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ABSTRACT: The synthesis of a novel class of reversible addition-fragmentation chain
transfer (RAFT) agents—based on quantum-chemical ab initio calculations—having meth-
ylsulfonyl and phenylsulfonyl moieties as Z-group is described. The resulting C-sulfonyldi-
thioformate transfer agents [benzyl methylsulfonyldithioformate (PSDTF) and benzyl phe-
nylsulfonyldithioformate (PSDTF)] feature extremely strong electron deficient C!!S dou-
ble bonds and should thus be suitable to undergo rapid hetero Diels-Alder (HDA) reactions
with variable dienes under mild (i.e., ambient and catalyst free) reaction conditions. It can
be demonstrated via a series of model reactions, whose outcome is monitored via electro-
spray ionization mass spectrometry (ESI–MS), that C-sulfonyldithioformate based RAFT
agents undergo HDA reactions with a series of diene-capped macromolecules (10 min\
reaction time\ 24 h) at ambient temperatures (T " 25 #C) with reaction times ranging
from 24 h (for open chain dienes) to a few minutes (for cyclopentadiene) in the absence of
any catalysts. Concomitantly, PSDTF is able to efficiently mediate the polymerization of
isobornyl acrylate (iBA) with living characteristics (2300\ Mn (g/mol)\ 16,000, 1.08\
PDI \ 1.31). In a subsequent step, it is demonstrated that conjugates of poly(iBA) and
polystyrene can be constructed under mild reaction conditions (reaction time \ 10 min,
T " 25 #C,Mn " 6000 (g/mol), PDI " 1.3, no catalyst). In addition, we highlight that sulfo-
nyldithioformate type RAFT agents are such effective dienophiles that they can undergo
HDA reactions with certain monomers, including styrene. While such a strong HDA activ-
ity limits their use in polymerizations, it opens an avenue for catalyst free efficient surface
modification reactions under mild conditions with variable dienes. VVC 2009 Wiley Periodicals,
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INTRODUCTION

In recent years, the generation of well-defined
macromolecular architectures via living/con-
trolled radical polymerization methodologies has
received significant interest, as these techniques
provide access to polymers that are well-defined
with respect to their size, composition and topol-
ogy.1 Complex macromolecular architectures can
be generated using several controlled polymeriza-
tion techniques,2,3 including the reversible
addition-fragmentation chain transfer (RAFT)
process.4 The RAFT process is recognized as one
of the most versatile methods for the synthesis of
well-defined polymeric architectures and typically
mono- or multi-functional thiocarbonyl thio
moieties serve as the basis for the construction of
(complex) block copolymer systems.5 However, the
recent years have seen a shift in the approaches
taken to prepare complex architectures away
from a continuous assembly process via subse-
quent chain extension to modular click chemistry
approaches.6–10 The most frequently used click
conjugation is the Cu(I) catalyzed 1,3-dipolar
cycloaddition between azides and alkynes.11–13

Alternatives to azide-alkyne click conjugations
include Diels-Alder cycloadditions, which have
been successfully used for the generation of a
variety of polymeric architectures.14,15 Both of the
above approaches have their specific strengths
and weaknesses. For example, most of the azide-
alkyne coupling reactions require a copper cata-
lyst to function at ambient temperatures. The use
of a copper catalyst can limit the application of
azide-alkyne conjugation in systems which are
sensitive to heavy metal ions in, e.g., biological
applications.16 The most significant limitation in
many of the Diels-Alder-type conjugation system
is the requirement of higher temperatures to
drive the reaction to completion.

In an attempt to address the existing short
comings of Diels-Alder conjugation and to provide
a convenient methodology to use RAFT generated
polymers directly and without any further modifi-
cation as coupling agents, we have recently
described a combination of RAFT polymerization
and hetero Diels-Alder (HDA) chemistry as a

versatile method for the synthesis of complex
polymer architectures such as block copolymers,17

stars,18 as well as functional surfaces.19–21 In
these examples, polymers synthesized via RAFT
polymerization in the presence of electron defi-
cient dithioesters were conjugated to materials
bearing a suitable diene through a hetero Diels-
Alder (HDA) cycloaddition. In the RAFT-HDA
approach, controlling agents bearing electron
withdrawing Z-group were used in such a way
that the thiocarbonyl functionality of the control-
ling agent was sequentially used for controlled
polymerization as well as the reactive heterodie-
nophile in the HDA cycloaddition with an appro-
priate diene. It was shown that the tendency of
electron deficient dithioesters to undergo HDA
cycloaddition can be successfully used for the for-
mation of block copolymers constituted of mono-
mers from different families. These previously
reported RAFT-HDA conjugations were facilitated
by the use of a catalyst which enhances the elec-
tron withdrawing nature of the RAFT Z-group
and allows the reactions to be carried out at 50 #C
and achieve near quantitative completion within
several hours.

Although such reaction times and tempera-
tures compare very favorably with the reaction
times observed in the Cu(I) catalyzed azide/alkyne
coupling, a further rate enhancement and temper-
ature decrease is highly desirable, especially in
applications that involve the coupling or grafting
of biological moieties. It is indeed possible to dra-
matically enhance the rate of RAFT-HDA conju-
gation by using two approaches. First, and this
approach has been realized recently, by employing
a very reactive diene, i.e., through the use of novel
cyclopentadienyl (Cp) functionalized polymers.22

By virtue of such Cp-capped polymers it is possi-
ble to achieve conjugation under ambient condi-
tions within a few minutes, although a catalyst is
in some cases required. Second, and this approach
is explored in the current contribution, RAFT
agents featuring extremely electron withdrawing
moieties in the Z-position can be used so that
even less reactive dienes (e.g., based on butadi-
ene) can be conjugated at ambient temperatures
and in the absence of catalysts. The approach
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taken in the current study is as follows: The abil-
ity to function as RAFT agents of these suitable
thiocarbonyl thio compounds which are reported
in the literature to be excellent electron deficient
dienophiles23 is assessed via ab initio quantum-
chemical calculations. On the basis of these quan-
tum-chemical calculations the corresponding
RAFT agent is synthesized and evaluated for its
ability to mediate the free radical polymerization
of variable monomers. In parallel studies, the
reactivity of the RAFT agents in HDA reactions is
assessed by reacting it with a series of low molec-
ular dienes. The progress of these model reactions
is followed via electrospray ionization mass spec-
trometry (ESI–MS). Finally, polymers prepared
via the novel RAFT agent class are conjugated to
diene carrying polymers to assess the efficiency of
the HDA cycloaddition for block copolymer forma-
tion.

EXPERIMENTAL

Materials and Characterization

Isobornyl acrylate (Aldrich) was passed through
a column of basic alumina (Acros) prior to use
and stored at $19 #C, 2,20-azobisisobutyronitrile
(AIBN, Sigma-Aldrich) was recrystallized twice
from methanol before use and stored at $19 #C.
Bromide terminated styrene was synthesized
according to literature.22 Thiophosgene (98%
Aldrich), benzyl mercaptan (Fluka), carbon
disulfide (Aldrich), sodium methanesulfinate (Alfa
Aesar), tetrabutylammonium hydrogen sulfate
(Aldrich), benzenesulfinic acid sodium salt
(Aldrich), trans,trans-2,4-hexadien-ol (97%;
Aldrich), succinic anhydride (Roth), diisopropyl
ethylamine (DiPEA) (Roth), citric acid (Roth), poly
(ethylene glycol) monomethyl ether 2000
(Aldrich), 4-dimethylamino pyridine (Aldrich),
N,N-dicyclohexylcarbodiimide (Aldrich), p-tolue-
nesulfonyl chloride, sodium cyclopentadienide
solution (2.0 mol/L in THF) (Sigma-Aldrich),
tetrahydrofuran (THF, anhydrous, %99.9%,
Sigma-Aldrich), toluene, diethyl ether, dichloro-
methane (CH2Cl2), and chloroform (CHCl3) were
purchased in the highest purity and used as
received.

