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ABSTRACT: Cobalt-mediated radical polymerization (CMRP) is
a versatile technique for controlling the polymerization of vinyl
monomers via reversible termination using Co" complexes as
persistent radical deactivators. Here, we report a facile approach for
the in situ generation of Co—H as a discrete initiator and mediator
for CMRP of acrylate and acrylamide monomers, overcoming the
limitations of existing initiation strategies. In situ oxidation of a Co"
complex followed by transmetalation with silane generates a Co-H
species, which initiates polymerization via hydrometalation of the
monomer. This method precludes an induction period with
excellent control over targeted molecular weight and dispersity.
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Strikingly, our approach allows complete polymerization when the induction period ends for conventional CMRP. A broad scope of
monomers is amenable to this protocol, including acrylates and acrylamides. Tunable catalyst electronics afford tailored dispersity
while maintaining agreement in molecular weight in stark contrast to conventional methods. Elimination of this induction period
imbues polymerization behavior entirely to the catalyst electronic effects on reversible deactivation/activation rates.

B INTRODUCTION

Reversible deactivation radical polymerization (RDRP) techni-
ques allow access to novel polymers by design and precise
control of their molecular weight, dispersity, and other
architectural properties.'~” In RDRP, reversible termination
mechanisms include using persistent radicals such as alkoxy-
amines® or metal complexes'”'" to mediate polymer chain
growth. In particular, cobalt-mediated radical polymerizations
(CMRP) use cobalt(II) complexes as persistent radicals to
deactivate propagating radicals and assert control over polymer-
ization.”””"® In CMRP, dormant polymer chains contain
organocobalt end groups, which can reversibly dissociate to
generate propagating radicals and Co" complexes as polymer-
ization deactivators. In addition, the CMRP equilibrium can be
tuned by the identity of the Co" complex, modifying the
strength of the cobalt—carbon bond.

Initiation in conventional CMRP proceeds with exogenous
radical sources, generating organocobalt(III) complexes in situ
and showing long induction periods (Scheme 1A).""7*!
Moreover, a large excess of exogenous initiators must be used
to achieve a reasonable polymerization rate. As a result,
continuous generation of an initiating species forms new chains
throughout the polymerization, broadening molecular weight
distribution. Presynthesized organocobalt compounds have
been used as discrete initiators in CMRP.**™%¢ However, the
synthesis of organocobalt compounds often brings additional
synthetic challenges, requiring the reaction of Co" with radicals
pre-polymerization.
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We envisioned a new approach utilizing Co—H as a discrete
initiator in CMRP. Inspired by the Mukaiyama hydration of
alkenes”” and implementation of this approach by Shenvi and
others (Scheme 1B),”*™*° our design relies on the oxidation of a
Co'(salen) complex to Co™ followed by transmetalation with a
hydrosilane to generate a Co—H initiator in situ (Scheme 1C).
The Co—H species will rapidly initiate polymerization by
hydrometalation of vinyl monomers, whereby CMRP equili-
brium solely exerts control. This approach would preclude
exogenous initiators and synthesis of organocobalt complexes
and should eliminate the long induction period typically
observed in CMRP.

The Co"(salen) complex has been shown as a versatile
persistent radical in CMRP, affording controlled polymerization
with several monomer classes and also used in hydrometalation
reactions. Judicious choices of oxidant, silane, and stoichiometry
are essential for a well-controlled polymerization. The oxidation
of Co"(salen) to Co™(salen)-X (or [Co™(salen)]") must occur
rapidly, be tolerant of monomer, and not inhibit polymerization.
The transmetalation with silane must also be highly efficient and
rapid to ensure initiator formation. Finally, hydrometalation
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Scheme 1. Approaches in the Initiation of Cobalt-Mediated Radical Polymerization (CMRP)“
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“(A) Conventional CMRP using exogenous radical sources to generate the organocobalt initiators. (B) Inspiration using Co—H in catalytic alkene
hydration. (C) Proposed in situ generation of Co—H species as a fast and efficient initiator for mediating the CMRP of acrylate and acrylamide

monomers.

must be nearly instantaneous for fast initiation and to prevent
catalyst deactivation by conversion of Co™~H to Co" and H,.
All these steps can be influenced by the choice of salen ligand in
addition to the oxidant and silane. Modifying the salen ligand
can further provide opportunities for tuning the Co complexes’
structural properties and polymerization efficiency.

