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Atom transfer radical addition (ATRA) is a well-
known synthetic method for carbon—carbon bond for-
mation.! Recent extension of this concept to polymer
synthesis, i.e., atom transfer radical polymerization
(ATRP),23 has opened up new possibilities to prepare
various well-defined macromolecules.

The proposed mechanism for ATRA is shown in
Scheme 1la. The transition metal complex (Mt") ab-
stracts a halogen from an alkyl halide (RX), presumably
resulting in the formation of an alkyl radical (R*) and a
higher oxidation metal complex (Mt"*1X). In the pres-
ence of unsaturated compounds (CH,=CHY), the radical
adds to a double bond. The radical adduct abstracts the
halogen from the oxidized form of the metal complex,
forming RCH,CHYX. Typically, the addition step is
rapid, and the radical (R*) is more stable than the
radical adduct (RCH,CHY*®). The rate of monomer
addition to the radical adduct is slow, and therefore the
monoaddition product is predominately formed. The
high chemoselectivities of these reactions have been well
explained by the persistent radical effect.* In ATRP
(Scheme 1b), the addition product can also be reacti-
vated to re-form a radical that can add to another alkene
molecule. This process can be repeated many times such
that a high molecular weight polymer is obtained.>

The exact nature of the intermediates, however, is not
fully clear. Are they radicals, or do other ionic or
insertion mechanisms contribute or even dominate? Are
the radicals free or interacting with the metal centers?
Such questions are obviously important, especially when
attempting to improve and expand the scope of ATRA
and ATRP.®

We report here the results of the kinetic studies of
three different reactions: (a) racemization of optically
active methyl 2-bromopropionate (MBrP), (b) halogen
exchange reaction, and (c) trapping of the intermediates
with a radical scavenger in the presence of ATRA and
ATRP transition-metal catalysts (Scheme 2). Racem-
ization can occur when the intermediate allows for the
inversion of the chiral center during the reversible atom
transfer process. If racemization does occur, we can
compare its rate with the rate of halogen exchange,
where the bromine in MBrP is replaced with chlorine
from Cu(1)Cl. For equimolar amounts of RBr and CuCl/
2dNbpy, approximately 80—90% of the alkyl bromide
transforms to the alkyl chloride.” Another reaction to
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Figure 1. Comparison of the rates of racemization/exchange/
trapping reactions using (—)- or (£)-MBrP/Cu(l)CI(dNbpy). in
toluene-dg or toluene at 60 °C. [MBrP], = 0.0031 mol L%, [Cu-
(1ClJo = Y,[dNbpy]o = 0.031 mol L™, and for the trapping
experiment [TEMPQ], = 0.062 mol L2,

compare is the consumption of MBrP catalyzed by
copper complexes in the presence of a radical scavenger,
2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO), where
the generated radicals are trapped with TEMPO to form
an alkoxyamine.®® Comparing the rates of these three
reactions can elucidate the nature of the intermediates
in the transition-metal-catalyzed atom transfer process.

The catalyst used in this study was copper(l) chloride
(Cu(I)Cl) complexed with 2 equiv of 4,4'-di(5-nonyl)-2,2'-
bipyridine (dNbpy). Cu(l)Cl/bpy derivatives have been
successfully used for both ATRA and ATRP, and the
alkyl substituent on pyridine rings imparts greater
solubility in relatively nonpolar media such as bulk
vinyl monomer.1® The substrate studied was MBrP,
which is a model for poly(methyl acrylate) chain ends
in ATRP, and it is also a widely used initiator for ATRP.

All experiments were performed under identical
conditions except that TEMPO was added in the trap-
ping experiment.!! In each experiment, the same con-
centration of catalyst ([CuCl]o = ¥/,[dNbpy]o = 0.031 mol
L-1) and substrate ((MBrP]o = 0.0031 mol L) were
used in toluene-dg or toluene at 60 °C. The catalyst
concentration was 10 times higher than the substrate
concentration to provide pseudo-first-order kinetic con-
ditions. The racemization reaction and exchange reac-
tions were monitored simultaneously by polarimetry
and 'H NMR with optically active (S)-(—)-MBrP. The
trapping reaction and the separate exchange reactions
were carried out using GC with racemic mixture of
MBrP. The results are presented in Figure 1 and
summarized in Table 1.

