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Abstract

The continuous development of more active and stable catalysts in atom transfer radical polymerization (ATRP) has increasingly
required a thorough knowledge of concurrent electron transfer reactions that can affect catalyst performance. Special attention is pro-
vided in this short review to such processes, including disproportionation, most pronounced in Cu-mediated ATRP, the reduction of
radicals to carbanions or oxidation to carbocations, and radical coordination to the metal catalyst resulting in the interplay of controlled
radical polymerization mechanisms.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the initial discovery of atom transfer radical poly-
merization (ATRP) 10 years ago, [1,2] materials research
employing this technique has witnessed explosive growth
and development [3–5]. Fundamental studies of the ATRP
mechanism and components (illustrated in Scheme 1) have
ultimately allowed for the synthesis of a vast array of poly-
meric products with controlled compositions, topologies,
functionalities, and microstructures [6–10]. The full poten-
tial of this synthetic technique continues to be realized as
current mechanistic research pushes the limits of ATRP
in terms of decreasing catalyst concentration, increasing
polymer molecular weight, extending the application of
ATRP in protic and aqueous media, and expanding the
range of polymerizable monomers [11,12].

In many cases, achieving these goals requires the devel-
opment of more powerful catalysts that can appropriately
shift the ATRP equilibrium in Scheme 1 from the dormant
alkyl halide and transition metal activator (MtzLm) to the
actively propagating alkyl radical and transition metal
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deactivator (XMtz+1Lm) [13]. Much research has focused
on developing novel nitrogen-based ligands for Cu com-
plexes in an effort to adjust the redox potential of the cat-
alysts, and in turn, affect the position of the ATRP
equilibrium (vide infra) [14–17]. Additionally, the range of
transition metals employed in ATRP continues to be
expanded in the search for more powerful catalysts and
now includes Ti, [18] Mo, [19–22] Re, [23–25] Ru, [2,26–
32] Fe, [33–41] Rh [26,42–45], Ni, [43,46–53] Pd, [54] Co,
[55] Os, [56] and Cu [1,6,15,16,57–68]. As more catalysts
are developed, their successful application will not only
depend on a thorough understanding of the ATRP mecha-
nism; knowledge of side reactions, particularly those
involving electron transfer that can dramatically affect
the outcome of the polymerization, will also be of key
importance. This short review focuses primarily on three
concurrent reactions involving electron transfer that may
occur in metal catalyzed ATRP (Fig. 1; E is the redox
potential of the couple shown in parentheses): (i) dispro-
portionation of the ATRP activator (most common but
not limited to Cu complexes), (ii) oxidation or reduction
of organic radicals to carbocations or carbanions, respec-
tively, and (iii) radical coordination to the ATRP catalyst.
The main focus of this review will be Cu-mediated ATRP
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ii) Redox Reactions with Radicals

iii) Formation of Organometallic Species

i) Disproportionation

Mtz+1Lm +  R   MtzLm + R E(MtLm
z+1 / MtLm

z) > E(R / R )

MtzLm +  R  Mtz+1Lm +  R   E(MtLm
z+1 / MtLm

z) < E(R / R )

MtzLm +  R  R-Mtz+1Lm

2 MtzLm Mtz+1Lm +  Mtz-1Lm E(MtLm
z / MtLm

z-1) > E(MtLm
z+1 / MtLm

z)
Kdisp

*

Fig. 1. Possible concurrent reactions involving electron transfer in ATRP.
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Scheme 1. ATRP mechanism.
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but examples with other metal complexes will be provided
where appropriate.

It was proposed [69] that the overall atom transfer equi-
librium can be viewed as a combination of four simpler
reversible reactions: (i) oxidation of the CuILm complex
(characterized by the equilibrium constant of electron
transfer KET), (ii) reduction of a halogen atom to a halide
ion (electron affinity KEA of X), (iii) C–X bond homolysis
(KBH), and (iv) association of halide ion to CuIILm (termed
halogenophilicity KX) as shown in Scheme 2 and Eq. 1.

