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ABSTRACT: Advances in controlled radical polymerizations by
cobalt complexes have primarily taken advantage of the reactivity of
cobalt as a persistent radical to reversibly deactivate propagating
chains by forming a carbon−cobalt bond. However, cobalt-
mediated radical polymerizations require stoichiometric ratios of
a cobalt complex, deterring its utility in synthesizing well-defined
polymers. Here, we developed a strategy to use cobalt as a catalyst
to control radical polymerizations via halogen atom transfer with
alkyl halide initiators. Using a modified, hydrophobic analogue of
vitamin B12 (heptamethyl ester cobyrinate) as a cobalt precatalyst,
we controlled the polymerization of acrylate monomers. The
polymerization efficiency of the cobalt catalyst was significantly improved by additional bromide anions, which enhanced the
deactivation of propagating radicals yielding polymers with dispersity values <1.2 using catalyst concentrations as low as 5 mol %. We
anticipate that the development of cobalt catalysis in atom transfer radical polymerization will enable new opportunities in designing
catalytic systems for the controlled synthesis of polymers.

■ INTRODUCTION
Metal-mediated radical polymerizations are a powerful
technique for controlling the structural properties and
functionality of polymers.1−4 The premise of controlled radical
polymerizations are based on a dynamic exchange of chains
between active and dormant states allowing concurrent,
uniform growth while minimizing irreversible termination
reactions.
The mechanism of reversible deactivation for metal-

mediated radical polymerizations can be classified into two
general categories: metal complexes that directly mediate
polymerization reactions by forming a reversible carbon-metal
bond or catalyzing a reversible transfer of capping agents.4,5

The polymerization reactivity of some metal complexes may be
tuned toward favoring either mechanisms or an interplay of
both systems.5−8 However, metals that operate by both
mechanisms with high levels of control remain rare.
In organometallic-mediated radical polymerization

(OMRP), metal complexes act as a persistent radical to
deactivate propagating chains by forming a reversible carbon−
metal bond to mediate polymerization. The homolysis of the
carbon−metal bond is critical for activating polymerization. In
contrast, fast deactivation by the metal complex and a dynamic
exchange between the active and dormant states provide
control over the growth of polymer chains (Figure 1A). In this
regard, cobalt complexes are widely used in controlling the
radical polymerization of vinyl monomers with varying
reactivity.9−12 However, OMRP systems require stoichiometric
ratios of metal complexes to cap all polymer chains.13−15 Such

high concentrations of metal complexes limit their application
in synthesizing well-defined polymers.
In contrast, atom transfer radical polymerization (ATRP)

typically uses copper catalysts to activate alkyl halide initiators
and generate radicals. The reversible transfer of halogen atoms
to propagating radicals by the oxidized form of the catalyst
deactivates polymer chains, establishing the ATRP equili-
brium.16−19 The exceptional ability of copper complexes to
mediate ATRP reactions has led to tremendous advances in
synthesizing well-defined polymeric materials.20 In this regard,
the development of new classes of ATRP catalysts offers the
discovery of novel chemical reactivities for materials design and
sustainable catalysis.21−25

Despite the excellence of cobalt in controlling radical
polymerizations via the organometallic pathway, its reactivity
in catalyzing atom transfer processes remains elusive. Attempts
to use cobalt complexes under ATRP conditions have shown a
limited degree of control over polymerization with poor
initiator efficiency, even in the presence of stoichiometric
amounts of the cobalt catalysts concerning the initiator.26−30

We hypothesized whether designing new catalytic approaches
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would impart efficient atom transfer reactivity for cobalt in
mediating controlled radical polymerization reactions. The
majority of the cobalt complexes that perform as an OMRP
mediator feature a dianionic ligand framework such as
porphyrins, salens, or acetylacetonates.10,11 We wondered
whether structural alteration of the cobalt complex by using

a monoanionic ligand framework such as corrins would
provide access to different electronic properties and reactivity
for controlling polymerization reactions.
Cobalt complexes, including vitamin B12 and its hydro-

phobic derivatives, have been used in various catalytic, small-
molecule transformations.31−36 The reduced form of the cobalt

Figure 1. Use of cobalt in controlled radical polymerization reactions. (A) Cobalt-mediated radical polymerization, where the deactivation of
propagating radicals by the persistent radical (CoII) affords cobalt-containing polymer chains in the dormant state. (B) Our proposed strategy to
use a vitamin B12-derived cobalt complex (HME-Cob) as a catalyst in controlled radical polymerization enabled via a halogen atom transfer
mechanism.

