,2bithiophene, Pd(AsR}y, toluene, 110°C; (vi) 2,5-dibromo-3,4-dihexyl-thiophene-1,1-dioxitte Pd(AsPh)4, toluene, 110C; (vii)
5-dimethyl(chloromethyl)silyl]- 5tributylstannyl-2,2-bithiophene, Pd(AsR}y, toluene, 11C°C.

Table 1. Maximum Absorption {ma)? and Emissior(Ap.)®?
Wavelengths and Molar Extinction Coefficientgof
Isothiocyanate3a, 7b, 10b, 12¢ and13b

Compd lmax € APL A(APL - lmax)d
7a 342 11 800 434 6199
7b 360 18 950 438 4947

10b 312 42 000 450 9829
12¢ 396 47 000 560 7395
13b 477 38 000 650 5579

a|n nm, in methylene chloride. lex. = 325 nm.¢ Units: cnT* M2,
d Stokes shifts are given in crh

dimethylsilane. Afterward the chlorine attached to carbon may
be transformed quantitatively into the corresponding isothio-
cyanate by reaction with sodium thiocyanate NaSCN.

The optical properties of isothiocyanat&s 7b and10b, 12¢g
13b are shown in Table 1. It is seen that the wavelengths of
maximum absorption span from 312 to 477 nm with extinction
molar coefficients varying from 11 800 to 47 000 Mcm™1.

The light emission wavelengths @&,7band10b, 12c and
13b cover the entire visible spectrum from 434 to 650 nm, i.e.,
from blue to red. The Stokes shifts from absorption to emission
wavelengths are large and vary from 78 nm (0.61 eV) for trimer
7b to 173 nm (0.69 eV) for pentamés3b.

Figure 1A shows the absorption spectra of compourls
12¢ and13b and Figure 1B the photoluminescence spectra of

Aksorbance (a.u.)

500
Wavelength (nm)

300 400

W
/130

Intensity (a.u.)
L
—

the same compounds upon irradiation with the same laser source / JENY ", e,

(lexe = 325 nm). As generally observed for thiophene
oligomer§adthe absorption spectra Db, 12¢ and13bare

shapeless and broad. This makes it possible to oberve significant

photoluminescence intensities by exciting with the same light

source compounds having different maximum absorption wave-

length (cf. also ref 6e). The photoluminescence spectfObf
and 12c display fine structure, as is generally observed for
conventional oligothiophenéa?while the photoluminescence
spectrum ofL3b displays a shapless band, typical of oligothio-
pheneS S-dioxidesbe9

Within the limits of the experimental error the PL quantum
yields (QYs) of oligothiophene isothiocyanates in chloroform

400 450 500 550 600 650 700 750

‘Wavelength (nm)
Figure 1. (A) Absorption and (B) photoluminescence spectra of
isothiocyanate40b, 12¢ and13b in methylene chlorideley. = 325
nm).

indicating that the presence of the NCS groups scarcely affects
this parameter. For compounda and7b we measured values

in the range 0.080.1, for 12ca value in the range 0.19.2,

for 10b a value between 0.4 and 0.5, and f8b a value of
0.01. These QYs are similar to those reported in the literature

were the same as those of the unsubstituted parent compounddpr unsubstituted ter- and quaterthiophene in soluéfgtf for
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Figure 2. (A) Absorption spectrum of native bovine serum albumin § P i
(BSA) and of the conjugat&@b-BSA. (B) Absorption spectrum of g - )
isothiocyanatérb in DMSO. =T s
p-terphenyl in solutiod® and for conformationally mobile o
oligothiopheneS S-dioxides'® Nevertheless, these values are 5 = = = o
scarcely significant to our purposes as it is known that the PL Pawer density (milem?)

quantu_m yields of t.hi0phene _o_Iigomers depend_tc_) ?‘.gre.at extentFigure 3. (A) Photoluminescence spectrum of isothiocyan#ein
on their conformational mobility and that the rigidification of DMSO fB) Photoluminescence spectrum of conjugéieBSA. (C)
the system may lead to a significant increase in photolumines- Integrated area of the photoluminescence spectrurfbeBSA vs
cence intensit§¢ In consequence, the effective response of these axcitation power densityAex = 325 nm.

