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Synthesis and characterization of aryl thioacetyl styrene
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Abstract—A new family of thioacetyl styrene derivatives was synthesized in good isolated yields for the preparation of spectro-
scopically-encoded SERS-active polymers.
� 2007 Elsevier Ltd. All rights reserved.
The barcoded resins (BCRs) are spectroscopically
encoded polymers with unique Raman and infrared
vibrational spectra.1 Each BCR may be used as a carrier
for a small molecule or a receptor and used in encoded
combinatorial screening or as a high-throughput
diagnostic tool, respectively. Because of their unique
polymeric matrix composition, the BCRs may be
simultaneously identified using hyperspectral2 and/or
time-of-flight secondary ion mass spectrometry3

imaging/mapping. To expand the repertoire of BCRs,
we have also shown that over 600 BCRs may be
produced from a small set of unique styrene monomers.4

While we are currently developing useful applications
for this technology platform, we are also looking at
our next challenges. In particular, we envision that the
combination of Raman spectroscopy and flow cyto-
metry5 would not only allow us to implement directed
sorting6 strategies for library synthesis but would also
dramatically expedite BCR identification, screening,
and sorting. Although Raman spectroscopy is limited
by its low signal to noise ratio, we have been able to
record reliable spectra of the BCRs in 10 ms using
state-of-the-art instrumentation,2 which could translate
to a screening speed of 10–100 beads/s under optimal
conditions. To further push this limit and reduce the
cost associated with the Raman detection set-up, we
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opted to design a new family of BCR–metal nanoparticle
(BCR-NP) composites that can be detected with very
high sensitivity using surface enhanced Raman scatter-
ing (SERS).7 To take advantage of the SERS effect,
the encoded polymer must be chemically or physically
adsorbed on the surface of a SERS-active nanoparticle
(silver or gold). To achieve this goal and impart high
stability to the resulting BCR-NP composite we synthe-
sized a new family of chemically stable mercapto-styrene
co-monomers each with a unique vibrational signature
(Chart 1). Because of their high affinity for metallic
surfaces, we reasoned that the thiol groups would react
with the nanoparticle surface to generate a self-assem-
bled monolayer, which can then be copolymerized with
a styrene monomer in a suspension polymerization
set-up. In this Letter, we report the synthesis and
characterization of a new family of thioacetyl-styrene
monomers. We also discuss how their unique vibrational
fingerprints could be modulated to generate a combina-
torial library of SERS-active BCRs.

Flatt et al.8 and de Boer et al.9 have previously reported
the synthesis of aryl thioacetyl derivatives by reacting
aryl halides with 2 equiv the n-butyllithium (n-BuLi),
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Chart 1. Target mercapto-styrene co-monomers.

mailto:Hicham.Fenniri@nrc-cnrc.gc.ca


R3

Br
R2

R1

Br

R4

R3

Li
R2

R1

R3

LiS
R2

R1

R3

AcS
R2

R1

R3

n-BuS
R2

R1

R3

S
R2

R1

R3

R2

R1

R3

S
R2

R1

R3

R2

R1

R4

SAc

R4

n-BuS

R4

S

R4

S

R4

R4

S

R4

Li

R4

SLi

R4

S

R2

R1

R3

(i) (ii) (iii)

(i) (ii) (iii)

2a–c 3a–c 4a–c

5a–c 6a–c 7a–c 8a–c 9a–c

2d,e 3d,e 4d,e

5d,e 6d,e 7d,e 8d,e 9d,e

Scheme 1. Reagents and conditions: Method 1: (i) n-BuLi (1.0 equiv), THF, �78 �C; (ii) S8 (1 equiv), �78!20 �C; (iii) Ac2O, �78 �C. Method 2: (i)
n-BuLi (1.0 equiv), THF/petroleum ether (1:1), �78 �C; (ii) S8 (1.0 equiv), �78 �C; (iii) Ac2O (1.0 equiv), �78 �C, then H2O/Et2O. See
Supplementary data for more detail.
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Chart 2.

