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ABSTRACT: Free-radica l polymer iza t ion in the presence of su itable addit ion-fragmenta t ion cha in
t ransfer agents [SdC(Z)S-R] (RAFT agents) possess the character ist ics of a living polymer iza t ion (i.e.,
polymer products can be react iva ted for cha in extension and/or block synthesis, molecula r weights a re
predetermined by RAFT agent concentrat ion and conversion, narrow polydispersit ies are possible). Styrene
polymer iza t ions (110 °C, thermal in it ia t ion) were per formed for two ser ies of RAFT agents [SdC(Z)S-
CH2Ph and SdC(Z)S-C(Me)2CN]. The cha in t ransfer coefficien ts decrease in the ser ies where Z is Ph >
SCH2Ph ∼ SMe ∼ Me ∼ N -pyr rolo . OC6F5 > N -lactam > OC6H5 > O(alkyl) . N(alkyl)2 (on ly the fir st
five in th is ser ies provide nar row polydispersity polystyrene (< 1.2) in ba tch polymer iza t ion). More
genera lly, cha in t ransfer coefficien ts decrease in the ser ies dith iobenzoa tes > t r ith iocarbona tes ∼
dith ioa lkanoa tes > dith iocarbona tes (xantha tes) > dith iocarbamates. However , elect ron-withdrawing
subst ituen ts on Z can enhance the act ivity of RAFT agents to modify the above order . Thus, subst ituen ts
that render the oxygen or nitrogen lone pair less available for delocalizat ion with the CdS can substant ially
enhance the effect iveness of xanthates or dithiocarbamates, respect ively. The trend in relat ive effect iveness
of the RAFT agents is ra t iona lized in terms of in teract ion of Z with the CdS double bond to act iva te or
deact ivate that group toward free radical addit ion. Molecular orbita l calculat ions and the est imated LUMO
energies of the RAFT agents can be used in a qualita t ive manner to predict the effect of the Z subst ituent
on the act ivity of RAFT agents.

In troduction
In recent communica t ions, we have demonst ra ted

tha t free radica l polymer iza t ion in the presence of
reagents tha t give reversible addit ion-fragmenta t ion
chain transfer (Scheme 1) can be used to produce narrow
polydispersity polymers. These polymers can be cha in
extended to form block, sta r , or other polymers of
complex arch itecture.1-9 The polymer iza t ions (desig-
na ted RAFT polymer iza t ions) have the character ist ics
usually associa ted with living polymerizat ion. However ,
they appear considerably more versa t ile than other
processes descr ibed as “living” or “cont rolled” free radi-
ca l polymer iza t ion in tha t they are compat ible with a
wider range of monomers and react ion condit ions. The
most effect ive RAFT agents are cer ta in thiocarbonylthio
compounds (1).3-9
We3-10 and others11-14 have repor ted that , for polym-

er iza t ion with th iocarbonylth io compounds (SdC(Z)S-
R), the polydispersity and the degree of molecula r
weight cont rol obta ined under a par t icu la r set of reac-
t ion condit ions depend on the na ture of the groups Z
and R. R is a homolyt ic leaving group and the radica l
R• must efficien t ly rein it ia te polymer iza t ion to give
cha in t ransfer . The influence of the R subst ituen t on
the effect iveness of dith iobenzoa te der iva t ives (1, Z )
Ph) as RAFT agents is deta iled in a companion publica-
t ion .15 Z is a group tha t modifies the react ivity of the
th iocarbonylth io compound and of the der ived adduct
radica l. In th is paper , we examine the effect of the Z
group on the act ivity of th iocarbonylth io compounds (1)

in promot ing living polymer iza t ion of styrene and draw
some genera l conclusions of the rela t ive effect iveness
of var ious RAFT agents in promot ing living radica l
polymer iza t ion .16

Experimental Section
General Data . Styrene (Aldr ich , 99+%) was pur ified by

filt ra t ion through a lumina (to remove inhibitors) fract iona ted
under reduced pressure and flash dist illed immedia tely pr ior
to use. Azobis(isobutyronit r ile) (AIBN) was obta ined from
Tokyo Kasei and recryst a llized twice from ch loroform-
methanol. Tet rahydrofuran (THF) used in synthesis was
freshly dist illed from sodium benzophenone. Solvents used for
column chromatography were of AR grade and were dist illed.

* To whom correspondence should be addressed. E-mail
addresses: graeme.moad@csiro.au ; ezio.r izza rdo@csiro.au ;
san .thang@csiro.au .

Scheme 1

2273Macrom olecules 2003, 36, 2273-2283

10.1021/ma020883+ CCC: $25.00 © 2003 Amer ican Chemica l Society
Published on Web 03/15/2003

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ma020883+&iName=master.img-000.png&w=239&h=196


Pet roleum spir it s refers to the fract ion with bp 40-60 °C. The
silica was Kieselgel-60 (Merck), 70-230 mesh. Reagent chemi-
cals were obtained from Aldrich and were used without fur ther
pur ifica t ion unless indica ted otherwise. Nuclear magnet ic
resonance (NMR) spectra were obta ined with a Bruker Avance
DRX500 or a Bruker AC200 spectrometer on samples dissolved
in deuter iochloroform (CDCl3). Chemica l sh ift s a re repor ted
in ppm from tet ramethylsilane. High-resolu t ion chemica l
ion iza t ion mass spect ra were obta ined with a J EOL JMS
DX303 spect rometer with methane as reagent gas. Gel per -
meat ion chromatography (GPC) was per formed on a Waters
Associa tes liqu id chromatograph equipped with differen t ia l
refractometer and a set of Ult rastyragel columns (106, 105, 104,
103, 500, and 100 Å) a t 22 °C. Tet rahydrofuran (flow ra te of
1.0 mL/min) was used as eluent . The columns were ca libra ted
with nar row polydispersity polystyrene standards (Polymer
Labora tor ies). Conversions repor ted in Tables 1-3 were
determined gravimet r ica lly.
Benzyl Dith iobenzoate (2a , Z ) Ph). The prepara t ion of

th is compound is descr ibed elsewhere.15
Dibenzyl Trith iocarbonate (2b, Z ) SCH2Ph). The

compound was prepared according to the procedure of Leung
et a l.17
Benzyl Dith ioace tate (2c , Z ) Me). Methylmagnesium

chlor ide (10 mL, 0.03 mol, 3M solu t ion in THF, Aldr ich) was
dilu ted with THF (10 mL) and the resu lt ing solu t ion warmed
to 40 °C. Carbon disu lfide (2.28 g, 0.03 mol) was added over
10 min while main ta in ing the react ion tempera ture a t 40 °C.
The react ion was cooled to room tempera ture before adding
benzyl bromide (5.1 g, 0.03 mol) over 15 min . The react ion
tempera ture was increased to 50 °C and main ta ined for a
fur ther 45 min . Water (100 mL) was added and the organic
products ext racted with n-hexane (3 × 60 mL). The combined
organic ext ract s were washed with water and sa tura ted br ine
and dr ied over anhydrous magnesium sulfa te. After removal
of solvent and column chromatography on silica with 5%
diethyl ether in n-hexane as eluent , pure benzyl dith ioaceta te
was obta ined as a golden oil (3 g, 55% yield). 1H NMR, δ: 2.90
(s, 3H, CH 3), 4.46 (s, 2H, CH 2Ph), 7.31 (m, 5H, ArH ). Mass
spectrum: found 183.0291 (M + 1); C9H10S2 requires 183.0302.
Benzyl 1-Pyrrolecarbodith ioate (2d, Z ) N -P yrrolo).18

