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ABSTRACT: ω-Cyano-functionalized polystyrene has been prepared in 87% isolated yield using the general
functionalization methodology based on anionic polymerization, silyl hydride functionalization, and hydrosilylation
with allyl cyanide. First, an ω-silyl hydride-functionalized polystyrene was prepared quantitatively from
poly(styryl)lithium by reaction with dimethylchlorosilane in hydrocarbon solution. Then the silyl hydride-
functionalized polystyrene was added to allyl cyanide using Karstedt’s Pt(0) hydrosilylation catalyst. This general
functionalization methodology was also used to develop a new synthesis of in-chain functionalized polymers.
First, an in-chain, silyl hydride-functionalized polystyrene was prepared quantitatively from the reaction of excess
poly(styryl)lithium with dichloromethylsilane in hydrocarbon solution. The excess poly(styryl)lithium was reacted
with ethylene oxide to form an easily separable, hydroxyl-functionalized polystyrene. Then the purified, in-chain
silyl hydride-functionalized polystyrene was added to allyl cyanide using Karstedt’s Pt(0) hydrosilylation catalyst.
The resulting in-chain, cyano-substituted polystyrene was isolated in 58% yield. The silyl hydride- and cyano-
functionalized polystyrenes were characterized by SEC, FTIR, 1H and 13C NMR, and MALDI-TOF mass
spectrometry.

Introduction

One of the unique features of living polymerizations, in
general, and alkyllithium-initiated polymerizations, in particular,
is the ability to prepare chain-end functionalized polymers.1

After complete monomer consumption, the resulting polymeric
organolithiums can react with electrophiles to form ω-chain-
end functionalized polymers.2-4 Although many such reactions
have been investigated, most of these functionalization reactions
are not quantitative and each must be optimized.5 Thus, it has
been of interest to develop general anionic functionalization
methods (GFM). GFM encompass reactions that efficiently
introduce a variety of functional groups using the same
chemistry for all groups.2

We have recently reported a new general functionalization
method based on the combination of living anionic polymeri-
zation and hydrosilylation chemistry, as illustrated in Scheme
1.6 First, living poly(styryl)lithium is terminated with chlo-
rodimethylsilane to prepare chain-end, silyl hydride-function-
alized polystyrene. The resulting ω-silyl hydride-functionalized
polymer can then react with a variety of readily available
substituted alkenes to obtain the desired chain-end functionalized
polymer. With this new methodology the living anionic chain
end is terminated prior to exposure to the functionalizing agent,
eliminating the need for protecting groups in most cases. This
methodology has been successfully applied to the synthesis of
amine-,6,7 epoxy-,8 and perfluoroalkyl-functionalized poly-
mers.9-11 On the basis of this general functionalization method,
it was desired also to investigate its applicability to the synthesis
of well-defined, in-chain functionalized polymers, as shown in
Scheme 2.

In order to further demonstrate the versatility of this GFM,
the incorporation of the cyano functionality was chosen as the

target for these studies. The incorporation of cyano functionality
can impart polar properties to a material without altering the
bulk properties. The large dipole moment of the cyano group
has been utilized for the attachment of antibodies12 and metals.13

Also, the cyano functionality can easily be transformed to acid,
ester, amide, and amine functionalities.14-16 The cyano group
can be transformed into tetrazoles by cycloaddition reactions
with azides17-19 (click chemistry20).

Chain-end, cyano-functionalized polystyrene has been pro-
duced using ATRP.21 2-Bromopropionitrile and p-cyanobenzyl
bromide were used as ATRP initiators to produce polystyrenes
with Mn ) 5500 and 5100 Da and with Mw/Mn ) 1.10 and
1.09, respectively. Although narrow molecular weight distribu-
tions were achieved with high efficiency of functionalization,
monomer conversions were limited to less than 50%.

Synthesis of cyano-functionalized products from anionically
synthesized materials in hydrocarbon solvent at room temper-
ature or above has not yet been reported. DeSimone et al.22

proposed that termination of a polymeric organolithium com-
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Scheme 1. General Functionalization Methodology for
Chain-End Functionalization, Using Chlorosilane

Functionalization Followed by Hydrosilylation
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pound with a cyano-functionalized chlorosilane could be used
to prepare the corresponding cyano-functionalized polymer, but
no evidence for this reaction was presented. The acidity of the
proton alpha to the cyano functionality (example: Ph-CH2-CN,
pKa ) 21.9)23 creates a unique challenge for the controlled
synthesis of a cyano-functionalized material. One would expect
uncontrolled termination of poly(styryl)lithium (PSLi) (estimated
pKa ) 43 for the conjugate acid of PSLi based on toluene)23 in
the presence of an aliphatic cyano functionality.