ESI–MS Measurements

Mass spectra were recorded on an LXQ mass
spectrometer (ThermoFisher Scientific, San Jose,
CA) equipped with an atmospheric pressure ioni-

zation source operating in the nebulizer assisted
electrospray mode. The instrument was calibrated
in the m/z range of 195–1822 using a standard
containing caffeine, Met-Arg-Phe-Ala acetate
(MRFA), and a mixture of fluorinated phospha-
zenes (Ultramark 1621) (all from Aldrich). A con-
stant spray voltage of 3.5 kV and a dimensionless
sheath gas of 8 and a sweep gas flow rate of 2
were applied. The capillary voltage, the tube lens
offset voltage, and the capillary temperature,
were set to 60 V, 120 V, and 275 #C, respectively.

GPC/SEC Measurements

GPC measurements were performed on a Polymer
Laboratories PL-GPC 50 Plus Integrated System,
comprising an autosampler, a PLgel 5 lm bead-
size guard column (50 & 7.5 mm) followed by
the three PLgel 5 lm Mixed-C columns (300 &
7.5 mm) and a differential refractive index detec-
tor using THF as the eluent at 35 #C with a flow
rate of 1 mL/min. The GPC system was calibrated
using linear poly(styrene) standards ranging from
160 to 6 & 106 g/mol and linear poly(methyl
methacrylate) standards ranging from 700 to 2 &
106 g/mol. Calculation of the molecular weight of
poly(isobornyl acrylate) proceeded via the Mark-
Houwink parameters for this polymer,24 i.e., K !
1.141 dL/g and a ! 0.994.

NMR Measurements

The structures of the synthesized compounds
were confirmed by 1H NMR and 13C NMR spec-
troscopy using a Bruker AM 400 MHz spectrome-
ter for hydrogen nuclei and 100 MHz for carbon
nuclei. All samples were dissolved in CDCl3. The
d-scale is referenced to tetramethylsilane (d !
0.00) as internal standard.

Fourier-Transform Near Infra Red

Monomer conversions were determined using
on-line FT-NIR spectroscopy by following the
decrease of the intensity of the first vinylic
stretching overtone of the monomer [tmax (iso-
bornyl acrylate)/cm$1 ! 6142]. The FT-NIR meas-
urements were performed using a Bruker Vertex
70 Fourier-transform spectrometer equipped with
a tungsten halogen lamp, a CaF2 beam splitter,
and a liquid nitrogen-cooled InSb detector.
Each spectrum in the spectroscopic region of
8000–4000 cm$1 was calculated from the co-added
interferograms of 32 scans with resolution of
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4 cm$1. For the conversion determination, a lin-
ear baseline was selected between 6200 and 6100
cm$1. The integrated absorbance between these
two points was subsequently used to calculate the
monomer to polymer conversion.

UV-Visible Spectroscopy

UV-Visible spectroscopy was performed using a
Cary 300 Bio UV-Visible spectrophotometer (Var-
ian) featuring a thermostated sample cell holder
(60 #C). Absorption was measured in CHCl3 solu-
tion from 200 to 800 nm with a resolution of 1 nm
in a 10 mm UV cuvette.

Synthesis of Benzyl Chlorodithioformate (3)

Thiophosgene (25.0 g, 220 mmol) and benzyl
mercaptan (26.0 mL, 220 mmol) were dissolved in
50 mL of carbon disulfide. The solution was
stirred in a flask with a gas outlet for 48 h at am-
bient temperature. The HCl gas produced was
passed through a bubble counter and subse-
quently neutralized in alkaline sodium hydroxide
solution. After the reaction had finished, the sol-
vent was evaporated and the product was distilled
under vaccum to yield 17.5 g of benzyl chlorodi-
thioformate.1H NMR (400 MHz, CDCl3, d/ppm):
4.74 (2H, s, CH2), 7.52–7.58 (5H, m, C6H5).

13C
NMR: 46.22 (1C, CH2), 128.34–128.85 (4C, ortho/
meta C6H5), 129.25 (1C, para C6H5), 137.46 (1C,
CH2AC6H5), 196.37 (1C, C!!S).

Synthesis of Benzyl
Methylsulfonyldithioformate (5)

The two-phase mixture of the benzyl chlorodithio-
formate (7.5 g, 37 mmol), sodiummethane sulfi-
nate (3.8 g, 37 mmol), 0.5 g (0.19 mmol) of tetra-
butylammonium hydrogen sulfate, 60 mL toluene
and 60 mL water was stirred at 35 #C for 30 min.
After 30 min, the toluene phase was washed with
water (3 times), dried over MgSO4, and evapo-
rated in vacuo. The red oily residue was purified
by column chromatography using a 1:1 mixture of
petroleum spirit (40–60 #C) and diethyl ether. The
red fraction was collected and concentrated to
give orange crystals. 1H NMR (400 MHz, CDCl3,
d/ppm): 3.20 (3H, s, CH3), 4.44 (2H, s, CH2), 7.34
(5H, m, C6H5).

13C NMR: 38.28 (1C, SO2ACH3),
41.56 (1C, CH2AC6H5), 127.3 (1C, para-C6H5),
127.71 (2C, ortho-C6H5), 128.09 (2C, meta-C6H5),
131.01 (1C, CH2AC6H5), 200 (1C, C!!S).

Synthesis of Benzyl Phenylsulfonyldithioformate (7)

A two-phase mixture of benzyl chlorodithiofor-
mate (7.5 g, 37 mmol), benzenesulfinic acid
sodium salt (3.8 g, 37 mmol), tetrabutylammo-
nium hydrogen sulfate (0.5 g, 0.19 mmol), 60 mL
of toluene and 60 mL water was stirred at 35 #C
for 30 min. After 30 min, the benzene phase was
washed with water (3&), dried over MgSO4 and
evaporated in vacuo. The pink oily residue was
purified by column chromatography using a 1:1
mixture of petroleum spirit (40–60 #C) and diethyl
ether. The pink fraction was collected and concen-
trated to give pink crystals. 1H NMR (400 MHz,
CDCl3, d/ppm): 3.27 (3H, s, CH3), 4.51 (2H, s,
CH2), 7.41 (5H, s, C6H5).

13C NMR: 43.5 (1C,
CH2AC6H5), 128.5 (1C, para CH2AC6H5), 129–
129.9 (8C, ortho/meta), 132.4 (1C, para
SO2AC6H5) 134.6 (1C, SO2AC6H5), 136.5 (1C,
CH2AC6H5), 222.2 (1C, C!!S).

Monitoring the Reaction Between (7) and Butyl
Acrylate by UV-Visible Spectroscopy

Butyl acrylate (1.4 g, 10.88 mmol) and benzyl phe-
nylsulfonyldithioformate (0.02 g, 0.063 mmol)
were mixed and 1 mL of this solution was dis-
solved in 4 mL of CHCl3. The resulting solution
was transferred in a UV cuvette immediately
prior to placing in the preheated (60 #C) cuvette
holder of the UV-Visible spectrophotometer. The
reaction was allowed to proceed at this tempera-
ture for 16 h.

Polymerizations

A master batch of isobornyl acrylate, AIBN, and
(7) (at concentrations of 0.016 mol/L and 0.027
mol/L as shown in Table 3, see the Results and
Discussion section) was prepared, and aliquots of
2 mL were placed in separate sample vials. The
reaction mixtures were subsequently purged with
nitrogen to remove residual oxygen. The polymer-
izations were performed at 60 #C. The reaction
was stopped by exposing the reactants to oxygen
and chilling in an ice bath.