fluorophores to UV excitation will depend on the degree of

conformational freedom left after conjugation with the biomol-  The photoluminescence (PL) spectrum of tAe-BSA
ecules. _ _ _ conjugate in PBS is shown in Figure 3B = 325 nm) for
(I) Conjugation with Bovine Serum Albumin (BSA). To different values of the excitation power, while Figure 3A shows

test the feﬁsbi,bi"t% of the CO'?]J;}J%agO”_ of thiopher|1t;a isothiocy-  he p| spectrum of purb for comparison. Figure 3C shows
?na:_es V\<'/t |opf(_) ytmers(,jpurltlﬁ ovine Set“t’_m a u:n!n (BSA, the integrated area of the PL spectrum of TheBSA conjugate
ra_cl_:hlon ). Wast. Irs fusl? 315. ﬁ represtin ative ;?[ro e'.rlh BSA vs the excitation power density (mW émnlt is seen that the
€ conjugation ot oligothiophene Isothiocyanates wi . _intensity of the PL spectrum increases almost linearly as a
was carried out at basic pH, according to standard modalities . o .
. . 4 ) function of the power of excitation. No changes in the shape of
(see the Experimental Section). The oligothiophene-BSA con- the PL spectrum were observed
jugate was separated from unbound isothiocyanate by gel P : . . o
filtration chromatography in saline phosphate buffer solution ~AS mentioned in the Introduction, theNCS functionality
(PBS, pH 7.2). reacts with the available-NH, groups of lysine residues of
Figure 2A shows the absorption spectrum of native BSA and the protein. Thus, there is a threshold value for the number of
that of the purified conjugate ofb with BSA in phosphate  isothiocyanate groups that can link BSA. The larger the numper
buffer solution while Figure 2B shows the absorption spectrum of fluorophores conjugated to the protein the greater the resulting
of pure7b for comparison. photoluminescence intensity that can be obtained from the

(14) (a) Barbarella, G.; Favaretto, L.; Sotgiu, G.; Zambianchi, M.; conjugate. . . . . .
Antolini, L.; Pudova, Bongini, A.J. Org. Chem.1998 63, 5497. (b) To establish the maximum PL intensity that can be obtained

Barbarella, G.; Pudova, O.; Arbizzani, C.; Mastragostino, M.; Bongini, A.  from a solution of7b-BSA for a given excitation powetgy.

J. Org. Chem1998 63, 1742. _ s . .
(15) Leising, G.; Tasch, S.; Graupner, W. #andbook of conduate = 325 nm, excitation power 10.5 mW) we first determined

polymers Skotheim, T. A., Elsenbaumer, R. L., Reynolds, J. R., Eds.; Marcel the reaction time needed to achieve the complete reaction

Dekker: New York, 1998; p 847, : N _ between7b and BSA. Then, we determined the maximum
(16) Barbarella, G.; Favaretto, L.; Sotgiu, G.; Zambianchi, M.; Fattori, b f7b | | b d BSA with .

V.; Cocchi, M.; Cacialli, F.; Gigli, G.; Cingolani, RAdv. Mater.1999 11, number 0 molecules bound to without protein

1375. denaturation.
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To this aim five different samples containiip and BSA in . ] i [
a 10:1 molar ratio were prepared, the reaction stopped at 500 550 600 650 700 750
different times after mixing the reagents, and the conjugate Wavelength (nm)
separated from unbound components by gel filtration chroma- Figure 6. Photoluminescence spectia,¢ = 488 nm) of the conjugate
tography. Figure 4A shows the integrated area of the PL spectraof 13bwith BSA vs 13b:BSA molar ratios: (a) 5:1, (b) 10:1, (c) 20:1,
of the five solutions vs reaction time. It is seen that the intensity (d) 25:1, (e) 30:1.
of the PL signal increases as the reaction time increases up to
nearly 50 h. 4001

Afterward we prepared five different samples containfig
and BSA in 10:1, 15:1, 20:1, 25:1, and 30:1 molar ratios, the
mixtures were allowed to react for about 50 h and then purified
by gel filtration chromatography. Figure 4B shows the integrated
area of the PL spectra of th&#-BSA conjugate as a function ]
of the 7b:BSA molar ratio. The figure shows that saturation 100]
occurs near 30 nmol of isothiocyanate per nmol of BSA. Up to
this value the conjugate is soluble in saline buffer solution (pH
7.2). Increasing the molar ratio beyond 30:1 causes the 500 550 600 50 700 750
precipitation of the conjugate. Since it is known that there are Vavelength (nm)

59 lysine resi_dues ir_] the protein BSA, thgse data indi_cate _that,:igulre 7. Photoluminescence spectia = 488 nm) of the conjugate
half of the lysine residues of BSA are available for conjugation 4¢13p with antibody anti-CD8 at differert3b:antibody molar ratios:

3001

200 A

Intensity (a.u.)

with isothiocyanate’b without protein precipitation.
Finally, to have an estimate of the stability of tiib-BSA

(a) 5:1, (b) 10:1, (c) 25:1. Spectrum d is that of piBb in phosphate
buffer solution at a concentration comparable to that of spectrum a.