Nakahama et al.24 investigated the anionic polymerization of
2-, 3-, and 4-cyanostyrenes at -78 °C in THF. Although the
polymerizations of 2- and 3-cyanostyrenes were not controlled,
anionic polymerization of 4-cyanostyrene with a variety of
anionic initiators proceeded to form the corresponding polymers
quantitatively with controlled molecular weights and narrow
molecular weight distributions. Polymerization at higher tem-
peratures resulted in loss of control and poor conversion even
after long reaction times.

Herein we report the application of the general functional-
ization methodology involving anionic polymerization, silyl
chloride linking, and hydrosilylation with allyl cyanide for the
synthesis of both well-defined chain-end and in-chain, cyano-
functionalized polystyrenes.

Experimental Section

Chemicals and Solvent. Benzene (Certified ACS, EM Sci-
ence) and styrene (99%, Aldrich) were purified as previously
described.25 Benzene was distilled as needed from poly(styryl-
)lithium directly into the polymerization reactor. sec-Butyllithium
(Chemetall Foote Corp.; 12 wt % in cyclohexane) was used as
received after double titration with allyl bromide.26 Chlorodimeth-
ylsilane (98%, Aldrich) and dichloromethylsilane (98%, Aldrich)
were purified by stirring over calcium hydride with periodic
degassing for 12 h followed by distillation onto a second batch of
calcium hydride and finally distillation and collection of the
middle fraction into calibrated, flame-sealed ampules. Allyl cyanide
(98%, Aldrich) was purified by stirring over calcium hydride
with periodic degassing for 12 h followed by distillation into an
ampule equipped with a Rotoflo stopcock. Karstedt’s catalyst,
1,3-divinyltetramethyldisiloxane-platinum (Gelest, 1.2-1.4 wt
% Pt in xylene), was used as received. Methanol (Fisher Scientific,
reagent grade) was degassed on the vacuum line before distilla-
tion into ampules and flame-sealed. Silica gel (VWR, 230-400
mesh) was activated by heating to 140 °C for 12 h.

Polymerizations. Poly(styryl)lithiums were prepared under high-
vacuum conditions in sealed, all-glass reactors using sec-butyl-
lithium as the initiator in benzene (10-15 vol % monomer) at 30
°C.27 After 12 h and prior to functionalization, an aliquot of
poly(styryl)lithium was transferred to an empty ampule, flame-
sealed, and quenched with degassed methanol to obtain a base
sample.

Synthesis of Chain-End, Silyl Hydride-Functionalized
Polystyrene. Chain-end, silyl hydride-functionalized polystyrene
was prepared as previously reported by Quirk et al.6 Poly(styryl)-
lithium (10.19 g, 0.00463 mol, Mn ) 2200 Da) was terminated

with chlorodimethylsilane (1.00 g, 1.18 mL, 0.0107 mol) in benzene
at room temperature followed by precipitation into methanol and
drying.

Chain-End Functionalization with Allyl Cyanide. Silyl hy-
dride, chain-end functionalized polystyrene (1.00 g, 0.45 mmol,
Mn ) 2200 Da), dry benzene (10 mL), allyl cyanide (0.0610 g,
0.91 mmol), and Karstedt’s catalyst (0.10 mL) were added into a
25 mL, round-bottomed flask in the drybox. The flask was fitted
with a reflux condenser and septum, then removed from the drybox,
and placed under positive argon pressure at room temperature for
a period of 2 weeks. Silica gel was added, stirred overnight, and
the mixture was separated via column chromatography using 3/1(v/
v) mixture of toluene/cyclohexane; the nonfunctional polystyrene
was eluted, and then the desired product was eluted using toluene.
The product was extracted with water (3 × 10 mL), concentrated
under reduced pressure, and freeze-dried from a benzene solution
(0.87 g, 87%).