Synthesis of Hexadiene-1-ol Derivative (12)

A mixture of trans,trans-2,4-hexadien-ol (2.55 g,
26 mmol), succinic anhydride (3.0 g, 30 mmol),
and DiPEA (3.4 g, 26 mmol) in diethyl ether
(10 mL) was stirred for 2 days at ambient temper-
ature. The solvent was removed under reduced
pressure and the residue dissolved in CH2Cl2 and
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washed with aqueous solution of 5% w/w citric
acid. The organic layer was dried over MgSO4, fil-
tered, and the solvent was removed under
reduced pressure to give (12). 1H NMR (400 MHz,
CDCl3, d/ppm): 1.70 (d, CH3ACH!!), 2.61
(t, ACH2ACH2A), 4.54 (d, ACH2AOA), 5.58
(dt, ACH!!CH), 5.71 (dq, ACH!!CHA), 6.01 (ddq,
!!CHACH!!), 6.21 (dd, ACH!!CHA).

Synthesis of Open Chain Diene Functionalized
Poly(ethylene glycol) Monomethylether (14)

Poly(ethylene glycol) monomethylether (2 g, 1
mmol), (12) (1.8 g, 9 mmol), and 4-dimethylamino
pyridine (0.07 g, 0.6 mmol) was dissolved in 48
mL CH2Cl2 and was cooled in an ice bath. N,N-
dicyclohexylcarbodiimide (1.8 g, 9 mmol) dissolved
in 24 mL CH2Cl2 was added dropwise to the above
mixture. The resulting solution was stirred at am-
bient temperature for 12 h. The solution was fil-
tered through a cotton fitted Pasteur pipette and
the polymer was precipitated in cooled diethyl
ether. Mn (NMR) ! 2061 g/mol. 1H NMR
(400 MHz, CDCl3, d/ppm): 1.75 (d, CH3ACH!!),
2.64 (t, ACH2ACH2), 3.36 (s, CH3AOA), 4.23
(t, AOACH2A), 4.58 (d, ACH2AO), 5.58
(dt, ACH!!CH), 5.71 (dq, ACH!!CHA), 6.01 (ddq,
!!CHACH!!), 6.21 (dd, ACH!!CHA).

Synthesis of Tosylated Poly(ethylene glycol)
Monomethylether (16)

NaOH (1.4 g) were dissolved in 7.5 mL of H2O. A
solution of poly(ethylene glycol) monomethyl
ether (5.0 g, 2.5 mmol) in 6.2 mL THF was subse-
quently added. The resulting mixture was cooled
in an ice bath. To this was added a solution of p-
toluenesulfonyl chloride (4.3 g, 2.2 mmol) in 6.2
mL THF. The mixture was stirred overnight at
ambient temperature. The mixture was extracted
with CH2Cl2 and the CH2Cl2 phase was washed
three times with water. The CH2Cl2 phase was
dried over MgSO4, filtered, and concentrated. The
concentrated solution was precipitated in cold
diethyl ether. Mn (NMR) ! 2167 g/mol. 1H NMR
(400 MHz, CDCl3, d/ppm): 2.45 (s, CH3AC6H5),
3.38 (s, CH3AOA), 4.15 (t, CH2ACH2AOTs), 7.36
(m, arom), 7.81 (m, arom).

Synthesis of Cyclopentadienyl Functionalized
Poly(ethylene glycol) Monomethylether (17)

Tosylated poly(ethylene glycol) monomethyl ether
(1.0 g, 0.45 mmol) was dissolved in anhydrous

THF (5 mL) and cooled to 0 #C in an ice-salt bath.
To this solution were slowly added 3 equivalents
sodium cyclopentadienide solution (2.0 M in THF)
(0.7 mL, 1.36 mmol). The mixture was stirred
overnight at ambient temperature. The resulting
mixture was filtered through a pad of silica gel
and washed with THF. The filterate was concen-
trated in vacuo and the polymer was precipitated
in cold diethyl ether. Mn (NMR) ! 2200 g/mol.
1H NMR (400 MHz, CDCl3, d/ppm): 2.71
(m, ACH2AC5H5), 2.95 (m, bridge head), 3.38
(s, H3CAOA), 6.47–6.08 (m, C5H5, vinylic).

Model Reaction Between Open Chain Diene
Functionalized PEG (14) and Benzyl
Methylsulfonyldithioformate (5)

A solution of PEG (14) (0.097 mmol, 0.2 g), 2 eq.
of benzyl methylsulfonyldithioformate (0.1216
mmol, 0.03 g) in 1 mL chloroform was kept at am-
bient temperature for 1 h and 24 h, respectively.
The resulting mixture was analyzed by direct
infusion ESI–MS.

Model Reaction Between Open Chain Diene
Functionalized PEG (14) and Benzyl
Phenylsulfonyldithioformate (7)

A solution of PEG (14) (0.097 mmol, 0.2 g), 2 eq.
of benzyl phenylsulfonyldithioformate (0.1216
mmol, 0.04 g) in 1 mL chloroform was kept at
ambient temperature for 1 h and 24 h, respec-
tively. The resulting mixture was analyzed by
direct infusion ESI–MS.

Model Reaction Between PEG-Cp (17) and Benzyl
Methylsulfonyldithioformate (5)

A solution of PEG-Cp (17) (0.088 mmol, 0.2 g),
2 eq. of benzyl methylsulfonyldithioformate
(0.1818 mmol, 0.04 g) in 1 mL chloroform was
kept at ambient temperature for 1 h and 24 h,
respectively. The resulting mixture was analyzed
by direct infusion ESI–MS.

Synthesis of Cyclopentadienyl-Terminated
Poly(styrene) (28)

To a stirred solution of bromide terminated
poly(styrene) (27) dissolved in THF cooled in an
ice-salt bath was added a 10-fold excess of sodium
cyclopentadienide (2.0 M in THF) dropwise. After
the addition was completed, the reaction mixture
was allowed gradually to warm to ambient
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temperature and stirred over night. The cyclopen-
tadienyl functionalized polymer was subsequently
isolated by precipitation in cold methanol.

Hetero Diels-Alder Cycloaddition Between Benzyl
Phenylsulfonyldithioformate Terminated
Poly(isobornyl Acrylate) (9) and Cyclopentadiene
Terminated Poly(styrene) (28)

A solution of poly(isobornyl acrylate) (6.3 mg,
1.25 lmol), poly(styrene) [(4.3 mg, 1.25 lmol) or
(6.3 mg, 1.25 lmol), weight depending on Mn] in
40 lL chloroform was kept at ambient tempera-
ture for 10 min. The solvent was subsequently
removed under reduced pressure and the residue
analyzed by SEC employing THF as the solvent.

Computational Procedures

Standard ab initio molecular orbital theory and
density functional theory calculations were per-
formed using Gaussian 0325 and Molpro 2002.126

software, using a high-level of theory, previously
shown to reproduce experimental equilibrium
constants for radical addition to C!!S double
bonds to within an order of magnitude.27 Geome-
tries of all species were optimized at the B3-LYP/
6-31G(d) level of theory and scaled frequency
calculations were also performed at that level.
Conformations of all species were systematically
screened at the B3-LYP/6-31G(d) level of theory.
Improved energies were then obtained using our
W1-ONIOM method, as defined and evaluated in
our previous articles.27,28 In each case, the G3
core was taken as the corresponding reaction of
the S!!C(Z)SCH3 agent, the W1 inner core was
taken as the reaction of methyl radical with
S!!CH2, and the outer layer (where this differed
from our core) was calculated at the ROMP2/6-
311'G(3df,2p) level of theory. For the equilibrium
constants, results are shown both using the har-
monic oscillator approximation, and also the more
accurate hindered rotor model. The hindered
rotor calculations were performed using the TES
60# method, as described previously.29 Compari-
son calculations for the Z ! H, F, CH3, Ph, and
OCH3 RAFT agents are taken from ref. 30.