Table 1. Cobalt-Catalyzed Polymerization of MAa

aThe cobalt catalyst was reduced by Zn before polymerization under the conditions: [HME-Cob]/[Zn]/[NH4Cl] = 1/0.5/1 followed by the
addition of the alkyl halide to initiate the polymerization. Theoretical molecular weight, Mn,th = ([MA]/[EBP] × conv.) + MEBP. Experimental
molecular weight, Mn, measured by the refractive detector GPC with a refractive index detector relative to polystyrene standards. Initiator
efficiency, Ieff = Mn,th/Mn.
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complexes possess nucleophilic reactivity that enables their
reaction with alkyl halides to form carbon-based radicals via
nucleophilic substitution or electron transfer mechanisms.
Using a hydrophobic analogue of vitamin B12, Gryko and co-
workers reported cobalt-catalyzed atom transfer radical
addition for the functionalization of alkenes using the
supernucleophile CoI to generate alkyl radicals.37 Inspired by
this reactivity of cobalt, we designed a strategy to mediate a
controlled radical polymerization using cobalt complexes as the
catalyst. We demonstrate that both the CoI and CoII forms of
the cobyrinate complex can be accessed for alkyl halide
activation, with the CoII complex providing a higher degree of
control over polymerization through a CoII/CoIII redox cycle
enabling an efficient atom transfer mechanism (Figure 1B).
Similar to ATRP reactions, we posit that control over
polymerization is attained via halogen atom transfer to cap
propagating radicals by the oxidized cobalt complex,
completing the catalytic cycle. We show that the polymer-
ization reactivity of cobalt can be selectively switched from the
organometallic to an atom transfer mechanism by altering its
ligand framework under ATRP-promoting conditions. Here, a
vitamin B12-derived cobalt complex offered efficient and
selective atom transfer reactivity instead of undergoing the
organometallic pathway.

■ RESULTS AND DISCUSSION
Modification of vitamin B12 (cyanocobalamin) to a hydro-
phobic analogue, heptamethyl ester cobyrinate (HME-Cob),
allows for its solubility and use as a catalyst in organic media.38

The catalytic efficiency of the cobalt complex was examined in
the polymerization of methyl acrylate (MA) using ethyl 2-
bromopropionate (EBP) as the initiator in N,N-dimethylfor-
mamide (DMF). The HME-Cob catalyst was activated by
reduction with zinc and ammonium chloride (NH4Cl) before
polymerization. In the presence of a stoichiometric amount of
cobalt complex, with respect to EBP, polymerization of MA

reached 57% monomer conversion in 2 h, showing controlled
molecular weight and a low dispersity of 1.20 (Table 1, entry
1). No polymerization of MA was observed in the absence of
either the cobalt complex or the zinc reductant (Table 1,
entries 2 and 3), indicating the importance of the reduced form
of the catalyst to activate the polymerization. Furthermore, the
addition of 2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) as a
radical scavenger prevented monomer conversion proving the
radical nature of the polymerization (Table 1, entry 4).
Decreasing the concentration of the cobalt catalyst resulted

in a decrease in the polymerization efficiency and diminished
control over molecular weight and dispersity (Table 1, entries
5−8, and Figure S5). Even though increasing the temperature
from 40 to 60 °C provided higher monomer conversions,
polymerization control was still poor (Figures S5 and S6). In
the presence of 50 mol % (0.5 equiv with respect to the
initiator) of HME-Cob, the dispersity of the resulting polymer
increased to 1.35. Further decreasing the catalyst concentration
led to higher dispersity values at 5 mol % cobalt catalyst
loading, as the resulting polymer showed a dispersity of 2.03
(Table 1, entry 8). Additionally, limited monomer conversion
and low initiator efficiencies were observed at reduced catalyst
concentrations, indicating inefficient activation/deactivation of
polymer chains.

