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ABSTRACT: Cobalt-mediated radical polymerizations (CMRPs) have been initiated by the radical decarboxylation of
tetrachlorophthalimide activated esters. This allows for the controlled radical polymerization of activated monomers across a
broad temperature range with a single cobalt species, with the incorporation of polymer end groups derived from simple carboxylic
acid derivatives and termination with an organozinc reagent. This method has been applied to the synthesis of a polymer/graphene
conjugate and a water-soluble protein/polymer conjugate, demonstrating the first examples of CMRP in graphene and protein
conjugation.

KEYWORDS: decarboxylative coupling, polymer end groups, radical decarboxylation, activated ester, conjugation

■ INTRODUCTION
Cobalt-mediated radical polymerization (CMRP) is a powerful
method for the synthesis of polymers with a controlled
molecular weight and dispersity. The CMRP method relies on
the labile nature of the Co(III)−carbon bond under thermal
and photochemical conditions, allowing for polymerization of
unsaturated monomers to occur by reversible deactivation or
degenerative chain transfer mechanisms, depending on the
monomer and Co complex used.1

Due to the facile homolytic cleavage of the Co−C bond,2

rates of CMRPs can approach those of uncontrolled free
radical polymerizations.1a This makes CMRP particularly well
suited to the polymerization of less activated monomers
(LAMS)3 such as vinyl esters4 and amides,5 ethylene6 and 1-
octene,7 and perfluoroalkylethylenes.8

The high reactivity and lower temperatures associated with
many CMRP applications have limited the range of suitable
radical initiators that can be used (Scheme 1). The controlled
polymerization of vinyl acetate (VA) was first demonstrated
using Co(acac)2 and the diazo initiator V70 at 30 °C.4a This
method generates the reactive organocobalt(III) species in situ,
although the requirement to store and transport V70 at −20
°C limits its broad application.
Low-temperature initiation has also been achieved using

photoinitiators, allowing for the controlled polymerization of

acrylate, vinyl amide, and vinyl ketone monomers at 0 °C
under UV or visible light irradiation.5,9 In addition, a redox
initiation system employing ascorbic acid and benzoyl peroxide
provides a scalable method for low-temperature initiation.10

Along with control of the molecular weight and dispersity of
a polymer, the ability to control the polymer end groups is
essential for many applications. In CMRP, the α-end group is
derived from the initiating radical, or from the cleavage of the
initial Co−C bond in the case of organocobalt(III) complexes.
This has been exploited to introduce functional end groups
through the synthesis of halomethyl−cobalt complexes,
allowing for further elaboration of the polymer by azide
substitution and a copper-catalyzed alkyne cycloaddition
reaction.11

Due to the versatile reactivity of organocobalt(III)
complexes, a number of methods have been developed for
ω-end group functionalization in CMRP. Radical trapping
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reagents such as nitroxides11 and thiols have been used
extensively to functionalize polymers and remove cobalt from
the resulting materials. Additions to C6012 and carbon
nanotubes13 have also been demonstrated, along with
polymer−polymer coupling via addition to dienes.14

Polymer end group control is essential for the development
of biological medicines based on polymer/protein conjugates.
These hybrid materials can impart longer half-lives in the
bloodstream compared with unfunctionalized proteins,
although all FDA approved conjugates to date have utilized
poly(ethylene glycol) (PEG).15 The exploration of alternatives
to simple PEGylation of protein therapeutics will provide
advancements in the design of polymers which improve
pharmacokinetics (PK) or the rational design of novel
functional materials.16

Recently, the decarboxylation of carboxylic acids and esters
has emerged as a practical method for producing alkyl radicals
in small-molecule cross-coupling chemistry.17 In 2016, Baran
demonstrated that single-electron transfer from a NiI

intermediate could trigger the radical decarboxylation of N-
hydroxyphthalimide (NHP) esters,18 resulting in the formation
of an alkyl−NiIII complex which could undergo coupling with
an organozinc reagent.19 This method has subsequently been
extended to the coupling of redox-active esters (RAEs) with a
variety of partners, including aryl and vinyl halides,20 aryl
boronates,21 and alkynes.22 In 2018, Wang and co-workers
showed that cobalt is also an effective catalyst for the coupling
of NHP esters with organozinc reagents, proceeding via the
single-electron transfer from a CoI intermediate.23