RESULTS AND DISCUSSION

Quantum Mechanical Assessment

On the basis of the observations in the literature,
RAFT agents carrying methylsulfonyl and phenyl-

sulfonyl Z-groups should be excellent and
extremely electron deficient dienophiles in the con-
text of Diels-Alder conjugation.23 However, these
sulfonyl dithioformates have never been assessed
in their ability to function as RAFT agents. Thus,
as a first step, we evaluate the ability of these thio-
carbonyl thio compounds to act as potential RAFT
agents, before progressing to their synthesis.
Below, we include other Z-groups—that are also
strongly electron withdrawing such as CF3—into
our quantum mechanical assessment, although the
current study only considers sulfonyl type leaving
groups from a synthetic perspective. In our earlier
theoretical studies of the RAFT process, we identi-
fied a number of key thermodynamic quantities
that could be employed to rank RAFT agents for
the rapid qualitative assessment of their suitability
as control agents in practical settings.30,31 The
effect of the Z-group on the stability of the RAFT
agent is assessed as the energy change of the iso-
desmic reaction (1).

S!!C(Z)SCH3 'H$ CH3

! S!!C(H)SCH3 ' Z$ CH3 (1)

The effect of the Z-group on the stability of the
RAFT adduct radical is assessed as the energy
change of the isodesmic reaction (2), which is
more commonly known as the radical stabilization
energy.

CH3SC*(Z)SCH3 'H$ CH3

! CH3SCH(Z)SCH3 ' *CH3 (2)

The effect of the Z-group on the fragmentation
efficiency (DHfrag) of the RAFT adduct radical is
assessed as the energy change of the isodesmic
reaction (3).

CH3SC*(Z)SCH3 ' S!!C(H)SCH3

! CH3SC*(H)SCH3 ' S!!C(Z)SCH3 (3)

Values of these thermodynamic quantities for Z
! CF3 and SO2CH3 are provided in Table 1,
together with corresponding values for other pro-
totypical RAFT agent substituents (Z ! H, F,
CH3, Ph, and OCH3), taken from the literature.30

The corresponding actual equilibrium constants
at 333.15 K (K333) for the addition-fragmentation
reactions, (4), have also been calculated for Z !
CF3 and SO2CH3, for two model leaving groups,
R ! CH(CH3)Ph and C(CH3)2CN, and are
provided in Table 2 and compared with the corre-
sponding data for the known RAFT agent substit-
uent, Z ! Ph, taken from the literature.30
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R * 'S!!C(Z)SCH(CH3)2
! RSC * (Z)SCH(CH3)2 (4)

From Table 1 it is seen that the effect of the
CF3 and SO2CH3 Z-groups on the fragmentation
efficiency of the RAFT agents is similar to that of
a phenyl group; in the case of Z ! CF3 the effi-
ciency is marginally lower, for Z ! SO2CH3 it is
marginally higher. On this basis one might expect
these two RAFT agents to show similar degrees of
rate retardation to dithiobenzoates, and this is
also suggested by the equilibrium constants for
their radical addition reactions in Table 2. The
exact ordering of the equilibrium constants is
affected by the nature of the leaving group. In
particular, as discussed previously,32 cyanoiso-
propyl is a particularly efficient leaving group and
this is not only due to the high stability of the cya-
noisopropyl radical but also to a homoanomeric
effect in the corresponding RAFT adduct radical.
This latter effect is stronger for the SO2CH3 Z-
group and its equilibrium constant is thus
marginally lower than that for the other species.

For the CH(CH3)Ph leaving group, the homoano-
meric effect is now absent and the equilibrium
constants thus follow their fragmentation efficien-
cies, with the CF3 Z-group giving rise to the low-
est equilibrium constants. Despite these minor
differences, the main conclusion is that the equi-
librium constants for reactions of the Z ! CF3 and
SO2CH3 RAFT agents are similar to those of Z !
Ph. Hence, when used under the same conditions
with the same monomers and leaving groups, one
might expect the Z ! CF3 and SO2CH3 RAFT
agents to display similar degrees of rate retarda-
tion to analogous dithiobenzoates.

Although the thermodynamics of the addition-
fragmentation equilibrium are similar for Z !
CF3, SO2CH3, and Ph, the stability calculations in
Table 1 indicate that their addition and fragmen-
tation kinetics are likely to be very different. In
particular, both Z ! CF3 and Z ! SO2CH3 signifi-
cantly destabilize the RAFT agent when com-
pared with Z ! Ph, CH3, F, and OCH3. This is not
unexpected, as both CF3 and SO2CH3 are signifi-
cantly more electron withdrawing than the other
Z-groups considered and as such interfere with
the resonance stabilization of S!!C(Z)SCH3. At
the same time both CF3 and SO2CH3 are less
effective at stabilizing the RAFT adduct radical
than the phenyl group, which is a strong reso-
nance stabilizer. As a result, one would expect the
Z ! CF3 and Z ! SO2CH3 RAFT agents to show
both faster addition and fragmentation rates than
Z ! Ph. These increases in the forward and
reverse reaction rates counterbalance each other
and the net effect is that their equilibrium con-
stants are relatively similar; however, as is well
known, the faster exchange rates are expected to
give rise to narrower polydispersities and better
overall control of the polymerization.33

Table 1. Effect of Z-Group on the Stabilities (0 K;
kJ/mol) of S!!C(Z)SCH3 and CH3SC*(Z)SCH3

Z-Group
Stability Stability

DHfragS!!C(Z)SCH3 CH3SC*(Z)SCH3

SO2CH3 5.8 75.3 30.9
Ph 41.3 96.3 21.0
CF3 –17.3 62.6 17.8
H 0 61.1 0
CH3 35.1 59.9 $10.0
F 43.5 46.9 $24.0
OCH3 85.9 58.5 $45.0

Table 2. Equilibrium Constants and Associated Thermodynamic Parameters at 333.15 K for R* '
S!!C(Z)SCH(CH3)2 ! RSC*(Z)SCH(CH3)2

Z-Group

Harmonic Oscillator Hindered Rotor

DS (J/mol/K) DH (kJ/mol) DG (kJ/mol) K (L/mol) DS (J/mol/K) DH (kJ/mol) DG (kJ/mol) K (L/mol)

R ! C(CH3)2CN
SO2CH3 $183.3 $77.3 $16.2 9.4 & 103 $171.1 $75.7 $14.6 5.4 & 103

CF3 $184.0 $82.6 $21.3 5.9 & 104 $172.9 $81.0 $19.7 3.4 & 104

Ph $190.5 $86.4 $23.0 1.1 & 105 $177.8 $81.1 $21.9 7.4 & 104

R ! CH(CH3)Ph
SO2CH3 $165.0 $90.7 $35.7 1.1 & 107 $141.7 $88.7 $33.7 5.3 & 106

CF3 $167.5 $75.7 $19.9 3.6 & 104 $159.9 $73.9 $18.1 1.9 & 104

Ph $164.3 $80.4 $25.7 2.9 & 105 $142.8 $75.5 $28.0 6.6 & 105
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In summary, the above computational study
predicts that RAFT agents having CF3 or SO2CH3

Z-groups should be effective RAFT agents. They
may show similar degrees of rate retardation to
corresponding dithiobenzoate reactions under the
same conditions, but are expected to show much
faster exchange rates and hence better control of
polymerization.