Addition of Bromide. Considering the proposed mecha-
nism that involves the reversible transfer of bromine to
polymer chains during the deactivation step (Figure 1B), we
hypothesized that additional bromide anions could enhance
the deactivation of propagating radicals. The effect of
additional bromide ions has been proved in copper-catalyzed
ATRP reactions in water to promote deactivation by
preventing the dissociation of the deactivator species (CuII−
Br) to CuII and Br ions.39 Accordingly, we improved
polymerization efficiency and control over molecular weight
using additional tetrabutylammonium bromide (TBABr),
enhancing the deactivation step (Figures 2A, S7, and S8).

Figure 2. (A) Cobalt-catalyzed polymerization of MA in the presence of additional bromide anions to improve the deactivation of propagating
radicals and control over polymerization. (B) Kinetics of the polymerization of MA using 0.05, 0.10, and 0.20 equiv of the cobalt catalyst (with
0.10, 0.20, and 0.40 equiv of TBABr, respectively). (C) Evolution of the number average molecular weight (Mn, solid points) and (D) dispersity
(Đ, empty points) per monomer conversion. Reaction conditions: [MA]/[EBP]/[HME-Cob] = 200/1/x (x = 0.05−0.50) in DMF (50 vol %) at
60 °C; [HME-Cob]/[Zn]/[NH4Cl] = 1/0.5/1.
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The polymerization efficiency increased in the presence of
additional bromide anions affording high monomer con-
versions and polymers with low dispersity values (∼1.2) at
reduced catalyst concentrations (5−50 mol %). This
observation may further suggest that under these conditions,
the deactivation occurs via an outer-sphere process requiring a
termolecular reaction involving the propagating radical,
oxidized cobalt catalyst, and the bromide anion.
Kinetic Studies. Kinetic analysis of the polymerization

showed an increase in the overall rate by increasing the
concentration of the cobalt catalyst from 5 to 10 and 20 mol %
(Figure 2B). The resulting polymers showed controlled
molecular weights in agreement with theoretical values and
low dispersity (Figure 2C,D).
We observed the rate decrease as the polymerization

progressed to higher monomer conversions, deviating from
the linear first-order kinetics (Figure 2B). This decrease in the
rate of polymerization can be attributed to irreversible radical
termination reactions that convert the activator catalyst (CoII)
to the deactivator species (i.e., CoIII/Br), ultimately impeding
the progress of polymerization (Figure 2A). To mitigate this
problem, we employed a catalyst regeneration approach to
drive the polymerization forward by continuously reducing the
oxidized form of the catalyst to the activator species in situ.40

Using azobisisobutyronitrile (AIBN) as a radical source for
catalyst regeneration in a process similar to initiators for
continuous activator regeneration (ICAR) ATRP,39,40 poly-
merization of MA in the presence of 5 mol % of Co showed
enhanced kinetics providing high monomer conversions
(>80−90% in 2 h, Figure 3B). Control over polymerization
was maintained, with molecular weights increasing as a
function of monomer conversion while providing low
dispersity values (Figure 3C,D).
With catalyst regeneration using AIBN, we further

attempted to decrease the concentration of the cobalt catalyst

to 1−2 mol % while still obtaining high monomer conversions.
However, in ATRP reactions, the rate of deactivation and
control over dispersity depends on the total concentration of
the deactivator species (i.e., CoIII/Br). Therefore, decreasing
the catalyst loading afforded polymers with higher dispersity
values. For example, polymerization of MA using 2 mol % of
HME-Cob in the presence of 0.5 equiv AIBN reached 86%
monomer conversion in 2 h with a dispersity of 1.33 (Figures
S15 and S16). The high polymerization efficiency achieved
using only 2 mol % of the cobalt catalyst signifies its excellence
and potential for catalyzing polymerization reactions.
Importantly, we observed similar initiator efficiencies for