Based on this precedent, we hypothesized that the in situ
generation of a CoI species would allow for single-electron
transfer and radical decarboxylation of a redox-active ester,
producing both the initiating radical derived from the ester
functional group and the required CoII complex to mediate
radical polymerization. We selected benzyloxycarbonyl (Cbz)
protected phenylalanine as an appropriate starting material for
the synthesis of redox-active esters 1−3, containing azabenzo-
triazole, phthalimide, and tetrachlorophthalimide24 activating
groups, respectively.
We began our polymerization experiments employing

equimolar amounts of the redox-active ester (RAE) and
Co(acac)2, with 50 equiv of methyl acrylate in DMF. 1 equiv of

ZnEt2 was then added, to reduce the CoII to CoI and initiate
the radical decarboxylation. The ester 1 was generated in situ
by reaction of the carboxylic acid with HATU (Figure 1),

showing 64% conversion to the activated ester by 1H NMR
analysis. Under these conditions, only 14% monomer
conversion was seen after 18 h. This was almost identical to
the control experiment containing no activated ester,
suggesting that 1 was not undergoing the desired radical
decarboxylation (Table 1, entries 1 and 2).
While the use of isolated ester 2 resulted in a slightly

increased conversion of 27%, we were pleased to see that ester
3 gave 98% monomer conversion after 3 h at 0 °C (entries 3
and 4). Following the polymerization step, the resulting
polymer was functionalized by the addition of 2,2,6,6-
tetramethylpiperidin-1-yloxyl radical (TEMPO) and isolated
by precipitation.
An analysis of this polymer (entry 4) by gel permeation

chromatography (GPC) showed a moderate dispersity (Đ =
1.36) and a molecular weight of 19 600. Conducting this
polymerization with 3 equiv of cobalt and ZnEt2 (entry 5) gave
an excellent dispersity of 1.15 and a reduced molecular weight
of 9300. The 1H NMR spectra of this polymer showed the
aromatic signals associated with the ester-derived end group
(polymer 4), although the integration of this signal was lower
than expected, suggesting that end group incorporation was
incomplete, possibly due to the presence of other initiating
radicals not derived from the activated ester.
An examination of the 1H NMR spectra of 4 (entry 5)

showed a small triplet at δ 0.85 ppm, consistent with the
incorporation of an ethyl group derived from ZnEt2 (polymer
5, see the Supporting Information, Figure S24). The presence
of this signal, along with the 13% monomer conversion
observed in the absence of the redox-active ester (Table 1,
entry 1), led us to suggest that this background polymerization
is initiated by an ethyl radical, possibly generated by the
reaction of ZnEt2 with trace oxygen.25 A 1:2.4 ratio of Cbz-
phenylalanine to ethyl end groups was observed by integration
of the NMR spectra.
An analysis of this polymer (entry 5) by MALDI/TOF mass

spectroscopy showed two major species, the first consistent
with the incorporation of the phenylalanine-derived end group
(polymer 4) and fragmentation of the TEMPO group and the
Cbz imide26 (6251.56 calcd. for n = 70, found 6251.58, [M +
Ag]+) and the second consistent with the incorporation of the
ethyl end group (polymer 5) and loss of TEMPO (6179.53
calcd. for n = 70, found 6178.50, [M + H2O + Ag]+) (see the
SI, Figure S58).
In an effort to avoid the competing initiation by the ethyl

radical, we substituted the ZnEt2 reducing agent for Zn

Scheme 1. Initiation of Cobalt-Mediated Radical
Polymerizations

Figure 1. Coupling agents used. HATU = (1-[bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluoro-
phosphate. CITU = 1,1,3,3-tetramethyl-2-(4,5,6,7-tetrachloro-1,3-
dioxoisoindolin-2-yl)isouronium hexafluorophosphate.
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powder. In the absence of ester 3, this produced no detectable
polymerization (entry 6). When a 1:3:3 ratio of 3:RAE:Co was
used (entry 7), an excellent conversion and molecular weight
were observed, while a 1:3:1 ratio (entry 8) gave similar
results, but with slightly improved dispersity (Đ = 1.18). While
this dispersity is from a polymer that has been precipitated, a
GPC analysis during kinetic studies (see the SI, Figure S1)
showed a dispersity of 1.29, suggesting that precipitation has
only a small influence on dispersity.
A comparison of the molecular weight of this polymer