Although most RuII complexes are less reducing than
CuI compounds, [70] their activity as ATRP catalysts are
comparable. Scheme 2 suggests this may be attributed to
a higher affinity of RuIII complexes towards halide ions
compared to CuII (i.e., larger association constant KX).
The higher KX value would compensate for the smaller
value of KET and would lead to an acceptable catalytic
activity of RuII in ATRP.
R-X   +   CuILm

kact

kdeact
R + XCuIILm

Contributing Reactions

CuILm CuIILm + e

X + e X

R-X R + X

X+CuIILm XCuIILm

KET

KEA

KBH

KX

Scheme 2. Representation of atom transfer as a combination of a C–X
bond homolysis of alkyl halide (RX), two redox processes, and a
heterolytic cleavage of CuII–X bond. L represents a ligand [69].
KATRP ¼
½XCuIILm�½R��
½CuILm�½RX�

¼ KBHKETKEAKX ð1Þ
2. Discussion

2.1. Catalyst performance and its evaluation

2.1.1. Experimental determination of the equilibrium

constant KATRP

The catalyst activity is directly related to the value of
KATRP. This can be determined either from polymeriza-
tion kinetics data, in which case an apparent value is
obtained (KATRP/[XCuIILm]), [14] or by measuring the
accumulation of deactivator due to the persistent radical
effect [71–73]. The classical equation predicted a linear
dependence of the deactivator concentration on the cube
root of time:

½XCuIILm� ¼ ð3K2
ATRPkt½RX�20½CuILm�20Þ

1=3t1=3 ð2Þ

If the termination rate constant is known, KATRP can be
determined from the slope of the dependence [XCuIILm]
(determined spectrometrically) vs t1/3 [69]. This method is
useful only for low conversions of activator, CuILm, and
alkyl halide. If these conditions are not met, the linear
dependence (Eq. (2)) is not observed. The reason is that
Eq. (2) was originally derived with the assumption that
kact[CuILm]0[RX]0 = kdeact[R

�][XCuIILm], i.e., that the con-
centrations of the activator and initiator do not change sig-
nificantly during the experiment. This approach is valid
only for time regimes in which the product [R�][XCuIILm]
remains nearly constant. This limits the application of the
method, especially when active catalysts are being studied.

Recently, the equations describing the persistent radical
effect were modified taking into account that the concentra-
tions of both the activator and initiator change during the
experiment [74]. If the activator and initiator are mixed in a
1:1 molar ratio, the reaction stoichiometry requires that
[RX]0–[RX] = [CuILm]0–[CuILm] = [XCuIILm]. Using the
assumption (justified by simulations) that the rate of gene-
ration of deactivator exceeds significantly the rate of
consumption of radicals, new equations describing the
time-dependence of [XCuIILm] were obtained. A function
F([CuIILmX]) is defined whose values can be plotted
against time, and KATRP is obtained from the slope of
the linear dependence:

Fð½XCuIILm�Þ �
½CuILm�20

3ð½CuILm�0 � ½XCuIILm�Þ3

� ½CuILm�0
ð½CuILm�0 � ½XCuIILm�Þ2

þ 1

½CuILm�0 � ½XCuIILm�

¼ 2ktK2
ATRPt þ 1

3½CuILm�0
ð3Þ
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In the case when [CuILm]0 6¼ [RX]0, the time dependence of
deactivator accumulation is more complex: [74]

F ð½XCuIILm�Þ �
½RX�0½CuILm�0
½CuILm�0 � ½RX�0

 !2

� 1

½CuILm�20ð½RX�0 � ½XCuIILm�Þ

 

þ 2

½RX�0½CuILm�0ð½CuILm�0 � ½RX�0Þ

� ln
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 !

þ 1

½RX�20ð½CuILm�0 � ½XCuIILm�Þ

!

