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ABSTRACT: The effects of the R- and Z-substituents on radical stability in the reversible addition
fragmentation chain transfer (RAFT) polymerization process have been studied via high level ab initio
molecular orbital calculations. Radical stabilization energies (RSEs) of the RAFT-adduct radicals CH;-
SC°ZSR and corresponding leaving group radicals R* have been calculated for various combinations of Z
= H, Cl, C=CH, CH=CH;, CN, CFs, NH,, CH;, Ph, Bz, naphthyl, OCHs, OCH;CHj;, OCH(CHj3)s, and
OC(CHj3)3 and R = CH2CN, C(CHj3):CN, Bz, CH(Ph)CHj3, C(Ph)(CH3)2, CH;COOCH3, CH(COOCH;)CHs,
CH;0COCHj3;, and CH2CHs. The results were used in combination with the corresponding values of the
enthalpies of the fragmentation reactions, CHsSC*(Z)SR — CH3SC(Z)=S + ‘R and CH3SC*(Z)SR — *CH3
+ S=C(Z)SR, to examine the effects of the substituents on the stability of both the RAFT-adduct radicals
and the corresponding thiocarbonyl compounds. The RAFT-adduct radicals are stabilized by electron
donation from the two sulfur substituents, and this stability can be further enhanced by unsaturated
m-accepting substituents (such as CN, phenyl, and naphthyl). In contrast, lone pair donor Z-substituents
(such as Cl, NH,, and OCHj3) have a much smaller effect on radical stability. The R-group, which can
modify the donation ability of the SR-group, has a minimal effect on the stability of the RAFT-adduct as
it is buffered by the second sulfur substituent. However, these orbital interactions do affect the strength
of the breaking S—R bond, and this provides an important contribution to the trends in the fragmentation
enthalpies. Steric effects on radical stability are also important, with bulky R- and Z-groups inducing
conformational changes that interfere with these orbital interactions, sometimes with unexpected
consequences. The substituent effects on the RAFT agents are qualitatively different; the agents are
strongly stabilized by the lone pair donor Z-substituents and strongly destabilized by electron withdrawing
groups (such as CN and CF3) in the R- and Z-positions. Moreover, steric effects are generally more
significant, with bulky R- and Z-groups destabilizing the RAFT agent more than the corresponding RAFT-
adduct radicals. As part of this work, the accuracy of the low-cost RMP2/6-311+G(3df,2p) method for

studying addition—fragmentation processes in RAFT polymerization was evaluated.

1. Introduction

Techniques for controlling free-radical polymerization
are an important new development as they allow for the
production of polymers with narrow molecular weight
distributions, designer end-groups, and novel architec-
tures, such as star polymers and graft polymers.1—3
Among the most versatile of these new techniques is
the reversible addition fragmentation chain transfer
(RAFT) process, which was developed by the CSIRO
group!* by combining their earlier work on addition—
fragmentation reactions of macromonomers® with the
small radical chemistry of Zard and co-workers.® A
related process (termed MADIX) in which xanthates are
used as the controlling agents was independently de-
veloped by the Rhodia group and published shortly
after.”® The RAFT process has been successfully applied
to a wide range of olefinic monomers, including styrene,
the acrylates, acrylic acid, the methacrylates, vinyl
acetate, and the acrylamides.? The technique has also
been used under a variety of conditions, including in
the aqueous phase,!9 on the surface of silica,!! and in
emulsion polymerization,'? and for a number of different
applications, including light-emitting nanoporous films, 3
pH-dependent self-assembling polymer micelles,'* and
light-harvesting polymers.1?
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The basic principle of the RAFT process is to protect
the majority of the propagating species from bimolecular
termination reactions through their reversible trapping
into a dormant thiocarbonyl compound via the degen-
erative transfer reaction shown in Scheme 1.! In this
way, although the absolute rate of bimolecular termina-
tion is similar to that in conventional free-radical
polymerization, the relative rate of termination is
minimized with respect to the number of growing
polymeric chains, and most of the chains bear the
thiocarbonyl functionality and remain (potentially) ac-
tive throughout the polymerization process. However,
to achieve this, a delicate balance of the rate coefficients
of the competing reactions within the process is required
to ensure that the concentration of the dormant species
is orders of magnitude greater than that of the active
species and that the exchange between the two forms
is rapid. An improved understanding of the effects of
substituents on these reactions can assist in the design
of optimal RAFT agents for controlling new and difficult
monomers.

Already a number of theoretical, 1720 semiempir-
ical,21723 and experimental??~28 studies have examined
the effects of substituents on the RAFT process. Perhaps
the most striking observation from this previous work
is the dramatic effect of substituents on the addition—
fragmentation equilibrium:
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Scheme 1. Mechanism of RAFT Polymerization
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For example, the calculated equilibrium constant (Keq
= kaad/keag) for a small model of the addition—fragmen-
tation equilibrium in xanthate-mediated polymerization
of vinyl acetate (R' = CHs, R = CH,OCOCH3, and Z =
OCH3) is 7.6 x 1072 L. mol~! at 60 °C.1857 In contrast,
the corresponding equilibrium constant for a small
model of cumyl dithiobenzoate mediated polymerization
of methyl acrylate (R' = CH3, R = CH;COOCH3, and Z
=Ph)is 1.5 x 10% L. mol~1—a variation of nearly 8 orders
of magnitude.l” Likewise, experimental studies have
reported surprisingly large variations in the apparent
chain transfer constant® for a series of RAFT agents
(differing only in their R- or Z-substituent) in polymer-
izations with a constant monomer.22-23:28 For example,
in styrene polymerization, apparent chain transfer
constants for agents of the form S=C(Z)SCHyPh vary
from 0.01 (for Z = NEty) to 26 (for Z = Ph), while
apparent chain transfer constants for the agents S=
C(Ph)S—R in methyl methacrylate polymerization vary
from 0.03 (R = CHPh) to 13 (R = C(CHj3)2CN).28 It is
this sensitivity of the addition—fragmentation equilib-
rium that not only accounts for problems in optimizing
the RAFT process for certain monomers but also high-
lights the potential for achieving control in such difficult
cases through careful manipulation of the R- and
Z-substituents.

In an attempt to explain these dramatic substituent
effects, a number of common themes are emerging from
both the theoretical and the experimental studies. In
particular, it has been noted that the electronic proper-
ties of the Z-group strongly affect the equilibrium
constant of the addition—fragmentation reaction and the
apparent chain transfer constant. Depending upon the
situation, this Z-group effect has been attributed to an
effect on the stability of the RAFT-adduct radical and/
or an effect on the reactivity (toward radical addition)
of the RAFT agent. Thus, for example, RAFT agents
that bear a strong electron-withdrawing Z-substituent
(such as phenyl) fragment more slowly and have larger
equilibrium constants as compared to those having less
radical-stabilizing substituents (such as benzyl or meth-
yl), and this has been attributed to the greater stability
of the RAFT-adduct radical.1719:31.32 In contrast, RAFT

agents bearing strong electron-donating substituents
(such as alkoxy or amine groups) have considerably
smaller equilibrium constants and chain transfer con-
stants, and this has been attributed to the stabilizing
effect of electron donation on the S=C bond of the
thiocarbonyl compound.18:22:24-28.33-35 Moreover, a semi-
empirical study of RAFT agents differing only in their
Z-group reported a reasonable correlation between the
calculated energy of the lowest unoccupied molecular
orbital (LUMO) of the RAFT agent and the apparent
chain transfer constant in polymerizations with a
constant monomer,?2 which would indicate that the
Z-substituent principally affects the activity of the RAFT
agent.

However, even in the case of the alkoxy Z-substitu-
ents, the separation of substituent effects on the RAFT-
adduct radical and RAFT agent is not clear-cut. For
example, within a series of alkoxy-substituted RAFT
agents (Z = O-Me, O-Et, O-iPr, and O-tBu), it was found
that the fragmentation rates decreased, and the equi-
librium constants thus increased, with the increasing
donation ability of the alkoxy group (from O-Me to
O-tBu).!® Had the principal effect of electron donation
from the alkoxy group been to stabilize the S=C bond
of the RAFT agent, one would have predicted an
increase in stability of the agent within this series and
thus a decrease in the equilibrium constant. To explain
this result, it was suggested that, within the series, the
stabilizing effect of the Z-substituent on the radical
outweighed the concurrent stabilization of the thiocar-
bonyl compound, yielding the unexpected trend.'® How-
ever, a study of the effects of substituents on radical
stability in these reactions is required to confirm this
result. Nonetheless, it appears that, while the Z-
substituents affect the stability of both the thiocarbonyl
compound and the RAFT-adduct radical, the relative
importance of these effects vary considerably according
to the system. This suggests that there may exist some
potential for manipulating the stability (and hence
reactivity) of the RAFT agent somewhat independently
of the addition—fragmentation equilibrium constant,
thereby allowing for the design of agents that are both
reactive to radical addition but also fast to fragment and
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therefore nonretarding. To explore this possibility, a
wider survey of the effects of more novel Z-substituents
on the stability of the RAFT-adduct radical, and their
concurrent effect on the overall addition—fragmentation
enthalpy, would be desirable.

Another outstanding problem concerns the role of the
R-group. In general, it has been noted that RAFT agents
bearing an R-group that is either bulky and/or an
effective radical stabilizing substituent have faster
fragmentation rates and lower equilibrium constants.
This is consistent with the notion that a bulky group
favors fragmentation by destabilizing the breaking of
the S—R bond of the RAFT-adduct, while a radical
stabilizing substituent favors fragmentation by stabiliz-
ing the product R* radical. However, both the apparent
chain transfer constants and the equilibrium constants
indicate that the fragmentation reaction is more favor-
able for the C(CH3)2CN group, as compared to the cumyl
group.2023.28,32.36 Thjs is despite the fact that the cumyl
group is larger than the C(CHj3)2CN group, and the
corresponding cumyl radical is more stable;? thus, one
would have predicted the opposite trend. It would seem
that the R-group is exerting some additional (nonsteric)
effect on the stability of the RAFT-adduct radical. This
is surprising, given that radical stabilization energies
for radicals of the form *CH2SR are relatively insensitive
to the nature of R.17 In this regard, it is worth noting
that a recent computational study!” indicated that the
R-group effect on the -scission enthalpy depended upon
the nature of the Z-group, and the origin of these
synergistic effects has yet to be determined.

Finally, it is of interest to explore the effect of the
nonparticipating R’-group on the addition—fragmenta-
tion equilibrium. In semiempirical investigations2223 in
which the calculated LUMO energies of RAFT agents
were compared with their apparent chain transfer
constants, it was concluded that the R'-group was not
exerting an appreciable effect on the reactivity of the
RAFT agent. This result has important practical ap-
plications for the computational modeling of RAFT
polymerization, as it suggests that computational stud-
ies could replace the R'-group with a small substituent
such as CHs. This simplification greatly reduces the cost
of the calculations, in turn allowing for larger R- and
Z-groups to be studied and/or more accurate computa-
tional methods to be applied. Already, this approach has
been used in the study of RAFT polymerization,'”~19 and
although supported by the semiempirical investiga-
tions,222% higher-level ab initio studies of the effect of
the R'-substituent on the addition—fragmentation equi-
librium would be desirable to confirm its validity.