(determined by 1H NMR end group analysis) with the
theoretical Mn gave an initiation efficiency ( f) of 0.51, where f
= Mn,theory/Mn,NMR. This indicates that 51% of the functional
groups derived from the decarboxylation of 3 have been
successfully incorporated into the polymer. As such, the
conditions in entry 8 were adopted as our standard conditions
for further study.
The 1H NMR analysis of polymer 4 (Table 1, entry 8)

clearly showed the presence of aromatic, benzylic, and
TEMPO-derived protons, consistent with the incorporation
of the desired end groups (Figure 2). An integration of the

NMR indicates a 1:1 ratio of the α- and ω-end groups. Further
evidence was provided by a DOSY NMR analysis, which
showed the diffusion coefficients associated with the aromatic
NMR signal and the TEMPO-derived signal of 5.17 × 10−10

and 5.12 × 10−10 m2 s−1, respectively, compared with 5.08 ×
10−10 m2 s−1 for the signals associated with the polymer
backbone. In a control experiment, the diffusion constant for
the unreacted ester 3 was found to be 9.09 × 10−10 m2 s−1 (see
the SI, Figure S55), indicating that the end group NMR signals
in polymer 4 are not associated with small-molecule impurities.
Polymer 4 was also analyzed by electrospray ionization mass
spectrometry (ESI-MS) after quenching with TEMPO at low
conversion (13%), showing a single major species with intact
α- and ω-end groups (1293.61 calcd. for n = 10, found
1293.60, [M + Na]+) (see the SI, Figure S59).
The residual metal content of polymer 4 was determined by

inductively coupled plasma optical emission spectroscopy
(ICP-OES) following precipitation. This indicated initial
cobalt and zinc concentrations of 800 and 400 ppm,
respectively. Following treatment of the polymer with basic
alumina overnight and subsequent filtration (see the SI,
Scheme S10), the cobalt and zinc contents were reduced to
below the limit of detection for this method (0.005 ppm for
Co and 0.001 ppm for Zn corresponding to sample
concentrations of <2 ppm Co and <0.5 ppm Zn).
We next examined the ability of our method to initiate

polymerizations from primary, secondary, and tertiary radicals
derived from functionalized carboxylic acid derivatives (Figure
3). To demonstrate the effectiveness of primary radicals, a side-
chain activated glutamic acid derivative and a biotin group
were successfully used to initiate polymerization, giving
polymers 6 and 7, respectively. Conversions of 61% and 81%
were observed, with good dispersities. To further demonstrate
the effectiveness of amino-acid precursors, several amino acids
were tested using a one-pot procedure where the carboxylate
was activated in situ using the coupling agent CITU (Figure
1).24 Fmoc protected tBu serine and methionine were
successfully used, giving polymers 8 and 10, while Fmoc-
serine with a free −OH gave no polymerization (9). In
addition, N-acyl tryptophan was utilized to give polymer 11,
albeit with a reduced monomer conversion of 30%. This
demonstrates that redox sensitive amino acids (Met and Trp)

Table 1. Optimization of Polymerization Conditions with Redox-Active Esters

entry RAE reductant ratio RAE:Co:reductant conversiona (%) ratio 4:5 Đb Mn,theory (g/mol) Mn,GPC (g/mol) Mn,NMR (g/mol) fc

1 none ZnEt2 0:1:1 13
2 1 ZnEt2 1:1:1 14
3 2 ZnEt2 1:1:1 27
4 3 ZnEt2 1:1:1 98 1:8 1.36 4600 19 600 95 600 0.05
5 3 ZnEt2 1:3:3 98 1:2.4 1.15 4600 9300 21 600 0.21
6d 3 Zn 0:1:1 0
7e 3 Zn 1:3:3 88 4 only 1.26 4100 8100 8300 0.49
8e 3 Zn 1:3:1 88 4 only 1.18 4100 8900 8100 0.51

aDetermined by 1H NMR spectroscopy. bDetermined by GPC. cf = Mn,theory/Mn,NMR.
dRun at room temperature overnight. eRun at 0 °C for 2 h

and then 3−4 °C for 2 h.