Pyr role (1.34 g, 0.02 mol) was added dropwise to a st ir red
suspension of sodium hydr ide (0.48 g, 0.02 mol) in dimethyl
su lfoxide (20 mL). On complet ion of addit ion , the resu lt ing
brown solu t ion was st ir red a t room tempera ture for 30 min
before the addit ion of carbon disu lfide (1.52 g, 0.02 mol). The
solu t ion was a llowed to st ir a t room tempera ture for a fur ther
ha lf-hour and benzyl ch lor ide (2.53 g, 0.02 mol) added. Water
(20 mL) was added after 1 h, followed by diethyl ether (20 mL).
The organic layer was separa ted and the aqueous layer
ext racted with diethyl ether (2 × 20 mL). The combined
ext ract s were dr ied with magnesium sulfa te and filt ered and

the solvent removed. The crude product was chromatographed
on silica elu t ing with 5% ethyl aceta te in pet roleum spir it s to
provide benzyl 1-pyr rolecarbodith ioa te as a yellow oil (2.34 g,
50% yield). 1H NMR, δ: 4.60 (s, 2H, CH 2Ph), 6.30 (m, 2H,
pyr role-H3), 7.40 (m, 5H, CH2Ph ), 7.70 (m, 2H, pyr role-H2).
13C NMR, δ: 41.7 (CH2Ph), 114.2 (pyr role-C3), 120.6 (pyr role-
C2), 128.0 (phenyl-C2), 128.8 (phenyl-C4), 129.4 (phenyl-C3),
135.0 (phenyl-C1), 189.0 (CdS).
O-Pentafluorophenyl S -Benzyl Xanthate (2e , Z ) C6F5).

Thiophosgene (1.93 g, 0.017 mol) in CHCl3 (10 mL) a t 0 °C
was t rea ted dropwise with penta fluorophenol (3.13 g, 0.017
mol) in 5% NaOH (15 mL) cooled to 0-10 °C. The solu t ion
was st ir red for 1 h a t the same tempera ture, the CHCl3 layer
separa ted and washed with 5% NaOH (10 mL), 5% HCl (10
mL), and H2O (10 mL). The organic layer was dr ied with
MgSO4 and filt ered and the solvent removed to give the
per fluorophenyl ch loroth ioformate (3.76 g).
Benzyl mercaptan (1.24 g, 0.01 mol) was added to 0.8 g of

NaOH (0.02 mol) dissolved in 20 mL of H2O and allowed to
st ir for 10 min . The crude chloroth ioformate (2.63 g, 0.01 mol)
was added to the solu t ion and st ir red for 2 h . The aqueous
solu t ion was ext racted with diethyl ether (3 × 30 mL), organic
por t ions were combined, dr ied with Na2SO4, and filt ered, and
the solvent wasremoved. The residue was pur ified by chro-
matography on silica with 2% ethyl aceta te in pet roleum
spir it s as the eluent to afford O-penta fluorophenyl S -benzyl
xantha te (0.89 g, 25% yield). 1H NMR, δ: 4.5 (s, 2H, CH 2Ph),
7.3 (m, 5H, ArH ). 13C NMR, δ: 42.9 (CH2Ph), 128.3 (phenyl-
C4), 128.9 (phenyl-C2*), 129.3 (phenyl-C3*), 129.3 (C6F5-C1),
133.9 (phenyl-C1), 138.2 (C6F5-C3, J 1C-F 252 Hz), 140.1 (C6F5-
C4, J 1C-F 252 Hz), 141.2 (C6F5-C2, J 1C-F 247 Hz), 210.9 (CdS)
(* assignments tenta t ive, may be reversed). 19F NMR (CDCl3),
δ: -162.5 (m, 2F, ortho-F), -156.9 (t J ) 22 Hz, 1F, para-F),
-151.5 (m, 2F, meta-F). Mass spect rum: found 350.9917 (M
+ 1); C14H7S2OF5 requires 350.9937.
Benzyl 2-Pyrrolid inone -1-carbodith ioate (2f). Benzyl

chlor ide (0.8 g, 0.0064 mol) was added to a suspension solut ion
of 2-pyr rolidone-1-carbodith ioic acid19 (0.97 g, 0.006 mol) and
potassium carbona te (0.84 g, 0.0067 mol) in absolu te ethanol
(10 mL) a t room tempera ture, and the resu lt ing mixture was
st ir red a t room tempera ture for 3 h . Water (25 mL) was then
added, and the mixture was ext racted with ethyl aceta te (3 ×
20 mL). The combined organic ext ract s were dr ied over
anhydrous sodium sulfa te. The solvent was evapora ted under
reduced pressure and the residue subjected to column chro-
matography on silica elu t ing sequent ia lly with n -hexane (to
give unreacted benzyl ch lor ide) and with ethyl aceta te/n -
hexane (3:7) to give benzyl 2-pyr rolidinone-1-carbodith ioa te
(1.1 g, 73% yield) as a br igh t yellow solid, mp 57-58 °C. 1H
NMR, δ: 2.11 (ddt , 2H, -CH2CH 2CH2-), 2.73 (t , 2H, -CH 2C-
(dO)-), 4.25 (dd, 2H, -CH 2-N<), 4.40 (s, 2H, CH 2Ph), 7.20-
7.40 (m, 5H, ArH ). Mass spect rum: found 252.0510 (M + 1);
C12H13S2ON requires 252.0517.
O -Phenyl S -Benzyl Xanthate (2 g , Z ) Ph).20 Benzyl

mercaptan (1.24 g, 0.01 mol) was added to an aqueous (20 mL)
solu t ion of NaOH (0.8 g) a t room tempera ture and st ir red for
15 min . Phenyl th ionochloroformate (2.07 g, 0.012 mol) was
next added dropwise to th is solu t ion a t the same tempera ture
and st ir red for a fur ther 2 h . Diethyl ether (20 mL) and water
(50 mL) were added and the organic layer separa ted. The
aqueous layer was ext racted with diethyl ether (3 × 20 mL).
The combined organic fract ions were dr ied with Na2SO4 and
filtered, the solvent was removed under vacuum, and the crude
product was chromatographed on silica with 2% ethyl aceta te
in pet roleum spir it s as eluent to afford O-phenyl S -benzyl
xantha te (1.95 g, 75% yield) as a yellow oil. 1H NMR, δ: 4.43
(s, 2H, CH 2Ph), 7.10-7.50 (m, 10H, ArH ). 13C NMR, δ: 41.7
(CH2Ph), 122.1 (phenoxy-C2), 126.7 (phenoxy-C4), 127.8 (phenyl-
C2), 128.8 (phenyl-C4), 129.3 (phenoxy-C3), 129.6 (phenyl-C3),
135.1 (phenyl-C1), 154.0 (phenoxy-C1), 213.0 (CdS).
N,N -Die thyl S -Benzyl Dith iocarbamate (2i, Z dNMe2).