The reasonably linear first-order plots of all three
reactions confirm that the concentration of the catalyst
does not vary significantly during the reactions. During
the racemization and exchange reactions, the Cu(l)Br
complex formed as the reaction proceeded. Cu(l)Br and
Cu(I)Cl complexes have slightly different reactivities.!2
Furthermore, in the case of the halogen exchange
reaction, the kinetic data should be treated globally as
a reversible second-order reaction, since Cu(l)Cl is
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Scheme 1. Catalytic Cycles Involved in ATRA and ATRP
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Scheme 2. (a) Racemization, (b) Halogen Exchange, and (c) Trapping Reactions
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Scheme 3. Atom Transfer Process
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Table 1. Rate Constants of Racemization/Exchange/
Trapping Reactions?

k (L mol~1s71)

(6.0 £ 0.3) x 1072
(6.6 £ 1.1) x 1072
(6.2£0.5) x 102

reactions

racemization

exchange®

trapping

aSee Figure 1 caption for experimental conditions. P Three

exchange reactions carried out simultaneously with racemization
experiments using 'H NMR gave ke = (5.6 & 0.4) x 1072 L mol—!
s~1; the average value from all six experiments is given in Table
1.

formally consumed in the process. However, these
contributions are almost negligible, owing to the use of
excess catalyst relative to the substrate as confirmed
by the linearity of the first-order kinetic plots in Figure
1. In the case of the trapping experiment, the catalyst
is consumed by oxidation of metal center after atom
transfer, but again the pseudo-first-order kinetic as-
sumption is still valid as supported by the data in Figure
1. Similar measurements have been performed for other
ATRP systems using HPLC®13 and NMR.'2 The pseudo-
first-order rate constants (kapp = K[Cu(1)X]o) were
separated into the rate constants for the corresponding
reactions (Table 1). Each experiment was repeated three
times, and the average values are given in Table 1.

Kact
—_— . 09 . BrCuCl/ 2dNbpy

products of racemization
exchange
Fast or trapping reaction

A potential concern in both the racemization and
halogen exchange reactions is that the loss of chirality
or the consumption of MBrP actually occurs via an Sy2
process, i.e., attack of chloride anion on the C—Br moiety
instead of through a radical intermediate. However,
contribution of this reaction is negligible on the basis
of two observations. First, during the trapping experi-
ments, no formation of an alkyl chloride by halogen
exchange was observed. An Sy2 reaction would result
in exchange, thus producing alkyl chlorides which
should be detected during the trapping experiments,
since an alkyl chloride has a slower activation rate than
an alkyl bromide.1214

Second, racemization and exchange occurred at the
same rate. If exchange occurred via an Sy2 mechanism,
the product would have inverted stereochemistry and
thus would still exhibit optical activity or at least result
in a different rate of racemization than exchange. The
two reactions have very similar rates and yields which
are very similar to that of trapping with TEMPO. These
two observations indicate that the rate of nucleophilic
substitution of bromide by chloride from Cu(l) or Cu-
(1) complex must be slower than the rate of the atom
transfer reaction.
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The data show that the chirality of the optically active
alkyl bromide is lost relatively quickly in the presence
of the Cu(l)CI catalyst. To our knowledge, this is the
first study of racemization reactions through an atom
transfer process between an alkyl halide and a copper-
() complex. The similar rates of racemization, exchange,
and trapping reactions in this system indicate that they
proceed through the same intermediate, with formation
of radicals (activation) being the rate-determining step
(Scheme 3).

Some earlier indirect experiments also indicated the
involvement of free radicals in ATRP.® The composition
distributions and reactivity ratios in statistical copoly-
mers?® and the tacticity of polymers prepared by ATRP
are similar to those in conventional radical polymeriza-
tions.21617 Reverse ATRP can be initiated by conven-
tional radical initiators in the presence of Cu(ll) com-
plexes.’® In addition, chiral ligands do not affect the
tacticity of poly(methyl methacrylate),’® radical scav-
engers inhibit ATRP,316.20 gnd additives such as water
or phenol have a minor kinetic effect.31%21 Formation
of persistent paramagnetic Cu(ll) species has been
followed by EPR,??2 and very recently, in ATRP of
dimethacrylates, propagating free radicals have been
directly observed by EPR.%3

This paper has shown that, under typical ATRA and
ATRP conditions, the racemization of an optically active
alkyl bromide was racemized at a similar rate to those
of halogen exchange and a trapping reaction, indicating
that free radical intermediates form during ATRA and
ATRP. However, a caveat should be placed on these
studies; the reactive intermediates in metal-catalyzed
reactions such as ATRA and ATRP will depend on the
redox properties of the catalysts/substrates, and there-
fore, for some R—X/Mt"/L systems, radicals may not be
the only species present.
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