Figure 2. 1H NMR spectra of polymer 4 (Table 1, entry 8). Molecular
weights (Mn) given in g/mol.
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can be effectively used in this reaction, while nucleophilic
residues (e.g., Ser) require side-chain protection.
Following the successful use of protected amino acids to

initiate polymerization, we next examined several peptides,
using a one-pot procedure where the carboxylate was activated
in situ using the coupling agent CITU (Figure 1).24 Polymer
13 was synthesized with excellent monomer conversion and
dispersity, indicating that peptides with unreactive residues
were compatible with this reaction. Polymer 14, containing an
unprotected tyrosine residue, was also successfully synthesized.
Finally, polymer 15 was synthesized from a peptide activated
by decarboxylation of an unprotected glutamate residue side
chain, rather than the C-terminus. This gave a lower
conversion (41%) than the previous two peptides, along with
a slightly higher dispersity of 1.56.

A kinetic analysis of the polymerization to form 4 at 0 °C
showed a linear dependence of Ln([M]0/[M]) versus time
following an induction period of approximately 50 min (Figure
4A). A linear increase in molecular weight is observed with

increasing conversion (Figure 4B). These data indicate that
irreversible chain termination is not significant under these
conditions and that this method shows the characteristics of a
living polymerization. This was also demonstrated through
chain extension experiments, where polymerization under our
standard conditions gave 88% monomer conversion. This was
followed by the addition of 100 equiv of MA before stirring at
6 °C for 16 h (Figure 4C). GPC analysis of the polymers
before and after chain extension showed a clear shift toward
higher-molecular-weight material, indicating that the organo−
cobalt complex at the ω-end of the polymer is still active after
the initial polymerization period. There was, however, a limit
to this stability, as chain extension after an initial period of 16 h
at 6 °C gave a bimodal distribution of polymers with Mn values
of 9500 and 170 600. This indicates that chain termination

Figure 3. Functionalized polymers synthesized from redox-active
esters. Molecular weights (Mn) given in g/mol.

Figure 4. (A) Plot of Ln([M]0/[M]t) vs time. (B) Plot of Mn vs
monomer conversion. (C) GPC analysis of polymer before and after
chain extension. Molecular weights (Mn) given in g/mol.
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events can be significant when the polymerization is left at
higher temperatures for prolonged periods of time.
The origin of this chain termination event was investigated

by synthesizing a low-molecular-weight polymer using 10 equiv
of methyl acrylate and then allowing it to terminate by stirring
at room temperature overnight. The resulting material was
characterized by electrospray ionization mass spectrometry
(ESI-MS; SI, Figure S60), which indicated that termination is
occurring by abstraction of a hydrogen atom. Conducting this
experiment in d6-DMF did not result in deuterium
incorporation into the product, indicating that the solvent is
not the hydrogen atom source in this process.
CMRP has been demonstrated to be an effective method for

the polymerization of dimethylacrylamide (DMA), although
Co−porphyrin, Co−salen, or amino−bis(phenolate) com-
plexes are typically required for controlled polymerization.27

Given our ability to initiate CMRP at low temperatures, we
examined the polymerization of DMA using Co(acac)2, in the
hope that lower reaction temperatures would allow for
controlled polymerization. This reaction proceeded rapidly
under our optimized conditions at 0 °C, although a poor
dispersity was observed (Đ = 1.99).
We were pleased to observe that lowering the reaction

temperature to −42 °C resulted in a high level of monomer
conversion, while delivering polymer 16 with excellent
dispersity (Đ = 1.24) (Scheme 2A).