¼ 2ktK2
ATRPt þ ½RX�0½CuILm�0

½CuILm�0 � ½RX�0

 !2
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� ln
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!
ð4Þ

The alkyl halide concentration decreases as the reac-
tion proceeds and in some instances it is convenient to
monitor the time dependence of RX consumption using
chromatographic or spectroscopic techniques. In this case,
equimolar or excess amount of the activating complex rel-
ative to initiator is used [16,74]. Values of KATRP mea-
sured with various alkyl halide initiators and CuI

complexes that have been employed in ATRP are pro-
vided in Table 1. For different alkyl halides, the value
of KATRP depends upon the degree of substitution
(primary < secondary < tertiary). Alkyl halides with radi-
cal-stabilizing groups (such as a-cyano) are characterized
by high activity. The KATRP values for alkyl bromides
are higher than for chlorides with the same alkyl substitu-
ent, and for reactions mediated by the same complex.
This is related to the higher bond dissociation energy of
the C–Cl bond (Scheme 2). It should be noted that the
strength of the C–Cl bond is higher by ca. 10 kcal mol�1

than C–Br and if this was the sole factor determining the
values of KATRP, it is to be expected that KATRP for alkyl
bromides should be several orders of magnitude larger
than for the corresponding chlorides. However, the data
in Table 1 shows that in reality the difference is less than
an order of magnitude, which can be attributed to the
higher electron affinity of chlorine compared to bromine
[75–77]. KATRP can also be expressed as the ratio of the
dissociation energies of the C–X and CuII–X bonds. The
lower than expected difference between KATRP(RCl) vs
KATRP(RBr), based only on BDE of C–X bonds, can be
attributed to the greater stability of the CuII–Cl compared
to CuII–Br bond [78]. The ligand impact on KATRP is
rationalized in the next section.

2.2. Factors determining the activity of the ATRP catalyst

The activity of the Cu-based ATRP catalyst is directly
related to its reducing power, i.e. to the value of KET or
the redox potential of the couple CuIILm/CuILm. The redox
potential is in turn related to the relative stabilization of the
CuII vs the CuI state upon complexation with the ligand L.
For ligands forming 1:1 complexes with copper ions, the
following relation holds (E0 is the standard potential of
the CuII/CuI couple): [81]

E ¼ E0 þRT

F
ln
½CuII�tot

½CuI�tot

� ln
1þ bII½L�
1þ bI½L�

 !

� E0 þRT

F
ln
½CuII�tot

½CuI�tot

� ln
bII

bI

 !
ð5Þ

where bj is the stability constant of the CujL complex.
Thus, the knowledge of the readily measurable stability
constants of CuIIL and CuIL is sufficient to predict the cat-
alytic activity of a given complex. Ideally, the value of KX

should be known as well, for it also contributes to the value
of KATRP. Table 2 lists experimental values of bII/bI (in
aqueous media) for copper complexes often used as ATRP
catalysts along with the measured values of KATRP in the
reaction of those complexes with ethyl 2-bromoisobutyrate
in acetonitrile. Although the two sets of numbers were
determined in two different solvents, the trend that higher
values of bII/bI correspond to higher values of KATRP is
clearly seen.

An important objective of many recent studies in
ATRP has been the application of the technique to tradi-
tionally less reactive monomers like vinyl acetate, vinyl
ethers, and a-olefins. In light of this goal, a thorough
understanding of structure–activity relationships would
aid in the development of more active ATRP catalysts
[80]. Methods of electrochemical parametrization have
been developed to help predict the redox potential of
complexes with common stereochemistry, oxidation state,
and spin state [86,87]. However, the application of such
techniques are rather limited when multi-dentate ligands
are employed that introduce varying degrees of distortion
from ideal geometries.

Nevertheless, some generalizations can be made con-
cerning the redox potentials of Cu complexes with vari-
ous ligand morphologies. As complexes of CuI are
typically tetrahedral while CuII species are more stable
in tetragonal or square pyramidal geometries, [88] ligand
morphologies that force a more planer geometry tend to
stabilize Cu in its +2 oxidation state [89]. The result is a
higher ratio of bII/bI and hence a more active ATRP cat-
alyst. This is especially true of constrained macrocyclic
ligands and was recently demonstrated with a derivative



Table 1
Values of KATRP measured in MeCN at 22 �C

Ligand CuIX Initiatora KATRP Ref.