Table 1. Yields of compounds 5–9 using Method 1 (Scheme 1)

a b c d e

R1 = H R1 = H R1 = CH3

R2 = H R2 = CH3 R2 = H R4 = CH3 R4 = H
R3 = H R3 = H R3 = CH3

5 49 (74) 30 (69) 8 (74) 37 (76) 72 (74)
43a (70)a 23a (63)a 6a (69)a 32a (72)a 69a (72)a

6 1 (3) 0 (3) 3 (0) 2 (1) 0 (2)
7 0 (3) 7 (6) 1 (7) 3(2) 0 (5)
8 10 (11) 8 (12) 30 (16) 20 (15) 12 (14)
9 7 (2) 16 (4) 27 (0) 23 (0) 6 (0)

The numbers in bracket correspond to yields obtained using Method 2.
All the yields are based on GC–MS data except for compounds 5a–d

for which the yield of isolated material is also given (a).
a Isolated yields.
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followed by addition of sulfur (S8), and trapping with
acetyl chloride. de Boer et al. reported a yield of 33%
whereas Flatt et al. stated that the synthesis proceeded
in poor yield (7%). In our laboratories, reaction of
bromostyrene 2a with n-BuLi (1.0 equiv) at �78 �C
followed by addition of S8, warming up to 0 �C, then
addition of acetyl chloride at �78 �C afforded the butyl-
sulfide derivatives 6a in 94% yield with no trace of the
target thioacetyl 5a (Scheme 1).6 Compound 6a is the
product of SN2 reaction between the lithium thiolate
anion 3a and by-product n-butylbromide. However,
with 2 equiv of n-BuLi (to quench the n-butylbromide)
thioacetyl 5a did form but in poor yield (7%), in agree-
ment with de Boer’s report.9 Jacob et al.10 reported the
synthesis of aryl thioacetyls from aryl iodide using
t-butyllithium (t-BuLi), S8, and acetyl chloride in 12–
49% yields. Again, executing the reaction with t-BuLi,
to avoid the reaction of thiolate anion 3a with n-BuBr,
gave neither compound 6a nor the desired thioacetyl 5a.

Here we developed a simple method to prepare p-merca-
ptostyrene derivatives 5a–e (Chart 1) from aryl halides
2a–e in very good yields (Chart 2). First, starting mate-
rials 2b,11–15 2c,16,17 and 2d18,19 were synthesized in three
steps each starting from aryl bromide derivatives 1b–d
(Chart 2) according to previously reported procedures
in 78%, 71%, and 80% overall yields (three steps),
respectively. All the reactions were monitored by GC–
MS to determine the best reaction time and conditions.
The synthetic strategy for the preparation of 5a–e is
shown in Scheme 1 and the results are summarized in
Table 1. In fact the main difference with de Boer’s
reported strategy is that we have chosen a solvent system
and optimized the reaction time to reduce by-product
formation and enhance the yield of the target molecules.
Raman and SERS spectra were recorded on a Nicolet
Almega system equipped with a CCD detector, an
optical microscope, and a 780 nm excitation laser line.
Spectra were collected in high-resolution mode in the
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400–1900 cm�1 range with accumulation times ranging
from 1 to 10 s. All measurements were made in back-
scattering geometry using a 10· microscope objective
with a NA value of 0.90, providing scattering areas of
1 lm2. Raman spectra of the monomers were directly
recorded on the bulk material. Samples for SERS were
prepared by casting 2 lL of an ethanolic solution of
the monomer (10�4 M) on �5 mm2 area of a 9 nm mass
thickness silver island film. The latter was prepared by
physical vapor deposition on a glass substrate using a
Kurt J. Lesker 4 pocket electron beam evaporation unit.
During the film deposition the background pressure was
10�6 Torr, and the deposition rate (0.5 Å/s) was moni-
tored using an XTC Inficon quartz crystal oscillator.20

The Raman and SERS spectra were converted to a
barcode by extracting the peak position for each
particular monomer (Fig. 1).