conjugate we measured the intensity of the PL spectrum vs the

exposure to UV irradiation. The sample was excited«gt =
325 nm (excitation power= 10.5 mW) and the maximum

as thel3b:BSA molar ratio increases with much the same trend
as that observed for the conjugate &f with BSA. One can

intensity of the PL spectrum was monitored vs time. Figure 5 remark that the shape of the PL spectrum of the conjugate of
shows that after 45 h of continuous exposure to laser streamFigure 6 changes slightly on changing the components molar
the maximum intensity of the PL spectrum of tfie-BSA ratio. At the present state of knowledge it is difficult to ascribe
conjugate is still more than half the starting value. this behavior to a specific phenomenon, although one can
Very similar results were obtained with the conjugates of reasonably believe that it is related to the conformational
isothiocyanate&0b, 12¢ and13bwith BSA. These conjugates  mobility of the isothiocyanates. We limit ourselves to oberve
were prepared in the same experimental conditions used for thethat a similar behavior is also observed for the antibody-
7b-BSA conjugate and their response to irradiation power and isothiocyanate (see below) reported in Figure 7 and that the
irradiation time was very similar to those described above. As phenomenon is worth analyzing in future, more detailed,
an example, Figure 6 shows the variations in the PL spectrum investigations.
intensities of the conjugate df3b with BSA vs thel3b:BSA (Il Conjugation of Isothiocyanate 13b with anti-CD8
molar ratio. The figure shows that the signal intensity increases Monoclonal Antibody. The rationale behind the use of isothio-
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cyanatel3bis that currently available commercial instruments to photoluminescent fluorophorgrotein conjugates with excel-
for flow cytometry applications employ the 488 nm spectral lent chemical stability and photostability, which can undergo
line of the argon-ion laser as the excitation source. This requiresrepeated excitation/emission cycles without fluorescence quench-
use of a fluorescent probe characterized by an absorptioning.
maximum wavelength near 480 nm. As shown in Figure 1, this  Conjugation of the isothiocyanates with proteittmsed on
is the case of isothiocyanalb whose maximum absorption  eijther conventional thiophene oligomers or oligothioph&e-
wavelength islmax = 477 nm. dioxides—was easily carried out employing standard methods
Anti-CD8 is a IgG1 isotype-specific antibody which reacts and the conjugates were soluble and stable in phosphate buffer
with a 30/32 kDa molecular weight antigen normally expressed solution (pH 7.2) even for months.
on the surface of the subpopulation of T-lymphocyte (suppressor  as shown in Figures 4B and 6 for the conjugates of
cells) having cytotoxic activity” The anti-CD8 is commonly  igathiocyanategb and 13b with bovine serum albumin and in
used for diagnostic purposes in flow cytometry and immuno- Figure 7 for the conjugate df3b with the anti-CD8 antibody
histochemical applications. Conjugates of anti-CD8 with fluores- conjugate, the PL intensity increases progressively as the
cein ispthiocyanate (isomer 1, FITC) are commercially available fluorophore-protein molar ratio increases. Fluorophore:protein
and widely used. molar ratios as high as 25/30:1 can be achieved without
Isothiocyanatd 3b dissolved in anhydrous dimethyl sulfoxide  precipitation of the conjugate.
was reacted with anti-CD8 antibody in carbonate buffer solution
(see the Experimental Section) in 5:1 (a), 10:1 (b), and 25:1 (c) hi
13b/anti-CD8 molar ratios. The conjugation reaction was carried
out for a time equivalent to that required to achieve the
maximum conjugation ofb with BSA. At this stage no attempts
to optimize the reaction time df3b with the antibody were
made. After about 50 h at ambient temperature the unreacted
13b was separated by thE3k/anti-CD8 conjugate through a
desalting column.
Figure 7 shows the photoluminescence spectsa € 488
nm) of the conjugate df3bwith antibody anti-CD8 for different
13bh:antibody molar ratios: 5:1 (a), 10:1 (b), and 25:1 (c). For
comparison, also the spectrum of pdi&b in phosphate buffer

There is no irreversible destruction of the fluorophore under
gh-intensity excitation conditions (Figure 3B) or continuous
irradiation for many hours. An extreme experiment such as that
reported in Figure 5 for théb-BSA conjugate shows that after
more than 1 day under continuous laser irradiation the light-
emitting properties of the fluorophore have not yet been
substantially modified.

Our data show that there is no quenching of fluorescence of
oligothiophene isothiocyanates following conjugation with the
proteins. This is particularly relevant in the case of f8k/
anti-CD8 antibody conjugate as antibodies often act as fluores-
cence quenchers owing to several different effects, including
solution is reported (d) at a concentration comparable to that charge-transfer interactions Wit.h arqmatic amino aqid residues.