N N

bpy

CuIBr EBriB 3.93 · 10�9 [74]

N

N

N

BPMPrA

CuIBr EBriB 6.2 · 10�8 [16]

N
N

PMDETA

N

NN
N

HMTETA

N

CuIBr EBriB 7.46 · 10�8 [74]
CuIBr BPN 5.89 · 10�7 [74]
CuIBr PEBr 2.9 · 10�9 [79]
CuIBr EBriB 8.38 · 10�9 [80]
CuICl PECl 7.9 · 10�10 [79]

NN

NN

NN

TPEDA

CuIBr EBriB 2.0 · 10�6 [16]

N

N

N

TPMA

N

CuIBr EBriB 9.65 · 10�6 [74]
CuIBr PEBr 4.58 · 10�6

CuICl PECl 8.60 · 10�7

CuIBr BnBr 6.78 · 10�7

CuIBr MBrP 3.25 · 10�7

CuICl MClP 4.28 · 10�8

Me6TREN

N

N

NN

CuIBr EBriB 1.54 · 10�4 [74]
CuICl MClAc 3.3 · 10�6 [17]

N

N N

N

DMCBCy

CuICl MClAc 9.9 · 10�5 [17]

a EBriB, ethyl 2-bromoisobutyrate; PEBr, 1-(bromoethyl)benzene; PECl, 1-(chloroethyl)benzene; BnBr, benzyl bromide; MBrP, methyl 2-bromopro-
pionate; MClP, methyl 2-chloropropionate; BPN, 2-bromopropionitrile; MClAc, methyl chloroacetate.
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of cross-bridged cyclam [17]. The application of electron
donating substituents on the ligand will also result in a
more reducing complex, [90–92] with the possible excep-
tion that added steric constraints may distort the geome-
try and destabilize a particular oxidation state of the
complex [89].



Table 2
Correlation between the ratio bII/bI and KATRP for various CuI complexes used as ATRP catalysts

Catalyst bIa bIIa bII/bIa Ref. KATRP
b

CuIBr/bpy 8.9 · 1012c 4.5 · 1013c 5.0 [82] 3.93 · 10�9 [74]
CuIBr/HMTETA 1 · 1011 3.98 · 1012 39.8 [83] 8.38 · 10�9 [80]
CuIBr/PMDETA <1 · 108 1.45 · 1012 >1.45 · 104 [83] 7.46 · 10�8 [74]
CuIBr/TPMA 7.94 · 1012 3.89 · 1017 4.90 · 104 [84] 9.65 · 10�6 [74]
CuIBr/Me6TREN 6.3 · 108d 2.69 · 1015 4.3 · 106d [85] 1.54 · 10�4 [74]

a Measured in aqueous solution.
b Reaction with EBriB in CH3CN at 22 ± 2 �C.
c The values of bII

2 and bII
2 and their ratio are reported.

d This work.
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Fig. 2. Dependence of CuII generated via disproportionation of CuI upon
the value of disproportionation equilibrium constant (logKdisp is shown at
each curve) and the initial CuI concentration.
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Concerning donor atoms, the stability of CuII complexes
typically increases according to thioether sulfur < aromatic
nitrogen < carboxylic oxygen < aliphatic nitrogen [93]. The
equilibrium constant of electron transfer may span more
than 15 orders of magnitude for Cu complexes with these
ligands; for example, the nitrogen analogues of tetraden-
tate macrocyclic sulfur-based ligands form Cu complexes
that are more reducing by as much as one volt [89]. If
the activity of an ATRP catalyst is not appropriately
matched with the reactivity of a given monomer, a success-
ful controlled polymerization is unlikely.

It should be noted that activity of an ATRP catalyst
(in terms of the position of the thermodynamic equilib-
rium), or the magnitude of the polydispersity index
attainable, are not necessarily related to the rate at which
the inner sphere redox process of atom transfer is cata-
lyzed. It has been proposed that the degree of structural
reorganization accompanying the inner sphere redox pro-
cess might be correlated with rates of activation and
deactivation in ATRP [88]. A similar proposition has
been made concerning the kinetics of outer sphere elec-
tron transfer among Cu centers [94]. However, more
studies will be necessary before it is possible to accu-
rately predict rates of atom transfer based purely on cat-
alyst structures.