polymerizations under different concentrations of the cobalt
catalyst that supports the prevalence of the ATRP mechanism
where polymer chains are capped with bromine. Upon
changing the concentration of the alkyl halide initiator, we
were able to synthesize polymers with varying degrees of
polymerization (DP = 100−800) and molecular weights in a
controlled manner regardless of the catalyst concentration
(Figure S17). This observation contrasts with the OMRP
systems that afford cobalt-capped polymers whose target
molecular weight depends on the concentration of the cobalt
complex relative to the monomer. Structural analysis of the
resulting polymers by 1H NMR spectroscopy confirmed the
presence of bromine chain end functionality (Figure S3)
obtained under these conditions. The molecular weight of the
polymers was measured by gel-permeation chromatography
(GPC) equipped with a refractive index detector relative to
polystyrene standards. As a result, the experimental molecular
weights were lower than theoretical values giving initiator
efficiencies typically ∼130−140%. We calculated the degree of
polymerization and molecular weight of the polymers by NMR
chain-end analysis, which showed values in agreement with the
theoretical molecular weights, confirming near-quantitative
initiator efficiency ∼107% (Figure S3).

Figure 3. (A) Cobalt-catalyzed ATRP with catalyst regeneration using AIBN to compensate for converting the activator catalyst to deactivator
species because of radical termination reactions. (B) Kinetics of the polymerization of MA using 0.05 equiv of the cobalt catalyst in the presence of
additional AIBN (0.0, 0.2 and 0.5 equiv). (C) Evolution of the number average molecular weight (Mn, solid points) and (D) dispersity (Đ, empty
points) per monomer conversion. Reaction conditions: [MA]/[EBP]/[HME-Cob]/[TBABr]/[AIBN] = 200/1/0.05/0.10/x (x = 0, 0.2, or 0.5
equiv) in DMF (50 vol %) at 60 °C.
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Initiation via CoII vs CoI. The versatility of cobalt
chemistry allowed accessing HME-Cob-based complexes with
different oxidation states (CoI and CoII) therefore, examining
their efficiency in initiating polymerization reactions. The
HME-Cob complex was reduced to either CoII or CoI using 0.5
or 1 equiv of Zn (relative to Co), respectively (Figure 4). The
CoI complex formed a dark gray/metallic solution in DMF,

whose UV−vis spectra showed the disappearance of the α and
β absorption bands in the 450−550 nm region that are typical
features of the coordination of axial ligands in HME-Cob
(Figure 4A and top-left). In addition, the UV−vis spectra of
the CoI complex showed a strong absorption peak correspond-
ing to the γ band centered at ∼390 nm, consistent with
literature reports.41,42 The reduction of HME-Cob to CoII

Figure 4. Reduction of HME-Cob by Zn (and NH4Cl) to generate either CoI or CoII complexes using a 1/1 or 1/0.5 ratio of Co to Zn,
respectively. (A and C) UV−vis spectra of HME-Cob and CoI complex (with 1 equiv of Zn with respect to Co) and that of CoII complex (with 0.5
equiv of Zn with respect to Co), respectively. (B) UV−vis spectra of the reduced Co complexes followed by adding the alkyl halide initiator, EBP.
For UV−vis measurements, [Co] = 50 μM in DMF.