Figure 7 shows that the conjugation to the antibody even

of spectrum a. increases the emission propertiesl@b, probably due to the
Comparison of spectra a, b, and ¢ shows that the emission! ISsion properti P y du

intensity increases as tH8hb:anti-CD8 molar ratio increases, 'rg(l:;?:;etc')n ;he ;I:ttigrllsllgszLo?uggmcrﬂrzgigncgl t?ﬁaélgg;?pgogi
in the same way as for thE3b:BSA conjugate. P P

The threel3b/anti-CD8 conjugate solutions corresponding conjugatlgn. . .
to spectra a, b, and c were checked by flow cytometry to test W€ Pelieve that it is the presence of th&i(Me)CH,— or

the activity of the antibody in detecting the specific antigen __CHZCHZ_ spacers th_at prevents the occurrence Of. strong
present on the T-limphocyte cell surface. It was found that in intermolecular interactions between oligothiophene isothio-

the conjugate the activity of the antibody was completely cyanate and protein component;_and then prevents fluorescence
preserved. The solutions were tested systematically for a periodduenching. Moreover, the flexibility of the synthetic methodol-

of three months. No changes in their properties and no traces®9Y described here also allows, if needed, for spacer elongation
of precipitate were observed. by a few more methylene components and then for studies of

Finally, it is worth noting that Figure 7 shows also that the Uorescence intensity dependence on chain elongation.
intensity of the PL spectrum of putk8b is lower than that of Contrary to the case of some families of fluorophores that
the 13b/anti-CD8 conjugates, indicating that the conjugation €Xist as two or more isometsyligothiophene isothiocyanates:
with the antibody does not lead to photoluminescence quenchingMay be prepared in highly pure form by regioselective synthesis.

of the fluorophore. They emit light across the entire visible range (see Table 1
and Figure 1) and their light-emission frequencies are expected
Discussion to be tunable with an unprecedented variety of shades in the

visible range and even in the near-IR. Indeed, the insertion of
the isothiocyanate group at one terminal position or at one of
the inner rings only causes minor alterations in the degree of

The interpretation of the data reported in this paper is
straigthforward. We have indeed demonstrated that it is possible

to selectively derivatize thiophene oligomers with the isothio- electron conjugation of the aromatic backbone. Thus, the

cyanate group and that oligothiophene isothiocyanates areabsorption and emission properties are expected to be tunable

photoluminescent compounds whose PL frequencies can bem much the same way as already demonstrated for oligo-

tuned across the visible range from blue to red. We have alsothiopheneSSdioxideﬁe

hat th link i ive ri
demonsrated that they can be linked to proteins and give rise The bandwidths of the absorption spectra of the isothio-

(17) (a) Bisping, G.; Lugering, N.; Lutke-Brintrup, S.; Pauels, H. G.; cyanates described here are large but the Stokes shifts between

fggulnsn?g;]’zr?éﬁglj%msc(;:ﬂgfé VAV-} g;\‘/?:ag!vﬁr-i;‘éfﬁ. 'Zf?ef;;lgl‘f;'fgqls‘aha absorption and emission frequencies are also very large, as
K. Nat. Med.2001 7, 65. () Chong, A. S.; Ma, L.; Yin, D.; Shen, 3. Shown in Table 1. Thus, multilabel applications requiring
Blinder, L.; Xiu Long, X.; Williams, J. W.; Byrne, G.; Diamond, L. E.;  identification of several different molecules by their fluorescence
Logan, J. SXenotransplantatio200Q 7, 275. (d) Dougall, D. S.; Lamouse- should be possible.

Smith, E. S.; McCarthy, S. ACell Immunol 200Q 205, 1. (d) Ensminger, . . . . .

S. M.; Spriewald, B. M.; Witzke, O.; Morrison, K.; van Maurik, A.; Morris, Being uncharged, oligothiophene isothiocyanates are pH-

P. J.; Rose, M. L.; Wood, K. Jransplantation200Q 70, 955. insensitive probes. Being low-weight molecules they should also
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be more membrane-permeant than many currently used fuoro-(CDCl;, TMS/ppm)o 136.8, 135.7, 135.7, 135.2, 131.1, 127.8, 127.5,
phores and be more useful for analyses with living cells. 126.4,126.3, 125.7, 124.6, 123.7, 62.6, 32.4.