3. Concurrent reactions in ATRP related to electron transfer

3.1. Disproportionation of Cu-based activating complexes in

aqueous media

The compounds of CuI are able to participate in a bimo-
lecular redox process termed disproportionation, which
yields a CuII compound and elemental copper (Eq. (6)).

CuI + CuI CuII + Cu0
Kdisp ð6Þ

The extent to which a CuI compound disproportionates in
a certain medium is related to both the value of Kdisp (or
K�disp, vide infra) and the concentration. Fig. 2 shows the
dependence of the relative amount of CuII generated by
disproportionation of CuI on both the disproportionation
equilibrium constant and the initial concentration of CuI.
It should be noted that complete disproportionation corre-
sponds to a fraction [CuII]eq/[CuI]0 = 0.5 (Eq. (6)).

The equilibrium constant Kdisp is related to the differ-
ence of the redox potentials of the couples CuI/Cu0 and
CuII/CuI, according to Eq. (7), where R is the universal
gas constant (8.314 J mol�1 K�1), T is the absolute temper-
ature, and F is the Faraday constant (96,500 C mol�1).

log Kdisp ¼
E0ðCuI=Cu0Þ � E0ðCuII=CuIÞ

2:303RTF�1
ð7Þ

Kdisp depends strongly upon the nature of the medium, i.e.,
its polarity, as well as solvation and coordination ability.
Table 3 lists values of Kdisp for CuI ions in various solvents.

The values of Kdisp have also been determined in mixed
solvents containing water and DMSO, [104] DMF, [98]
MeOH, [109] or MeCN [110]. As shown in Fig. 3, the dis-
proportionation becomes significantly more prominent as
the amount of water in the medium increases.

It was shown that for a limited number of solvents, the
values of Kdisp could be correlated with the solvent polar-
ity. For instance, the CuI disproportionation is significantly
more pronounced in the very polar water (log Kdisp � 6,
e(H2O) = 78.54), than in solvents of lower polarity such



Table 3
Disproportionation equilibrium constant of CuI ions in various solvents

Solvent logKdisp
a Ref.

H2O 5.9–6.2 (0.05–3) [95–97]
DMF 4.26 [98]
MeOH 3.6 (0.08)–3.8 (0.1) [99,100]
AcOH 2.7 (0.11–0.26 (0.01–0.16 M HClO4)) [101]
EtOH 0.56 (0.01–0.08) [99]
Me2SO 0.2–0.3 (0.1–1) [102–104]
Me2CO �1.50 [105]
Pyridine �13.97 (0.1) [106]
EtCN �19.59 (0) [107]
PhCN �19.97 (0) [107]
MeCN 	�21 (0–0.1) [107,108]

a The number in parentheses is the ionic strength of the medium (in
mol L�1).
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as methanol (log Kdisp = 3.55, e(MeOH) = 32.63), ethanol
(log Kdisp = 0.55, e(EtOH) = 24.30), and acetone
(log Kdisp = �1.50, e(Me2CO) = 20.70). The value of the
disproportionation constant depends upon the dielectric
constant of the medium e (i.e., logKdisp decreases linearly
as 1/e increases) [105]. The correlation cannot be extended
to solvents that coordinate strongly to copper ions such as
pyridine, sulfoxides, [111] and nitriles [112,113].

In the presence of a complexing agent L that stabilizes
CuI and CuII to a different degree, the disproportionation
process is influenced and is characterized by a new equilib-
rium constant, K�disp, which can be named conditional dispro-
portionation constant, in analogy with other conditional
equilibrium constants used in coordination chemistry
[114,115]. K�disp is defined in the same way as Kdisp (in the
absence of complexing agents) but using the total concen-
trations of CuI and CuII species ([Cuj]tot = [Cuj] +
[CujLm] + � � �). The ability of CuI complexes to dispropor-
tionate (Eq. (8)) is determined by the stability constants of
both the CuI and CuII complexes with the ligand L, accord-
ing to Eq. (9) [80,83,116,117].
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¼
1þ

Pm
j¼1

bII
j ½L�

j

1þ
Pm
j¼1

bI
j ½L�

j

 !2
Kdisp;

for 1 : 1 complex : K�disp ¼
1þ bII½L�
ð1þ bI½L�Þ2

Kdisp

� bII

ðbIÞ2½L�
Kdisp ð9Þ

Eq. (9) can be used to predict whether a ligand is suitable
for the formation of a stable CuI complex (with respect
to disproportionation) in any given reaction media, pro-
vided that the stability constants of CuI and CuII com-
plexes with L are known in the same media. It should be
kept in mind that the values of both bI and bII change with
temperature, [118] likely to a different degree. This means
that even if the disproportionation of a CuI complex is neg-
ligible at ambient temperature, it may become appreciable
upon changing the temperature.