Preparation of Silyl Hydride, In-Chain Functionalized
Polystyrene. Functionalization of poly(styryl)lithium (16.4 g,
0.0137 mol, Mn ) 1200 Da) was effected directly in the polym-
erization reactor by smashing the break-seal for the ampule
containing the dichloromethylsilane (0.70 mL, 0.0067 mol, solution
in 4.0 mL of benzene) at room temperature. Since a slight excess
poly(styryl)lithium was used, the characteristic orange color of the
poly(styryl)lithium remained. After 1 day, the resulting polymer
was reacted with ethylene oxide (0.5 mL, 0.441 g, 0.01 mol, solution
in 9.5 mL of benzene) to functionalize the unreacted poly(styryl-
)lithium with a polar end group (Scheme 3). After 1 h the colorless
mixture was quenched with methanol. The product was removed
from the reactor and precipitated into methanol; the resulting
polymer was filtered and dried in a vacuum oven overnight. The
silyl hydride, in-chain functionalized polymer was separated from
the hydroxyl-functionalized polymer by silica gel column chroma-
tography using a 3/1 (v/v) mixture of toluene/cyclohexane as eluent.
The silyl hydride-functionalized polymer eluted first from the
mixture; these fractions were combined, concentrated under reduced
pressure, and then freeze-dried from a benzene solution (14.8 g,
96%).

In-Chain Functionalization with Allyl Cyanide. Silyl hydride,
in-chain functionalized polystyrene (0.5154 g, 0.23 mmol, Mn )
2200 Da), dry toluene (10 mL), allyl cyanide (0.0365 g, 0.54 mmol),
and 0.10 mL of Karstedt‘s catalyst were added into a 25 mL, round-
bottomed flask in the drybox. The flask was fitted with a reflux
condenser and a septum, removed from the drybox, and allowed
to stir in an oil bath (90 °C) under pressure from a balloon filled
with a 1/1 mixture of oxygen and argon for a period of 14 days.
Incomplete reaction was observed by thin layer chromatography
after a period of 5 days, and additional catalyst (0.10 mL) and allyl
cyanide (0.0355 g, 0.53 mmol) were added. After no further
progress was observed, activated silica was added and stirred for
12 h. Then the nonpolar product was separated via column
chromatography using 3/1 (v/v) mixture of toluene/cyclohexane.
The desired product was eluted using 3/1 (v/v) mixture of toluene/
ethyl acetate, extracted with water (3 × 10 mL), concentrated under
reduced pressure, and freeze-dried using benzene (yield: 0.30 g,
58%).

Scheme 2. General Functionalization Method for Synthesis of
In-Chain Functionalized Polymers

Scheme 3. Synthesis of In-Chain, Silyl Hydride-Functionalized
Polystyrene

Macromolecules, Vol. 42, No. 2, 2009 Cyano-Functionalized Polystyrenes 495



Polystyrene Pyrolysis. Chain-end, cyano-functionalized poly-
styrene (3.5 g, Mn ) 2200 Da) was placed in a ceramic boat and
then transferred to a muffle furnace and maintained at a temperature
of 600 °C for a period of 25 min. The residual platinum was dried
in an oven at 110 °C for 18 h and then weighed on an analytical
balance (residual weight, 0.0036 g). The procedure was repeated
for the crude reaction mixture (residual weight, 0.0221 g). The
difference in residual platinum was weighed on an analytical
balance.

Characterization. Size exclusion chromatographic analyses
(SEC) for the synthesized polymers were performed using a Waters
150-C Plus instrument equipped with three HR-Styragel columns
[100 Å, mixed bed (50/500/103/104 Å), mixed bed (103, 104, 106

Å)] and a triple detector system. The three detectors included a
differential refractometer (Waters 410), a differential viscometer

(Viscotek 100), and a laser light scattering detector (Wyatt
Technology, DAWN EOS, λ ) 670 nm). THF was used as eluent
with a flow rate of 1.0 mL/min at 30 °C. The sample preparation
(Mn ) 1000-8000 Da) was performed with concentrations ranging
from 0.5 to 13.0 mg/mL in THF. Prior to injection, the samples
were filtered through a Teflon filter with a 0.45 µm pore size.