To explore these outstanding issues, in the present
work, we examine the effects of substituents on the
addition—fragmentation equilibrium at a more funda-
mental level through the calculation of radical stabiliza-
tion energies (RSEs) for the RAFT adduct radicals,
CH3SC*(Z)SR, and the corresponding leaving group
radicals, *R. The RSEs were calculated for a variety of
Z-substituents (Z = H, Cl, C=CH, CH=CHy, CN, CFs,
NH,, CHs, Ph, Bz, naphthyl, OCHs, OCH;CHj3, OCH-
(CHj3)2, and OC(CHj)s) and R-substituents (R = CHs-
CN, C(CHj3)2CN, Bz, CH(Ph)CHs, C(Ph)(CHg3)2, CHs-
COOCHj3;, CH(COOCHj3)CH3, CH2OCOCHg3, and CHoCHy),
chosen to model the RAFT agents used in typical
polymerization systems, together with several novel
RAFT agents featuring strong electron withdrawing or
donating properties. By comparing the effects of these
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substituents on the stability of the reactant and product
radicals, with those on the corresponding enthalpies of
fragmentation, the effects of substituents on the stabil-
ity of the RAFT-adduct radical and RAFT agent can be
separated. In this way, this study hopes to provide a
deeper understanding of the dramatic effect of substit-
uents on the RAFT process and guidelines to assist in
the optimization of the process for new monomers.

Measurement and Meaning of Radical Stability.

In the present work, we study the effects of substit-
uents on radical stability in the RAFT process. However,
the definition of radical stability is by no means
straightforward because, strictly speaking, the stabili-
ties of nonisomeric species of any kind are not directly
comparable. In practice, one usually compares stabilities
of nonisomeric carbon-centered radicals (R*) using the
following reference reaction:3”

R+ CH;-H — R-H + CHj+ (2)

The energy change of this reaction is known as the
radical stabilization energy (RSE) of the radical R*. Such
RSEs measure radical stability relative to a reference
value of 0 for *CHjs, with positive values indicating that
the R* radical is more stable than *CH3 and negative
values indicating that it is less stable. When radical
stabilities are defined in this manner, they generally
yield intuitive results. For example, the *CHoPh radical
has an RSE of 58.9 kJ mol~! 37 while the *CH,CHyPh
radical has an RSE of only 10.6 kJ mol~1.1° The larger
RSE for the former radical reflects the ability of the
phenyl substituent to stabilize the unpaired electron
through delocalization onto the aromatic ring, an effect
that is inhibited in the *CH3CHsPh radical by the
intervening CHy group. Not only can such RSEs be
rationalized in chemical terms, but their values are
often useful for rationalizing the effects of substituents
on the kinetics and thermodynamics of chemical reac-
tions. Thus, for example, the greater stability of the
benzyl radical has been used to explain its lower
reactivity (as compared with radicals having smaller
RSEs, such as *CHj3) in radical addition reactions.38

Nonetheless, the use of a reference reaction introduces
an element of arbitrariness into the definition of radical
stability. Potential problems in the use of the reference
eq 2 become clear when one considers that the energy
change of this reaction is effectively the difference in
the C—H bond dissociation energies of the respective
closed-shell species, CHs—H and R—H. One may well
ask whether the RSE measures the difference in stabil-
ity of the R* and °*CHjs radicals or the difference in
stability of the corresponding R—H and C—H bonds.
This problem was recently highlighted for the case of
the alkyl radicals *CHs, *CH2CHj, *CH(CHs)2, and
*C(CH3)3.39742 When defined using eq 2, the measured
stabilities of these radicals increase in the following
order: *CHs < *CH2CHs3 < *CH(CHsj): < 'C(CH3)3, a
trend that can be rationalized in terms of the stabilizing
effect of the additional methyl substituents interacting
by hyperconjugation with the radical center. In contrast,
when radical stability is instead measured using the
(equally arbitrary) reference eq 3, the reverse order of
radical stabilities is obtained: *‘CHs > *CH,CHj3 > *CH-
(CHzs)g > *C(CHjs)s.

R + CH,~F — R-F + CH,- (3)
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Table 1. Radical Stabilization Energies (RSEs) for Model RAFT-Adduct Radicals CH3SC*(Z)SCH3 and Corresponding
Enthalpies for f-Scission (CHsSC*(Z)SCHs — CH3SC(Z)=S + *CHj)*

CH5SC(Z)SCH; RSEs (kJ mol™?) AH pB-scission (kJ mol~1)
structure® Z RMP2 G3(MP2)-RAD RMP2 G3(MP2)-RAD RSE of -CH2Z stability of S=C(Z)SCHjs
1 H 59.0 61.1 73.8 74.2 0 0.0
Cl 62.3 64.0 68.2 72.9 21.14 29.9
3 C=CH 109.1 105.7 117.3 114.4 52.6¢ 17.4
4 CH=CH, 108.1 105.9 109.5 106.1 70.74 39.1
5 CN 103.0 99.1 124.8 122.9 31.94 -5.9
6 CF3 60.7 62.8 86.3 92.0 —7.74 =171
7 NH; 78.9 78.9 33.2 35.7 44.24 92.8
8 CHs 57.0 59.9 62.3 64.2 14.14 35.1
9 Ph 92.2 96.3 91.1 95.2 58.94 41.2
10 Bz 60.8 65.0 69.4 72.3 10.6¢ 39.0
11 naphthyl 87.8 95.0
12 OCHj3 55.3 58.5 23.5 29.2 31.04 85.9
13 OCH2CHj3 55.8 59.0 24.4 29.8 31.17 86.8
14 OCH(CHs)q 60.5 63.2 27.8 33.4 34.8 90.7
15 OC(CHjy)s 56.4 59.0 32.0 37.1 34.8 81.0

@ RSEs and enthalpies (0 K) were calculated at both the RMP2/6-311+G(3df,2p) and the G3(MP2)-RAD levels of theory using B3-LYP/
6-31G(d) optimized geometries and include scaled B3-LYP/6-31G(d) zero-point energy corrections. ® See Figure 1. ¢ Defined as the energy
change (kJ mol 1) of reaction 5, as calculated at the G3(MP2)-RAD level of theory. ¢ G3(MP2)-RAD values (kJ mol 1) from ref 37. ¢ G3(MP2)-
RAD (kJ mol™!) value from ref 17. / Calculated using the G3(MP2)-RAD (kJ mol~!) heats of formation published in ref 42.

This somewhat counter-intuitive result can be explained
when it is noted that the electron-donating ability of
the alkyl substituent increases from *CHgs to *C(CHjs)s,
and this helps to stabilize the corresponding R-F bond
through the increasing contribution of the charge-
transfer configuration R*F~. Within this series, the
increasing strength of the R-F bond dominates the
concurrently increasing stabilities of the R* radicals,
leading to the observed reduction in the RSEs with
increasing alkylation.

In summary, radical stability is a somewhat loosely
defined concept, although one that has proven to be very
successful in helping to rationalize the effects of sub-
stituents on the kinetics and thermodynamics of a range
of chemical reactions. However, it is important that the
reference reaction is chosen carefully, and in the present
work, we measure radical stabilities via eq 2. As noted
previously, when defined in this manner, the measured
radical stabilities generally follow chemically intuitive
trends. This probably reflects the minimal scope for
steric and ionic substituent effects on the corresponding
R—H and CH3—H bonds. Nonetheless, it must be
remembered that the RSEs can potentially include
contributions from both the relative stabilities of both
the R* and *CHj radicals and also the C—H bonds in
the corresponding closed shell compounds.

2. Computational Procedures

Radical stabilization energies (RSEs), as defined by eq 2,
were calculated for the model RAFT-adduct radicals: CH3SC*
(Z)SR, with various combinations of Z = H, Cl, C=CH, CH=
CH,, CN, CFs, NH,, CHs, Ph, Bz, naphthyl, OCHs, OCH;CHj,
OCH(CHjs)z, and OC(CHs)s and R = CH3CN, C(CHj3):CN, Bz,
CH(Ph)CH;, C(Ph)(CHs);, CH,COOCH;, CH(COOCHj3)CHs,
CH20OCOCH3;, and CH2CHs. To assist in the analysis of the
results, the corresponding enthalpies for f-scission of the
RAFT-adduct radicals (CH5SC* (Z)SR — CH3SC(Z)=S + ‘R and
CH;3SC (Z)SR — *CH; + S=C(Z)SR), together with the radical
stabilization energies of R* leaving groups, were also calcu-
lated. For some of the combinations of substituents, these
latter quantities were taken directly from earlier computa-
tional studies,!”1820 although the relevant geometries are
displayed in the figures and Supporting Information for the
sake of completeness.

The RSEs and f-scission enthalpies were calculated at 0 K,
using standard ab initio molecular orbital theory*® and density
functional theory** calculations, carried out using GAUSSIAN

98, GAUSSIAN 03,% and MOLPRO 2000.6.%” Unless noted
otherwise, calculations on radicals were performed with an
unrestricted wave function. In cases where a restricted-open-
shell wave function was used, it is designated with an R prefix.
The geometries of the reactants and products were optimized
at the B3-LYP/6-31G(d) level of theory, while improved ener-
gies were calculated at the RMP2/6-311+G(3df,2p) and (where
possible) G3(MP2)-RAD*® levels of theory. It has previously
been shown that G3(MP2)-RAD provides accurate absolute
values and that RMP2/6-311+G(3df,2p) provides reasonable
absolute values and excellent relative values for the enthalpies
of radical addition to C=S double bonds.*> Moreover, the G3-
(MP2)-RAD and RMP2/6-311+G(2df,p) levels of theory have
also been shown to be suitable for studying the radical
stabilization energies of carbon-centered radicals.?” The per-
formance of the RMP2/6-311+G(3df,2p) level of theory for the
specific case of RAFT polymerization will be discussed in more
detail below.

For each radical and thiocarbonyl compound considered,
care was taken to ensure that the optimized structure was the
global (rather than merely local) minimum energy structure,
with extensive conformational searches at the HF/6-31G(d)
level being performed. Having found the global minimum
energy conformation, the geometry was then reoptimized at
the B3-LYP/6-31G(d) level of theory. In calculating the radical
stabilization energies, however, the minimum energy confor-
mation of the radical was used as a basis for selecting the
conformation of the corresponding alkane. The geometry of the
alkane was then fully optimized to a (local) minimum energy
structure within that conformation. In this way, the RSE is
calculated for the most stable conformation of the RAFT-
adduct radical (which is the species that is relevant to the
polymerization system), but any possible contribution to the
RSE arising from conformational changes between the radical
and the alkane are minimized.

3. Results and Discussion

To examine the effect of the Z-substituent, the radical
stabilization energies (RSEs) for the RAFT-adduct
radicals CHsSC*(Z)SCHs, and the enthalpies for their
B-scission reactions (CH3SC*(Z)SCH3 — CH3SC(Z)=S +
*CH3), were calculated for the substituents Z = H, CI,
C=CH, CH=CH,, CN, CF3, NHy, CH3, Ph, Bz, naphthyl,
OCHs, OCH2CHj3, OCH(CHj)2, and OC(CHs)s (see Table
1). The corresponding RSEs of the *CHyZ radicals, as
calculated at the same level of theory in earlier stud-
ies, 173742 are shown in Table 1 for purposes of compari-
son. To examine the effect of the R-substituent, the
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Table 2. Radical Stabilization Energies (RSEs) for Model RAFT-Adduct Radicals CH3SC*(CH3)SR and Corresponding
Enthalpies for f-Scission of the R-Group (CH3SC*(CH3)SR — CH3SC(CH3)=S + ‘R) and Also the CHs Group
(CH3SC*(CH3)SR — *CH; + S=C(CHj3)SR)“

CH3SC(CH3)SR RSEs (kJ mol™?) B-scission of R (kJ mol 1) B-scission of CH3 (kJ mol 1)
structure? R RMP2 G3(MP2)-RAD RMP2 G3(MP2)-RAD RMP2 G3(MP2)-RAD
8 CHj 57.0 59.9 62.3 64.2 62.3 64.2
16 CHoCN 60.1 62.7 42.1 39.7 80.4 81.0
17 C(CH3)2:CN 75.9 78.7 40.1 33.9 88.2 90.5
18 Bz 60.7 63.5 47.5 34.2 74.9 75.9
19 CH(CHj3)Ph 67.0 51.9 77.7
20 C(CH3)2Ph 71.7 51.7 92.6
21 CH>COOCH3 56.8 61.1 59.0 58.1 76.4 78.1
22 CH(CH3)COOCH3 63.7 66.8 62.1 55.9 85.0 85.3
23 CH20COCH3 61.4 63.7 77.0 75.4 80.0 80.2
24 CH2CH3 61.3 63.7 71.0 69.9 66.7 68.0

@ RSEs and enthalpies (0 K) were calculated at both the RMP2/6-311+G(3df,2p) and the G3(MP2)-RAD levels of theory using B3-LYP/
6-31G(d) optimized geometries and include scaled B3-LYP/6-31G(d) zero-point energy corrections. ® See Figure 2.