Close examination of Eqs. (5) and (9) leads to the con-
clusion that for ligands forming 1:1 complexes with copper
ions, the activity of the catalyst is proportional to bII/bI

whereas the tendency of the CuI complex to disproportion-
ate (which should be minimized) depends on the ratio bII/
(bI)2[L]. A ‘‘map’’ can be constructed [80,117,119] that can
be used to select an appropriate ligand producing a com-
plex of high activity, yet stable towards disproportionation.
In Fig. 4, the performance (in aqueous solution) of cata-
lysts derived from various tri- and tetradentate N-based
ligands, all forming 1:1 complexes with copper ions, is
presented (TETA [83] = triethylenetetramine, DETA [83] =
diethylenetriamine, cyclam [120] = 1,4,8,11-tetraazacycl-
otetradecane or [14]aneN4). As seen from the map, the
cyclam-derived CuI catalyst possesses considerable activity
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Fig. 4. Correlation between ATRP catalytic activity and disproportion-
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Table 4
Redox properties of radicals resembling polymeric radicals in MeCN

Radical Eox
1=2, V (vs SCE) Ered

1=2, V (vs SCE) Ref.

MeC�(CO2Et)2 �0.03a–0.45a,b [131,132]
MeC�(CN)2 0.16ab [131]
NCCH�2 �0.69c [133]
MeCH�2 <0.99 �1.36–�1.10 [129]
PhCH�2 0.73 �1.45 [134]
Me2CH� 0.47 �1.44 [129]
PhC�HMe 0.37 �1.60 [134]
EtOC�HMe �0.45 (�1.2) [134]
Et2NC�HMe �1.12 (�2.0) [134]

a Ered
irr .

b Measured in DMSO.
c Measured in DMF.
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but is unstable towards disproportionation. The catalysts
derived from PMDETA and TPMA are of comparable
activity, but the latter ligand is more appropriate for aque-
ous ATRP since disproportionation of its CuI complex is
appreciably less pronounced. Another conclusion from
Fig. 4 is that N–H ligands, such as DETA and TETA,
should form Cu-based catalysts of higher activity than their
N-methylated analogues, PMDETA and HMTETA. In
order to predict the performance of ATRP catalysts in
media different from water, both bI and bII should be
known in this media. There exists convincing evidence that
the solvent composition can have a significant impact on
complex stability [121,122]. Finally, it should be mentioned
that since KX is also responsible for the observed polymer-
ization rate and control, its values may also be plotted on a
separate axis to yield a three-dimensional catalyst selection
map.

The complexes of other transition metals used to medi-
ate ATRP can also disproportionate. For example, it has
been shown that RuIII complexes with N-based ligands
disproportionate yielding a mixture of RuII and RuIV com-
plexes [123–125]. Carbonyl compounds of monovalent
metals such as FeI, [126] RuI, [127] and OsI, [127] contain-
ing phosphine ligands, have also been demonstrated to par-
ticipate in this reaction.

3.2. Electron transfer between organic radicals and ATRP

catalysts

The electrochemical properties of a large number of rad-
icals have been studied and the redox potentials for both
the reduction (leading to carbanions) and oxidation (lead-
ing to carbocations) processes have been determined
[128–130]. Table 4 lists the redox potentials of several
low molecular weight radicals that structurally resemble
polymeric radicals. Radicals with strong electron with-
drawing a-substituents such as cyano or carboxy are highly
oxidizing and are therefore very likely to accept electrons
from active, i.e., reducing, ATRP activators leading to
the formation of carbanions which can quickly react with
any protic compound (solvent or moisture). On the other
hand, radicals with electron donating a-substituents (such
as those derived from vinyl ethers or vinylamines) can be
easily oxidized to carbocations by the ATRP deactivator,
especially if it is a relatively strong oxidant. The carboca-
tions may then lose a proton or combine with any basic
or nucleophilic reaction component (solvent, monomer,
polymer, etc.). Thus, both mentioned electron transfer
reactions effectively ‘‘kill’’ the growing radicals.