We are aware of the fact there is a great deal of research still 5'(2;3';'yqr°é(yet,?g I)Es,z:5',2”-terthiopc:1ene é3b) ' Tbhiz compound
to be carried out before assuming that oligothiophene isothio- /aS obtained with the same procedure described Jar using

¢ ient alt tive t " dmonobromcﬂb and 2-tributylstannyl-2,2bithiophene* Yellow brown
cyanates are a convenient alternative to many currently use polycrystalline solid: mp 9798 °C; MS mve 292 (M*); Amax (CH-

flgorophprgs: from engineering oligothiophene isothiocyan{:\tes Cl) 360 nm: IRvoy (CCly) 3635, 3600 cmt; *H NMR (CDCl;, TMS/
with optimized absorbances and fluorescence quantum yieldsppm) ¢ 7.21 (dd,%) = 5.2 Hz,4J = 1.2 Hz, 1H), 7.16 (dd3J = 5.2
to optimizing reaction times and conditions for the preparation Hz, 43 = 1.2 Hz, 1H), 7.06 (d3J = 3.6 Hz, 1H), 7.02 (m, 3H), 6.81
of the conjugates and defining a conjugation protocol applicable (dt, 3] = 3.6 Hz,%J = 0.8 Hz, 1H), 3.88 (t, 2H), 3.05 (t, 2H), 1.67 (s,
for all colors and from measuring the fluorescence quantum 1H, OH);*C NMR (CDCk, TMS/ppm)d 140.3, 137.1, 136.3, 135.8,
yields of the conjugates relative to those of the free fluorophores 135.7, 127.8, 126.5, 124.4, 124.2, 123.8, 123.6, 123.5, 63.3, 33.6.
to functionalizing the fluorophores with groups capable of  3-(2-Isothiocyanatoethyl)-2,25',2"-terthiophene (7a).To a solu-
ensuring good solubility in water to demonstrating the feasibility tion of 70 mg (0.30 mmol) of di-2-pyridyl thiocarbonate (DPT) in 1

of multilabeling experiments and so on. Nevertheless, we believe ML of CH:Cl> were added 87 mg (0.30 mmol) of amiiain 2 mL of
it is safe to draw the conclusions that follow. CH_Cl,. The reaction mixture was stirredrf@ h atroom temperature

and then washed three times with water. The organic layer was dried
) and evaporated and the residue was chromatographed on silica gel with
Conclusions petroleum ether/ethyl acetate 9:1 as eluent. The product was isolated

. . . . . as a yellow brown oil (77 mg, yield 77%): M8Ve 333 (M); 4
Oligothiophene isothiocyanates are worth studying as fluores- (CHngz) 342 nm: |RVN(ES (chli) >£083 Cmg;) 1H NMR (CID(CI3,)TMm§7

cent probes for detecting and analyzing biopolymers. ppm) & 7.36 (dd,3) = 5.2 Hz,%J = 1.2 Hz, 1H), 7.24 (dd3) = 5.2
These compounds have indeed the requisite combination ofHz, 43 = 1.2 Hz, 1H), 7.19 (dd3J = 3.6 Hz,%) = 1.2 Hz, 1H), 7.14
being easy to conjugate to biomolecules with standard proce-(dd,®)= 3.6 Hz,"J= 1.2 Hz, 1H), 7.09 (ddfJ = 5.2 Hz,"J = 3.6 Hz,
dures, giving rise to chemically and optically stable conjugates, 1H). 7.05 (s, 1H), 7.03 (ddJ = 5.2 Hz,%J = 3.6 Hz, 1H), 3.74 (t,
having fluorescence frequencies covering the entire visible 2H). 3.14 (t 2H):*C NMR (CDCl, TMS/ppm)o 136.5, 136.4, 134.5,
spectrum, having a large extinction coefficient for absorption 134.1,131.7, 131.4 (NCS), 127.9, 127.7, 12.6'7' 126'1'_ 125.8, 124.8,
. . - . 124.0, 45.2, 29.7. Anal. Calcd for16H11NS;: C 54.02; H 3.32.
and large Stokes shifts from absorption to emission, and being Found: C 54.18' H 3.33.
amenab[e to the engineering of several dlﬁerent properties such 5—(2—Isothiocyf;lnatoethyl)—Z,25’,2”—terthiophene (7b). Following
as the distance of the fluorophore from the biopolymer or the e same procedure as above, a light yellow solid was obtained: mp
solubility in water. 97-98°C; MS m/e 333 (M'™"); Amax (CH2Clz) 360 nm; IRvncs (CCly)
Finally, it is worth noting that besides the functionalization 2080 cn?; *H NMR (CDCls, TMS/ppm)¢ 7.22 (dd,2J = 5.2 Hz,4]
with the isothiocyanate group described in this paper the great= 0.8 Hz, 1H), 7.17 (dd%J) = 3.6 Hz,%J = 1.2 Hz, 1H), 7.07 (d¥ =
versatility of thiophene chemistry will allow for the function- 3.6 Hz, 1H), 7.02 (m, 3H), 6.81 (d&) = 3.6 Hz,%J = 0.8 Hz, 1H),
alization of thiophene oligomers with many other functional igﬁef' 12;&2131;5(t92?;ic8'\‘('\’\/'128(§:'31§$ ;-Mlszlg’gm)lézi?;&i'zfg-%m L
groups capable of binding proteins or DNA components, 7,2 155 5" }62"30 o "Anal. Caled forBuNSy: C 54.02: H 3,32,
oligodeoxynucleotides, vitamins, hormones, etc, ..., greatly