B RESULTS AND DISCUSSION

We began our studies with the CMRP of methyl acrylate (MA)
monomer with these design principles in mind. The Co"(salen)
complex was oxidized to Co™ by N-fluoro-2,4,6-trimethylpyr-
idinium tetrafluoroborate (NFTPB) followed by the addition of
1,1,3,3-tetramethyldisiloxane (TMDSi) to generate the Co—H
initiator in situ (Figure S1). Polymerization of MA in N,N-
dimethylformamide (DMF) reached 85% monomer conversion
with a low dispersity of 1.09 and molecular weight in agreement
with theoretical value (I, 104%; Table 1, entry 1, and Figure
S$3). Excluding either the Co complex, oxidant, or silane showed
no monomer conversion (Table S1), confirming the importance
of the oxidant and silane in generating the Co—H initiator.
Polymerization of MA using Col and TMDSi was also well
controlled in other solvents such as toluene, dioxane,
acetonitrile, N,N-dimethylacetamide (DMAc), and dimethyl
sulfoxide (DMSO) or even in bulk conditions (Figure SS).
Using strongly coordinating solvents (DMF, DMAc, and
DMSO) resulted in increased monomer conversion than those
with less coordinating ability such as toluene.

The use of phenylsilane (PhSiH;) in place of TMDSi also
afforded low dispersity, albeit with lower initiator efficiency
(Table 1, entry 2). Decreasing the concentration of TMDS;,

which contains two Si—H functionalities, from 0.5 to 0.25 equiv
(with respect to Col) showed a decrease in the initiator
efficiency from 104 to 49%, while the use of excess silane
increased the initiator efliciency, suggesting the formation of
new chains (Table 1, entries 3 and 4, and Figure S6). Using 0.25
equiv of the oxidant and silane (with respect to Co), which
would result in the oxidation and transmetalation of ~50% of the
initial Col, polymerization of MA showed an initiator efficiency
of ~61% (Table 1, entry S). However, a high concentration of
Col as the deactivator of propagating radicals significantly
decreased the polymerization rate, reaching only 8% monomer
conversion in 24 h. In the presence of excess oxidant and silane,
initiator efliciencies higher than 100% were achieved, suggesting
the formation of additional new chains (Table 1, entry 6).

To support our hypothesis of a radical mechanism, a control
experiment conducted in the presence of TEMPO as a radical
scavenger showed no monomer conversion after 24 h (Table 1,
entry 7). Moreover, the addition of TEMPO after the reaction
was started (¢ = 15 min) completely stopped the polymerization
with no further monomer conversion or molecular weight
increase (Table 1, entry 8). These control experiments further
indicate the radical nature of the initiation and polymerization
by Co—H. We were also able to synthesize high molecular
weight polymers (M, > 50,000 g/mol) by targeting high degrees
of polymerization (DP). The CMRP of MA was well controlled,
targeting a DP of 400, 600, or 800, resulting in high initiator
efficiency, low dispersity, and narrow molecular weight
distributions (Table 1, entries 9—11, and Figure S7).

Kinetic analysis of our protocol compared to typical CMRP
protocols shows a stark contrast in both induction period and
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Table 1. Co—H-Initiated CMRP of Methyl Acrylate (MA)“
Co-H initiated CMRP Oxidant - [O] Silanes - [Si-H] Radical scavenger
Me
[O] SiH
= M M
_ e {’I’CO"'(L n) m Me,Hsi~ O SiHMe, ©/ wd N Ve
Me N Me [¢]
OMe |
B! -
ud :%37 40 c OMe F B _
BU cot BU NFTPB TMDSi PhSiH, TEMPO
entry [MA]/[Co1]/[O]/[Si—H] conversion (%) M, 4 (g/mol) M, (g/mol) b L (%)

1 200/1/0.55/0.5 85 15,200 14,500 1.09 104
2° 200/1/0.55/0.33 62 11,300 15,300 1.11 74