Table 3. Radical Stabilization Energies (RSEs) for ‘R
Leaving Group Radicals®

RSEs (kJ mol~1)

RMP2/6- G3(MP2)-
structure® R 311+G(3df,2p) RAD
25 CHs 0.0 0.0
26 CHCN 31.1 31.9
27 C(CHjs)oCN 59.4 59.0
28 Bz 50.4 58.9
29 CH(CHj3)Ph 59.5 68.0
30 C(CHs)2Ph 62.4 70.3
31 CH2COOCH;3 20.3 21.5
32 CH(CH3)COOCH;3 40.4 41.3
33 CH20COCH;3 17.6 17.9
34 CH.CH3 13.8 14.1

@ RSEs and enthalpies (0 K) were calculated at both the RMP2/
6-311+G(3df,2p) and the G3(MP2)-RAD levels of theory using B3-
LYP/6-31G(d) optimized geometries and include scaled B3-LYP/
6-31G(d) zero-point energy corrections. ® See Figure 3.

RSEs of the radicals CH3SC*(CH3)SR (R = CHCN,
C(CHj3)2CN, Bz, CH(Ph)CH3, C(Ph)(CHs)e, CH,COOCHj,
CH(COOCH3)CHs, CH,OCOCH3, and CH2CHj3) were
calculated, together with the enthalpies for both possible
p-scission reactions: CH3SC*(CH3)SR — CH3sSC(CH3)=
S + R and CH3SC*(CH3)SR — *CHs + S=C(CH3)SR (see
Table 2). To assist in the analysis of the results, the
corresponding RSEs of the R* leaving group radicals
were also obtained (see Table 3). Finally, the effects of
R and Z acting in combination on the RSEs and
[-scission enthalpies were studied (see Table 4). The B3-
LYP/6-31G(d) optimized geometries of all radicals in
Tables 1—4 are provided in Figures 1—4, respectively,
and complete geometries in the form of GAUSSIAN
archive entries for all species are provided in the
Supporting Information. It should be noted that a
number of the f-scission enthalpies, and also some of
the R* RSEs, have already been reported elsewhere!?-20
but are reproduced here (at a consistent level of theory)
to assist in the analysis of the RSEs of the RAFT-adduct
radicals. In what follows, we discuss in turn the
individual effects of Z- and R-substituents and conclude
with an examination of the effects of the R- and
Z-substituents acting in combination. Before proceeding
to this analysis, however, we will begin with a brief
comparison of the RMP2/6-311+G(3df,2p) and G3(MP2)-
RAD levels of theory.

Effect of Level of Theory. Examining Tables 1—3,
it can be seen that (where possible) the RSEs and
[-scission enthalpies are reported at two levels of theory,
RMP2/6-311+G(3df,2p) and G3(MP2)-RAD. The latter
level of theory is a high-level composite procedure that

Table 4. Radical Stabilization Energies (RSEs) for Model

RAFT-Adduct Radicals CH3SC*(Z)SR, and Corresponding

Enthalpies for f-Scission of the R-Group (CH3SC*(Z)SR —
CH3SC(Z)=S + ‘R)

CH,SC(Z)SR RSEs AH B-scission

structure® Z R (kJ mol™!) of R (kJ mol~1)
35 Bz C(CH3):CN 74.2 46.0
36 Ph C(CH3):CN 102.8 70.1
37 Bz Bz 64.8 51.5
38 Ph Bz 99.0 78.1
39 Ph CH(CH3)Ph 90.0 89.0
40 Ph C(CHjy):Ph 105.8 81.2
41 Bz CH;COOCH3 56.2 59.0
42 Ph CH,COOCH3 89.2 81.8
43 OCHj3 CH,OCOCH;3; 47.4 30.4
44 OCH;CH; CH;OCOCH;3 49.5 33.6
45 OCH(CHj3); CH2OCOCH;3 56.7 35.9
46 OC(CHjs)s CH>;OCOCH3 53.0 38.5

¢ RSEs and enthalpies (0 K) were calculated at the RMP2/6-
311+G(3df,2p) level of theory using B3-LYP/6-31G(d) optimized
geometries and include scaled B3-LYP/6-31G(d) zero-point energy
corrections. ® See Figure 4.

has been shown to provide accurate absolute results
(within 5 kJ mol~1) for the heats of formation of free
radicals.#® However, this method is computationally
intensive, and its practical application is currently
restricted to relatively small systems, such as the model
RAFT-adduct radicals in which one of the R- or Z-
substituents is a CHs group. To study larger (and more
realistic) systems, the lower-level RMP2/6-311+G(3df,-
2p) method has been adopted. This choice was based
on extensive assessment studies that indicate that this
method can provide reasonable absolute values (typi-
cally within 410 kJ mol~1) and excellent relative values
(within +4 kJ mol™!) for the kinetics and thermody-
namics of radical addition to C=S bonds*’ and other
radical reactions such as radical addition to alkenes®®
(i.e., the propagation step in free-radical polymerization)
and hydrogen abstraction by carbon-centered radicals
(i.e., chain transfer).51 Moreover, the closely related
RMP2/6-311+G(2df,p) method has been shown to per-
form well for the RSEs of carbon-centered radicals,3”
while RMP2/6-311+G(3df,2p) was shown to perform
well for other types of relative bond dissociation ener-
gies.*2 Tt is also worth noting that these same studies
indicated that the popular DFT method, B3-LYP, while
providing excellent geometries and vibrational frequen-
cies, often performs badly for the calculation of energy-
related quantities, such as reaction enthalpies and
RSEs, particularly for these polymerization-related
radical reactions. While the use of the RMP2/6-311+G-
(3df,2p) method is already supported by these extensive
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Figure 1. B3-LYP/6-31G(d) optimized geometries of the RAFT-adduct radicals in Table 1.

assessment studies, such studies have necessarily fo-
cused on small prototypical reactions, such as *CHs +
S=C(CHj)2.4% It is thus of interest to examine its
performance in the more specific context of the RAFT
polymerization process.

Examining first Table 1 (in which the RAFT-radicals
differ only in their Z-group), we note that the RMP2/6-
311+G(3df,2p) method generally provides excellent
agreement with the considerably more expensive G3-
(MP2)-RAD. The RSEs have a mean absolute deviation
(MAD) of 2.7 kJ mol~!, while the $-scission enthalpies
have an MAD of 3.7 kJ mol~!. Furthermore, within the
alkoxy series, the error is almost constant—varying by
just 0.6 kJ mol~! as the Z-group is changed from O-Me
to O-t-Bu. There is thus some indication that, within a
series of similar substituents, the relative errors could

be very low indeed. Turning our attention to Table 2,
we note that the RMP2/6-311+G(3df,2p) method again
shows excellent performance for the RSEs (MAD = 2.9
kJ mol™!) and the fS-scission enthalpies in which a
constant *CHjs radical is produced (MAD = 1.1 kJ mol1).
However, the errors are considerably larger in the
enthalpies of the f-scission reaction liberating the ‘R
radical (rather than *CHs). The MAD for this series is
4.5 kJ mol~!, and of greater concern, the maximum
deviation is 13.3 kJ mol™! (for the R = Bz case). The
errors in this problem case are largely associated with
the calculation of the delocalized benzyl radical. This
is evident in Table 3, where it can be seen that the error
in the RSE of this radical is also large (8.5 kJ mol~1) as
compared with the nonphenyl-substituted R* radicals.
At the UHF/6-31G(d) level of theory, the benzyl radical
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Figure 2. B3-LYP/6-31G(d) optimized geometries of the RAFT-adduct radicals in Table 2.

is highly spin-contaminated ([$2[= 1.39), and this spin
contamination, although unphysical, reflects the mul-
tireference character of the true wave function. At the
RMP2/6-311+G(3df,2p) level of theory, the use of an RO-
wave function addresses the spin-contamination prob-
lem; however, the use of this single-reference wave
function enforces a larger degree of spin localization
than might be expected in the real radical; hence, its
stability is underestimated at the RMP2 level. From
Table 3, it should also be noted that the other phenyl-
substituted radicals, 1-phenylethyl and cumyl, have
similarly large errors in their RSEs; hence, similar
(large) errors might be expected in the enthalpies of the
corresponding [3-scission reactions involving these R*
radicals. Unfortunately, these two reactions are cur-
rently too large for (practical) G3(MP2)-RAD calcula-
tions; however, such calculations should be feasible in
the very near future.

To summarize, the RMP2/6-311+G(3df,2p) method
performs well for the RSEs of the RAFT-adduct radicals
and for the enthalpies of the ff-scission reactions in
which the constant *CHjs radical is liberated. However,
larger errors are expected when the leaving group R*
radical is varied, particularly if phenyl-substituted
radicals are involved. It appears that the errors in these
latter cases are largely associated with the calculation
of the R’ radical and might thus be expected to cancel
from the relative values of the fragmentation enthalpy
within a series featuring a common R* radical adding
to RAFT agents differing in their Z-substituent. This
suggests that reasonably accurate absolute values for
the enthalpy of the RAFT reaction, R* + S=C(Z)SCHj3,
may be obtainable using an ONIOM-type method®? in

Figure 3. B3-LYP/6-31G(d) optimized geometries of the
leaving group radicals in Table 3.
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Figure 4. B3-LYP/6-31G(d) optimized geometries of the RAFT-adduct radicals in Table 4.

which the G3(MP2)-RAD enthalpies are calculated for
the simplest Z = CHjs case, and then the enthalpies for
the larger Z-substituted systems are obtained at an
approximate G3(MP2)-RAD level of theory. These latter
values could be calculated by correcting the (exact) G3-
(MP2)-RAD enthalpy in the Z = CHj; case for the
Z-group effect, using calculations on both systems at the
RMP2/6-311+G(3df,2p) level of theory, as shown in eq
4,

AH(Z = CHy) = AHgzvpg)-rap(Z = CHp) +
AHpypoZ #Z CHy) — AHpypo(Z = CH) (4)

Effect of Z. Examining first the RSEs in Table 1 we
note that, not unexpectedly, the unsaturated w-accept-
ing Z-substituents (i.e., naphthyl, phenyl, CH=CH,, C=
CH, and C=N) greatly increase the stability of the
RAFT-adduct radical as compared to Z = H. The
strongest lone-pair donor substituent, NHy, also stabi-
lizes the RAFT-adduct radical, although not as signifi-
cantly as the 7-accepting Z-substituents. However, with
these exceptions, the RSEs for the other CH3SC*(Z)SCHj3
radicals fall into a surprisingly narrow range (55—62
kJ mol™1). In contrast, the same substituents exert a
much wider range of effects on the RSEs of ZCHy"
radicals, the ZCHy* RSEs ranging from —7.7 kJ mol~!
(Z = CF3) and 0 (Z = H) to 21.1 kJ mol~! (Z = Cl) and
31.0 kJ mol™! (Z = OCHj3).37 It appears that the two
SCHj substituents (which are strong radical stabilizing
substituents through lone pair donation to the electron
deficient center) are saturating the potential stabiliza-
tion of the radical center and dominating the effect of
the Z-substituent. Indeed, if we consider the simplest
case, the CH3SC*(H)SCH3 radical, the RSE is 61.1 kJ
mol~L. In contrast, the radical stabilization effect of a
single SCHj3 substituent on a carbon-centered radical
(as measured via the RSE of the *CH2SCHj3 radicall?)
is 40.7 kJ mol~!l. In other words, the second SCHj
substituent effectively contributes only half of the
stabilization effect that it would contribute in isolation.