. ing in thi h f licabil fh | Found: C 54.12; H 3.31.
increasing in this way the range of applicability of the new class 5 _4 giphenyl)-5-[dimethyl(chloromethylsilyllthiophene (10a).To
of fluorophores.

a 10 mL toluene solution containing 0.015 mmol of Pd(AgPbrepared
in situ was added 0.116 g (0.5 mmol) of 4-biphenyl bromide and 0.24
Experimental Section g (0.5 mmol) of compoundO. The mixture was refluxed for 8 h. After
evaporation of toluene the residue was chromatographed on silica gel
Synthesis of Oligothiophene Isothiocyanate®-(2-Thienyl)ethanol with petroleum ether as eluent to give 0.11 g (yield 64%) as a white

(1a), 2-(3-thienyl)ethanol ib), thiophene §), 2,2-bithiophene 11), solid: mp 132-133°C; MS mVe 342 (M™); Amax (CH-Cl2) 314 nm;*H
2-(tributylstannyl)thiophene, di-2-bipyridil thiocarbonate, 4-biphenyl NMR (CDCl;, TMS/ppm)é 7.70 (m, 2H), 7.63 (m, 4H), 7.44 (m, 3H),
bromide, and butyllithium were purchased from Aldrich. 7.33 (m,2H), 2.99 (s, 2H), 0.50 (s, 6HJC NMR (CDCk, TMS/ppm)

The syntheses of 2,5-dibromo-3-(2-hydroxyethyl)thiophe2a), ( 0 150.4, 140.5, 140.4, 136.5, 135.0, 133.1, 128.8, 127.6, 127,5, 126,9,
2-bromo-5-(2-hydroxyethyl)thiophenglf), 3-(2-methanesulfonyloxy- 125.5, 124.6, 30.5:-3.3.

ethyl)-2,2:5',2"-terthiophene4a), 5-(2- methanesulfonyloxyethyl)-2;2 2-(4-Biphenyl)-5-[dimethyl(isothiocyanatomethyl)silyl]thio-
5',2"-terthiopheng4b), 3-(2-azidoethyl)-2,25',2"'-terthiophene a), phene (10b).Following the same procedure described above for the
5-(2-azidoethyl)-2,25',2"-terthiophene b), 3'-(2-aminoethyl)-2,2 preparation of isothiocyanat@ga and 7b, a white solid was obtained:
5',2"-terthiophene®a), 5-(2-aminoethyl)-2,25',2"-terthiophenegb), mp 104-105°C; MS mVe 365 (M™); Amax (CH2Cl2) 314 nm; IRvncs
2-[dimethyl(chloromethyl)silyl]-5-tributylstannylthiophen&@), 5-[di- (CCly) 2155 cn1?; tH NMR (CDCls, TMS/ppm)o 7.69 (m, 2H), 7.63
methyl(chloromethyl)silyl]-2,2bithiophene 12), 5-[dimethyl(chloro- (m, 4H), 7.45 (m, 3H), 7.36(m, 1H), 7.31 (&] = 3.6 Hz), 2.53 (s,

methyl)silyl]-5-tributylstannyl-2,2-bithiophene 12g), and 2-bromo- 2H), 0.55 (s, 6H)*C NMR (CDCkL, TMS/ppm)o 151.1, 140.7, 140.3,
3,4-dihexyl-5-[5-(2,2bithienyl)]thiophene-1,1-dioxidel@) are reported 136.9, 133.4, 132.7, 132.2, 128.8, 127.6, 127.5, 126.9, 126.5, 124.7,

as Supporting Information. 18.8,—2.5. Anal. Calcd for GH1sSiNS: C, 65.71; H, 5.24. Found:
3'-(2-Hydroxyethyl)-2,2":5',2"-terthiophene (3a). To a 40 mL C, 65.52; H, 5.22.
toluene solution containing 0.25 mmol of {As),Pd prepared in situ 5-Dimethyl(chloromethyl)silyl-2,2":5',2"":5",2"""-quaterthio-

was added 1.43 g (5 mmol) o2a and 3.73 g (10 mmol) of phene (12b).To a 3 mLtoluene solution containing 0.021 mmol of
2-(tributylstannyl)thiophene. The mixture was refluxed for 16 h. After (PhsAs),Pd prepared in situ was added 233 mg (0.41 mmoll 24
evaporation of toluene the residue was chromatographed on silica geland 102 mg (0.41 mmol) of 5-bromo-2-Rithiophene. The mixture