Based on the cobalt-catalyzed cross-coupling reaction
reported by Wang,23 we hypothesized that it should be
possible to intercept the organo−cobalt complex at the ω-end
of the polymer with an organozinc reagent, resulting in the
formation of a new C−C bond (Scheme 2B). To test this, the
activated ester 3 was used to initiate polymerization under our
standard conditions; however, the reaction was terminated
with 6 equiv of diarylzinc in place of TEMPO. An analysis of
polymer 17 by 1H NMR, DOSY NMR, and ESI-MS (SI,
Figure S61) indicated the clear incorporation of the para-
methoxy phenyl group with >90% incorporation relative to the

α-end group determined by 1H NMR. The fluorine-containing
substrate 18 was also used in this study, and the polymer-
ization terminated with a para-trifluorophenyl group to give
polymer 19. This allowed for the ratio of α- to ω-end groups to
be determined by 19F NMR analysis. This showed a coupling
efficiency of 56%, likely due to the reduced nucleophilicity of
the fluorinated aryl group. Reducing the amount of the
organozinc reagent to 3 equiv gave a reduced incorporation of
33%.
We next examined the use of our methodology for the

grafting of polymers to graphene. Detrembleur and co-workers
have previously shown that poly(vinyl acetate) synthesized by
CMRP and end-capped by a Co(acac)2 complex can be grafted
to carbon nanotubes.13 The addition of water to this material
facilitates Co−C bond homolysis and liberation of a free
radical. The addition of the polymer radical to carbon
nanotubes results in a conjugate material with 20% polymer
content by weight. A similar approach has also been used for
the addition of poly(vinyl acetate) to C60, resulting in
conjugates with potential applications in photodynamic
therapy.12

Graphene polymer composite materials have shown superior
mechanical, thermal, electrical, and gas permeability properties
compared with polymers alone.28 In addition, composite
materials where the graphene and polymer are covalently
linked have shown improved properties over noncovalent
blended materials. To our knowledge, CMRP has not been
previously demonstrated for the synthesis of graphene/
polymer composite materials.
In order to prepare a graphene−PMA composite using our

CMRP methodology, we performed the polymerization from
initiator 3, according to our optimized procedure (Figure 5A).
Following the completion of polymerization, the solution of
cobalt-functionalized polymer was transferred to a flask
containing graphene (20 mg, 0.6−1.2 nm thickness, 400−
1000 m2 g−1 surface area), and the resulting suspension was
stirred at room temperature overnight. The resulting graphene
composite was isolated by centrifugation and washed
exhaustively with DMF, H2O, MeOH, and EtOAc to remove
any unbound polymer.
A successful functionalization of the graphene could be seen

by observing the dispersion of the graphene−PMA material in
organic solvents (Figure 5B). Compared with pristine
graphene, a 0.5 mg/mL dispersion of graphene−PMA in
EtOAc showed a high degree of dispersibility 5 min after
shaking. An analysis of the graphene−PMA conjugate by
scanning electron microscopy (SEM) showed a similar
morphology compared with the pristine graphene material
(Figure 5C). Finally, an analysis of the graphene−PMA
conjugate by thermal gravimetric analysis (TGA) showed a
significant mass loss at ∼400 °C, consistent with the thermal
decomposition of PMA (Figure 5D). Based on the
thermogravimetric (TGA) analysis, a polymer content of
30% was calculated for this material.
As a further demonstration of the applications of this

methodology, we designed poly(dimethylacrylamide) 21,
containing a pentafluorophenyl (PFP) ester at the α-end for
the conjugation to surface lysine residues on a model protein.
This functional group has been shown to selectively react with
surface exposed lysine residues.29a PFP esters have been
successfully incorporated into reversible addition−fragmenta-
tion chain-transfer (RAFT) and atom transfer radical polymer-
ization (ATRP) polymer end groups for biomolecule

Scheme 2. Synthesis of Polydimethylacrylamide and
Polymer Termination with Organozinca

aMolecular weights (Mn) given in g/mol. Coupling efficiency =
percentage of ω-end groups relative to α-end groups, determine by 1H
or 19F.
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conjugation.29b,c The ability to incorporate PFP esters to
CMRP polymers would allow the favorable properties of
CMRP (low reaction temperature, diverse monomer use) to be
applied in polymer−protein conjugation chemistry.
Chemical conjugation is critical for increasing the size and

PK properties of therapeutic proteins, such as small mini-
antibody scaffolds.30,31 Monobodies are 10 kDa binding
proteins which have previously reached clinical trials using
PEGylation for PK enhancement.32 This type of chemical
conjugation usually requires the addition of a cysteine or
glutamine residue;30 however, these mutations risk perturbing
the structure and sacrificing stability when misplaced in small
protein scaffolds like monobodies.34,35 Some recent PK
enhancements have come from genetic fusions of albumin-
binding domains or extensions of the C-terminus with PAS
amino-acid repeats,33,37 although this may introduce a greater
opportunity for aggregation during protein expression. We
chose to conjugate an 11.6 kDa poly(dimethylacrylamide)
onto lysines of the hyperstable FN3Con monobody scaffold, as
the robust nature of this scaffold would be amenable to early
conjugation experiments.36