+ antibonding
2p(C) +

bonding +

CH, H,C—X X
radical . heteroatom
center radical lone pair

Figure 5. Orbital interaction diagram showing the three-
electron interaction between the lone pair of a heteroatom and
the unpaired electron at a carbon radical center.

To explain these results, it is helpful to consider the
molecular orbital diagram in Figure 5,353 which depicts
the interaction between the formally singly occupied
orbital corresponding to the unpaired electron at the
radical center (2p(C*)) and the lone pair of the hetero-
atom. Although a lone pair donor substituent, such as
SCH3, has a net stabilization effect on the radical center,
the interaction results in the unpaired electron populat-
ing an antibonding orbital, higher in energy than 2p-
(C*). As a result, the energy gap between the unpaired
electron and a second lone pair donor is greater, and
the stabilization effect of the second group is less.
Furthermore, as a result of this second interaction, the
unpaired electron is expected to reside in an orbital of
even higher energy, and as a result, the interaction with
a third donor would be expected to be even weaker (and
possibly nonexistent). Applying these ideas to the RSEs
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in Table 1, we note that the only lone pair donor
Z-substituent that exerts a large additional effect on the
stability of the RAFT-adduct radicals in Table 1 is the
NHy group. As seen from the corresponding *CHoZ
RSEs, this substituent is a stronger radical stabilizing
substituent than SCHs; hence, it will form the principle
interaction with the radical center. For this radical, the
RSE is slightly less (by 6 kJ mol™!) than the sum of the
stabilization effect of an NHy substituent in isolation
and a SCHj substituent in isolation, and this suggests
that the third lone-pair-donor group (in this case SCH3)
makes a negligible contribution to the stability of the
radical.

The radicals bearing the lone pair donor Z-substitu-
ents that are weaker radical stabilizers than SCHjs (i.e.,
Cl and the O-alkyl series) generally have RSEs within
+3 kJ mol! of that of the CH3SC*(H)SCHj3 radical,
indicating that the third lone pair donor substituent (in
this case Z = Cl or O-alkyl) has only a small additional
effect on the radical stability. In this regard, it is worth
noting that the variation in radical stabilities within the
O-alkyl series is relatively small. As explained in the
Introduction, the fragmentation enthalpies within this
series increase from Z = O-Me to O-tBu, despite the fact
that the increasing electron donation ability of the
alkoxy group should have been expected to stabilize the
thiocarbonyl product of fragmentation. It was suggested
previously that this counterintuitive trend could be
attributed to the concurrent increasing radical stabiliza-
tion ability of the alkoxy group with its increasing
electron donation ability.!® However, the RSEs in Table
1 suggest that this is only partially correct. There is a
small increase in radical stability from O-Me to O-iPr,
a trend that is mirrored in the *CHsZ RSEs (and the
fragmentation enthalpies) and can be attributed to the
increasing electron donation ability of the alkoxy group.
However, unlike the *CH2Z radicals, there is a decrease
in radical stability from O-iPr to O-tBu, as the bulkier
t-Bu group forces the RAFT-adduct radical out of its
preferred conformation (see Figure 1). As will be seen
next, it is these steric factors, which serve to destabilize
the thiocarbonyl compound more than the RAFT-adduct
radical, that lead to the increased fragmentation en-
thalpy for the Z = O-tBu system.

The remaining Z-substituents stabilize a radical
through the interaction between the unpaired electron
and the s*-orbital (on the unsaturated m-accepting
substituents, phenyl, naphthyl, CH=CH,, C=CH, and
C=N) or pseudo s*-orbital (on the substituents that
stabilize a radical by hyperconjugation: CHgs, Bz, CF3).
A molecular orbital diagram illustrating this stabilizing
interaction for the unsaturated s-acceptor substituents
is provided in Figure 6.3753 Before discussing the effects
of these substituents on the stability of the RAFT-
adduct radicals, it is worth noting a key geometric
difference between these stabilizing interactions and
those involving the lone pair donor substituents. When
the RAFT-adduct radical is stabilized only by lone pair
donor substituents, there is a significant puckering of
the radical center. For instance, in the CH3SC*(H)SCH3
radical, the pyramidalization angle is 22.3°. Pyrami-
dalization occurs because this lowers the energy of the
2p(C*) orbital, thereby decreasing the energy gap be-
tween this orbital and that of the lone pair and thus
facilitating a greater stabilizing interaction.?7%3 It is true
that the puckering of the radical center also decreases
the overlap between 2p(C*) and the lone pair, which
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2p(C+) + + non-bonding
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Figure 6. Orbital interaction diagram showing the three-
electron interaction between the orbitals of the 7 acceptor
group and the unpaired electron at a carbon radical center.

would serve to reduce the stabilizing interaction. None-
theless, the large degree of pyramidalization that is
observed is an optimum value that provides a compro-
mise between these two competing effects.37-53 In con-
trast, when unsaturated m-accepting substituents sta-
bilize a radical, the preferred geometry at the radical
center is planar because this maximizes the overlap
between the 2p(C*) orbital and the vacant z*-orbital on
the substituent.3”53 Indeed, the RAFT-adduct radicals
bearing the phenyl, CH=CH,, C=CH, and C=N sub-
stituents are planar (or virtually planar), despite the
presence of the two SCHj groups. The radical bearing
the naphthyl group also has a small pyramidalization
angle (7.4°) but is not completely planar, due largely to
steric crowding.

Applying these ideas to the RSEs in Table 1, we first
note that the radicals bearing the unsaturated m-ac-
cepting substituents have large RSEs, but the RSEs are
typically less than one would expect by considering the
individual effects of the Z- and CH3S-substituents. With
the exception of the radical bearing the electron-
withdrawing CN-substituent (for which captodative
effects may be playing a role), the RSEs of the CH3SC--
(Z)SCHs3 radicals are less than the sum of the RSEs of
the *CHsZ and CH3SC*(H)SCH; radicals. As noted
previously, the stabilizing effect of these m-accepting
substituents is maximized when the radical center is
planar; however, this planarization of the radical center
reduces the stabilizing effect of the SCHj substituents
(which is maximized for a pyramidal radical center).
Indeed, the CH3SC*(Ph)SCH3 and CH3SC*(CH=CHy)-
SCH; radicals have RSEs that are slightly less than the
sum of the stabilizing effect of the Z-substituent and a
single SCH3 substituent; the CHsSC*(C=CH)SCHj; radi-
cal is 12.4 kJ mol~! more but still less than the sum of
the *CHsZ and CH3SC*(H)SCHjs radicals. The lower
relative stabilization in the phenyl and ethylene sub-
stituted RAFT-adduct radicals, as compared with the
ethynyl- and cyano-substituted species, is likely to be
the result of steric factors. The CH=C- and N=C-
substituents are both compact and linear and thus offer
negligible steric hindrance to the two SCHjs substitu-
ents, thereby allowing them to adopt the preferred
conformation for interaction of the lone pairs with the
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radical center (see Figure 1). In contrast, in the CHo=
CH- and phenyl-substituted radicals, a conformational
change is observed, with the bulkier Z-group forcing the
SCHj groups to angle away, thereby decreasing the
interaction of the sulfur lone pairs with the radical
center. Nonetheless, despite the diminished role of the
SCHj groups, the main observation from Table 1 is that
the RSEs for all of the radicals bearing unsaturated
m-accepting groups are very high, typically 40 kJ mol~!
higher than that of CH3SC*(H)SCHj3.

In contrast to the unsaturated z-accepting substitu-
ents, the substituents that stabilize a radical through
hyperconjugation have a negligible additional effect on
the stability of the RAFT adduct radical. This is because
the hyperconjugative effect is much weaker than the
effect of lone pair donation from a SCHj group, and as
a result, this effect dominates in the RAFT-adduct
radicals. As noted previously, lone pair donation leads
to puckering of the radical center, which in turn reduces
the overlap required for delocalization of the unpaired
electron into the z%- or pseudo-7*-orbitals of the Z-
group. The pyramidalization angle in the CH3SC*(CHj3)-
SCHj3 radical remains high (23.0°), confirming the
negligible role of hyperconjugative stabilization in this
system. Interestingly, the CH3SC*(CF3)SCH3 and CHs-
SC*(CHoPh)SCH3 radicals are marginally more stable
than CH3SC*(CH3)SCHj3 and have considerably smaller
pyramidalization angles (3.6 and 9.2°, respectively),
indicating that hyperconjugation may be playing a
minor role. In the case of the benzyl radical, this
planarization may be enforced by steric factors. Al-
though such steric effects might be expected to desta-
bilize (rather than stabilize) the radical, it must be
remembered that the RSE measures the stability of the
radical relative to its corresponding alkane (see Intro-
duction). In this case, the steric effects may destabilize
the corresponding alkane to a similar (or greater) extent
and cancel from the RSE, with the RSE reflecting only
the favorable effect of hyperconjugation on the stability
of the radical. In the case of the CF3 substituent,
however, the results are more intriguing. Normally, this
substituent destabilizes a radical, as the destabilizing
effect of o-withdrawal outweighs the hyperconjugative
stabilizing interactions with the $-C-F bonds. However,
in this case, the CF3 substituent marginally stabilizes
the radical, and it would appear that, in the presence
of the SCHj3 substituents, the stabilizing effect of the
hyperconjugation (which might be enhanced through a
captodative interaction with the donor SCHj substitu-
ents) is sufficient to counter the negative effect of the
o-withdrawal. Nonetheless, the differences in radical
stability are relatively small, and the main conclusion
that can be drawn from Table 1 is that the substituents
that stabilize a radical through weak hyperconjugative
interactions have a negligible additional effect on the
stability of the RAFT-adduct radical.

If we turn our attention to the f-scission enthalpies
in Table 1, we find that, although radical stability plays
arole in determining their values, other factors are also
important. Generally, the trends in the fragmentation
enthalpies follow the RSEs of the RAFT-adduct radicals.
Thus, the RAFT-adduct radicals with large RSEs (i.e.,
7 = naphthyl, phenyl, CH=CHsy, C=CH, and C=N) have
large 3-scission enthalpies, as compared to those having
small RSEs (i.e., Z = H, CHs, Bz). However, there are
some important exceptions to this. In particular, the
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radicals bearing the strongest lone pair donor Z-sub-
stituents have considerably smaller fragmentation en-
thalpies than should be expected on the basis of their
RSEs. For example, the Z = NHy radical is considerably
more stable (by 22 kJ mol~!) than Z = CHj but has a
considerably lower fragmentation enthalpy (by 29 kJ
mol~1). The Z = O-alkyl radicals also have very low
fragmentation enthalpies when compared with Z = CHsg,
despite having similar radical stabilities. In contrast to
the lone pair donor substituents, the RAFT-adduct
radicals bearing the strongest o-acceptor substituents
(Z = CF3, CN) have considerably larger fragmentation
enthalpies than should have been expected on the basis
of their radical stabilities. In the case of Z = CFj3, the
RAFT-adduct radical has a similar RSE to that for Z =
H; however, the fragmentation enthalpy is 18 kJ mol~!
larger. In the case of Z = CN, the RAFT-adduct radical
is slightly less stable than in the Z = CH=CH,; system;
however, the fragmentation enthalpy is larger by 17 kJ
mol 1.