All 1H and 13C NMR spectra were acquired in CDCl3 (Aldrich,
99.8% D) as solvent using a Varian Mercury 300 or Varian 500
NMR spectrometer. The 1H NMR spectra were referenced to the
residual proton impurities in the CDCl3 at δ 7.26 ppm. 13C NMR
spectra were referenced to 13CDCl3 at δ 77.36 ppm. NMR samples
were prepared in 5 mm NMR tubes with ∼40 mg of polymer in
1.0 mL of CDCl3.

Infrared spectra were recorded on an Excalibur Series FT-IR
spectrometer (DIGILAB, Randolph, MA) by casting polymer films

Figure 1. 1H NMR spectrum (CDCl3) of chain-end, cyano-functionalized polystyrene.

Figure 2. 13C NMR spectrum (CDCl3) of chain-end, cyano-functionalized polystyrene.
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on KBr plates from polymer solutions with subsequent drying at
40-50 °C to remove solvent. The data were processed using Win-
IR software.

Thin-layer chromatographic analyses (TLC) were performed by
spotting and developing functionalized polymer samples on flexible
silica gel plates (Selecto Scientific, Silica Gel 60, F-254 with

fluorescent indicator) using a mixture of toluene and cyclohexane
as eluent.

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectra were recorded on a Bruker Reflex-III TOF mass
spectrometer (Bruker Daltonics, Billerica, MA). The instrument was
equipped with an LSI model VSL-337ND pulsed 337 nm nitrogen
laser (3 nm pulse width), a single-stage pulsed ion extraction source,
and a two-stage gridless reflector. Solutions of dithranol (20 mg/
mL) (Alfa Aesar, 1,8,9-anthracenetriol, 97+%), polymer sample
(10 mg/mL), silver trifluoroacetate (10 mg/mL) (Aldrich, 98%), or
sodium iodide (10 mg/mL) (MCD, 99%) were prepared in THF
(Aldrich, 99.9%). These solutions were mixed in the ratio of matrix:
cationizing salt:polymer (10:1:2), and 0.5 µL of the mixture was
applied to the MALDI sample target and allowed to dry. In order
to minimize polymer fragmentation, the intensity of the nitrogen
laser pulses was frequently attenuated and adjusted to obtain the
optimal signal intensity. Mass spectra were measured in the linear
and reflecton modes, and the mass scale was calibrated externally
using the peaks of a polystyrene standard at the molecular weight
under consideration.

Results and Discussion

Synthesis of Chain-End, Silyl Hydride-Functionalized
Polystyrene. In order to investigate the versatility of the
previously reported6 general functionalization method using
anionic polymerization, silyl chloride linking, and hydrosilyla-
tion chemistry (see Scheme 1), the synthesis of cyano-
functionalized polymers was investigated. The first step in
this methodology involves preparation of a silyl hydride-

Figure 3. MALDI-TOF mass spectrum of chain-end, cyano-function-
alized polystyrene.

Figure 4. SEC chromatograms of (A) crude product (B) purified product
and (C) base sample for the reaction of excess poly(styryl)lithium (Mn

) 1.2 × 103 g/mol) with dichloromethylsilane, followed by ethylene
oxide.

Figure 5. 1H NMR spectrum (CDCl3) of (A) crude product and (B)
purified product from the reaction of excess poly(styryl)lithium (Mn )
1.2 × 103 g/mol) with dichloromethylsilane, followed by ethylene
oxide.

Figure 6. 13C NMR spectrum (CDCl3) of the purified product from
the reaction of excess poly(styryl)lithium (Mn ) 1.2 × 103 g/mol) with
dichloromethylsilane.

Figure 7. MALDI-TOF mass spectrum of in-chain, silyl hydride-
functionalized polystyrene.
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functionalized polymer. Chain-end silyl hydride-functional-
ized polystyrene was prepared as previously reported.6 The
SEC chromatogram showed a narrow, monomodal curve with
Mn ) 2200 Da and Mw/Mn ) 1.05. For MALDI-TOF analysis
of the silyl hydride-functionalized polymers, sodium iodide
was used as the cationizing agent to prevent oxidation of the
Si-H group to Si-OH as observed previously when silver
trifluororacetate was used as the cationizing agent.6 The
MALDI-TOF mass spectrum showed only one distribution
with a representative monoisotopic mass peak at m/z 2012.4
corresponding to the 18-mer, silyl hydride-functionalized poly-
styrene, C4H9-(C8H8)18-SiH(CH3)2 ·Na+; calculated monoiso-
topic mass ) 2012.22 Da. The 1H NMR spectrum showed the
characteristic peaks for the -SiH proton at δ 3.5-3.8 ppm
and the characteristic resonance peaks for the methyl protons
on the carbon bonded to silicon at δ -0.1 to -0.4 ppm.6