3 200/1/0.55/0.25 53 9750 20,000 1.09 49

4 200/1/0.55/1 78 14,000 10,250 1.17 137
5 200/1/0.25/0.25 8 1970 3200 1.09 61

6 200/1/0.75/0.75 95 16,900 12,500 1.20 135
7 200/1/0.55/0.5 + TEMPO (added initially) 0

8 200/1/0.55/0.5 + TEMPO (added at 15 min) 17 3500 3150 111 111

9 400/1/0.55/0.5 86 30,100 24,300 1.12 123
10 600/1/0.55/0.5 85 44,400 36,500 1.23 121
11 800/1/0.55/0.5 86 59,800 50,300 1.26 118

Omdant [O] = N-fluoro-2,4,6-trimethylpyridinium tetrafluoroborate (NFTPB), [Si—H] = 1,1,3,3-tetramethyldisiloxane (TMDSi), reaction time

=2 h. YInitiator efficiency, Ig = (M, th/M ). Theoretical number-average molecular weight, M,

nth = ([

]/[Co1] X conversion X Mys) + Mco(Ln)-

[Si—H] = phenylsilane (PhSiHj;). 90xidant used in 0.25 equiv with respect to Co. Reaction time = 24 h; no monomer conversion after 4 h.
“TEMPO (1.5 equiv) with respect to Col was added initially. JTEMPO (1.5 equiv) was added 15 min after polymerization was started; no further

monomer conversion was observed after 4 h.
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Figure 1. (A) CMRP of MA initiated by Co—H or AIBN. (B) Kinetics of the polymerization of MA showing an induction period in the presence of
AIBN, whereas the Co—H-initiated system showed a fast and linear growth with no induction period. (C) Evolution of molecular weight (M, filled
points, left y axis) and dispersity (D, open points, right y axis) per monomer conversion. (D) GPC traces of the resulting polymers. Reaction conditions
for Co—H-initiated polymerization: [MA]/[Co1]/[NFTPB]/[TMDSi] = 200/1/0.55/0.5 in DMF (50 vol %) at 40 °C. Reaction conditions for

AIBN initiated polymerization: [MA]/[Col]/[AIBN]

=200/1/6 in DMF (50 vol %) at 60 °C.

polymerization control (Figure 1A). Our standard conditions
show a linear semi-logarithmic kinetic behavior, reaching >80%
monomer conversion in just 2 h (Figure 1B). Strikingly, under
standard CMRP conditions using excess amounts of azobisiso-
butyronitrile (AIBN) as an exogenous radical source, polymer-
ization of MA at 60 °C shows a long induction period (~3 h;
Figure 1B).

The long induction period is typically expected as polymer-
ization does not begin until the Co"" deactivator is depleted by
coupling with exogenous radicals. Conducting polymerization of
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MA initiated by Co—H at 20 °C showed only negligible
monomer conversion due to the slow Co—C bond activation
rate at low temperatures. Increasing the temperature to 60 °C
increased the polymerization rate with high monomer
conversion, controlled molecular weights, and low dispersity
(Figure S8).

In both protocols, molecular weights increased as a function
of monomer conversion (Figure 1C). Co—H initiation affords
polymer in agreement with theoretical values confirming
quantitative initiator efficiency (Figure 1C). Furthermore, the
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Table 2. Co—H-Initiated CMRP of Acrylate and Acrylamide Monomers”

Acrylate monomers

N

o
M
e MeMe
OMe
Me

n-BA t-BA MEA BnA
Conv. (%) 94 85 75 63
M, tn 24500 22400 20100 21000
M, 21500 22000 16000 17000
b 1.18 1.12 1.09 1.09
logs (%) 114 98 125 123

Acrylamide monomers

DU WS
0o 07 NMe, O N/\ 07 NH
H(F K/O Me” “Me
F

TFEA DMA NAM NiPAAm
60 85 84 >99
19100 17500 24300 23300
19800 18000 24400 29000
1.13 1.06 1.18 1.26
96 97 99 80

“Reaction conditions: [M]/[Col1]/[NFTPB]/[TMDSi] = 200/1/0.55/0.5 in DMF (50 vol %) at 40 °C, 2 h; [NiPAAm] = 4 M in DMF (M, and

M, , values are given in g/mol).