It thus appears that the lone pair donor substituents
stabilize the thiocarbonyl compounds (relative to Z =
H), while the o-acceptor substituents destabilize the
thiocarbonyl compounds. This can be confirmed more
quantitatively via the following isodesmic reaction:

s s
| |

+ CHz—H ——> + CH;—2Z

o CHs c CH,

N w N 5)

Values of the enthalpy change for this reaction are
included in Table 1, from which it can be seen that the
reaction is strongly endothermic (by ca. 80—90 kJ mol~1)
for the RAFT agents with the strongest lone pair donor
Z-substituents (i.e., the Z = NHy, O-alkyl). These large
positive values indicate that the thiocarbonyl com-
pounds are considerably more stable than S=C(H)SCHs.
This adds further weight to the idea that the principal
effect of these lone pair donor substituents is to help
stabilize the S=C bond of the thiocarbonyl product of
fragmentation, through the contribution of the reso-
nance structures:1822:24-28,33-35
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In accordance with this notion, the charges on the
sulfur of the S=C bond are strongly negative (ca. —0.12
to —0.15) for these RAFT agents.’* The RAFT agents
with Z-substituents that are weaker donors (such as
CHs, CHyPh Ph, Cl, and CH=CH)y) are considerably less
stable than the xanthate (i.e., Z = O-alkyl) and dithio-
carbamate (i.e., Z = NHjy) RAFT agents but are still
more stable than S=C(H)SCHj; (typically by 30—40 kJ
mol1). In these cases, the sulfur center of the S=C bond
bears a small negative charge (ca. —0.03 in the case of
Z = CHj3),?* indicating that the resonance stabilization
of the S=C bond plays a smaller role in these cases.
Finally, the RAFT-agents with the strong o-acceptor
substituents (i.e., Z = CN, CF3) have negative enthal-
pies, indicating that they are less stable than S=C(H)-
SCH3, and in these cases, there is a small positive
charge on the sulfur center (ca. 0.07—0.9).5* It thus
appears that o-withdrawal actively destabilizes the C=
S bonds of the thiocarbonyl compounds and that o-ac-
ceptor substituents might thus be used to enhance the
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reactivity of the thiocarbonyl compounds for polymer-
izations involving relatively unreactive propagating
radicals.

Although the stability of the RAFT agents appears
largely to be governed by the electronegativity of the
Z-group, steric factors also play a role. In particular,
within the xanthate series, the stability of the RAFT
agent increases from Z = O-Me to O-iPr in accordance
with the increasing electron-donating ability of the
O-alkyl group but then decreases for the bulkiest
Z-substituent, Z = O-tBu. This is despite the fact that
this substituent is the strongest electron donor, and the
S center of the S=C bond bears the largest negative
charge for this system (the charges on sulfur are —0.126,
—0.129, —0.141, and —0.142 for O-Me to O-tBu, respec-
tively®*). As explained previously, it is this steric
destabilization of the thiocarbonyl compound that is
responsible for this system having the largest fragmen-
tation enthalpy within the alkoxy series. Steric factors
may also explain why the fragmentation enthalpy is
greater for the Z = naphthyl substituent, as compared
with the Z = phenyl substituent, despite the fact that
the RAFT-adduct radical is more stable in the latter
case. It seems that, in general, the steric effect of bulky
Z-groups is more pronounced in the RAFT agent than
in the RAFT-adduct radical; thus, the fragmentation
enthalpies for RAFT-adduct radicals bearing bulky
Z-groups might be expected to be smaller than should
be predicted on the basis of electronic factors alone.

In summary, the RAFT-adduct radicals CH3SC*(Z)-
SCH3 are generally very stable due to the presence of
two lone pair donor SCHj3 substituents. This stability
is further enhanced by Z-substituents that are unsatur-
ated m-acceptors, and in this regard, we predict that a
RAFT agent with a Z = CN substituent should be
extremely slow to fragment and might thus be suitable
in polymerizations featuring extremely stable propagat-
ing radicals. In contrast, lone pair donor Z-substituents,
which normally stabilize a radical, show a negligible
additional effect on radical stability, unless their sta-
bilization effect is very large to begin with (as in the
case of NHy). The steric effects of the Z-substituent can
also have an effect on the stability of the RAFT-adduct
radical, with the bulkier substituents inducing confor-
mational changes that interfere with the stabilizing
effects of the SCHj3 substituents. Nonetheless, these
effects appear to be relatively minor, and Z-substituents
that significantly destabilize the RAFT-adduct radical,
relative to Z = CHjs, have not as yet been identified. The
effects of substituents on the stability of the RAFT
agents are qualitatively different. In general, RAFT
agents are strongly stabilized by electron donating
substituents (such as OCHj3 or NH>) and destabilized
by o-withdrawing substituents (such as CN and CFj).
Moreover, steric effects appear to be more pronounced
in the RAFT agents than in the corresponding RAFT-
adduct radicals.

Effect of R. Examining the RSEs in Table 2, we note
that the effect of the R-group on the stabilities of the
RAFT-adduct radicals is much smaller than the effect
of the Z-substituent. In particular, if we consider the
monosubstituted R-groups (CH3CN, CHyPh, CHy-
COOCHj3;, CH,OCOCHg3, and CH2CHj), the RSEs range
from 61.1 to 63.7 kJ mol~! and are very close to that of
the corresponding R = CHj system (59.9 kJ mol~1). This
small variation occurs although the electronic properties
of the R-substituents vary quite considerably. The
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minimal effect of these R-substituents on the stability
of the RAFT-adduct radicals, as compared with the
effects of substituents in the Z-position, can in part be
explained by the physical location of the substituent.
In contrast to the Z-group, the R-group is not directly
attached to the radical center but is instead insulated
by an intervening sulfur atom. Moreover, the substitu-
ent that is being varied within the R-group is not
attached to the sulfur but instead to an intervening
carbon atom. As a result, there is no possibility for
conjugation between sz-systems of the substituents on
the R-group and the unpaired electron of the radical
center, and other types of direct orbital interactions
between the R-group and the unpaired electron should
either be weak or totally inhibited.

It is possible for the R-group to exert an indirect effect
on the stability of the RAFT-adduct radical by modifying
the electron donation ability of the SR group. In
particular, one would expect a strong sz-acceptor sub-
stituent such as CN to reduce the stability of the radical
by weakening the lone pair donation from the sulfur of
the SR group. Indeed, in the simpler X-CHsSCHy"
system, the inclusion of X = CN reduces the RSE by
7.8 kJ mol~1, relative to X = H.2? However, in the RAFT-
adduct radical, X-CH;SC*(CH3)SCH3, the same substi-
tution marginally stabilizes the radical (by 2.8 kdJ
mol~1). In both cases, the preferred conformation of the
radical features the CN substituent in the gauche
position with respect to the radical center (i.e., anti to
a lone pair on the sulfur). Since this position, which
maximizes the orbital interactions between the CN
substituent and the sulfur lone pair, is favored despite
the steric preference for the anti conformation, one
would conclude that the CN substituent is interacting
with the sulfur lone pair in both cases.

To explain the diminished effect of this interaction
on the stability of the RAFT-adduct radical, we recall
that, in radicals such as CH3SC*(CH3)SCHs, the stabi-
lizing effect of the two lone pair donor SCHj substitu-
ents is already considerably less than the sum of their
individual effects. This is because the interaction be-
tween the radical center and the lone pair of the sulfur
atom, although stabilizing, results in the unpaired
electron populating an antibonding orbital, higher in
energy than 2p(C¢). This increases the energy gap
between the unpaired electron and the lone pair of a
second donor substituent, thereby decreasing the pos-
sibility of a stabilizing interaction between them. Since
the extent to which the second interaction is weakened
depends on the strength of the first interaction, there
is considerable scope within the CH3SC*(CH3)SR radi-
cals for the stabilizing effect of the SCH3 group to
decrease or increase to compensate for a stronger or
weaker stabilization by the SR group. In other words,
it appears that the second SCHj3 substituent is buffering
the effect of the SR group on the radical stability. In
fact, the reduced stabilization from the sulfur lone pair
of the SR group is also buffered by a compensating
homo-anomeric interaction between the unpaired elec-
tron and pseduo-7* orbital of the S—R bond. These
orbital interactions, which have important implications
for the radical geometry and the strength of the S—R
bond, will be discussed in more detail below.

Although the monosubstituted R-groups do not ap-
pear to affect the stability of the RAFT-adduct radicals,
the RSEs increase significantly with the inclusion of
additional methyl substituents in the R-group. Thus, for
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example, the RSE of the disubstituted CH3SC*(CH3)S—
CH(COOCHj3)CH3 radical is 5.7 kJ mol~! higher than
that of the corresponding monosubstituted CH3SCe-
(CH3)S—CH;COOCH;3 radical; while that of the trisub-
stituted CH3SC*(CH3)S—C(CH3)2CN radical is 16 kJ
mol~! higher than that of the corresponding monosub-
stituted radical CH3SC*(CH3)S—CH3CN. Moreover, in
the CH3SC*(CH3)S—CXY(Ph) series, the inclusion of the
first methyl (i.e., CH3SC*(CH3)S—CH(CHj3)Ph), stabi-
lizes the radical by 6.3 kJ mol™! (relative to CHs-
SC*(CH3)S—CHyPh), while the inclusion of the second
methyl substituent (i.e., CH3SC*(CH3)S—C(CHjs)2Ph)
adds a further 4.7 kJ mol™! to the RSE. This methyl
substituent effect in the R-group appears to be relatively
systematic, independent of the other substituents in the
R-group. Moreover, this substituent effect occurs despite
the fact that, due to the presence of the second SCHjs
substituent, the monosubstituted R-groups have a neg-
ligible effect on the overall radical stability. On this
basis, it would appear the effect of the additional methyl
substituents on radical stability is largely steric in
origin. However, what is intriguing is that the radical
appears to become more (rather than less) stable as the
R-group becomes more bulky.

To understand this unusual effect, we recall from the
Introduction that the RSE measures the stability of a
radical X, relative to the corresponding closed-shell
compound, X—H. Thus, the increase in the RSEs of the
RAFT-adduct radicals R—SC*(CH3)SCH3 with increas-
ing bulk of the R-group, may reflect an increase in the
stability of the radical and/or a decrease in the stability
of the corresponding closed-shell compound (i.e., R—SCH-
(CH3)SCHs). In the present case, it seems likely that
the inclusion of the additional methyl substituents in
the R-group is actually destabilizing the reference
alkane, rather than stabilizing the RAFT-adduct radi-
cal. In support of this notion, we note that in the
R—SCHy* radicals, the inclusion of additional CHj
groups does not have a significant effect on radical
stability; the RSEs for the series R = CH3, CH,CHjs, CH-
(CHj3)g, and C(CH3)s being 40.7, 41.8, 41.6, and 41.4 kdJ
mol 1, respectively. As noted previously, simple molec-
ular orbital arguments suggest that the electronic
effects are expected to be larger in the R—SCHy
radicals, as compared with the RAFT-adduct radicals,
and for the monosubstituted R-groups this is indeed the
case. Hence, the absence of significant methyl substitu-
ent effects in the R—SCHy* RSEs suggests that the
methyl substituent effects in the RAFT systems are not
electronic in origin. In contrast, the steric effects in the
closed-shell species are expected to be smaller in the
R—SCHj; systems, as compared with the more crowded
R—SCH(CH3)SCHj; systems. Hence, the absence of a
significant methyl-substituent effect in the R—SCHa*-
RSEs is consistent with a steric origin for the substitu-
ent effects in the RAFT RSEs. In conclusion, based on
both molecular orbital arguments, and the results for
the monosubstituted RAFT-radicals and the R—SCHy-
systems, it appears that the R-group does not have a
significant effect on the inherent stability of the RAFT-
adduct radical. Instead, the trends in the RSEs for the
RAFT radicals are likely to be reflecting the steric
destabilization of the reference alkane, as the R-group
becomes more bulky.