Synthesis of Chain-End, Cyano-Functionalized Poly-
styrene. The chain-end, silyl hydride-functionalized polystyrene
(Mn ) 2200 Da) was reacted with allyl cyanide in the presence
of Karstedt’s catalyst (1,3-divinyltetramethyldisiloxane-platinum)
at room temperature in benzene solution. The reaction was
monitored by thin layer chromatography using toluene as eluent.
The silyl hydride-functionalized polystyrene moved to the top
of the TLC plate, while the cyanide chain-end functionalized
polymer remained near the bottom of the plate. After 2 weeks
when only one spot was detected, silica gel was added and
stirred for 12 h to aid in catalyst separation.28 The functionalized
polymer was purified by column chromatography using a
mixture of toluene and cyclohexane as eluent for the nonfunc-
tional polymer and toluene as eluent for the cyano-functionalized
polymer. The cyano, chain-end functionalized polymer was
isolated in 87% yield.

The 1H NMR spectrum of the purified product (Figure 1)
shows that the characteristic peaks for the -SiH proton at δ
3.5-3.8 ppm have disappeared. The characteristic peaks for the
methylene protons in the carbon bonded to silicon are observed
at δ 0-0.3 ppm.8 The integration ratios of the initiator methyl
proton resonances from the sec-butyl initiator fragment/meth-
ylene protons bonded to the carbon adjacent to silicon/methyl
protons bonded to carbon adjacent to silicon were 6/2/6, as
expected for the cyano chain-end functionalized polystyrene.
The 13C NMR spectrum of the purified product (Figure 2) shows
the characteristic resonance peak for the carbon in the cyano
functional group at δ 119.5 ppm.29 The characteristic resonance
peak for the methyl carbons bonded to silicon is observed at δ
-0.9 ppm. The FTIR spectrum shows the disappearance of the
characteristic resonance at 2110 cm-1 for the -SiH group
stretching band9,29 and a new resonance at 2247 cm-1 that
corresponds to the nitrile stretching band.24,29 These results are
consistent with the formation of chain-end, cyano-functionalized
polystyrene.

The MALDI-TOF mass spectrum of the purified product
(Figure 3) shows one distribution. A representative monoiso-
topic mass peak at m/z ) 2079.3 corresponds to the 18-mer,
in-chain, cyano-functionalized polystyrene C4H9-(C8H8)18-

Figure 8. 1H NMR spectrum (CDCl3) of (A) in-chain, silyl hydride-
functionalized polystyrene and (B) purified in-chain, cyano-function-
alized polystyrene.

Figure 9. 13C NMR spectrum (CDCl3) of purified in-chain, cyano-functionalized polystyrene.
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Si(CH3)2(CH2CH2CH2CN) ·Na+; calculated monoisotopic mass
) 2079.26 Da. It is worth noting that there are no peaks
corresponding to the 18-mer silyl hydride-functionalized polysty-
rene, C4H9-(C8H8)18-SiH(CH3)2 ·Na+; calculated monoisotopic
mass ) 2012.22 Da.

Synthesis of In-Chain, Silyl Hydride-Functionalized
Polystyrene. The living functionalization reactions of polymeric
organolithium compounds with substituted 1,1-diphenylethyl-
enes is one of the few general functionalization reactions that
can be used to prepare in-chain functionalized polymers since
this is a living functionalization reaction and the product is a
substituted, polymeric 1,1-diphenylalkyllithium that can be used
to initiate polymerization of a second monomer.30 This method
suffers from the limitation of most anionic functionalization
reactions that protecting groups must be used for many
functional groups of interest, e.g., 1° and 2° amine, hydroxyl,
carboxyl, and thiol. Therefore, it was of interest to investigate
the utility of the GFM method based on the hydrosilylation of
silyl hydride-functionalized polystyrenes for the preparation of
in-chain functionalized polymers, as illustrated in Scheme 3.