A 100 mL, three-neck round-bot tom flask was equipped with
magnetic st irrer , condenser , and dropping funnel. Sodium N,N -
diethyldith iocarbamate t r ihydra te (8.20 g, 0.036 mol) was
dissolved in ethanol (40 mL, 99%) and added to the react ion
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flask under a nit rogen atmosphere at 0 °C. A solut ion of benzyl
ch lor ide (5.10 g, 0.041 mol) in ethanol (10 mL) was added
dropwise over 30 min . The react ion was gradua lly warmed to
room tempera ture, and st ir r ing was cont inued for a fur ther
65 h . The precipita te (sodium chlor ide) was filt ered off and
the filt ra te concent ra ted under vacuum. Vacuum dist illa t ion
gave 6.18 g (64.5% yield) of a pa le yellow liquid, bp 154-156
°C (0.5 mmHg) (lit .21 bp 154-155 °C (1 mmHg)). 1H NMR, δ:
1.3 (t , 6H, NCH2-CH 3), 3.7 (q 2H, NCH 2-CH3), 4.05 (q, 2H,

NCH 2-CH3), 4.57 (s, 2H, SCH 2Ph), 7.2-7.5 (m, 5H, ArH ).
2-Cyanoprop-2-y l Dith iobenzoate (3a , Z ) Ph). The

prepara t ion of th is compound is descr ibed elsewhere.15
S -Cyanoprop-2-yl S ʹ′-Methyl Trith iocarbonate (3b, Z)

SMe). A solu t ion of bis((methylth io)th iocarbonyl)disu lfide22
(1.23 g, 0.005 mol) and AIBN (1.25 g, 0.0076 mol) in benzene
(10 mL) was degassed with a st ream of nit rogen and hea ted
under reflux for 24 h. The solvent was removed under vacuum
and the residue chromatographed on silica with 20% ethyl

Table 1. Molecu lar We igh ts and Polydispers it ie s Obtained in Thermal Polymerizations of Styrene w ith Benzyl RAFT
Agents (2) at 110 °C

a AIBN init ia tor , 80 °C. b Di-tert-bu tyl peroxide in it ia tor , 120 °C.
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aceta te in pet roleum spir it s as eluent to afford S -cyanoprop-
2-yl S ʹ′-methyl t r ith iocarbona te (0.09 g, 47% yield). 1H NMR,
δ: 1.85 (s, 6H, 2 × CH 3), 2.75 (s, 3H, SCH 3). 13C NMR (CDCl3),
δ: 19.1 (SCH3), 27.0 (2 × CH3), 43.0 (C(CH3)2CN), 120.0 (CN),
199.0 (CdS). Mass spect rum: found 191.9989 (M + 1);
C6H9S3N requires 191.9976.
2-Cyanoprop-2-y l Dith ioace tate (3c , Z ) CH3). Methyl-

magnesium chlor ide (20 mL, 0.06 mol, 3M solu t ion in THF,
Aldr ich) was dilu ted with THF (10 mL) and warmed to 40 °C,
and carbon disu lfide (4.56 g, 0.06 mol) was added dropwise
over 15 min while main ta in ing the react ion tempera ture a t
40 °C. After 1 h , the mixture was a llowed to cool to room
tempera ture and then poured slowly in to ice water (100 mL)
and ext racted with diethyl ether (50 mL). The aqueous layer
was acidified to pH 2 with cold hydrochlor ic acid (10% aqueous
solu t ion) and ext racted with diethyl ether (2 × 50 mL). The
organic ext ract s were combined, dr ied over anhydrous mag-
nesium sulfa te, and filt ered, and the solvent was evapora ted
to leave dith ioacet ic acid (5.2 g, 94% yield) as a dark yellow
oil. Dith ioacet ic acid is unstable and was used immedia tely
as follows.
A mixture of dith ioacet ic acid (5.2 g, 0.056 mol) and

R-methylstyrene (10 mL) were hea ted under n it rogen a t 70
°C for 72 h . The excess R-methylstyrene was removed under
vacuum and the residue chromatographed on silica with 3%
ethyl aceta te in pet roleum spir it s as eluent to afford 2-phen-
ylprop-2-yl dith ioaceta te23 (4.5 g, 45% yield) as a yellow oil.
1H NMR, δ: 1.90 (s, 6H, 2 × CH 3), 2.70 (s, 3H, CH3), 7.20-
7.25 (m, 3H, meta, para-ArH ), 7.45 (d, 2H, ortho-ArH ). 13C
NMR, δ: 27.9 (2 × CH3), 40.6 (CH3), 56.1 (C(CH3)2Ph), 126.6
(phenyl-C2), 126.8 (phenyl-C4), 128.1 (phenyl-C3), 144.5 (phenyl-
C1).
A solut ion of 2-phenylprop-2-yl dithioaceta te (1 g) and AIBN

(1.17 g) in benzene (10 mL) was degassed and hea ted in vacuo
a t 80 °C for 18 h . The solvent was removed under vacuum to
provide a residue (1.99 g) which was chromatographed on silica
with 6% ethyl aceta te in pet roleum spir it s as eluent to afford
2-cyanoprop-2-yl dith ioaceta te (380 mg, 50%) as a yellow oil.
1H NMR (CDCl3), δ: 1.82 (s, 6H, 2 × CH 3), 2.77 (s, 3H, CH 3).
Cyanoisopropyl dith ioaceta te is unstable and decomposes

over severa l days a t -20 °C.
2-Cyanoprop-2-y l 1-P yrro le carbodith ioate (3d , Z )

Pyrrole ). A solu t ion of pyr role N-th iocarbonyl disu lfide (0.15
g)24 and AIBN (0.16 g) in ethyl aceta te (5 mL) was degassed
and heated in vacuo at 70 °C for 24 h. The solvent was removed
under vacuum and the residue chromatographed on silica with
10% ethyl aceta te in pet roleum spir it s as eluent to afford
2-cyanoprop-2-yl 1-pyrrolecarbodith ioa te (135 mg, 61% yield).
1H NMR, δ: 1.99 (s, 6H, 2 × CH 3), 6.38 (m, 2H, pyr role-H3),
7.61 (m, 2H, pyr role-H2). 13C NMR, δ: 27.0 (2 × CH3), 44.0
(C(CH3)2CN), 114.7 (pyrrole-C3), 120.7 [(pyr role-C2) and CN],
193.2 (CdS). Mass spect rum: found 211.0358 (M + 1); C9H10
N2S2 requires 211.0364.
Styrene Polymerizations . Solu t ions compr ising styrene

and the th iocarbonylth io compound were hea ted a t 110 ( 1
°C (polymer iza t ion t imes and exact concent ra t ions are shown
in Table 1 or Table 2). The following procedure is typica l.
Benzyl dith iobenzoa te (35.6 mg) was dissolved in styrene