Synthesis of Benzyl Methylsulfonyldithioformate
(5) and Benzyl Phenylsulfonyldithioformate (7) and
Their Suitability as Potential RAFT Agents

On the basis of the above ab initio quantum
mechanical calculations, it seemed promising to
synthesize two sulfonyl type RAFT agents, i.e.,
benzyl methylsulfonyldithioformate (5) and ben-
zyl phenylsulfonyldithioformate (7), which can be
achieved in a two step procedure. Note that both
(5) and (7) possess a benzyl leaving group.
Although the quantum chemical recommendation
would be a cyanoisopropyl leaving group, the tar-
get RAFT agents are synthetically simpler to
access when they carry a benzyl R-group. The
first step—which is common to the synthesis of
both—involves the reaction of thiophosgene with
equivalent amounts of benzyl mercaptan.34 Sub-
sequently, the remaining chloride function was
substituted by a methylsulfonyl or phenylsulfonyl
moiety via a two-phase reaction between an aque-
ous solution of sodium methanesulfinate and ben-
zyl chlorodithioformate (dissolved in toluene)
employing tetrabutylammonium hydrogen sulfate
as phase transfer catalyst.35 The entire reaction
sequence is depicted in Scheme 1. The yield for
the synthesis of the intermediate benzyl chlorodi-

thioformate (3) is close to 25%, whereas the subse-
quent yield for (5) is very low (less then 10%), in
agreement with previous observations by Senning
and coworkers for the synthesis of similar elec-
tron depleted thiocarbonyl compounds.36 In con-
trast, (7) could be obtained with yields close to
78%. It is for this reason that (7) is preferentially
employed in the current study. The resulting 1H
and 13C NMR of (3), (5), (7) are shown in Figures
S1–S7 in Supporting Information.

In a subsequent step, the ability of the pre-
pared C-sulfonyldithioformate to induce living
characteristics in a free radical polymerization
was assessed. For this purpose, (7) was chosen as
control agent, as large amounts (see above) could
be readily prepared. Using (7) styrene was poly-
merized first using 5 & 10$2 mol/L of (7) and
AIBN (5 & 10$3 mol/L) as initiator. Interestingly,
only partial living behavior is observed: The
molecular weight distributions each depict a sig-
nal for polymer (which increases in number aver-
age molecular weight but also polydispersity with
time) as well as one additional well-defined peak
at lower molecular weight of close to 430 g/mol,
which is stationary over time. Concomitantly, the
reaction solution loses its characteristic pink
color. Subsequently, a range of (meth)acrylates
were assessed for their ability to be mediated by
(7), including butyl acrylate, methyl acrylate, tert-
butyl acrylate, and methyl methacrylate. For all
these monomers, a similar result is observed: A

Figure 1. Evolution of the UV absorbance (on-line
monitoring) during the reaction between butyl acry-
late (BA) and PSDTF (7) (c0

BA ! 10.88 mol/L and
c0

PSDTF ! 0.063 mol/L) carried out at T ! 60 #C in
chloroform in the absence of a radical source. The fig-
ure inset depicts the peak absorption intensity as a
function of time.

Scheme 1. Reaction of benzyl chlorodithioformate
(obtained by reaction of thiophosgene and benzyl mer-
captan) with sodium methane sulfinate and benzene
sulfinic acid sodium salt to synthesize benzyl methyl-
sulfonyldithioformate and benzyl phenylsulfonyldi-
thioformate, respectively.
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loss of color of the reaction solution and only ini-
tially some limited control over the polymeriza-
tion with an additional sharp peak in the chro-
matogram at high retention times. To test the ori-
gin of the inability of the RAFT agent to induce a
well-controlled process with living characteristics,
butyl acrylate—in the presence of (7)—was
heated at 60 #C for a period of 13 h and UV/Vis
spectra were recorded at pre-set time intervals
(see Fig. 1). As the on-line UV/Vis monitoring was
carried out in the absence of a radical initiator,
the color loss must be due to a reaction between
the monomer and the RAFT agent in which the
choromophore (i.e., the dithioester unit) is con-
verted.

A simple explanation for such behavior is the
hypothesis that the dithioester undergoes a het-
ero Diels-Alder reaction with the respective
monomer, which functions as a diene. Such a
reaction can take place as (7) is highly electron
deficient and a potent dienophile. With this
assumption, the observed well-defined peak in
the SEC elugrams is understandable. The molec-
ular weight of the hetero Diels-Alder adduct
between (7) and styrene is 412 g/mol, which is—
within experimental uncertainty—close to the
molecular weight of the peak observed in the

SEC traces. A similar good agreement is observed
between the potential butyl acrylate-HDA adduct
and the observed sharp peak in the SEC distribu-
tion of reaction mixtures taken from (7) mediated
butyl acrylate polymerization (Mn

SEC ! 480 g/mol,
Mn

BA-HDA adduct ! 436 g/mol). The SEC elugrams
for the polymerization of styrene and butyl acry-
late in the presence of (7) are depicted in Figures
S9 and S10 in the Supporting Information sec-
tion. However, the reaction of (7) with butyl acry-
late may be alternatively (and possibly more
plausibly) explained by considering that the sul-
fur atom in (7) is a good nucleophile that can
undergo Michael-type additions with acrylates,
resulting in the formation of a heterocyclic com-
pound with the same structure as the HDA
adduct.37 The detailed mechanism of the reaction
between (7) and butyl acrylate is provided in Fig-
ure S8 in the Supporting Information section. 1H
NMR spectra of the products obtained after reac-
tion of styrene and butyl acrylate with (7) are
highly complex as the chemical shifts of the pro-
tons associated with the thiopyran rings are in
variable axial and equatorial positions and have
different shifts. Employing the high dienophilicity
of (7) towards variable monomer units, we have
recently shown that the reaction of a dithioester
with styrene in a hetero Diels-Alder reaction can
be readily employed to conjugate polymer strands
to the surface of silicon wafers, where the wafer
is functionalized with the styrene units and
reacted with linear polymer chains capped with
sulfonyldithioformate units.15 In the present con-
tribution, we will not further explore the possibil-
ity of using the above reaction for surface conju-
gation, but concentrate on identifying a monomer
that can be mediated by (7) without the occur-
rence of side reactions.

Scheme 2. Reaction scheme for the bulk polymer-
ization of iBA using (7) and AIBN at 60 #C. The poly-
merization was carried out employing different con-
centrations of (7), which are collated in Table 3.

Table 3. Molar Mass and Conversion Data for Poly(isobornyl acrylate) Samples Synthesized via AIBN Initiated
RAFT Polymerization Using (7) as RAFT Agent at 60 #C

Sample Time (h) [M]0 [7]0 [AIBN]0 Conversiona (%) Mexp
n (g/mol) PDI Mtheo

n (g/mol)

piBA 1 8 4.73 0.016 0.005 2.1 2,300 1.1 1,600
piBA 2 13 4.73 0.016 0.005 10.5 8,400 1.3 6,800
piBA 3 14 4.73 0.016 0.005 17.5 12,000 1.2 11,000
piBA 4 16 4.73 0.016 0.005 21.1 16,000 1.3 13,300
piBA 5 24 4.73 0.027 0.005 6.8 2,300 1.2 2,700
piBA 6 26 4.73 0.027 0.005 13.6 5,700 1.2 5,200
piBA 7 28 4.73 0.027 0.005 21.4 7,800 1.2 8,100
piBA 8 30 4.73 0.027 0.005 28.7 14,000 1.3 10,700

aConversions were derived via on-line FT-NIR experiments; the theoretical molecular weight, Mtheo
n , was calculated via the

following equation: Mtheo
n ! ([M]0/[PSDTF]0)+MMon+Conversion ' MPSDTF.