Thioacetyl styrene monomers have the potential to facil-
itate the synthesis of functional copolymers, especially in
applications in polymer-nanoparticle nanocomposites.21

Surprisingly, no high yield synthesis of mercaptostyrene
monomers has been reported. Our interest in developing
a combinatorial family of copolymers drove us to opti-
mize a high yielding strategy for their preparation. All
the reactions were followed by GC–MS to determine
the yield, product distribution, and optimal reaction
time. Following Method 1,9,10 the experiments were car-
ried out under kinetically controlled conditions yielding
thioacetyls 5b–d in poor yields along with the formation
of several by-products (6–9) (Table 1). However, the
unsubstituted thioacetyls 5a,e were obtained in 49%
and 72% yields, respectively. Clearly, Method 1 was
ineffective for the preparation of thioacetylated styrene
monomers 5b–d because the presence of the alkyl group
on the benzene ring increases the reactivity of the
intermediate thiolate anions in THF. To overcome this
problem, the synthesis of thioacetyl styrene monomer
5b was successfully achieved in a mixture of THF/petro-
Figure 1. Raman (A) and SERS (B) spectra of compounds 5a–e and
their respective barcodes.
leum ether (1:1) (Method 2) as a result of an improved
solubility of sulfur and an enhanced stability22 of the
lithium intermediates 3 and 4. As anticipated, the forma-
tion of the target compounds 5a–e, was accomplished in
good isolated yields of 70%, 63%, 69%, 72%, and 72%,
respectively (Table 1). It is important to point out that
the reaction scheme is also base-dependent. For
instance, attempts at synthesizing the dialkylated thio-
acetyl 5c monomer using t-BuLi instead of n-BuLi were
unsuccessful, even at �50 �C. In contrast, n-BuLi led to
the formation of lithium thiolate 4c almost instantly at
�75 �C following Method 1 and in ca. 3 min using
Method 2.

The defining characteristic of the BCRs is their prepara-
tion from spectroscopically active styrene monomers
displaying unique IR and Raman vibrational finger-
prints. The styrene monomers’ substitution pattern is
the source of spectral diversity of the resulting polymers.
Compounds 5a–e were selected on the basis of their (a)
ability to form stable monolayers on metal nanoparticles
(Ag, Au), (b) unique Raman and SERS spectral fea-
tures, (c) relative chemical inertness, and (d) amenability
to polymerization in a standard suspension polymeriza-
tion reaction. Detailed analysis of the Raman and SERS
spectra of each monomer resulted in a set of unique
vibrations. These vibrations were converted into bar-
codes in which the position of each bar matches the peak
wavenumber in the corresponding spectrum (Fig. 1).1

The frequencies used to generate the barcodes are
mainly due to aromatic ring skeletal bending and C–H
stretching modes. We have previously established that
the vibrational spectra (and barcodes) of the copolymers
are, in all cases studied, a linear combination of the
parent homopolymers’ frequencies, in addition to new
vibrations unique to the copolymers.1 This result was
critical in streamlining the choice of mercaptostyrene
targets synthesized here and will be instrumental in
the generation of a library of SERS-active BCRs from
5a–e.4

In conclusion, we have developed an efficient strategy
for the preparation of p-thioacetyl styrene derivatives
in good yields with a reaction time of less than an hour.
We have shown that this reaction sequence is particu-
larly sensitive to temperature, solvent, and reaction
time. In particular, stabilization of the aryl lithium inter-
mediates was critical in improving the yield of the target
compounds, and reducing by-product formation. We
have also shown that the p-thioacetyl styrene derivatives
have a significant SERS response when deposited on
silver island films suggesting their possible application
as spectroscopic tags, and more importantly for the
generation of novel SERS-active polymers. This work
is currently in progress and will be reported in due
course.
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