Several electron transfer processes between carbon-cen-
tered radicals and Cu complexes have been studied. For
instance, one of the products of the reaction of benzyl chlo-
ride with CuI complexes derived from aliphatic amine- and
pyridine-based ligands was toluene, [135] which could be
formed via the reduction of the initially formed benzyl rad-
icals to carbanions followed by protonation. It was also
shown that the reaction of acrylonitrile with benzyl bro-
mide in the presence of the reducing CuI complex of TPMA
lead to formation of 4-phenylbutyronitrile and 4-cyano-6-
phenylhexanonitrile, [136] which were likely formed via
addition of a benzyl radical to the monomer (in the latter
case the formed radical reacted with two acrylonitrile mol-
ecules) followed by reduction of the electrophilic a-cyano-
radical to carbanion and subsequent protonation. In the
reactions of 9-fluorenyl bromide and phenacyl chloride
with the same complex in acetonitrile, the products of rad-
ical reduction, fluorene and acetophenone, respectively,
were produced [136].

The low conversion and limited molecular weights
attainable in the ATRP of acrylonitrile [137] might be
attributed to such electron transfer reactions that gener-
ate carbanions from the electrophilic radicals. Similar
results in terms of limited conversions and molecular
weights were also observed when exceptionally reducing
Cu-based catalysts derived from dimethyl cross-bridged
cyclam were employed in the ATRP of n-butyl acrylate
[17]. The application of ATRP techniques that decrease
the amount of necessary metal catalyst can actually work
to minimize electron transfer reactions between electro-
philic radicals and extremely reducing Cu catalysts. For
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Scheme 3. Interplay between ATRP and SFRP mechanisms.
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example, using a technique known as activators regener-
ated by electron transfer (ARGET) ATRP, [138,139]
wherein a small concentration of transition metal activa-
tor is continually regenerated when lost to the persistent
radical effect with organic reducing agents, high molecu-
lar weight styrene-acrylonitrile copolymers can be pre-
pared (	200 kg mol�1) as compared to normal ATRP
(	50 kg mol�1) [140].

The oxidation of radicals by transition metal complexes,
including those of CuII, was thoroughly studied through-
out the 1960s and 1970s. Two general mechanisms for
the radical oxidation were postulated: (i) electron transfer
with formation of a carbocation that either loses a proton
yielding an alkene or reacts with a nucleophile present in
the system; and (ii) ligand-transfer [141,142]. Some early
works worth mentioning include studies on alkyl radical
oxidation by CuII compounds with both coordinating (car-
boxylate, halide and pseudohalide) and non-coordinating
or weakly coordinating (tetrafluoroborate, triflate, and
pechlorate) counterions in various solvents [143,144]. The
oxidation of phenyl radicals formed in the thermal decom-
position of benzoyl peroxide by various CuII compounds in
acetic acid and its mixtures with acetonitrile was also stud-
ied [145]. The exact mechanism of oxidation depends upon
numerous factors including the nature of the counterion/
ligand and the solvent, as well as the redox potentials of
both the radical and the CuII complex.

It has been shown that the CuII complex of 4,4 0-di(5-
nonyl)-2,2 0-bipyridyl (dNbpy) most likely oxidizes 1-phen-
ylethyl radicals (structural analogues of polystyrene
propagating radicals) to the corresponding carbocations
that are converted to styrene upon deprotonation [146].
Such a redox process would lead to loss of chain end func-
tionality in the ATRP of styrene in the presence of rela-
tively oxidizing CuII deactivators. Indeed, the chain end
functionality of polystyrene prepared by ATRP mediated
by the Cu complexes of dNbpy was studied [147,148]. It
was shown that the Br end-group loss becomes pronounced
at high monomer conversion, at which point a significant
amount of deactivator is accumulated in the system due
to the persistent radical effect. In addition, it was shown
that in the ATRP of p-methoxystyrene that forms a radical
even more nucleophilic than styrene, high molecular weight
polymers are difficult to attain. This, again, can be attrib-
uted to formation of carbocations [149].