Figure 5. Comparison of the polymerization efficiency of the cobalt catalyst initiated by CoI (entries 1−6, using a 1/1 ratio of Co to Zn) or CoII
(entries 7−12, using a 1/0.5 ratio of Co to Zn) complexes, respectively. The polymerization of MA was conducted using 0.05 equiv (5 mol % with
respect to EBP) of the cobalt catalyst in the presence of a varying ratio of additional bromide anion (TBABr) in DMF (50 vol %) at 60 °C for 2 h.
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using 0.5 equiv of Zn formed a brown/orange solution in DMF
with spectral features appearing in the 500−600 nm region
(Figure 4C and top-right). We attribute these features to the
presence of a coordinating ligand at the axial position, which
red-shifted compared to HME-Cob as the complex was
reduced to CoII.
Examining the catalytic efficiency of CoI and CoII complexes

revealed different behavior in the initiation and the ability of
these complexes to assert control over polymerization. We
studied the effect of additional bromide anions on polymer-
ization efficiency initiated by CoI or CoII. In both complexes
(using 5 mol % with respect to EBP), increasing the
concentration of TBABr from 0 to 20 mol % led to higher
initiator efficiencies and lower dispersity values, indicating
improved control over polymerization. For instance, polymer-
ization of MA initiated by CoI in the presence of 10 or 20 mol
% of additional TBABr resulted in polymers with dispersity
values of 1.46 or 1.35, respectively (Figure 5, entries 5 and 6).
In contrast, polymerizations initiated by the CoII complex
showed lower dispersity values than those initiated by CoI. For
example, in the presence of 10 or 20 mol % of additional
TBABr, the resulting polymers initiated by CoII both showed a
dispersity of 1.22 (Figure 5, entries 11 and 12).
The differences in polymerization efficiency reflect the

different reactivity of the CoI and CoII complexes. The reaction
of CoI with the alkyl halide initiator could undergo an electron
transfer to form propagating radicals while oxidizing the
complex to CoII. Alternatively, due to the high nucleophilicity
of CoI, a nucleophilic substitution with alkyl halides may well
be feasible to generate organocobalt species (CoIII-R) that
ultimately can homolyze to form radicals and CoII. We
hypothesize that because the reduction of CoII to CoI is
energetically demanding and less favorable by the propagating
radicals, the deactivation of polymerization may not be efficient
via bromine atom transfer by CoII. This hypothesis is
supported by the UV−vis spectroscopic analysis of the CoI
solution, which rapidly reacted with the alkyl halide and
oxidized to CoII without the reformation of CoI (Figure 4B).
Based on these observations, we propose that upon the

reaction of CoI with the initiator, the catalyst is oxidized to
CoII, which can undergo further reaction to activate alkyl
halides via electron transfer forming a CoIII complex.
Subsequently, the CoIII complex can act as an efficient
deactivator of propagating radicals in the presence of bromide
anions. Therefore, when initiated by CoI, we assume that the
deactivator complex is not formed in the first step of the
activation. As a result, polymer chains can grow nonuniformly.
Even though CoI initiates the polymerization, it is more likely
that the equilibrium follows a redox process between CoII and
CoIII complexes instead of CoI and CoII as the activator and
deactivator species, respectively. This contrasts with initiation
using a CoII complex where the activation and deactivation
steps can be efficiently established and sustained to control the
polymerization and afford polymers with low dispersity values.
Chain Extension Experiments. We performed in situ

chain extension experiments to demonstrate the high chain-
end fidelity of polymers obtained by cobalt catalysis. A
poly(methyl acrylate) (PMA) macroinitiator was synthesized
using 5 mol % of the cobalt catalyst in the presence of AIBN
for catalyst regeneration. Conversion of MA reached >95%
(Mn = 11,300 and Đ = 1.19), allowing the in situ chain
extension without purification of the macroinitiator. The
addition of the (2-methoxyethyl) acrylate (MEA) monomer

resulted in the formation of the block copolymer, PMA-b-
PMEA, as evident in the GPC analysis where the molecular
weight increased to 32,000 with a dispersity of 1.26. The GPC
trace of the resulting copolymer shifted to a higher molecular
weight showing only negligible unreacted macroinitiator,
which confirms the high chain end functionality of polymers
(Figure 6).