with petroleum ether/ethyl acetate 7:3 as eluent. Pro®actvas was refluxed for 6 h. After evaporation of toluene the residue was
obtained as a greenish solid (1.02 g, yield 70%): mp-58°C, MS chromatographed on silica gel with petroleum ether/ethyl acetate 4:1
m/e 292 (M™); Amax (CH2Cl) 344 nm; IRvon (CCly) 3634 cnt?; tH and then with CHCI; as eluents. Produdd was obtained as a yellow
NMR (CDCls, TMS/ppm)¢ 7.31 (dd,2J = 5.2 Hz,4J = 1.2 Hz, 1H), polycrystalline solid (85 mg, yield 48%): mp 17475 °C; MS m/e

7.22 (dd,2J = 5.2 Hz,4J = 1.2 Hz, 1H), 7.17 (m, 2H), 7.07 (s, 1H), 436 (M'"); Amax (CHCl,) 396 nm;'H NMR (CDCl;, TMS/ppm)d 7.25

7.07 (dd,®J = 5.2 Hz,4J = 3.2 Hz, 1H), 7.01 (dd3) = 5.2 Hz,4J = (d, 33 = 3.6 Hz), 7.23 (m, 2H), 7.18 (ddJ = 3.6 Hz,*J = 1.2 Hz,

3.2 Hz, 1H), 3.90 (t, 2H), 3.02 (t, 2H), 1.72 (s, 1H, OHC NMR 1H), 7.11 (d.3J = 3.6 Hz, 1H), 7.08 (m, 3H), 7.03 (dd) = 5.2 Hz,
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4J = 3.6 Hz, 1H), 2.96 (s, 2H), 0.48 (s, 6HJC NMR (CDCk, TMS/
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Conjugation of Oligothiophene Isothiocyanates with Bovine

ppm)o 143.1, 137.0, 136.4, 136.3, 136.2, 135.8, 135.7, 134.8, 127.9, Serum Albumin. To generate the proteirthiophene conjugate, 1 mg/

125.0, 124.8, 124.6, 124.4, 124.3, 124.3, 123.8, 30315.
5-Dimethyl(isothiocyanatomethyl)silyl-2,2:5',2"":5" ,2'""-quater-

thiophene (12c).Following the same procedure described above for

the preparation of isothiocyanatéaand7b, a yellow microcrystalline

solid was obtained: mp 166167 °C; MS m/e 459 (M'"); Amax (CHo-

Cl,) 398 nm € = 46999); IRvncs (CCly) 2155 cnt?; *H NMR (CDCls,

TMS/ppm)¢ 7.26 (d,%J = 3.6 Hz), 7.23 (m, 2H), 7.18 (dd) = 3.6

Hz, 4 = 1.2 Hz, 1H), 7.13 (d3J = 3.6 Hz, 1H), 7.09 (m, 3H), 7.03

(dd, 3 = 5.2 Hz,4) = 3.6 Hz, 1H), 2.51 (s, 2H), 0.53 (s, 6H)yC

NMR (CDCl;, TMS/ppm)o 143.9, 137.0, 136.7, 136.6, 136.5, 135.6,

135.4, 133.3 (NCS), 127.9, 125.2, 125.1, 124.6, 124.5, 124.4, 124.3,

123.8, 18.8,—2.6. Anal. Calcd for GH17SINS;: C, 52.25; H, 3.73.
Found: C, 52.16; H, 3.72.
5-Dimethyl(chloromethyl)silyl-3",4"-dihexyl-2,2:5',2'":5",2""":
5" 2""-quinquethiophene-1',1"-dioxide (13a).To a 10 mL toluene
solution containing 0.01 mmol of Pd(Asghprepared in situ was added
0.1.2 g (0.23 mmol) oi3and 0.13 g (0.23 mmol) dfla.The mixture
was refluxed for 8 h. Then the reaction mixture was hydrolyzed with
a saturated solution of NaHG@nd extracted with CkCl,. After the

mL of purified bovine serum albumin, fraction V, in 0.1 M sodium
carbonate (pH 9.0) as stock solution was used. The thiophene
isothiocyanate was dissolved in dimethyl sulfoxide at 125 nmhol/
(stock solution). The thiophene isothiocyanate was added very slowly
to the protein solution at the desired molar ratio by usind-@liquots
and the mixture was gently and continuously stirred during the addition.
The solution was allowed to react for 480 h at room temperature.
The protein-thiophene conjugate was separated from unbound dye by
G25 Sephadex gel filtration chromatography in phosphate buffer saline
(PBS) at pH 7.2.