(4.55 g). Aliquots (1 mL; 1 h sample) or (2 mL; 4, 16 h samples)
were t ransfer red to ampules which were degassed by four
freeze-evacua te-thaw cycles (<10-4 mmHg), sea led, and
hea ted a t 110 ( 1 °C for the requisite t ime in a thermosta ted
oil ba th . The ampules were then removed and cooled rapidly.
An aliquot (ca . 50 mg) of the react ion mixture was taken for
NMR analysis. The excess styrene was removed a t ambient
tempera ture under vacuum to leave a residue tha t was
weighed to determine conversion and analyzed by GPC (Table
1).
For NMR the a liquot of react ion mixture (ca . 50 mg) was

t ransfer red to an NMR tube and dilu ted with CDCl3 to ca . 500
µL. The residua l styrene and benzyl dith iobenzoa te was
determined by integra t ion of the doublets a t δ 5.3 and 5.8 ppm
(styrene PhCHdCH 2) and the singlet a t δ 4.65 ppm (2a
PhCH 2).

The resu lt s of these and simila r polymer iza t ions are sum-
mar ized in Tables 1-3.
Transfe r Coe ffic ien t of N,N -Die thyl S -Benzyl Dith io-

carbamate (2i). Stock solu t ions of AIBN (9.7 mg) in styrene
(10 mL) and di-tert-bu tyl peroxide (12.0 mg) in styrene (100
mL) were prepared. N ,N -Diethyl S -benzyl dith iocarbamate
(deta ils of amounts used provided in Table 1) was weighed into
ampules to which 1 mL of the in it ia tor solu t ion was added.
The solu t ions were degassed by three freeze-evacua te-thaw
cycles (<10-4 mmHg), sea led, and hea ted a t 80 ( 1 °C for 45
min (AIBN) or 120 ( 1 °C for 150 min (di-tert-bu tyl peroxide).
Conversions were est imated by 1H NMR on the react ion
mixtures by integrat ion signals of the olefinic protons. Samples
were ana lyzed by GPC to provide the molecula r weight da ta
in Table 1.
Molecu lar Orbita l Calcu lations . Semiempir ica l molec-

u la r orbita l ca lcu la t ions were per formed with MOPAC 6.0
using the Chem3D Ult ra package on an Apple Macin tosh
computer as the graphica l user in ter face. For each compound
a complete energy minimiza t ion was car r ied out using the
keyword “PRECISE”. For radica l species the keyword “UHF”
was specified. Mult iple conformat ions were used a sta r t ing
poin ts for geomet ry opt imiza t ion to ensure a globa l minimum
was achieved.
The AM1 Hamiltonian was used for all calculat ions reported

in th is paper . Use of the PM3 Hamilton ian was a lso br iefly
explored. Trends in LUMO energies for dith iobenzoa tes were
the same. The AM1 was fina lly selected over the PM3
Hamilton ian as it provides bet ter hea t of format ion da ta for
free radica l species.25
All ab init io calcula t ions were performed using the GAUSS-

IAN9826 program on a NEC SX-5 computer . Geometry opt i-
mizat ions were performed using standard gradient techniques
a t SCF, MP2 and B3LYP levels of theory using RHF for closed
shell systems with the basis set s indica ted. Vibra t iona l
frequencies were ca lcu la ted for each opt imized st ructure, a ll
st ructures were confirmed to be ground states. LUMO energies
are repor ted in Figure 8. The Gaussian archive ent r ies for the
opt imized geometr ies are provided as Suppor t ing Informat ion.
Synthe s is of Th iocarbonylth io Compounds . Thiocar -

bonylth io compounds are ava ilable in modera te to excellen t
yields by a variety of methods. For a summary of the literature,
see recent reviews.27 In the present work, benzyl esters (2)
were synthesized by react ion of the appropr ia te carbodith ioate
sa lt with benzyl bromide (Scheme 2).
Cyanoisopropyl esters (3b and 3d ) were prepared by the

react ion of the cor responding disu lfide with cyanoisopropyl
radica ls genera ted thermally from AIBN (Scheme 3).28 Cy-
anoisopropyl dith ioaceta te (3c ) was prepared by the react ion
of cumyl dithioaceta te23 with cyanoisopropyl radicals. We have

Table 2. Molecu lar We igh ts and Polydispers it ie s
Obtained in Thermal Polymerizations of Styrene w ith
Various Cyanoisopropyl RAFT Agents (3) at 110 °C
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shown elsewhere15 that cyanoisopropyl dithiobenzoate (3a ) can
a lso be prepared in high yield by a simila r method.
All RAFT agents were pur ified by column chromatography,

crysta lliza t ion , and/or dist illa t ion as appropr ia te, and the
pur ity was established by NMR analysis and th in-layer
chromatography pr ior to use. Confirmat ion of ident ity in the
case of novel compounds a lso came from high-resolu t ion
chemica l ion iza t ion mass spect romet ry.
Styrene Polymerization in the P re sence of Th iocar-

bonylth io Compounds . To examine the effect of the RAFT

agent Z subst ituen t on RAFT polymer iza t ion , styrene poly-
mer iza t ions for RAFT agents 2 (R ) benzyl) and 3 (R )
2-cyanoprop-2-yl) were carr ied out in bulk at 110 °C for various
react ion t imes. All exper iments were conducted with ∼0.03
M RAFT agent. The results (concentrations, molecular weights,
polydispersit ies, conversions) of these exper iments are sum-
mar ized in Tables 1 and 2, respect ively.
The evolu t ion of molecula r weight and polydispersity vs

conversion for two of the more act ive RAFT agents, the
dithiobenzoate and tr ith iocarbonate der ivat ives, are also sum-