4. Radical coordination to the metal catalyst and the

interplay of controlled radical polymerization mechanisms

One-electron oxidative addition processes between alkyl
halides and transition metal species have been exploited in
organic synthesis for many years, whereby homolytic cleav-
age of the alkyl halide in the presence of a metal complex
(MtzLm) yields one equivalent each of a metal halide
(XMtz+1Lm) and an organometallic species (RMtn+1Lm).
Of particular significance in this field are the Cr-catalyzed
Nozaki–Hiyama–Kishi additions of organic halides to
aldehydes that proceed via organometallic intermediates
[150]. The reactions of organic radicals with CuI and CuII

compounds may involve the formation of organocopper
species [151,152]. While there is currently no experimental
evidence which suggests organometallic CuII-R species
are generated during Cu mediated ATRP, [153] recent
studies have detailed the contribution of certain organomo-
lybdenum species in mediating polymerization initiated by
alkyl halides under ATRP conditions (Scheme 3) [20,154].

The relationship between one electron reactivity and
controlled radical polymerization processes was recently
discussed in a review paper that placed particular emphasis
on the interplay of ATRP and stable free radical polymer-
ization (SFRP) as depicted in Scheme 3 [155] The relative
bond dissociation energies (BDEs) of the the R–X, Mt–
X, and Mt–R bonds in such a system ultimately dictate
whether polymerization is inhibited by the formation of a
Mt–R bond, whether initiation efficiency might be reduced,
or whether the entire polymerization initiated by an alkyl
halide is actually mediated through the reversible forma-
tion of a Mt–R bond.

However, it is difficult to predict the role of the metal
species in a polymerization based purely on calculated
BDEs. It was recently demonstrated that OsIICl2(PPh3)3

could mediate styrene polymerization under SFRP condi-
tions (in the presence of a free radical initiator) as well as
under ATRP conditions (with an alkyl halide initiator)
[56]. The calculated relative BDEs of the R–X, OsIII–X
and OsIII–R bonds suggested from an enthalpic standpoint
that polymerization initiated by an alkyl halide would pref-
erentially be mediated by SFRP (i.e., the equilibrium
between ATRP and SFRP in Scheme 3 would shift pre-
dominantly towards SFRP) [156]. However, this was not
observed experimentally, suggesting the OsIII–R bond need
be much stronger to overcome the entropic penalty associ-
ated with its formation from an alkyl radical and metal
species.

The identification of any RMtz+1Lm species generated
during ATRP would have implications on optimization
of the polymerization conditions, and as more and more
non-Cu based ATRP catalysts are developed, such studies
will become increasingly important. Complexes originally
intended for use as ATRP catalysts might be optimized
to make efficient SFRP spin traps. However, as polymer-
izations mediated by SFRP require a stoichiometric
amount of mediating species per polymer chain, metal
complexes that do readily form Mt–R bonds under ATRP
conditions would not be expected to successfully mediate
well-controlled polymerizations under conditions where
sub-stoichiometric amounts of the metal species are



3220 N.V. Tsarevsky et al. / Journal of Organometallic Chemistry 692 (2007) 3212–3222
employed, as in the case of ICAR and ARGET ATRP
[157].

5. Conclusions

The continuous development of more active and stable
catalysts in ATRP has seen the recent application of many
new catalyst/ligand combinations. Much research has been
done to correlate catalyst structures with reactivity in
ATRP, and now a thorough knowledge of concurrent elec-
tron transfer reactions that can affect catalyst performance
is becoming increasingly important to realize further devel-
opments. Understanding disproportionation of the CuI-
based ATRP activator, the oxidation/reduction of radicals
to cations/anions, and radical coordination to the metal
catalyst resulting in the interplay of controlled radical poly-
merization mechanisms may ultimately take ATRP to new
dimensions.
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