Conjugation of Isothiocyanate 13b with anti-CD8 Antibody. Anti-
CD8 antibody dissolved in phosphate buffer saline solution (pH 7.4)
was dialyzed (v:iv 1:1000) vs a 0.05 M carbonate buffer (pH 9.5)
containing a non-ionic detergent and the dialysis was allowed to run
for about 16 h at 4C. Then the solution was concentrated by microcon
membrane (Amicon) with 10 kD cut off. Two solutions containing 2
mg/mL and two containg 4 mg/mL of anti-CD8 were prepared. To
these solutions aliquots df3b dissolved in DMSO (10 mg/mL) were
added in the amounts needed to reach protein:fluorophore 1:5, 1:10,

usual workup the residue was chromatographed on silica gel with and 1:25 molar ratios. The solutions were incubated for 48 h at room

petroleum ether/CHCl, (4:1) as eluent to give 0.1 g (yield 61%) of
product as red polycristalline solid: mp-9200°C; MSm/e 718 (M™);
Amax (CH2Clp) 477 nm;*H NMR (CDCls, TMS/ppm)¢ 7.65 (d,2] =

4 Hz, 1H), 7.64 (d3J = 4 Hz, 1H), 7.32 (d3J = 3.6 Hz, 1H), 7.26
(m, 5H), 7.06 (dd3J = 5.2 Hz, 3.6 Hz, 1H), 2.99 (s, 2H), 2.68 (t, 4H),
1.56 (m, 8H), 1.38 (m, 8H), 0.93 (t, 6H), 0.48 (s, 6H; NMR (CDCl,

TMS/ppm) ¢ 142.3, 140.0, 139.5, 137.0, 136.8, 136.3, 136.2, 130.2,

T under stirring. Afterward the conjugates were chromatographed on
a desalting 1.0 mL GH25 column in PBS at pH 7.4.

Absorption and Photoluminescence MeasurementsAbsorption
spectra were recorded with a Variant spectrophotometer. Photolumi-
nescence measurements were performed by exciting the solutions with
an He-Cd laser { = 325 nm) or an argon-ion laset € 488 nm) and
collecting the spatially averaged PL with a charge-coupled device

130.1, 129.7, 128.1, 127.9, 127.4, 125.9, 125.6, 124.9, 124.7, 124.5,(CCD) spectrograph. The PL quantum yields of the isothiocyanates

31.3, 30.3, 29.6, 28.5, 27.2, 22.5, 14-68.5.
5-Dimethyl(isothiocyanatomethyl)silyl-3',4"'-dihexyl-2,2:5',2":
525" 2vn-quinquethiophene-1',1"-dioxide (13b).Following the

were estimated by comparing the PL intensities of"I solutions in
chloroform with those of the parent unsubstituted oligothiophenes at
the same concentration and in the same solvent. In turn, the QYs of

same procedure described above for the preparation of isothiocyanateshe parent compounds were obtained relative to & M solution in

7a and 7b a red polycrystalline solid was obtained: mp-8L °C;
MS m/e 741 (M1); Amax (CH2Cl2) 480 nm; IRvncs (CCly) 2156 cni?;
H NMR (CDCls, TMS/ppm)o 7.66 (d,2 = 4 Hz, 1H), 7.65 (d3J =
4 Hz, 1H), 7.33 (d3J = 3.6 Hz, 1H), 7.29 (dd3) = 4.0 Hz,J = 1.6
Hz, 1H), 7.28 (d3) = 4.0 Hz, 1H), 7.26 (m, 2H), 7.24 (d) = 4.0
Hz, 1H), 7.06 (dd3J = 5.2 Hz, 3.6 Hz, 1H), 2.66 (t, 4H), 2.51 (s, 2H),
1.61 (m, 8H), 1.40 (m, 8H), 0.93 (t, 6H), 0.55 (s, 6 NMR (CDCE,

chloroform of 3,5-dimethyldithieno[3,B:2',3-d]thiophene-4,4-dioxide,
for which an absolute QY value of 0.77 was measured by using an
integrating spheré& The estimated error was15%.

Supporting Information Available: Synthesis and charac-
terization of compound2a, 2b, 4a, 4b, 5a, 5b, 63, 6b, 10, 12,
123 and 13 (PDF). This material is available free of charge

TMS/ppm) & 143.0, 140.1, 139.0, 137.3, 136.8, 136.7, 136.2, 134.6 via the Internet at http://pubs.acs.org.

(NCS), 130.3, 130.0, 129.7, 128.1, 127.4, 126.0, 125.7, 125.1, 124.7,

1245, 31.3, 29.6, 28.5, 28.4, 27.1, 22.5, 18.6, 14D6. Anal. Calcd
for CseHasSINOSs: C, 58.26; H, 5.84. Found: C, 58.41; H, 5.86.
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