Table 3. Transfe r Coe ffic ien ts for Benzyl RAFT Agents (2) in Thermal Polymerizations of Styrene at 110 °C

a Evalua ted by determina t ion of residua l CTA by 1H NMR (eq 7). b Evalua ted from the discrepancy between found and ca lcu la ted
molecular weights (eq 8). c Transfer coefficient of RAFT agent evaluated from NMR conversions Value in parentheses comes from molecular
weight da ta by applica t ion of eq 8. d Litera ture va lue a t 70 °C,35 determined by Mayo method. e Value a t 80 °C, determined by Mayo
method with da ta from Table 1. Litera ture va lue36 a t 60 °C is 0.0044. f Value a t 120 °C, determined by Mayo method with da ta from
Table 1.
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marized in Figures 1 and 2. The polydispersity a t h igh
conversion is nar row for both benzyl and cyanoisopropyl
der iva t ives.
The RAFT agent concent ra t ion (∼0.03 M) was chosen to be

sufficien t ly h igh tha t the propor t ion of cha in ends formed by
radica l-radica l termina t ion would be small and sufficien t ly
low tha t reta rda t ion , which may be pronounced for h igh
concent ra t ions of cer ta in RAFT agents,9,11,29-32 would a lso be
small. Yields of polymer obta ined in the var ious polymer iza-
t ions are genera lly reduced from those obta ined in the absence
of the RAFT agent but , in genera l, show no marked depen-
dence on the par t icular RAFT agent used. The small reduct ion
in yield (e.g. from 72% in the absence of the RAFT agent to
ca . 60% with RAFT agent for 16 h react ion t ime) may be
a t t r ibu ted to a lesser gel effect . It is well-established tha t
polymeriza t ions giving lower molecular weight polymers show
a reduced gel effect .33 We have observed tha t a simila r
conversion (ca . 60% after 16 h a t 110 °C) is obta ined in
nit roxide-media ted polymeriza t ions init ia ted by alkoxyamines
under these react ion condit ions.34 Sligh t ly lower conversions
were observed with the dith iobenzoa tes 2a and 3a (ca . 53%
after 16 h) this may be indicat ive of some retardat ion (see la ter
discussion); however , the exten t is small and not expected to
sign ifican t ly affect the conclusions drawn in th is paper .
Somewhat h igher than ant icipa ted conversions were obta ined
with 3e (1, R ) 2-cyanoprop-2-yl, Z ) N -pyr rolo). This RAFT
agent appears to be thermally unstable and may decompose
to form radica ls under the polymer iza t ion condit ions.
Transfer Coefficients of Thiocarbonylthio Compounds

in Styrene Polymerization . There are few values for the
t ransfer coefficien ts of th iocarbonylth io compounds (1) in
styrene polymer iza t ion (or other polymer iza t ions) in the
litera ture. Niwa et a l.35 have determined the t ransfer coef-
ficien t of S -benzyl-O-ethyl dith iocarbona te as 0.105 a t 70 °C
(th is is much lower than tha t of the cor responding bis-
(xanthogen disu lfide) 4.4435). The t ransfer coefficien t of S-
benzyl-N,N -diethyl dithiocarbamate is reported by Otsu et al.36
as 0.0044 a t 60 °C (tha t for the cor responding dith iuram
disu lfide is 0.2936). We obta in a simila r va lue a t 110 °C (see
Table 3).
There are a lso few previous repor t s on the kinet ics of free

radica l addit ion to th iocarbonyl compounds37,38 bu t lit t le on
the subst ituen t effect s on the ra te constan t for addit ion . It is,
nonetheless apparen t from this work tha t the th iocarbonyl
double bond (CdS) can be very react ive toward free radica ls.
In the case of reversible chain t ransfer , we have shown that

the ra te of consumpt ion of the t ransfer agent depends on two
t ransfer constan ts, C t r ()k t r /k p) and C-t r ()k-t r /k i) which
descr ibe the react ivity of the propagat ing radica l (Pn•), and the
expelled radica l (R•) respect ively (see eq 1).39

Elimina t ion of the radica l concent ra t ions by a steady-sta te
approximat ion provides eq 2.

This equa t ion can , in pr inciple, be solved numer ica lly to
provide est imates of C t r and C-t r . If the ra te of the reverse
react ion between R• and the polymer ic RAFT agent (5) is
negligible (low C-t r and/or low [5]), th is expression simplifies
to an expression (eq 3) tha t descr ibes convent iona l cha in
t ransfer and the t ransfer constan t can be eva lua ted from the
slope of a plot of ln[1] vs ln[M].40

Values of Ct r repor ted in this paper have been calcula ted using
eq 4 and should therefore be considered as t ransfer coefficients
for the given react ion condit ions rather than transfer constants
and be taken as minimum values pending further invest igat ion
over a wider range of RAFT agent concent ra t ions.
In cha in t ransfer by addit ion-fragmenta t ion (refer to

Scheme 1), the ra te constan t for cha in t ransfer (k t r) is given
by the following expression (eq 5).41

Scheme 2

Scheme 3

d [1]
d [M]

≈
k t r[1][P•] - k-t r[5][R•]
k p[M][P n•] + k i[M][R•]

(1)

Figure 1. Evolu t ion of polydispersity (9) and molecula r
weight (b) with conversion for thermal styrene polymeriza t ion
a t 110 °C with benzyl dith iobenzoa te (2a ) (filled symbols) or
cyanoisopropyl dith iobenzoa te (open symbols). Solid line is
calcula ted molecular weight . Dot ted and dashed lines are lines
of best fit .

Figure 2. Evolu t ion of polydispersity (9) and molecu la r
weight (b) with conversion for thermal styrene polymeriza t ion
a t 110 °C with S ,S ʹ′-dibenzyl t r ith iocarbona te (2b) (filled
symbols) or S -methyl S ʹ′-cyanoisopropyl t r ith iocarbonate (open
symbols). The solid line is ca lcula ted molecular weight . Dot ted
and dashed lines are lines of best fit to the exper imenta l da ta .

d [1]
d [M]

≈ Ct r
[1]

[M] + Ct r[1] + C-t r[5]
(2)

d[1]
d[M]

≈ Ct r
[1]
[M]

(3)

Ct r ≈
d ln [1]
d ln [M]

(4)

k t r ) k add ×
k"

k-add + k"
(5)
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Simila r ly, the reverse t ransfer constan t (k-t r) is given by eq 6.

In th is work, the concent ra t ion of residua l RAFT agent in the
react ion mixtures has, where possible, been determined di-
rect ly by NMR analysis. The 1H NMR resonance associa ted
with the benzylic methylene of RAFT agents 2 appears at 4.4-
4.6 ppm where there is no inter ference from other signals. The
cyanoisopropyl methyls of 3 appear in the region 1.8-2.0 ppm
and may be obscured by signa ls due to polystyrene.
The signa ls due to 2 were compared with those due to the

residual monomer to give ([2]/[M])t. Then, since the conversion
(and [M]t) is known independent ly