In order to prepare pure, silyl hydride, in-chain functionalized
polymers, an excess of poly(styryl)lithium (Mn ) 1.2 × 103

g/mol, Mw/Mn ) 1.1) was reacted with dichloromethylsilane,
as shown in Scheme 3. After the linking reaction, the excess

poly(styryl)lithium was functionalized with ethylene oxide, a
very efficient hydroxyl-functionalizing agent.31,32 Then, after
methanol termination, the hydroxyl-functionalized polystyrene
could be easily removed from the desired in-chain functionalized
product by simple silica gel column chromatography rather than
by fractionation, as is common for silyl chloride linking
reactions.33 The SEC chromatogram (Figure 4) of the crude
reaction products shows a slightly broadened peak corresponding
to the desired coupled product plus some low molecular weight
hydroxyl-functionalized polymer. After silica gel column chro-
matography, the chromatogram of the purified product (Figure
4) shows a narrower, monomodal curve; the molecular weight
of the product Mn ) 2.2 × 103 g/mol is roughly double the
molecular weight of the precursor (Mn ) 1.2 × 103 g/mol) and
the narrow molecular weight distribution is narrow (Mw/Mn )
1.06), as expected.

The 1H NMR spectra for the crude and the purified products
are shown in Figure 5. The characteristic resonance for the -SiH
proton is observed at δ 3.2-3.8 ppm. It overlaps with the
resonance peak for the methylene hydrogens bonded to the
carbon adjacent to the hydroxyl group in the ethylene oxide
repeat unit at δ 3.2 ppm.31,32 After purification by column
chromatography, this resonance peak corresponding to the
hydroxyl-functionalized polystyrene is not observed. The methyl

Figure 10. FTIR spectrum of the purified in-chain, cyano-functionalized polystyrene.

Figure 11. MALDI-TOF mass spectrum of in-chain, cyano-functionalized polystyrene.
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protons bonded to the carbon adjacent to silicon have charac-
teristic resonance peaks observed at δ -0.6 to 0 ppm.6 The 13C
NMR of the purified product (Figure 6) shows the characteristic
resonance peaks for the methyl carbon attached to the silicon
at δ -0.9 ppm.6

The MALDI-TOF mass spectrum (Figure 7) of the purified
product shows one distribution. A representative monoiso-
topic mass peak at m/z ) 1742.1 corresponds to the 15-mer,
in-chain, silyl hydride-functionalized polystyrene C4H9-
(C8H8)n-SiH(CH3)-(C8H8)15-n-C4H9 ·Na+; calculated monoiso-
topic mass ) 1742.08 Da. This result is consistent with
quantitative in-chain, silyl hydride functionalization of poly-
(styryl)lithium using dichloromethylsilane.

Synthesis of In-Chain, Cyano-Functionalized Poly-
styrene. The in-chain, silyl hydride-functionalized polymer (Mn

) 2.2 × 103 Da) was reacted with allyl cyanide in the presence
of Karstedt’s catalyst. After 2 weeks, no change in the yield of
product was observed by TLC analysis; therefore, silica gel was
added and stirred for 12 h to aid in catalyst separation. The
functionalized polymer was purified by column chromatography
using 3:1 toluene:cyclohexane as eluent for the nonfunctional
polymer and 3:1 toluene:ethyl acetate as eluent for the cyano-
functionalized polymer. The cyano, in-chain functionalized
polymer was isolated in 58% yield. The lower yield obtained
compared to the chain-end, cyano-functionalized polymer (87%)
is probably due to steric crowding around the -Si-H group
from the two styryl units and one methyl group bonded to this
silicon. It is known that inefficient linking reactions can occur
when excess poly(styryl)lithium is reacted with silicon tetra-
chloride.33 Steric effects have also been shown to be important
in hydrosilylation reactions.34

The 1H NMR spectrum of the purified product (Figure 8)
shows the disappearance of the characteristic peak for the -SiH
proton at δ 3.2-3.8 ppm.6 The characteristic peaks for the
methylene protons on the carbon bonded to silicon are observed
at δ 0-0.3 ppm.8 The 13C NMR spectrum of the purified product
(Figure 9) shows the characteristic resonance peak for the carbon
in the cyano-functional group at δ 119.4 ppm, almost identical
to the analogous cyano chain-end functionalized polymer (δ
119.5 ppm). The characteristic resonance peak for the methyl
carbon bonded to silicon is observed at δ -0.9 ppm. The FTIR
spectrum (Figure 10) shows the disappearance of the charac-
teristic absorption peak for the -SiH at 2110 cm-1 and a new
absorption peak at 2247 cm-1 that corresponds to the nitrile
stretching band.24,29 These results are consistent with the
formation of the expected in-chain, cyano-functionalized poly-
styrene (see Scheme 3).