Although the trends in the RSEs do not appear to be
associated with the stability of the RAFT-adduct radical,
similar trends are nonetheless observed in the enthal-
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pies of the -scission reactions in which the *CHj radical
is produced: CH3SC*(CHs3)SR — *CH3 + S=C(CHj3)SR.
We recall from Table 1 that the enthalpy for R = CHg
is 64.2 kJ mol 1. In contrast, the enthalpies in Table 2
for the monosubstituted R-groups are higher (68.0—80.2
kJ mol™1), and further increases (of 10—20 kJ mol~1)
are seen when additional methyl substituents are
included in the R-group. As with the RSEs, the trends
in the enthalpies reflect the relative stability of the
RAFT-adduct radical and a related closed-shell species,
in this case the thiocarbonyl compound. The increase
in fragmentation enthalpy with the increasing substitu-
tion of the R-group may reflect an increase in the radical
stability but may also indicate a decrease in the stability
of the thiocarbonyl compound. As argued previously, the
evidence suggests that the R-group is not significantly
affecting the stability of the RAFT-adduct radical; thus,
it would appear that the bulkier R-groups are instead
destabilizing the thiocarbonyl compounds.

These substituent effects on the stability of the
thiocarbonyl compounds are likely to be the result of
both steric and electronic factors. From an electronic
viewpoint, it must be remembered that the SR group is
an electron donor that contributes to the stability of the
thiocarbonyl compound via the contribution of the
resonance structures:

S S
R. .C > R

. 7
S CH,4 ‘é’ @

(9]

“CH3

The inclusion of the strong electron-withdrawing CHo-
CN group in the R-position reduces its electron donating
ability, leading to a reduced stability and hence a larger
fragmentation enthalpy (as compared with, for example,
the sterically similar CH2CHs R-group). In support of
this, we note that the charge on the sulfur center of the
S=C bond is slightly negative (—0.03) in the R = CHj3
or CHyCHj; systems but zero in the R = CH:CN
system.5* The inclusion of larger monosubstituted R-
groups (such as CHyPh, CH,COOCHj3, and CH2OCOCH3)
or additional methyl substituents in the R-group also
increases the fragmentation enthalpy relative to R =
CHj3 or CHyCHs. As in the case of the RSEs, these effects
are likely to be steric in origin with the additional
substituents destabilizing the closed-shell compounds,
more than the radicals. The steric effects are expected
to be larger in the thiocarbonyl compounds (as compared
with the radicals) because the relatively rigid S=C—S
m-system is less able to distort to reduce the through-
space nonbonding interactions.

The present results thus indicate that the R-group
does affect the stability of the RAFT agent; hence, it
seems that it is necessary to model the effects of this
substituent using realistic chemical models. As seen in
the present work, the replacement of the R' = CHs by
more realistic substituents leads to an increase in the
fragmentation enthalpy by as much as 25 kJ mol~1. As
a result, recent computational studies!?—2055 of RAFT
in which the R' group (in the more general RAFT
reaction, R* + S=C(Z)SR' — RSC*(Z)SR’) was modeled
using a CHj substituent may be underestimating the
equilibrium constant for the addition—fragmentation
reaction and overestimating the fragmentation rates.
It should be noted, however, that these errors serve only
to reinforce the conclusion from these previous stud-
ies17:19.20.55 that slow fragmentation of the RAFT-adduct
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radical is leading to rate retardation in certain cumyl
dithiobenzoate mediated RAFT systems. Nonetheless,
for the more general problem of predicting accurate
kinetic and thermodynamic parameters in RAFT po-
lymerization, it is clear that more sophisticated chemical
models are necessary. Although realistic (and hence
large) R’ groups would be desirable, this must be
balanced against the requirement of minimizing the size
of the system so as to allow for the use of accurate levels
of theory. The present results suggest that, except for
highly electronegative substituents (such as CN), the
decreased stability of the RAFT agents is largely as-
sociated with the steric bulk of the R'-group. On this
basis, it appears that models such as R = CH2CHjs or
CH>CH2CHj (for monosubstituted R' groups) or R’ =
CH(CHyg),, (for disubstituted R’ groups) may be sufficient
in the majority of cases. Further calculations to evaluate
the accuracy of such simplified chemical models in
specific polymerization systems are currently underway.

Turning our attention to the fragmentation reactions
in which the R* radical is liberated (i.e., CH3SC*(CH3)SR
— CH3SC(CH3)=S + R*), we note that the effect of the
R-group on the reaction enthalpies is now qualitatively
different. In these reactions, any steric interactions
between the R-group and the rest of the radical are
relieved by the fragmentation reaction; hence, the
increasing steric bulk of R should help to lower (rather
than increase) AH. Moreover, since the product radical
R’ is now varied, the stability of this radical should also
contribute to the trends in AH. Examining Table 2, we
note that in general terms, the R-groups that are larger
and/or stabilize radicals more have lower fragmentation
enthalpies. Thus, the lowest fragmentation enthalpies
occur for the R-groups bearing the radical stabilizing
CN or Ph substituents, and in most cases, the fragmen-
tation enthalpies decrease with the increasing substitu-
tion of the R-group. However, it is also clear that other
factors are contributing to the fragmentation enthalpies.
For example, the fragmentation enthalpies for the CN-
substituted leaving groups appear to be lower than they
should be on the basis of their steric and radical
stabilizing properties, a trend that has been noted
previously.20:23.28,32.36 Moreover, in the CH3SC*(CH3)S—
CXY(Ph) series, the inclusion of additional methyl
substituents marginally increases the fragmentation
enthalpy, despite the fact that (a) the R-group becomes
more bulky thereby increasing steric interactions in the
RAFT-adduct radical and (b) R* is a more stable leaving
group radical. Normally, these factors would be expected
to lead to a lowering in the reaction enthalpy.

To explain these seemingly anomalous trends, we
need to examine the effect of the R-group on the RAFT-
adduct in more detail. Although the monosubstituted
R-substituents do not appear to affect the overall
stability of the RAFT-adduct radical, they do have a
profound effect on the geometry of the radical and the
strength of the S—R bond. Examining first the geom-
etries, we note that in the CH3SC*(CH3)SCHj3 radical
(1), the two sulfur lone pairs contribute almost equally
to the stabilization of the unpaired electron, and this is
reflected in the minimum energy conformation of the
radical. In this conformation, the two S—CHj3 bonds are
distorted by similar amounts (47.1 and 34.6°) from the
SC-S plane; thus, both sulfur lone pairs can overlap with
the unpaired electron (see Figure 7a). Of course, the
overlap in each case is by no means perfect, as the
requirement for maximum overlap is balanced by other
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Figure 7. Effect of the R group in CH3SC-(CH3)SR radicals.

factors (such as steric considerations); indeed, as ex-
plained previously, neither substituent contributes the
same stabilizing effect it would have contributed in
isolation. In the CH3SC*(CH3)SCH2CN radical (16), the
p-type lone pair of the sulfur atom in the CH3S group
contributes a greater stabilizing interaction with the
unpaired electron than the sulfur lone pair on the SCHo-
CN group, and this results in a very different confor-
mational arrangement. In particular, the CH3SC*(CHs3)S
fragment of the radical is virtually planar and in a cis
conformation, while the S—C bond of S—CH3CN group
is angled at 73.4° to the SC*S plane. This conformation
maximizes the overlap of the CH3S sulfur lone pair with
the unpaired electron at the expense of the SCHoCN
lone pair (see Figure 7b), reflecting the increased
stabilization from the former lone pair and the reduced
role of the latter.

The conformations of the radicals bearing the other
monosubstituted R-groups (i.e., R = CHoX in CH3SC--
(CH3)SR) generally fall into the broad spectrum covered
by the contrasting X = H and X = CN cases. For
instance, the interaction between the X = CHjs substitu-
ent and the sulfur lone pair is weak, and as a result, in
this radical (24) both the S—CHj3 and the S—CH2X bonds
are distorted from the SC°S plane by similar amounts
(42.9 and 38.8°). In other words, the conformation of the
radical resembles that of the X = H case. In contrast,
the X = Ph substituent can act as both a w-acceptor and
a m-donor and can thus interfere weakly with the
donation ability of the sulfur atom. The conformation
of this radical (18) is thus intermediate to those of the
X = H and X = CN systems, with the S—CHX bond is
orientated at 63.7° to the SC*S plane and the S—CHj
bond at 28.8°. An intermediate conformation is also
observed for the X = OCOCHj3 substituted radical (23),
with the S—CHoX and S—CHjs bonds making angles
with the SC*S plane of 73.4 and 14.7°, respectively. It
should be noted that, although normally regarded as a
net electron donor, the X = OCOCHj3 substituent acts
as an electron acceptor in this context, reducing the
electron donation ability of the adjacent sulfur lone pair.
This is because the X-group is not conjugated with the
sulfur atom, and as a result, its o-accepting properties
outweigh its m-donation properties. The radical bearing
the X = COOCHj3; (21) group shows somewhat unusual
behavior. The X = COOCHj3; substituent is a moderate
electron acceptor, and in this radical (21), the S—CH2X
bond is oriented at 53.1° to the SC*S plane, intermediate
to the X = CN and X = H cases. However, in contrast
to the other electron accepting X-groups, the S—CHj
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bond in this radical is also significantly distorted from
planarity (by 46.7°). This distortion occurs as the result
of intramolecular H-bonding. As the S—CHj3 bond angle
with the SC*S plane increases, the distance between the
carbonyl oxygen and a hydrogen atom on the S—CHj3
group diminishes (to 2.593 A), resulting in an increased
H-bonding interaction that counteracts the decreased
stabilization of the unpaired electron.

These conformational changes to the RAFT-adduct
radical CH3SC*(CH3)S—CHoX when electron withdraw-
ing X-groups are introduced in turn affect the strength
of the S—CHsX bond. Returning to Figure 7, we recall
that, in the R = CHj case (A), both sulfur lone pairs
overlap with the unpaired electron, reflecting their
approximately equal roles in stabilizing the radical
center. In case B, when an electron withdrawing X-
group is introduced, the electron donating ability of the
adjacent sulfur atom is diminished, and this leads to a
conformational change in which the 2p(S) lone pair of
the S—CHyX sulfur substituent is almost perpendicular
to 2p(C*) and has little or no overlap with these orbitals.
From Figure 7B, it is seen that, in this geometry, the
S—CHX bond is almost antiperiplanar with the 2p(C*)
orbital of the radical center. The stability of this
arrangement can be explained in terms of a homo-
anomeric type interaction.?® In molecular orbital terms,
the electron withdrawing X groups (CN, Ph, ...) have
the effect of lowering the energy of the pseudo-7*-orbital
of the S—CHsX bond. At the same time, the increased
donation of the lone pair of the SCH3 group raises the
energy of the unpaired electron sufficiently for it to
interact with the pseudo-7*-orbital of the S—CH2X bond.
As a result, a weak captodative-type stabilization is
possible, in which the SCH3 group acts as the electron
donor, and the pseudo-*-orbital of the S—CHX bond
acts as the m-acceptor. This homo-anomeric interaction
contributes to the preference for the perpendicular
geometry, as depicted in Figure 7B. Although stabiliz-
ing, this interaction comes at the expense of the lone
pair donation from SCHyX, and the net effect on the
overall radical stability is negligible in the monosub-
stituted systems. However, the introduction of electron
density into the (antibonding) pseudo-z*-orbital of the
S—CH2X bond weakens this bond. This is clearly evident
in the respective S—CHyX and S—CHjs bond lengths. For
instance, in the X = CN substituted radical, the S—CHo-
CN bond length is 1.891 A, whereas the opposite S—CHj3
bond is only 1.823 A. In contrast, in the X = CHj case,
the homo-anomeric effect is much weaker and the
respective S—CH2X and S—CHj3 bond lengths are much
closer (at 1.849 and 1.831 A). The X = Ph radical shows
intermediate behavior, and in this case the bond lengths
are 1.886 and 1.828 A.