The FN3Con-anti-lysozyme37 is an 11.3 kDa protein that
binds the model protein lysozyme with nanomolar affinity and
maintains its structure up to 87 °C. Critically, in the folded

protein structure, the lysine conjugation sites are surface
exposed and located on the opposite end of the molecule to
the binding loops (Scheme 3). The conjugation of this protein
with 50 equiv of polymer 21 for 16 h at 60 °C resulted in
higher-molecular-weight conjugation products appearing as
bands on SDS-PAGE (Figure 6B), with some SDS-resistant
dimers of FN3Con occurring in the control sample due to the
prolonged exposure to heat stress. For a further analysis, we
adapted a previously established workflow for monobody
conjugation analysis,38 where the protein samples undergo
trypsin digestion into peptide fragments, and LC/MS is used
to measure the proportionate loss of unconjugated peptides
which contain the target amino acid (Figure 6A).
We observe that the ∼20 kDa gel band of the conjugation

mixture consists of mostly monomeric 11.2 kDa FN3Con-anti-
lysozyme with 11 kDa 21 attached to one of the two lysines
(Figure 6C). This is due to a ∼50% decrease in the presence of
either unconjugated peptide fragment (Figure 6C) and also
suggests that there is no preference for conjugation to one
residue over the other. We also used LC/MS to investigate a
very faint protein band that appeared at ∼30 kDa, which may
include protein with two polymers attached (Figure 6B).
Although there is a small proportion of monomer species
where polymer has attached to both conjugation sites, given

Figure 5. (A) Synthesis of a graphene/polymer conjugate. Molecular weights (Mn) given in g/mol. (B) Suspension of graphene and graphene−
PMA conjugate in EtOAc (0.5 mg/mL), 5 min after shaking. (C) SEM images of graphene and graphene−PMA conjugate. (D) TGA analysis of
graphene, bulk PMA, and graphene−PMS.

Scheme 3. Synthesis of the Polymer Protein Conjugate 22a

aMolecular weights (Mn) given in g/mol.
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the >50% decrease in the K62 unconjugated peptide (Figure
6C), the results show that this band is likely to be a complex
sample including some quantity of dimerized FN3Con with a
single conjugate attached.
The successful conjugation of FN3Con-anti-lysozyme with

polymer 21 will allow for the further study of this conjugate,
with the hope that the increased size will improve the PK
properties and increase the circulating half-life in vivo. This
study specifically aimed at introducing a nonfunctional
polymer to increase protein size; however, this chemistry can
be further explored for the conjugation of functional chemical
groups onto proteins of therapeutic relevance. The conjugation
of a wider range of chemical groups is an avenue for improving
the differentiation of the monobody scaffold.39 Additionally,
the designed robustness of the FN3Con scaffold could enable
earlier applications of novel functional groups than with
scaffolds of lower thermal stability.40

■ CONCLUSIONS
We have demonstrated that the radical decarboxylation of
tetrachlorophthalimide activated esters by an in situ generated
CoI species can initiate CMRP. The incorporation of
functional groups derived from activated esters and organozinc
reagents into the α- and ω-end groups of the polymer has been
demonstrated by 1H and DOSY NMR spectroscopy and mass
spectrometry.
A broad range of functional groups can be included, and

primary, secondary, and tertiary initiating radicals are all well
tolerated.
These results demonstrate that cobalt can play three distinct

roles in this polymerization reaction: facilitating the incorpo-
ration of the α-end group by radical decarboxylation,
mediating the polymerization to control molecular weight
and dispersity, and allowing control of the ω-end group

through transmetalation and reductive elimination from
organozinc reagents.
Further, we have demonstrated the application of this

method to the synthesis of polymer-functionalized graphene,
resulting in a composite material containing 30% PMA by
mass. Finally, we have produced a proof of concept that CMRP
can generate reactive polymers for conjugation to residues on a
biological protein scaffold.
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