SULFONYLDITHIOFORMATE BASED RAFT AGENTS 6061

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



To circumvent side reactions of the thiocar-
bonyl group in (7) with monomer units, an acry-
late monomer with a considerably bulky ester
group was selected, which provides a steric hin-
drance to possible reaction partners. Indeed, iso-
bornyl acrylate does not show any decolorization
during polymerization in the presence of (7). The
reaction scheme for the polymerization of iso-
bornyl acrylate using (7) is shown in Scheme 2. To
assess the effectiveness of the reaction, a series of
RAFT agent concentrations was employed. The
results of the individual reaction runs are collated
in Table 3.

Figure 2 depicts the number average molecular
weight (theoretical as well as experimental) and
polydispersity versus conversion plot for the poly-
merization of isobornyl acrylate employing both
the higher concentration of (7) (c70 ! 1.6 & 10$2

mol/L) as well as the lower one (c70 ! 2.7 & 10$2

mol/L). The associated conversion versus time
plots are included in the Supporting Information
section (see Fig. S11). The polymerization is both
inhibited (i.e., there exists a time period in which
no polymerization activity is recorded) and rate
retarded (i.e., the polymerization is significantly
slower as the corresponding non-RAFT mediated
process or a polymerization at lower initial RAFT
agent concentration), in agreement with the ab
initio quantum mechanical calculations which
predict a considerable rate retardation. Inspection
of Figure 2 and Table 3 indicates that the experi-
mental molecular weights are in very good agree-
ment with those predicted theoretically. The poly-

dispersities are relatively low and support the
notion that a polymerization with living charac-
teristics is occurring.

Figure 3(a) depicts the evolution of molecular
weight using the lower concentration of (7), while
Figure 3(b) shows a similar plot for the higher
concentration of (7). For each concentration,
mono-modal molecular weight distributions,
w(log M) versus log M, are observed which shift to
higher molecular weight without any tailing or
bimodalities with increasing monomer to polymer
conversion (i.e., reaction time). The results
depicted in Figure 3 support the notion that
selecting isobornyl acrylate as monomer can—due

Figure 2. Monomer to polymer conversion versus
theoretical, Mtheo

n , and experimental, Mexp
n , number

average molecular weights and PDI for the bulk poly-
merization of iBA (T ! 60 #C) using (7) at two concen-
trations as indicated within the figure.

Figure 3. (a,b) Molecular weight distribution evolu-
tion with increasing reaction time for the bulk poly-
merization of iBA using AIBN as initiator and two
concentrations of RAFT agent (7) (provided within
the Figure) at 60 #C.
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to its bulky ester side chain—effectively prevent
the in situ Diels-Alder and/or Michael-type reac-
tions between the RAFT agent and the monomer.

Synthesis of Diene Functionalized Polymers

The RAFT agent (7) was prepared with regard to
its strongly electron deficient nature and it should
thus be an excellent dienophile in conjugation
reactions with suitable diene carrying polymer
chains. Such conjugations should proceed without
the addition of catalyst and under mild reaction
conditions. To generate suitable macro-dienes,
poly(ethylene glycol) monomethylether (PEG) was
functionalized with two types of dienes that are
different in their reactivity, i.e., an open chain
diene, which displays a reduced reactivity
towards the ene, and cyclopentadiene (Cp), which

is highly reactive in HDA reactions. The molecu-
lar weight of the PEG was selected such that the
progress of the conjugation reaction could be eas-
ily monitored via ESI–MS analysis of the product
mixtures. The synthesis of the hexadiene func-
tionalized PEG was carried out in a two step pro-
cess as depicted in Scheme 3.

The first step involves the reaction between a
hexadiene-ol with succinic anhydride, which
results in the formation of a diene having car-
boxyl end groups (12). Subsequently, this diene is
reacted with poly(ethylene glycol) monomethyl-
ether via DCC coupling to form the open chain
diene functionalized PEG (14). The 1H NMR spec-
tra for (12) and (14) are shown in Figures S12
and S13, respectively, in the Supporting Informa-
tion section. The synthesis of the cyclopentadiene
functionalized PEG is also a two step process,

Scheme 3. Synthesis of the hexadiene-1-ol derivative (12) from trans,trans-
hexadiene-ol (10) and succinic anhydride (11) to subsequently provide the open chain
diene functionalized PEG (14) from the reaction of (12) with PEG monomethyl ether
(13). Also, depicted is the reaction of PEG monomethyl ether (13) with p-toluenesul-
fonyl chloride (15) to obtain the tosylated functionalized PEG (16), which is subse-
quently reacted with sodium cyclopentadienide solution to obtain the cyclopentadiene
functionalized PEG (17).
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where the first step involves the synthesis of the
tosylated PEG derivative (16), which is obtained
via the reaction of poly(ethylene glycol) mono-
methyl ether with p-toluenesulfonyl chloride. The
subsequent step involves the reaction of tosylated
PEG (16) with sodium cyclopentadienide solution
to result in the formation of the cyclopentadiene
functionalized PEG (17). The reaction sequence is
provided in Scheme 3 and 1H NMR spectra for
(16) and (17) are depicted in Figures S14 and S15,
respectively, in the Supporting Information
section.

Model Reactions Between Benzyl
Methylsulfonyldithioformate and Benzyl
Phenylsulfonyldithioformate with PEG
Functionalized Dienes

To establish the efficiency of the RAFT-HDA con-
jugation chemistry of the two prepared RAFT
agents, various model studies were performed
between (5) and (7) and the diene functionalized
PEGs. The reaction sequence for the reaction
between open chain and cyclopentadiene function-

alized PEG and (5) and (7) is shown in Scheme 4
and Scheme 5, respectively.

The dithioformates (5)/(7) and the PEG-type
diene (14) were dissolved in chloroform under am-
bient conditions (in the absence of any catalyst)
and the reaction mixture was analyzed via ESI–
MS after 1 and 24 h, respectively. Figure 4 shows
the ESI–MS spectra (expanded in the region
between 1800 and 1860 Da) for the reaction
between the PEG diene (14) and the dithiofor-
mate (5). The assignment of the spectra is pro-
vided in Table 4. In the reaction of the dithiofor-
mate (5) with the open chain diene, the main
product which can be assigned is generated after
the loss of sulfinic acid from the formed thiopyran
ring. Such a quantitative loss of sulfinic acid after
the cycloaddition has previously been reported in
the literature.38 It should be noted that the loss of
sulfinic acid does not affect the covalent linkage
between two macromolecular building blocks,
when a polymer carrying a dithioformate end
group is employed instead of the initial RAFT
agent itself. After 1 h, the spectrum shows the sig-
nals for the starting material and product, while
after 24 h, the main signal which is observed can

Scheme 4. Model reaction between the open chain diene functionalized PEG (14)
with (5) and (7) resulting in the formation of the cycloadduct (18 and 19) and the
subsequent loss of sulfinic acid (20 and 21).
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be assigned to PEG conjugated to (5) through the
formation of the 3,6-dihyro-2H-thiopyran ring.
The individual peak assignments are provided in
Table 4. Inspection of Table 4 shows that the
assigned peaks correspond well with the theoreti-
cal expected molecular weights.

However, it is also evident that some starting
material (14) is either not reacted to completion
or the retro-Diels-Alder reaction occurs under
conditions of elevated temperature in the ioniza-
tion source (275 #C). The amount of (14) observ-
able in the mass spectrum is constant even after
extending the reaction time beyond 24 h. Neither
does elevating the reaction temperature above
ambient alter its amount. Such an observation
suggests that the residual (14) present in the
mass spectra may be generated during the ioniza-
tion process.