Applying these ideas to the fragmentation enthalpies,
we first note that the CH2CN group should fragment
more easily than might be predicted on the basis of
radical stabilization and steric arguments. The CHoPh
group should also fragment easily but, if all other factors
were equal, should have a higher fragmentation en-
thalpy than the CH3CN group. Of course, all other
factors are not equal as the *CHyPh radical is consider-
ably more stable than *CH3CN, the respective RSEs
being 58.9 and 31.9 kJ mol~! (see Table 3). Nonetheless,
the fragmentation enthalpy for the R = CH2CN system
is only 5.5 kJ mol~! higher than that of the R = CH;Ph
system, despite the product R* radical being 30 kJ mol~!
less stable in the former case. It should also be noted
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that, under the same reasoning, the CHs group should
fragment least easily from the CH3SC*(CH;3)SCH2CN
radical, more easily from the CH3SC*(CH3)SCHsPh
radical and most easily from CH3SC*(CH3)SCH2CHs,
and this is indeed the case. This relative strengthening
of the CH3—S bond, at the expense of the S—R bond,
may thus contribute to the trends in the fragmentation
enthalpies for the loss of the consistent CHs group.

It should also be noted in passing that the homo-
anomeric effect not only promotes fragmentation by
injecting electron density into the antibonding orbital
of the breaking S—R bond, it also sets up the necessary
alignment of orbitals for the formation of the C=S bond
in the thiocarbonyl product of fragmentation. As out-
lined previously, as the S—R bond assumes a more
perpendicular orientation, the S—CHjs bond assumes a
more planar (and cis) arrangement with the future C=
S bond, geometrically similar to the final thiocarbonyl
product. Moreover, the alignment of the 2p(C*) orbital
with the S—R bond can promote fragmentation since it
facilitates the formation of the C=S n-bond. As a result,
one would predict that the kinetics of fragmentation
should also be favored by this homo-anomeric effect;
thus, the R-groups bearing electron withdrawing sub-
stituents such as CN should fragment faster than would
otherwise be predicted on the basis of steric and radical
stabilization considerations.

The seemingly anomalous effects of methyl substitu-
tion in the CH3SC*(CH3)S—CXY(Ph) series can also be
rationalized in terms of the relative strengths of the
breaking S—R bonds. When additional (electron-donat-
ing) methyl substituents are included in the R-group,
these counteract the energy lowering effect of the
electron-withdrawing X-substituents on the pseudo-*-
orbital of the S—R bond. Therefore, the electron accept-
ing ability of this orbital is reduced, and the homo-
anomeric effect weakens. At the same time, the electron
donating ability of the adjacent sulfur atom is increased,
and it is able to contribute more significantly to the
stabilization of the unpaired electron. As a result of
these factors, together with the increased steric interac-
tions, the radical twists, adopting a geometry again
approaching that of CH3SC*(CH3)SCHs. Because less
electron density is promoted into the (antibonding)
pseudo-7*-orbital of the S—R bond, this bond is unex-
pectedly strengthened despite the increasing steric bulk
of the R-group. This effect is seen most clearly in the
CH3SC*(CH3)SCXYPh series of radicals. In the benzyl-
substituted radical (i.e., X =Y = H), the S—R bond and
the plane of the phenyl ring is almost perpendicular to
the SCXYPh bond and parallel to the SC-S plane. In
this conformation, electron density from the pseudo-7*-
orbital of the bond can be delocalized onto the aromatic
ring, and the homo-anomeric effect is enhanced. How-
ever, with the inclusion of the additional methyl sub-
stituents at X and Y, the CXYPh group twists, and the
S1—Cy—C3—C4 dihedrals (see Figure 8) increase from 99°
(X=Y=H), to108° (X =H, Y = CHj3) and 123° X =
Y = CHj). Because less electron density is accepted into
the antibonding orbital of the S—CXYPh bond, it
strengthens, and this counters the steric destabilization
of the RAFT-adduct radical. As a result, the fragmenta-
tion enthalpies marginally increase from CHyPh to
C(CHj3)oPh. Similar arguments can also be used to
rationalize the relatively small decrease (by 6 kJ mol~1)
in fragmentation enthalpy from CH3CN to C(CHj3)2CN,
despite the 27 kJ mol ! increase in the stability of the



Macromolecules, Vol. 38, No. 4, 2005

S/CHS
. Z=CH,
,—C- / X=Y=H $,C,C5C, = 99°
\. _c X=CH;.Y=H $,C,C5C, = 108°
S1/ 2§Y X = Y = CH3 SIC2C3C4 = 1230
c -
V3 Z =Ph
HeY X=Y=H $,C,C3Cy = 97°
| X=CH;.Y=H $,C,C5Cy = 101°
N X =Y =CH, $,C,C5C, = 122°

Figure 8. Dihedral angles in selected RAFT-adduct radicals.

leaving group radical. The additional methyl substitu-
ents reduce the interaction of the pseudo-7*-orbital with
2p(C*). As a result of this weakened homo-anomeric
interaction, less electron density is promoted into the
pseudo-*-orbital of the S—R bond, its antibonding
character is reduced, and the S—R bond strengthens.
This strengthening of the S—R bond helps to counter
the increased stability of the leaving radical, and as a
result, the decrease in fragmentation enthalpy is only
marginal.

Another factor affecting the fragmentation enthalpies
for some of the systems is the potential for hydrogen
bonding interactions. In the RAFT-adduct radicals
bearing carbonyl substituents (i.e., R = CH,COOCHj3,
CH(CH3)COOCHs3, and CH2OCOCH3), the carbonyl
oxygen can undergo hydrogen bonding with hydrogens
on the CH3 Z-group of the RAFT-adduct radical. These
interactions are of course disrupted by the fragmenta-
tion of the R group, and this contributes an enthalpy
raising influence that depends on the strength of the
disrupted H-bond. In the present systems, the H-
bonding appears to be strongest for the radical bearing
the model vinyl acetate leaving group (R = CHy-
OCOCHgs, 23), as is evident in the short O-:*H bond
length (2.601 A), and this contributes to the high
fragmentation enthalpy for this system. The H-bonding
is weaker in the radicals bearing methyl acrylate-type
leaving groups (R = CH2COOCHj3;, 21, and CH(CHj)-
COOCHs3, 22), the O--H bond lengths being 3.325 and
2.924 A, respectively. This, together with the greater
stability of the leaving group radicals, contributes to the
lower fragmentation enthalpies in these cases. Within
this series, the strongest bond occurs for the bulkier
methyl substituted system (22), the close proximity of
the carbonyl oxygen and CHjs Z-group probably being
enforced by steric factors. This stronger H-bonding
interaction contributes an enthalpy raising influence,
and as a result, the enthalpy decreases only marginally
on methyl substitution of the R-group, despite the large
increase in the stability of the leaving R* radical.

In summary, the effects of the R-group on the frag-
mentation reaction consist of a complicated interplay
of steric and electronic effects. Although the study
generally confirmed the earlier suggestions that frag-
mentation is favored by R-groups that are either bulky
and/or stable as radicals, other subtle yet important
effects were also identified. In particular, it was seen
that the R-group is able to modify the ability of the
neighboring sulfur atom to stabilize the radical center.
This in turn may lead to a compensating interaction
between the lone pair of the second sulfur substituent
(i.e., SCHj) and the unpaired electron. This results in a
conformational change in the radical and facilitates a
homo-anomeric interaction between the unpaired elec-
tron and antibonding orbital of the S—R bond. The net
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result is that, although the inherent stability of the
RAFT-adduct radical is not significantly affected, one
of the breaking S—R bonds is weakened at the expense
of the other. It was also seen that, through inducing
conformational changes in the radical, bulky R-groups
could interfere with these orbital interactions, and this
often resulted in an unexpected strengthening of the
breaking bond and thus an increase in the enthalpy of
fragmentation. It was also seen that bulky and electro-
negative R-groups do affect the stability of the RAFT
agent; hence, these effects have to be taken into account
in quantitative computational studies of RAFT polym-
erization.

Effect of R and Z Acting in Combination. Having
examined the isolated effects of the R- and Z-substitu-
ents, we are now in a position to examine the unusual
synergistic effects that occur when various combinations
of R- and Z-substituents are used. As a preface to this
study, we first note that, owing to the large size of the
systems, the fragmentation enthalpies and RSEs pro-
vided in Table 4 are reported at the (lower) RMP2/6-
311+G(3df,2p) level of theory. In the assessment study
presented previously, it was found that this level of
theory should be reasonably reliable, provided that the
leaving group radical does not bear a phenyl substitu-
ent. Moreover, the errors at this level of theory seem to
be largely associated with the R-group; hence, this
method should provide excellent relative values of the
fragmentation enthalpies in comparisons in which the
R-group is held constant and the Z-group is varied. In
contrast, comparisons in which the R-group is varied
while the Z-group is held constant may be less reliable
at this level of theory. Hence, in the present work, we
restrict these latter types of comparisons to situations
(such as the series R = CHyPh, CH(CH3)Ph, and
C(CHj3)oPh series) in which the set of leaving group
radicals are closely related to one another.

Among reaction enthalpies provided in Tables 1, 2,
and 4 are the enthalpies for the reactions CH3SC*(Z)SR
— CH3SC(Z)=S + °R, with all possible combinations of
7 = CHg, Ph, and CHQPh and R = CH3, CHzPh, CH2-
COOCH3;, and C(CH3)2CN. On the basis of these values,
we can calculate that changing the Z-substituent from
CHs to Ph leads to an increase in fragmentation
enthalpy by 28.8 (R = CHzs), 30.6 (R = CHzPh), 22.8 (R
= CH;COOCHS3), or 30.0 (R = C(CH3)2CN) kJ mol L.
From these values, it will be seen that this Z-substituent
effect is relatively independent of the R-group, even
when the bulky C(CH3)2CN substituent is considered.
However, the one exception to this is the R = CHs-
COOCH3; system, for which the phenyl substituent effect
is smaller by 6—8 kJ mol~1. As noted previously, in the
7. = CHj system, H-bonding (between hydrogens on the
CHj3 Z-group and the carbonyl oxygen) may be playing
a role, with the loss of H-bonding upon fragmentation
contributing to an increased enthalpy. Of course, in the
7Z = phenyl system, these hydrogens are no longer
available for hydrogen bonding, and this enthalpy
raising influence is removed. This loss of H-bonding
between the Z = CH3 and Z = phenyl systems counters
some of the enthalpy increase arising from the greater
stabilization of the RAFT-adduct radical. In support of
this notion, we note that the CH,COOCH3 substituent
exerts a similar synergistic effect in the Z = benzyl
systems. For these systems, changing the CHg Z-group
to a benzyl increases the fragmentation enthalpy by 7.1
(R = CHj), 4.0 (R = CH2Ph), or 5.9 (R = C(CH3)2CN)



1430 Coote and Henry

kJ mol~! for the other R-groups but has no effect in the
R = CH3COOCHj3; system. As seen in Figure 4, the
presence of the bulky benzyl group in the Z-position of
the CH3SC*(CH2Ph)SCH;COOCHS3 radical (41) forces
the carbonyl group to angle away from the Z-group,
preventing the H-bonding interaction. Whereas the loss
of H-bonding on fragmentation contributes an enthalpy
raising influence in the Z = CHjs system, this influence
is absent in the Z = benzyl system, and the enthalpy
increase on changing Z = CHj to Z = benzyl is thus
diminished (as compared to radicals bearing non-H-
bonding R-groups).