The concent ra t ion of residua l RAFT agent can a lso be ca lcu-
la ted from a compar ison of found and ca lcu la ted molecu la r
weights using the following rela t ionsh ip39

where Xh n(ca lcd) is the expected degree of polymer iza t ion
assuming complete consumpt ion of t ransfer agent and Xh n-
(found) is the measured degree of polymer iza t ion . Xh n(ca lcd)
should be cor rected for in it ia tor der ived cha ins as discussed
elsewhere.15 For the present polymer iza t ion condit ions a t
react ion t imes e4 h, th is cor rect ion is small and can be
neglected as being with in exper imenta l er ror .
The transfer constants might also, in pr inciple, be est imated

from the ra te a t which the polydispersity or the molecula r
weight dist r ibut ion narrows with conversion .15,31 The polydis-
persity is more sensit ive to changes in C t r and C-t r t han the
number-average molecula r weight (see Figures 1 and 2). In
other work, we have est imated the va lue of C t r and C-t r for
the dith iobenzoa te (2a ) a t 60 °C to be ∼400 and 11600
respect ively based on kinet ic simula t ion of the ra te of nar -
rowing of the molecula r weight dist r ibu t ion (the C t r (60 °C),
ca lcu la ted from the molecula r weight da ta by assuming C-t r
) 0 was 50).15 This method was not applied in the cur ren t
work due to insufficien t exper imenta l da ta . It is, nonetheless,
evident tha t C-t r is sign ifican t a t 110 °C in tha t the polydis-
persit ies obta ined a t low conversion are substan t ia lly lower
than those expected on the basis of the t ransfer constan ts
shown which assume C-t r ) 0.15
Plots of ln[monomer] vs ln[RAFT agent] for the benzyl RAFT

agents are shown in Figures 3 and 4. The t ransfer coefficien ts
of the RAFT agents (2, R ) benzyl), based on the assumpt ion
tha t eq 4 applies, a re repor ted in Table 3. The va lue for 2d
seems to reduce with conversion. This may indicate a high C-t r
bu t may also be due to exper imenta l er ror . The low conversion
Ct r is quoted in Table 3. There is excellen t agreement between
va lues obta ined using the two methods of est imat ing residua l
RAFT agent (i.e., via eqs 7 and 8). Thus, even though the
t ransfer coefficien ts a re based on limited da ta (two to three
da ta poin ts), they are suppor ted by two independent methods
of measurement . The t ransfer coefficien ts vary over 4 orders
of magnitude (0.01-30), depending on the st ructure of Z.
The er rors in t ransfer coefficien ts a re difficu lt to est imate

since there is insufficient data for a sta t ist ica l analysis. Errors
are likely to be higher for those RAFT agents having la rge
t ransfer coefficien ts. On the basis of the est imated er ror in
determining conversions, in NMR integra t ion and the er rors
in molecula r weight measurement , we est imate the er ror in
the t ransfer coefficient of 2a to be <10%. However , since many
of the er rors are systemat ic, rela t ive va lues should be subject
to a lesser er ror .

For RAFT agents 3 (1, R ) 2-cyanoprop-2-yl), the t ransfer
coefficients were too large to be readily measured by the above-
mentioned method. The calculated and found molecular weights
agree and residua l dith ioester was not detected by NMR even
after shor t react ion t imes (a t the lowest monomer conversion).
A very high t ransfer constan t for 2-cyanoprop-2-yl dith ioben-
zoa te in styrene polymer iza t ion is a lso indica ted by the fact
tha t very nar row polydispersit ies a re obta ined even a t the
lowest conversion (see Figure 1 and Table 2). Complete (>95%)
ut iliza t ion of the init ia l RAFT agent at 5% conversion suggests
C t r > 50.15 The actua l C t r may be much higher . With C-t r ) 0
it is possible to show tha t a t ta in ing a polydispersity of <1.1
a t 5% conversion requires a C t r of >500.15
Mechanism of RAFT Polymerization . To understand the

effect of the Z group on the effect iveness of the RAFT agent
the mechanism of RAFT process must be known. The proposed
mechanism for styrene polymer iza t ion in the presence of a
RAFT agent is shown in Scheme 1.3 Propaga t ing radica ls a re
genera ted as in a convent iona l radica l polymer iza t ion under
the react ion condit ions (i.e., thermally from styrene.42,43 The
RAFT agent (1) is t ransformed in to a polymer ic RAFT agent
(5) th rough react ion with a propaga t ing radica l (P n •) by an
addit ion-fragmenta t ion process. The radica l libera ted (R•)
then reacts with monomer to form a new propaga t ing radica l
(Pm •). Cha in extension of the polymer ic RAFT agent (5)
involves essen t ia lly the same process. The existence of the
radica l adducts 4 (and 6) as in termedia tes in the addit ion-
fragmenta t ion process has been confirmed by ESR spect rom-
et ry.44 The reversible addit ion-fragmenta t ion steps t ransfer
the SdC(Z)S- moiety between act ive and dormant chains and

k-t r ) k-"

k-add
k-add + k"

(6)

conversion of 2) (([2]/[M])t [M]t)/[2]o (7)

conversion of 2 )
[2]0 - [2]t
[2]o

)

{[M]0 - [M]t
[2]o }/{[M]0 - [M]t

[2]o- [2]t } ≈
Xh n(ca lcd)
Xh n(found)

(8)

Figure 3. Double log plot of [RAFT agent ] vs [styrene] for
thermal polymer iza t ions a t 110 °C. Residua l RAFT agent
determined from molecula r weight da ta by applica t ion of eq 4
(filled symbols) or from NMR (open symbols). RAFT agent : 2a
(b, s); 2b (1, - -); 2c (9, ‚‚‚); 2d (2, - - -). Lines are lines of
best fit to molecular weight der ived data tha t provide t ransfer
constan ts shown in Table 3.

Figure 4. Double log plot of [RAFT agent ] vs [styrene] for
thermal polymer iza t ions a t 110 °C. Residua l RAFT agent
determined from molecula r weight da ta by applica t ion of eq 4
(filled symbols) or from NMR (open symbols). RAFT agent : 2e
(9, s), 2f (b, - - -), 2g (2, -- --). Lines are lines of best fit
to molecula r weight der ived da ta tha t provide t ransfer con-
stan ts shown in Table 3.
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provide a mechanism for a ll cha ins to grow with simila r ra te
and uniformity. The efficiency of th is process determines the
living character on the polymer iza t ion .
On the basis of the addit ion-fragmenta t ion mechanism, a t

least four factors are expected to influence the effect iveness
of th iocarbonylth io compounds (1): (a ) the ra te constan t of
react ion of 1 with the propagat ing (or init ia t ing) radicals (k add);
(b) the par t it ioning of the adduct (4) between star t ing mater i-
a ls and products (determined by the rela t ive magnitude of
(k-add and k "); (c) the absolu te ra te constan t for fragmenta t ion
of the in termedia te radica ls (4) (k "); (d) the ra te and efficiency
a t which the expelled radica ls (R•) rein it ia te polymer iza t ion .
Factors a and b should be direct ly reflected in the magnitude

of the t ransfer coefficien t of 1.
If fragmenta t ion is slow (i.e., both k-add and k " are small) or

rein it ia t ion of polymer iza t ion is slow with respect to propaga-
t ion , then polymer iza t ion may be reta rded, and the likelihood
of the radica ls 4 and/or R• undergoing side react ions leading
to some degree of inhibit ion is increased. If readdit ion to reform
the adduct radica l (4) becomes a significan t pa thway, the
situa t ion may ar ise where the t ransfer coefficien t for cha in
t ransfer is dependent on the concent ra t ion of the RAFT agent
(see above and eq 2).