Similarly, Figure 5 shows the ESI–MS spectra
(expanded in the region between 1800 and 1850
Da) recorded from reaction mixtures between
PEG diene (14) with (7) after 1 and 24 h reaction
time at ambient temperature. The individual
peak assignments of the spectra are collated in
Table 5, indicating good agreement between the
experimental and theoretically expected values.
Similar to the reaction between (14) and (7), the
main product which can be assigned is generated
after the loss of sulfinic acid.38 As can be seen in

Figure 5, the reaction between (7) and (14) is com-
pleted after 24 h under ambient conditions. After
1 h, the spectra shows mainly the signals from
the starting material as well as the emerging
product signal.

Again, a small yet significant amount of (14)
remains even after 24 h of reaction. Identical to
what has been observed in the case of the reaction
between (14) and (5), no extension of the reaction
time nor an elevation of the reaction temperature
or the addition of catalyst can decrease the

Scheme 5. Conjugation of the cyclopentadiene functionalized PEG (17) with (5),
resulting in the formation of a relatively stable cycloadduct (22) without the loss of
sulfinic acid, as well as other possible products generated from (22) via the loss of
sulfinic acid (23), benzyl mercaptan (24), and via the oxidative opening of the thio-
pyran ring and subsequent loss of benzyl mercaptan.

Figure 4. Model reaction between open chain diene
functionalized PEG (14) and (5). The conjugation is
possible under ambient conditions without any
catalyst.
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amount of (14) remaining in the mass spectra.
Again, it cannot be excluded that the retro-Diels-
Alder reaction occurs to some extent during
ionization.

In the above model experiments, it has been
demonstrated that the highly electron deficient
dithioformates can react at ambient temperatures
in an efficient fashion with open chain dienes.
The use of these strongly electron deficient dieno-
philes allowed the decrease of the reaction tem-
perature without the presence of any catalyst to
prepare PEG conjugates. This is a substantial
improvement in the reaction conditions employed
previously when benzyl(diethoxyphosphoryl)
dithioformate and benzyl pyridine-2-yl dithiofor-
mate capped polymers were reacted with identical
dienes but required reaction temperatures of 50
#C and the presence of a Lewis acid to increase
the reactivity of the dienophile.17 We have
recently reported that cyclopentadiene capped
polymers can improve the reaction rates with ben-
zyl (diethoxyphosphoryl) dithioformate and ben-
zyl pyridine-2-yl dithioformate capped polymers,
enabling conjugation times of under a few
minutes at ambient conditions.22 It thus seems a
matter of priority to assess whether the dithiofor-
mates employed in the present study react in a
similar rapid fashion with Cp-capped polymer
chains. Similar to the model reactions carried out
above with the open chain diene, the cyclopenta-
diene functionalized PEG (17) and (5) were
reacted at ambient temperatures in the absence
of any catalyst. Reaction of (17) with (7) yields a
conjugate product whose isotopic pattern overlaps
significantly with (17) [m/z (17, n ! 35 ' Na') !
1732.0 and m/z (17'7, n ! 28 ' Na') ! 1731.0].
For this reason, the mass spectrometric investiga-
tion concentrates on the reaction between (17)
and (5). Figure 6 depicts the ESI–MS spectra
(expanded in the region between 1700 and
1750 m/z) of the reaction between (17) and (5) af-
ter 1 and 24 h, respectively. The assignment of
the individual peaks is provided in Table 6 along-
side the experimental and theoretically expected
m/z ratios.

In contrast to the observations made in the con-
jugation of the open chain dienes, the conjugate
does not loose sulfinic acid in agreement with
existing literature reports on the relatively high
stabilities of Cp-dithioester adducts.38 Employing
the cyclopentadiene functionalized polymer, the
reaction reaches its final state within a few
minutes and a further extension of the reaction
time does not lead to a change in the product dis-
tribution. The mass spectroscopic observation
reveals two facts: First, the conjugation time (at
ambient temperature and in the absence of any
catalyst) is greatly decreased compared to the
reaction rate observed in the case of the open
chain dienes. Such an observation does not come
as a surprise, as cyclopentadiene is a more
reactive diene than alkyl-substituted butadiene
derivatives. Second, although the reaction rate of
(17) and (5) is very rapid, again some minor
amount of (17) is seen in the mass spectra. It is
noteworthy that the residual amount of (17) does
not change at prolonged reaction times, again
supporting the hypothesis that the retro-Diels-
Alder reaction occurs to some extent under the
present source conditions. To test this hypothesis,
the source conditions, i.e., the source

Table 4. Theoretical and Experimental m/z Values for the First Peak in the
Isotopic Distributions of (14) and (20) in the m/z Range Between 1800 and 1860

m/zexp Ion Assignment Molecular Formula m/ztheo Dm/z

1809.6 (20) (n ! 30) ' Na' [C83H150O36S2Na]' 1809.9 0.3
1819.8 (14) (n ! 34) ' Na' [C83H160O40Na]' 1820.0 0.2
1835.8 (14) (n ! 34) ' K' [C83H160O40K]' 1836.0 0.2

Figure 5. Model reaction between the open chain
diene functionalized PEG (14) and (7). The conjuga-
tion is possible under ambient conditions without any
catalyst.
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temperature, was varied from 100 to 350 #C to
assess whether the amount of (17) can be influ-
enced. The results indicated that at a source tem-
perature exceeding 300 #C large amounts of (17)
are found, providing some indication that high
temperature during the ionization can potentially
contribute to the reactant peak.

Closer inspection of Figure 6 reveals, in addi-
tion to the main product and some residual (or
reformed) (17), that further minor peaks are pres-
ent in the product mass spectra. These peaks are
labeled (23), (24), and (25) in Figure 6. The num-
bers assigned to these peaks represent possible
structures that have formed during the reaction
and are depicted in Scheme 5. Structures (23) and
(24) are isobaric and can thus not be differenti-
ated from each other within the resolution of the
employed quadrupole ion trap analyzer. Structure
(23) corresponds to the potential loss of sulfinic
acid. However, it is known from the literature
that such a reaction should not occur to any sig-
nificant extent in the Cp-system.38 More likely is
the elimination of benzyl thiol, which leads to spe-
cies (24). However, within the accuracy of the
mass spectrometric analysis, neither can be
excluded. Species (25) can be assigned to a prod-
uct that is formed via the oxidative ring opening
of the thionorbornene ring and the loss of benzyl
thiol. Both the formation of species (24) and (25)
have—in contrast to the loss of sulfinic acid—a
significant consequence: Since the part of the
structure that contains the R-group of the RAFT
agent is lost, a polymer conjugate [based on a
RAFT polymer containing (7) or (5) as well as a
Cp-capped counter part] has the potential to lose
at least some if its integrity. We will demonstrate
below how the mass spectral results shown in Fig-
ure 6 may be of consequence for the preparation
of polymer conjugates.

Synthesis of Polymer Conjugates

The above model reactions serve the purpose of
demonstrating that the proposed RAFT agents
can indeed afford straightforward conjugation

under ambient conditions for both open and cyclic
dienes. To assess their efficacy for block copolymer
generation, sulfonyldithioformate functionalized
poly(isobornyl acrylate) and cyclopentadiene func-
tionalized poly(styrene) are conjugated. The cyclo-
pentadiene functionalized poly(styrene) was syn-
thesized from bromide terminated poly(styrene)
prepared via the ATRP technique22 as illustrated
in Scheme 6. The 1H NMR spectrum of cyclopen-
tadiene functionalized poly(styrene) is shown in
Figure S16 in the Supporting Information section.