H-bonding also plays a role in the systems bearing
the model vinyl acetate leaving groups (i.e., R = CHp-
OCOCHs3); however, in these systems the synergistic
effects are more complicated. We first note that within
the Z = OMe, OEt, OiPr, and OtBu series, the effect of
the Z-group on the reaction enthalpy is relatively
independent of whether the R-group is a CH3 substitu-
ent or a CH,OCOCHj3 substituent. However, the effect
of changing the Z-group from a CHs substituent to a
OCHj3 group does vary according to the R-group; the
enthalpy decreasing by 38.8 kJ mol~! when R = CHj
but by 46.6 kJ mol~! when R = CH;OCOCHj;. Put
another way, changing the R-group from CHjs to CHo-
OCOCHjs; increases the fragmentation enthalpy by 14.7
kJ mol~! when Z = CHj3 but only by 6.9 kJ mol~! when
7Z = OCHs. What is intriguing about these results is that
while H-bonding is lost upon fragmentation of the CHs-
OCOCH; group from both CH3SC*(CH3)SCH;OCOCH;3
and CH3SC*(OCH3)SCH3;OCOCHSs3, the loss of H-bonding
should have been more (rather than less) important in
the Z = OCHj; system. This is because in this radical
there are two hydrogen bonds between the R- and the
Z-group in the Z = OCHj system: the bond between the
carbonyl oxygen and a hydrogen on the methoxy Z-group
(2.428 A) and a second bond between the methoxy
oxygen and a hydrogen on the CH; fragment of the CHz-
OCOCH;3 R-group (2.498 A). This second bond is of
course absent in the Z = CHjs system. Moreover, the
hydrogens on the CHj Z-group would be expected to be
less acidic than their methoxy counterparts; thus, their
H-bonding interaction is likely to be weaker. (Indeed,
the H-bonding distance in this system is longer, being
2.601 A.)

The synergistic effect of the Z- and R-groups on the
fragmentation enthalpies in the xanthate-related sys-
tems appears instead to arise in the radical stabilities.
At the RMP2/6-311+G(3df,2p) level of theory, the RSEs
for the R = CHj systems are 57.0 (Z = CHj3) and 55.3 (Z
= OCHj3) kJ mol~!, while in the R = CH,OCOCHj;
systems, they are 61.4 (Z = CHs) and 47.4 (Z = OCHs)
kJ mol . In other words, in the presence of a methyl
R-group, changing the Z-group from methyl to methoxy
has a minimal effect on radical stability, but in the
presence of the CH,OCOCH;3 R-group, the same change
decreases the radical stability by 14 kJ mol~!. This
decline in radical stability outweighs the additional
H-bonding interactions, thereby enabling the radical to
fragment more easily. Although this explains the frag-
mentation enthalpies, these substituent effects on radi-
cal stability are somewhat counterintuitive. As dis-
cussed previously, the radical stabilizing properties of
the CHs and OCHj3 substituents in isolation are mark-
edly different, the electron donating OCHjs group pro-
viding greater stabilization than the CHg group. How-
ever, in the RAFT-adduct radicals of the form CH3SC*(Z)-
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SCH3s, the stabilizing effect of electron donation is
diminished by the presence of the two S—R substituents;
hence, the RSEs for the Z = CH3 and Z = OCHj3 radicals
are very similar. Likewise, in isolation, the R-group is
capable of modifying the ability of the SR-group to
stabilize the unpaired electron. However, in the RAFT-
adduct radicals of the form CH3SC*(CHj3)SR, this does
not affect the radical stability because the stabilization
from the other CH3S substituent can increase or de-
crease in compensation. It is therefore remarkable that,
although neither of the OCHj Z-substituent or the CHo-
OCOCHj; R-substituent significantly affects the stability
of the RAFT-adduct radical in isolation, in the combina-
tion they significantly destabilize the radical. Moreover,
the effect is unlikely to be the result of simple steric
crowding, as this should have been more significant in
the reference closed-shell species (and hence the RSE
would then have increased rather than decreased). The
decline in radical stability may be related to the
increased o withdrawal (acting on the electron deficient
radical center) when both the OCHj3 Z-substituent and
the CH2OCOCHj3; R-substituent is present. In this
regard, we note that the total charge on the radical
center (which of course is the sum of the ¢ and
m-charges) is slightly less negative in the CHs-
SC*(OCH3)SCH2OCOCH;3 radical (—0.084) as compared
to the CH3SC*(OCHj3)SCH3 radical (—0.105). Normally,
these o-withdrawing substituents stabilize a radical
because the o withdrawal is counteracted by increased
lone pair donation but, as seen in the present work, the
effects of lone pair donation diminish in the presence
of the other lone pair donor substituents; hence, o
withdrawal becomes more important.

Another unusual synergistic effect is seen in the R =
CHyPh, CH(CH3)Ph, and C(CHj3)2Ph series. When Z =
CHs, the fragmentation enthalpies (for loss of the R*
radical) are relatively constant as the R-group is varied.
As noted previously, this is the result of competing
factors. On one hand, the increasing stability of the
leaving R* radical contributes an enthalpy lowering
influence. On the other hand, the increasing methyl
substitution of the R-group reduces the electron with-
drawing effect of the phenyl and distorts the radical
geometry in such a manner that the S—R bond becomes
less aligned with the 2p(C*), and the plane of the phenyl
ring in the leaving CXYPh group becomes less perpen-
dicular to the S—R bond. As a result, the homo-anomeric
interaction between the pseudo-z7*-orbital of the break-
ing S—CXYPh bond and unpaired electron diminishes.
Since less electron density is promoted into the anti-
bonding orbital of this bond, it is strengthened. In the
Z = Ph systems, these competing factors should also
apply, and in this regard, we note that the S;C2C3C4
dihedrals are very similar between corresponding Z =
CHj and Z = phenyl systems (see Figure 8). However,
unlike the Z = CHjs systems, in the Z = phenyl systems,
the R-group has a somewhat unusual effect, with the
change from R = CHyPh to R = CH(CH3)Ph significantly
increasing the fragmentation enthalpy (by 10.9 kJ
mol~!) but decreasing the radical stability (by 9 kJ
mol~1). In contrast, changing from R = CHyPh to R =
C(CHj3)oPh increases the radical stability (by 6.8 kJ
mol™!) and fragmentation enthalpy (by 3.1 kJ mol™1)
only marginally (in a manner similar to the Z = CHj
systems).

Thus, in the presence of the phenyl Z-substituent, the
1-phenylethyl group both destabilizes the radical and
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increases the fragmentation enthalpy. This unusual
behavior arises in a sterically induced conformational
change in the RAFT-adduct radical. In the R = benzyl
system, the radical center is virtually planar (the
pyramidalization angle is 1.2°), allowing the unpaired
electron to delocalize onto the aromatic ring of the
Z-group. However, when R = 1-phenylethyl, steric
interactions cause the radical center to pyramidalize
slightly (the angle becomes 8.8°), reducing the radical
stabilization associated with the phenyl Z-group. As a
result, the RSE decreases. When the extra methyl group
is added (i.e., R = cumyl), the geometry is pyramidalized
in both directions, and as a result, the planarity of the
radical center is restored (the angle is 1.6°), and the
stability of the radical increases again. By lowering the
energy of 2p(C*), this pyramidalization of the radical
center would be expected to diminish the homo-ano-
meric effect more significantly in the R = 1-phenylethyl
system, as compared to the R = benzyl and R =cumyl
systems. As the homo-anomeric effect is diminished, less
electron density is promoted into the antibonding orbital
of the S—R bond. As a result, although the radical is
destabilized as a whole, the S—R bond is again unex-
pectedly strengthened, resulting in an increase (rather
than the expected decrease) in the fragmentation en-
thalpy.

It should be stressed that, in general, the Z- and
R-substituent effects are relatively independent of one
another. However, there are some important exceptions.
In particular, the presence of bulky R- and Z-groups can
lead to sterically induced conformational changes in the
radical, which can in turn affect its stability and also
the strength of the breaking S—R bond. In addition,
when the R-substituent contains a carbonyl group (as
in model methyl acrylate or vinyl acetate leaving
groups), intramolecular H-bonding interactions may
occur, and these will depend on the nature of the
Z-group. It was also seen that combinations of lone-pair
donor/o-withdrawing substituents can (marginally) de-
stabilize the RAFT-adduct radical, as the stabilizing
effect from the lone pair donation becomes increasingly
less important as the o destabilization becomes more
important. This effect may be contributing to the
effectiveness of xanthates in controlling vinyl acetate
polymerization.

4. Conclusions

In the present work, we have reported the radical
stabilization energies for a wide variety of model RAFT-
adduct radicals (CH3SC*ZSR) and analyzed these effects
on radical stability in terms of simple molecular orbital
and steric considerations. The results have been com-
bined with the corresponding enthalpies of fragmenta-
tion (i.e., CH3SC*ZSR — CH3SC(Z)=S + °R and CHs-
SC*ZSR — *CHj3 + S=C(Z)SR), to interpret the dramatic
effects of substituents on addition—fragmentation in the
RAFT process. Although the substituent effects are the
result of a complicated array of factors, they can be
relatively easily understood in terms of the key orbital
interactions between the donor SR-groups and the
Z-group and the impact of these interactions on the
geometry of the radical and the strength of the breaking
S—R bonds. Steric effects can play a major role in
disrupting these interactions, which can in turn have
some unexpected consequences. Some of the main
findings of the study are as follows. (A simplified
summary is also provided in Figure 9.)
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Figure 9. Principal substituent effects on the addition—
fragmentation equilibrium.

The stability of the RAFT-adduct radical (CH3SC*(Z)-
SR) is dominated by lone pair donation from the two
sulfur substituents. These substituents strongly stabi-
lize the radical, and as a result, it appears to be difficult
to design unstable RAFT-adduct radicals. The sulfur
substituents also minimize the electronic effect of the
R-group on radical stability, and the stabilizing effect
of the lone pair donor Z-groups (such as Cl, OCHgs, and
NHz). However, the stability of the RAFT-adduct radical
can be further enhanced by unsaturated s-accepting
Z-substituents (such as phenyl, naphthyl, and CN), and
RAFT-adduct radicals bearing such substituents are
predicted to be relatively long-lived species. The steric
properties of the Z- and R-substituents can also have
an effect on the stability of the RAFT-adduct radical,
with the bulkier substituents inducing conformational
changes that interfere with the stabilizing effects of the
SCH3 substituents.

The stability of the RAFT agent (S=C(Z)SR) is
strongly enhanced by lone pair donation from the
Z-group (as in the xanthates and dithiocarbamates) and
strongly diminished by o withdrawal (as in the RAFT
agents bearing Z-substituents such as CN or CFj).
Electron-withdrawing R-groups such as CH2CN can also
destabilize the RAFT agent by reducing the electron
donation from the SR group. The steric effects of the R-
and Z-groups are more pronounced in the RAFT agent,
as compared with the corresponding RAFT-adduct radi-
cal. As a result, bulky groups tend to destabilize the
RAFT agent, relative to the RAFT-adduct radical, and
thus increase the fragmentation enthalpy.

Although the fragmentation enthalpies are largely
governed by the (radical) stabilities of the RAFT-adduct
radical and leaving group radicals and the stabilities
of the product RAFT agents, the strength of the break-
ing S—R bond is also an important factor. It was found
that, although the R-group did not significantly affect
the overall stability of the RAFT-adduct radical, it did
affect the relative strengths of the CH3—S and S—R
bonds. In essence, when the R-group modifies the
donation ability of the sulfur substituent, the SCHjs
increases or decreases the strength of its stabilizing
interaction with the unpaired electron in compensation.
This results in a conformational change in the radical,
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which (for the substituents considered in the present
work) renders the R-group a more effective leaving
group and the CHjs group a less effective leaving group.
An unexpected consequence of these interactions is that
bulky R-groups, which can cause conformational changes
that interfere with these orbital interactions, can some-
times strengthen the breaking S—R bond, despite
destabilizing the radical as a whole.

From a practical point of view, this study suggests
that significantly destabilizing the RAFT-adduct radical
(as compared with Z = CHj3) may be difficult without
moving to non-RAFT systems, such as S=P analogues.
However, where necessary, s-accepting substituents
such as phenyl, naphthyl, or CN can be used to stabilize
the RAFT-adduct radical. The use of lone pair donor
substituents, which have already been exploited in the
form of xanthates and dithiocarbamates for vinyl ac-
etate polymerization, stabilize the S=C bond and thus
help to increase the fragmentation of poor leaving
groups. At the other extreme, for relatively stable
propagating radicals, the C=S bond of the RAFT agent
can be destabilized using o-withdrawing Z-substituents,
such as CN and CF3, with the latter substituent
predicted to provide an excellent, nonretarding RAFT
agent for such cases.
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