Discuss ion
Within each ser ies of RAFT agent (benzyl (2) or

cyanoisopropyl (3)) the differences in transfer coefficient
(Table 3) should main ly reflect the influence of the Z
group on the ra te of free radica l addit ion to the CdS
double bond. The par t it ion ing of the adduct radica l (4)
between sta r t ing mater ia ls and products should then
be determined by the rela t ive leaving group ability of
R and the polystyryl radica l, and R is constan t with in
each ser ies. The dependence, if any, of the slope of the
plots of ln[1] vs ln[M] on RAFT agent concent ra t ion has
not been examined and the exten t of the back react ion
under these condit ions is unknown but based on other
da ta is substan t ia l when R is benzyl (see above).15 The
t ransfer coefficien ts given in Table 3 should therefore
be considered as minimum values. However , the t rend
in act ivity with in a ser ies (constan t R ) is not expected
to vary from tha t shown. The t ransfer coefficien t s of
benzyl dith iobenzoa te (2a ) (ca . 26) and aceta te (2c ) (ca .
10, see Table 3) under our condit ions are severa l orders
of magnitude less than the recent ly repor ted10 t ransfer
constant of the corresponding polystyryl der ivat ives (ca .
6000 and 180 respect ively a t 60 °C). It is clear tha t
benzyl is a very poor leaving group with respect to the
polystyryl radica l (i.e., k-add . k"). The bet ter leaving
group ability of polystyryl vs benzyl is a t t r ibu ted to the
influence of ster ic factors.15
Dibenzyl t r ithiocarbonate (2b) possesses two ident ical

leaving groups. Other work8 shows tha t both benzyl
groups act as leaving groups such tha t the t r ith iocar -
bona te moiety is in the center of the cha in . This
compound should have a higher transfer coefficient than
a monobenzyl compound because there are two path-
ways for fragmenta t ion from the in termedia te adduct .
Severa l factors can be considered to be of impor tance

in determining the ra te of free radica l addit ion to
th iocarbonylth io compounds. It is clear tha t product
radica l stabilit ies or , ra ther , the ability of the group Z
to stabilize an adjacent radica l cen ter is not , by it self, a
predict ive tool in est imat ing t ransfer coefficien ts. Lit -
era ture da ta on C-H bond dissocia t ion energies for
compounds ZXYC-H are summar ized in Table 4 from
which one can infer the rela t ive stabilit ies of ZXYC•

radica ls. In a t tempt ing to cor rela te the t ransfer coef-
ficien ts of RAFT agents (2) with these da ta , one fea ture

which stands out is the rela t ively low act ivity of dith io-
carbamates (Z ) N(alkyl)2) and xantha te (Z ) O-a lkyl)
der iva t ives. These Z subst ituen ts might be ant icipa ted
to favor addit ion because of their ability stabilize an
adjacent radica l cen ter more than (for example) an
adjacent a lipha t ic (Z ) a lkyl) or su lfur (Z ) S -a lkyl)
subst ituen t (Table 4).43
The effect of the Z subst ituen t on the double bond

character of CdS should be considered. The rela t ively
low act ivity of O-a lkyl dith iocarbamate and N ,N -dia lkyl
xantha tes der iva t ives can be qua lita t ively understood
in terms of the impor tance of the zwit ter ion ic canonica l
forms (see Scheme 4) which ar ise through in teract ion
between the O or N lone pairs and the CdS double bond.
These reduce the CdS double bond character and ra ise
the energy of the LUMO (and HOMO) (see Table 5).7
These factors should a lso reduce the react ivity of the
CdS double bond of dith iocarbamates and xantha te
der iva t ives toward free radica l addit ion . These same
considera t ions lead to the expecta t ion that subst ituents
tha t a re elect ron withdrawing or which are able to
deloca lize the lone pa ir should enhance the act ivity of
these compounds. Thus, by changing the subst ituent on
nit rogen their act ivity can be substan t ia lly modified
such that they become very effect ive RAFT agents.6,7,12,46
The react ions of xantha tes with free radica ls to give

reversible addit ion-fragmenta t ion and their use in this
context as synthet ic reagents in organic chemist ry has
known been for some t ime.47 However , pr ior to the
present work,46 there are lit t le da ta on what factors
affect the ra te of radica l addit ion (or of fragmenta t ion
from the species formed). We can a lso note tha t a lkyl
xantha tes, while compara t ively poor RAFT agents in
styrene polymer iza t ion , a re very effect ive as RAFT
agents in vinyl aceta te polymer iza t ion .6,46,48 This indi-
ca tes tha t the more react ive vinyl aceta te propaga t ing
radical is able to give facile addit ion to the xanthate but ,
more impor tan t ly, tha t fragmenta t ion is a lso facile. As
with dith iocarbamates, the act ivity of xantha tes can be
tuned by changing the subst ituent on oxygen. In styrene
polymerizat ion, we find the transfer coefficient increases

Table 4. C-H Bond Dissoc iation Energie s (DC-H) for
Compounds ZXYC-H

DC-H (kJ mol-1)a for X, Y )

Z CH3, CH345 CH3, H45 H, H49 H, H50

H 439 439
CH3 400 413 423
(CH3)3C 423
Cl 422
F 419
CH3S 417
(CH3)3Si 415
(CH3)2P 402
RO 393b 406c 389d 402d
H2N 394 406 391
(CH3)2N 352
CO2C2H5 387 400
CN 385 397 397
Ph 365 378 375
CH2dCH 349 360 367
a All numbers rounded to nearest kJ . b Z) C3H7O. c Z) C4H9O.

d Z ) CH3O.

Scheme 4
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20-fold over the ser ies EtO < C6H5O < C6F5O (see Table
2) as the oxygen lone pa ir becomes less ava ilable for
in teract ion with the CdS double bond.
We have ca lcu la ted hea ts of react ion for addit ion of

var ious radica ls to the CdS double bond of th iocarbo-
nylth io compounds using semiempir ica l molecula r or -
bita l methods. Energies of the LUMO and HOMO and
atomic charge densit ies for var ious th iocarbonylth io
compounds have a lso been ca lcu la ted. Full geomet ry
opt imiza t ions for both the RAFT agent (1) and the
cor responding adduct (4) were per formed using the
program MOPAC with the AM1 Hamilton ian . Data for
var ious RAFT agents (1) with R ) methyl a re sum-
mar ized in Table 5. Some ca lcu la t ions were a lso per -
formed for RAFT agents (1) with R ) benzyl. While the
parameters a re dependent on R, the t rend in va lues
appears essen t ia lly independent of R (Figure 5). The
effect of subst ituen ts on R on the act ivity of RAFT
agents is discussed elsewhere.15 There is a good cor-
rela t ion between rela t ive LUMO energies and overa ll
hea ts of react ion (Figure 6).
Ab in it io methods have a lso been applied to ca lcu la te