For the synthesis of the block copolymers, equi-
molar ratios of sulfonyldithioformate functional-
ized poly(isobornyl acrylate) and cyclopentadiene
functionalized poly(styrene) were mixed in CHCl3
under ambient conditions. The solvent was
removed under vaccum after 10 min of reaction
time and the reaction mixture was immediately
analyzed via SEC. Figure 7 depicts the molar
mass distribution of the obtained piBA-b-PS
copolymer (29). In comparison to the starting
materials (9) and (28), the reaction product (29) is
shifted to higher molecular weights, consistent
with the calculated number average molecular
weight, Mn, of the generated block copolymer. For
the two conjugations, the conjugate molecular
weight (on the basis of a linear polystyrene cali-
bration) is 6600 g/mol (theoretical 7200 g/mol)

Table 5. Theoretical and Experimental m/z Values for the First Peak in the
Isotopic Distributions of (14) and (21) in the m/z Range Between 1800 and 1850

m/zexp Ion Assignment Molecular Formula m/ztheo Dm/z

1809.7 (21) (n ! 30) ' Na' [C83H150O36S2Na]' 1809.9 0.2
1819.9 (14) (n ! 34) ' Na' [C83H160O40Na]' 1820.0 0.1
1835.9 (14) (n ! 34) ' K' [C83H160O40K]' 1836.0 0.1

Figure 6. Model reaction between cyclopentadiene
functionalized PEG (17) and (5). The conjugation is pos-
sible under ambient conditions without any catalyst.
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and 5800 g/mol (theoretical 5700 g/mol), respec-
tively. Inspection of the initial PS molecular
weight distributions indicates a small shoulder at
the high molecular weight side, which is due to
bimolecular termination events occurring during
the ATRP process, which can not be fully
excluded.40 Significantly more interesting is the
slight amount of low molecular weight material
that is observed in the conjugate molecular
weight distribution, which coincides in molecular
weight with the thiocarbonyl thio functionalized
poly(isobornyl acrylate). One is tempted to corre-
late the presence of the residual polymer to the
mass spectrometric observation that some of the

diene functional polymer (whose conjugation abil-
ity in the ESI–MS assessment exercise is
described above) seems to remain even after
prolonged conjugation times. However, such a
hypothesis is not tenable as the remaining poly-
meric material on the low molecular weight side
of the conjugate distribution coincides with the
molecular weight of the isobornyl acrylate poly-
mer (i.e., the dienophile).

A more likely explanation comes thus from the
detailed analysis of the mass spectra provided in
Figure 6, which has been discussed earlier. The
formation of structures analogous to (24) and
(25)—implying the loss of the RAFT part of the

Table 6. Theoretical and Experimental m/z Values for the First Peak in the
Isotopic Distributions of (17) and (22) in the m/z Range Between 1700 and 1800

m/zexp Ion Assignment Molecular Formula m/ztheo Dm/z

1709.7 (23) (n ! 69) ' 2Na'' [C156H298O71S2Na2]
'' 1709.0 0.7a

1709.7 (24) (n ! 70) ' 2Na'' [C152H298O74S2Na2]
'' 1708.9 0.8a

1713.0 (22) (n ! 29) ' Na' [C77H142O33S3Na]' 1713.8 0.8a

1732.0 (17) (n ! 35) ' Na' [C80H156O37Na]' 1732.0 0.0
1739.7 (25) (n ! 71) ' 2Na' [C154H304O76S2Na2]

'' 1740.0 0.3

aThe difference between the theoretical assignments and the experimentally found m/z is
elevated for these peaks. Such deviations can occur at higher m/z ratios and have been observed
before in PEG systems.39 At lower masses (below 1000 m/z), the deviations for the same struc-
tures are within the error limits of the quadrupole ion trap analyzer (i.e., below 0.3 to 0.4 Da).

Scheme 6. Synthesis of cyclopentadiene functionalized poly(styrene) (28) from bro-
mide functionalized poly(styrene) (27) synthesized via ATRP as well as its subse-
quent conjugation with sulfonyl dithioformate capped poly(isobornyl acrylate) (9)
under ambient conditions and in the absence of any catalyst.
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conjugate—is a viable hypothesis for the observed
low molecular weight shoulder, especially since its
molecular weight is similar to that of the initial
RAFT polymer. It is important to note that the
obtained conjugates are stable [in solution (chloro-
form) and the solid state] for several days with no
signs of changes in the molecular weight distribu-
tions (i.e., no increase in the low molecular weight
shoulder). Such an observation is congruent with
the results of a recent study, where the stability of
thiopyran rings in polymer conjugates was
assessed under conditions of heat and hydroly-
sis.39 A detailed stability assessment of the spe-

cific thiopyran conjugates (derived from open and
cyclic dienes) described in the current contribu-
tion will be provided in a forthcoming study. It
will also be a matter of priority to establish how
other substitution patterns on the SO2 unit or
alternative dienes behave under similar reaction
conditions. To obtain an even purer conjugate in
the present case, one has to perform a preparative
purification step, as has been carried out before in
the context of Cu(I) catalyzed azide/acetylene
conjugations.41,42

CONCLUSIONS

In the present contribution, we have explored the
behavior of strongly electron deficient RAFT
agents, i.e., benzyl methylsulfonyldithioformate
(MSDTF) and benzyl phenylsulfonyldithioformate
(PSDTF), in their ability to mediate radical
polymerizations as well as serve as conjugation
entities in orthogonal reactions. Sulfonyldithiofor-
mate type RAFT agents can indeed mediate the
polymerization process and induce living charac-
teristics in agreement with ab initio quantum
mechanical calculations, however, the highly elec-
tron deficient nature of the C!!S double bond
leads to a competition reaction between monomer
and RAFT agent and concurrent polymerization.
The competitive side reaction can be suppressed
by employing a monomer with highly bulky sub-
stituent group such as isobornyl acrylate. With
such a monomer, an efficient RAFT process is
observed leading to low polydispersity polymers of
variable molecular weight. In the model experi-
ments—assessed via ESI–MS—of poly(ethylene
glycol) chains carrying either butadiene or cyclo-
pentadiene capped dienes, it is demonstrated that
the strongly electron withdrawing RAFT agents
can be conjugated to open chain dienes at ambient
temperatures in the absence of catalysts in con-
trast to the corresponding first generation RAFT-
HDA agents [benzyl (diethoxyphosphoryl) dithio-
formate and benzyl pyridine-2-yl dithioformate],
which required catalysts and elevated tempera-
tures.17 In addition, the conjugation of the sulfo-
nyldithioformate RAFT agents with Cp-capped
polymers proceeds at similar rates as those
reported earlier for the first generation RAFT-
HDA agents,22 however, with the sulfonyl dithio-
formates no additional catalyst is required to
reach these rates. The mass spectrometric investi-
gations also reveal that in the case when Cp is
used as a diene, a slight amount of conjugate

Figure 7. (a,b) Ambient temperature block copoly-
mer formation of poly(isobornyl acrylate) and polysty-
rene via RAFT-HDA chemistry. Depicted are the SEC
traces of piBA functionalized with sulfonyl dithio-
formate, PS functionalized with cyclopentadiene as
well as the resultant piBA-b-PS block copolymer
distributions.
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functionality is lost due to the secondary reactions
involving the thionorbornene ring. These observa-
tions are confirmed in the conjugate distributions
of Cp-capped polystyrene with sulfonyldithiofor-
mate capped poly(isobornyl acrylate). Despite
these limitations, the present exploration has pro-
vided evidence that sulfonyldithioformates are
powerful and promising dienophiles that can react
under mild reaction conditions with variable
dienes. Their main potential is seen as conjuga-
tion sites for variable diene carrying polymers
onto surfaces (ranging from microspheres to sili-
con wafers but also in biological contexts), where
rapid conjugations under mild reaction are essen-
tial and high grafting densities via grafting-to
approaches may be desirable.
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