Alkyl Halide Initiators. A series of activated alkyl bromide
initiators with ester, benzyl, or nitrile stabilizing groups were
successfully used to polymerize MA (Figures 7A and S21−
S24). For example, controlled polymerization of MA was
successfully initiated using a tertiary alkyl bromide initiator
(ethyl α-bromoisobutyrate, EBiB). The tertiary nature of this
initiator may further suggest that the activation by CoII occurs
via an electron transfer as opposed to the nucleophilic
substitution mechanisms.
While both benzyl bromide (BnBr) and bromopropionitrile

(BPN) provided efficient polymerization of MA, the use of
bromoacetonitrile (BAN) failed to initiate the polymerization.
We attribute this observation to the primary nature of BAN
being less activated than its secondary analogue, BPN. We
further studied the effect of the halogen in the initiator and the
nature of added halide source. In contrast to the bromine-
based initiators, alkyl chloride initiator (ethyl 2-chloropropio-
nate, ECP) showed poor initiation efficiency and limited
monomer conversion (Figure S25). The high dissociation
energy of the C−Cl bond may hinder the fast and efficient
activation of the alkyl chlorides by the cobalt catalyst,
therefore, giving poor control over polymerization. In addition,
we examined the effect of additional chloride anions in the
polymerization of MA by the cobalt catalyst. Using a bromine-
based initiator, in the presence of additional tetrabutylammo-
nium chloride (TBACl), well-controlled polymerization of MA
was achieved using 10−20 mol % of the added salt. However,
further increasing the concentration of TBACl to 0.5 equiv
increased the dispersity of polymers. This observation suggests
that the possible transfer of Cl to the chain ends hinders the
fast reactivation as opposed to the bromine-capped chains
(Figure S26).
We used a bromine-capped poly(methyl methacrylate)

(PMMA-Br) as a tertiary macroinitiator to further examine
the initiation efficiency of the cobalt catalyst (Figure 7B).
Polymerization of MA using the PMMA-Br macroinitiator
showed near-quantitative initiation efficiencies (∼98%). The
GPC analysis of the copolymers showed only negligible
residual macroinitiator while the formation of the block

Figure 6. Block copolymerization experiment with PMA-b-PMEA
demonstrating high chain end functionality of polymers synthesized
under cobalt-catalyzed ATRP.
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copolymer (PMMA-b-PMA) in a controlled manner was
evident from the shift in the GPC traces to higher molecular
weight.

■ CONCLUSIONS
In summary, we developed a catalytic strategy to use a vitamin
B12-derived cobalt complex to control radical polymerization
reactions with alkyl halide initiators. The cobalt complex
mediated the polymerization via an atom transfer mechanism
establishing an equilibrium between active and dormant
species, with CoII being the activator and CoIII, in conjunction

with bromide anions, as the deactivator species. The
polymerization efficiency of the cobalt complex differed
according to its oxidation state (CoI vs CoII) during the
initiation. The high reactivity of the CoI complex hampered
polymerization control as opposed to the CoII complex that
established the ATRP equilibrium and afforded polymers with
controlled molecular weight properties. Through judicious
design and development of reaction conditions to enhance the
deactivation and enable catalyst regeneration, we established a
fast and efficient strategy for cobalt-catalyzed atom transfer
radical polymerization that provided high monomer con-
versions and well-controlled polymers using <5 mol % of the

Figure 7. (A) Alkyl halide initiators examined in the polymerization of MA. Reaction conditions: [MA]/[R-X]/[HME-Cob]/[TBABr] = 200/1/
0.05/0.10 (left panel) or 200/1/0.10/0.20 (right panel) in DMF at 60 °C; TBACl was used with ECP. a The initiator efficiency (Ieff) was calculated
based on the GPC analysis of polymers relative to polystyrene standards (Ieff = Mn,th/Mn). (B) Polymerization of MA using a bromine-containing
poly(methyl methacrylate) macroinitiator (PMMA-Br). b The initiator efficiency (Ieff) was calculated based on the ratio of the area under the block
copolymer peak to the total peak area including both the copolymer and the macroinitiator (shown in blue traces).
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catalyst. We anticipate that cobalt will offer new opportunities
in designing ATRP catalysts and the synthesis of well-defined
materials as well as advancing the development of bioinspired
catalysis in controlled radical polymerization reactions.43
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