the proper t ies of the ground sta tes of a ser ies of RAFT
agents (1), R ) methyl. The resu lt s va lida te the t rends
with LUMO energy seen with the semiempir ica l ca lcu-
la t ions. The data are shown in Figure 8. The t rends are
simila r a lthough absolu te va lues differ .
We observe tha t for dith iocarbamates and xantha tes

there is a sign ifican t charge loca lized on the th iocarbo-
nyl sulfur (consistent with the above-ment ioned hypoth-
esissScheme 4) and tha t th is is reduced when the lone
pa ir is able to in teract direct ly with a π-system or an
elect ron-withdrawing group. The cor rela t ion of ln(Ct r)

with the LUMO energy is poorer with these examples
included. However , th is may reflect the uncer ta in ty in
the va lues of Ct r (see above). There is a reasonable
cor rela t ion of the LUMO energy with the charge loca l-
ized on the th iocarbonyl su lfur (F igure 7), which is
consistent with a hypothesis tha t elect ron-withdrawing
Z groups facilit a te addit ion . There appears to be no
correla t ion with CdS bond length or other geomet r ic
parameters (Table 5).
One in terest ing fea ture of the geomet ry apparen t

from both AM1 and ab in it io ca lcu la t ions is tha t the
phenyl r ing of the dith iobenzoa te prefers not to lie
coplanar with the CdS double bond. The dihedra l angle
is 38.4 (AM1) or 35.6° (ab in it io) for methyl dith ioben-
zoa te. However , the act iva t ion bar r ier for rota t ion

Table 5. HUMO and LUMO Energie s , P artia l Charge s on Su lfur for Th iocarbonylth io Compounds ZC(dS)S-CH3 (in
Order of Decreas ing LUMO Energy), and Re lative Heats of Reaction for Free Radical Addition of Methyl Radical

energy (eV) a tomic charge
Z HOMO LUMO dSa -Sa dSb -Sb

∆∆H rc

(kJ mol-1)
CdS
(Å)

(CH3)2N- -8.59275 -0.29084 -0.171 0.197 -0.222 0.168 41.5 1.59
lactam- -8.63381 -0.71265 0.029 0.158 -0.065 0.132 72.6 1.56
PhO- -8.9495 -0.72940 -0.043 0.337 -0.103 0.292 64.1 1.55
CH3O- -9.0183 -0.76045 -0.021 0.312 -0.087 0.317 50.9 1.57
(CH3)3Si- -8.37473 -0.87821 0.072 0.363 0.012 0.329 55.5 1.53
CH3- -8.75059 -0.94518 0.039 0.305 -0.030 0.262 64.5 1.54
CH3S- -8.7506 -1.0759 0.089 0.283 0.002 0.235 66.5 1.55
Ph- -8.71945 -1.17647 0.032 0.312 -0.037 0.279 70.5 1.55
N -pyr rolo -8.89483 -1.33411 0.033 0.353 0.035 0.292 74.5 1.57
C6F5O- -9.44907 -1.41857 -0.067 0.347 0.000 0.398 78.7 1.55
CCl3 -9.1006 -1.6338 0.162 0.403 0.077 0.349 87.5 1.53
CF3 -9.3363 -1.7739 0.882 0.426 0.0970 0.368 88.3 1.52
a Milliken charge. b Atomic charge. c Rela t ive hea t of react ion ) ∆H f(1) - ∆H f(4).

Figure 5. Plot of logar ithm of t ransfer coefficien t (of ZC(d
S)S-CH2Ph) vs ca lcu la ted LUMO energy for methyl (0, ZC-
(dS)S-CH3, from Table 5) and benzyl (2, ZC(dS)S-CH2Ph)
RAFT agents.

Figure 6. Correla t ion of LUMO energy (0, s) and rela t ive
hea t of react ion for methyl radica l addit ion to methyl RAFT
agents (ZC(dS)S-CH3). Data come form AM1 calcu la t ions.
Deta ils a re provided in Table 5. The poin t removed from the
line is the system with Z ) lactam.

Figure 7. Correla t ion of LUMO energy (0, s) and charge on
dS of methyl RAFT agents (ZC(dS)S-CH3). Data come from
AM1 calcu la t ions. Deta ils a re provided in Table 5.
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th rough the plane of the CdS bond is very small (∼0.2
kJ mol-1).
Factors which enhance the ra te of free radica l addi-

t ion to the CdS double bond of 1 will, in genera l, a lso
reduce the ra te of fragmenta t ion of the adduct 4
(Scheme 1). For efficien t cha in t ransfer both addit ion
and fragmenta t ion are required to be facile. A slow
overa ll ra te of fragmenta t ion is one possible cause of
reta rda t ion .9,31 Rates of polymer iza t ion in the present
study show no marked dependence on Z and are only
sligh t ly reduced for the dith iobenzoa tes (RdPh) over
those seen with other Z subst ituen ts. The reta rda t ion
with these RAFT agents appears independent of R (the
yield after 16 h with 2a or 3a is ca . 53% vs ca . 60-65%
with most other RAFT agentssTables 1 and 2). The
more severe reta rda t ion seen with high concent ra t ions
of dith iobenzoa te RAFT agents is dependent on R and
has therefore been associa ted with slow fragmenta t ion
of the init ia l adduct (4).9,29 The smaller retardat ion seen
here may be associa ted with slow fragmenta t ion of the
adduct 6. Other work suggests that slow fragmenta t ion,
by itself, is unlikely to be responsible for retardat ion.32,44
If, however , fragmenta t ion is slower there is a grea ter
likelihood tha t side react ions involving 4 and/or 6 such
as reversible or ir reversible coupling with other radicals
will assume grea ter impor tance.11,29,30,32

Conclus ions
The effect of varying the subst ituent Z of RAFT agents

1 on the course of RAFT polymer iza t ion has been
examined. In genera l, the t ransfer coefficien t s of the
RAFT agents decreases in the order dith iobenzoa tes >
t r ithiocarbonates ∼ dithioalkanoates > dithiocarbonates
(xantha tes) > dith iocarbamates. RAFT agents with
elect rophilic Z subst ituen ts with lone pa irs direct ly
conjuga ted to the CdS double bond (O-, N<) have low
transfer coefficien ts. However , elect ron-withdrawing
groups on O or N (in part icular , groups able to delocalize
the nit rogen lone pa ir in the case of dith iocarbamates)
can significan t ly enhance the act ivity of RAFT agents
to modify the above order . The rela t ive effect iveness of
the RAFT agents is ra t iona lized in terms of in teract ion
of the Z subst ituen t with the CdS double bond to
act iva te or deact iva te tha t group toward free radica l
addit ion . Semiempir ica l molecula r orbita l ca lcu la t ions
and the est imated LUMO energies or hea ts of react ion
can be used in a qua lita t ive manner to predict rela t ive
act ivity of RAFT agents.
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