The MALDI-TOF mass spectrum of the purified product
(Figure 11) showed one distribution. A representative monoiso-
topic mass peak at m/z ) 1601.1 corresponds to the 13-mer,
in-chain, cyano-functionalized polystyrene C4H9-(C8H8)n-
Si(CH3)(CH2CH2CH2CN)-(C8H8)13-n-C4H9 ·Na+; calculated
monoisotopic mass ) 1600.99 Da. It is worth noting that there
are no peaks corresponding to the 14-mer silyl hydride-function-
alized polystyrene C4H-(C8H8)n-SiH(CH3)-(C8H8)14-n-
C4H9 ·Na+; calculated monoisotopic mass ) 1638.02 Da.

Catalyst Removal. Upon heating, untreated samples of both
in-chain and chain-end, cyano-functionalized polymers exhibited
color. This is likely due to interaction between residual platinum
catalyst and the functionalized product. Catalyst removal was
effected by stirring the reaction mixture with activated silica
gel followed by column chromatography.28 The purified product
was then extracted with water and freeze-dried using benzene.
To test the effectiveness of this method, the sample was
pyrolized 600 °C for 25 min, and the residuals were analyzed.
It was found that 84% of the platinum catalyst was removed.

Conclusions

The recently developed general functionalization methodology
utilizing living alkylyllithium-initiated anionic polymerization
in hydrocarbon solution, functionalization with dimethylchlo-
rosilane, and hydrosilylation of allyl cyanide using Karstedt’s
catalyst has been shown to provide an efficient, facile method
for the synthesis of ω-cyano chain-end functionalized polymers.
We are unaware of a previously reported anionic method for
preparation of these cyano-functionalized polymers. This general
functionalization methodology has been found to also be
applicable for the synthesis of in-chain functionalized polymers.
The reaction of dichloromethylsilane with excess poly(styryl-
)lithium produces the requisite in-chain, silyl hydride-function-
alized polystyrene in quantitative yield. Reaction of this in-chain,
silyl hydride-functionalized polystyrene with allyl cyanide in
the presence of Karstedt’s catalyst produced the corresponding
in-chain, cyano-functionalzed polystyrene. However, the yield
was only 58%. We are currently investigating methods to
improve the yield for this in-chain functionalization chemistry.

Acknowledgment. The authors are grateful to Manuela Ocampo
and Lindsay Kelderhouse for synthesis of in-chain silyl hydride-
functionalized polystyrene. We thank The Ohio Board of Regents
and The National Science Foundation (CHE-0341701 and DMR-
0414599) for funds used to purchase the NMR instrument used in
this work. We gratefully acknowledge support from the National
Science Foundation for the mass spectrometry studies (CHE-
0517909 and 0833087). We also thank FMC, Lithium Division,
and Chemetall Foote Corporation for providing samples of sec-
butyllithium and dibutylmagesium.

References and Notes

(1) Webster, O. S. Science 1991, 251, 887.
(2) Hsieh, H. L.; Quirk, R. P. Anionic Polymerization: Principles and

Practical Applications; Marcel Dekker: New York, 1996.
(3) Quirk, R. P.; Gomochak, D. L. Rubber Chem. Technol. 2003, 76, 812.
(4) Hirao, A.; Hayashi, M. Acta Polym. 1999, 50, 219.
(5) Quirk, R. P. In ComprehensiVe Polymer Science, First Supplement;

Aggarwal, S. L., Russo, S. Eds.; Pergamon Press: Oxford, 1992; p
83.

(6) Quirk, R. P.; Kim, H.; Polce, M. J.; Wesdemiotis, C. Macromolecules
2005, 38, 7895.

(7) Loos, K.; Müller, A. H. Biomacromolecules 2002, 3, 368.
(8) R. B.; Facinelli, J. V.; Riffle, J. S.; George, S. E. J. Polym. Sci., Part

A: Polym. Chem. 1996, 34, 1543.
(9) Quirk, R. P.; Hoon, K.; Chowdhury, S. R. Polym. Prepr. (Am. Chem.

Soc., DiV. Polym. Chem.) 2005, 46 (2), 583.
(10) Quirk, R. P.; Chowdury, S. R. Polym. Prepr. (Am. Chem. Soc., DiV.

Polym. Chem.) 2006, 47 (1), 102.
(11) Quirk, R. P.; Chowdury, S. R. Polym. Prepr. (Am. Chem. Soc., DiV.

Polym. Chem.) 2006, 47 (2), 182.
(12) Ouerghi, O.; Senillou, A.; Jaffrezic-Renault, N.; Martelet, C.; Ben

Ouada, H.; Cosnier, S. J. Electroanal. Chem. 2001, 501, 62.
(13) Kitagawa, S.; Kitaura, R.; Noro, S. Angew. Chem., Int. Ed. 2004, 43,

2334.
(14) Larock, R. C. ComprehensiVe Organic Transformations; VCH: New

York, 1999; pp 437-438, and p 993.
(15) Rappoport, Z. The Chemistry of the Cyano Group; Wiley and Sons:

New York, 1970.
(16) Patai, S. The Chemistry of Triple-bonded Functional Groups, Supple-

ment C2; Wiley and Sons: New York, 1994.
(17) Schmidt, B.; Meid, D.; Kieser, D. Tetrahedron 2006, 63, 492.
(18) Jin, T.; Kitahara, F.; Kamijo, S.; Yamamoto, Y. Tetrahedron Lett.

2008, 49 (17), 2924.
(19) Himo, F.; Demko, Z. P.; Noodleman, L. J. Org. Chem. 2003, 68 (23),

9076.
(20) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew.

Chem., Int. Ed. 2002, 41, 2596.
(21) Coessens, V.; Pintauer, T.; Matyjaszewski, K. Prog. Polym. Sci. 2001,

26, 337.
(22) Peters, M. A.; Belu, A. M.; Linton, R. W.; Dupray, L.; Meyer, T. J.;

DeSimone, J. M. J. Am. Chem. Soc. 1995, 117, 3380.
(23) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456.
(24) Ishizone, T.; Sugiyama, K.; Hirao, A.; Nakahama, S. Macromolecules

1993, 26, 3009.

500 Quirk et al. Macromolecules, Vol. 42, No. 2, 2009



(25) Quirk, R. P.; Chen, W.-C. Makromol. Chem. 1982, 183, 2071.
(26) Gilman, H.; Cartledge, F. K. J. Organomet. Chem. 1964, 2, 447.
(27) Morton, M.; Fetters, L. J. Rubber Chem. Technol. 1975, 48, 3.
(28) Matyjaszewski, K.; Miller, P. J.; Shukla, N.; Immaraporn, B.; Gelman,

A.; Luokala, B. B.; Siclovan, T. M.; Kickelbick, G.; Vallant, T.;
Hoffmann, H.; Pakula, T. Macromolecules 1999, 32, 8716.

(29) Silverstein, R. M.; Webster, F. X. In Spectroscopic Identification of
Organic Compounds, 6th ed.; Wiley: New York, 1998.

(30) Quirk, R. P.; Yoo, T.; Lee, Y.; Kim, J.; Lee, B. AdV. Polym. Sci. 2000,
153, 67.

(31) Quirk, R. P.; Ma, J.-J. J. Polym. Sci., Part A: Polym. Chem. 1988,
26, 2031.

(32) Quirk, R. P.; Mathers, R. T.; Wesdemiotis, C.; Arnould, M. Macro-
molecules 2002, 35, 2912.

(33) Morton, M.; Helminiak, T. E.; Gadkary, S. D.; Bueche, F. J. Polym.
Sci. 1962, 471.

(34) Stein, J.; Lewis, L. N.; Smith, K. A.; Lettko, L. X. J. Inorg. Organomet.
Polym. 1991, 1, 325.

MA8022525

Macromolecules, Vol. 42, No. 2, 2009 Cyano-Functionalized Polystyrenes 501