GPC traces showed a narrow, monomodal molecular weight
distribution of the resulting polymer initiated by Co—H with a
dispersity of 1.09 (Figure 1D, top). Polymerization of MA in the
presence of excess AIBN and Col shows molecular weights
close to theoretical values as polymerization progresses to higher
monomer conversions. However, the dispersity of the polymers
also increases (D > 1.24) because of the continuous generation
of new radicals via AIBN decomposition. The GPC traces of the
resulting polymer initiated by AIBN show tailing toward low
molecular weights indicative of new chains generated through-
out the polymerization (Figure 1D, bottom, and Figure S9).

Co—H-initiated CMRP was successfully applied in control-
ling the polymerization of various acrylate monomers (Table 2
and Figures S10—S17). Under our standard polymerization
conditions, acrylate monomers such as n-butyl (n-BA), t-butyl
(t-BA), 2-methoxyethyl (MEA), and benzyl (BnA) acrylate were
polymerized in a controlled fashion using Co—H as the initiator
and polymerization mediator. Polymerization of a fluorinated
monomer, 2,2,2-trifluoroethyl acrylate (TFEA), reached ~60%
monomer conversion, providing a dispersity of 1.13 and initiator
efficiency of 96%.

In addition, we were able to initiate and control the
polymerization of acrylamide monomers using Co—H as the
initiator and mediator. For example, N,N-dimethylacrylamide
(DMA) was polymerized to high monomer conversion with
controlled molecular weight (I.4=97%) and low dispersity (D =
1.06). Furthermore, polymerization of N-acryloylmorpholine
(NAM) was well-controlled using Co—H. As a secondary
acrylamide monomer, the CMRP of N-isopropylacrylamide
(NiPAAm) reached >99% monomer conversion and showed
controlled molecular weight and low dispersity.

Polymerization of other monomers such as methyl meth-
acrylate (MMA), styrene, or vinyl acetate (VOAc) failed to
provide control via Co—H-initiated CMRP. Methacrylate
monomers are known to undergo catalytic chain transfer in
the presence of Co" complexes, yielding alkene-terminated, low-
molecular-weight polymers. The CMRP of MMA under the
standard conditions of Co—H initiation showed 62% monomer
conversion in 24 h with M, = 1150 (M, 4, = 13,000) and D = 1.62
(Figure S18). Furthermore, polymerization of styrene resulted
in only 12% monomer conversion with M, = 7250 and b = 2.07
(Figure S19). Although CMRP of VOAc initiated by AIBN
provided only moderate control over the polymerization (with
initiator efficiencies >200% as the polymerization progressed to
~80% conversion; Figure S20), no monomer conversion was
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observed in the presence of Co—H. We hypothesize that due to
its lower activity, the hydrometalation of VOAc is slow relative
to the decomposition of Co—H to Co(II) and H,.

In situ chain extension experiments confirmed the chain-end
fidelity of polymers synthesized by Co—H-initiated CMRP
(Figure 2). A poly(methyl acrylate) (PMA) macroinitiator was

BN
0]

OMe O OMe

— PMA
— PMA-b-PMA

PMA PMA-b-PMA
M, = 17400 M, = 41200
p=110 D=1.12

BN
)

OMe O On-Bu

— PMA
—— PMA-b-Pn-BA

PMA PMA-b-Pn-BA
M, =18300 M, = 36000
P=109 H=112

12 14 16 18 20
Retention time (min)

Figure 2. Results of chain extension experiments showing high chain-
end fidelity of polymers initiated by Co—H (M, values in g/mol).

initially synthesized, followed by the in situ addition of a second
batch of MA monomer. As shown in Figure 2, GPC analysis of
the polymers shows a shift toward higher molecular weights
upon chain extension of the PMA macroinitiator without any
significant dead chains observed in the GPC traces. The
molecular weight of the polymer increased from 17,400 to
41,200, still showing a low dispersity of 1.12. Furthermore, we
synthesized a block copolymer by chain extension of PMA
macroinitiator by n-butyl acrylate (n-BA) monomer in a
controlled manner.

Given the striking differences in polymerization kinetics based
on the initiation mode, we sought to explore the polymerization
efficiency as a function of the electronic properties through a
series of salen ligands (Figure 3A). In the absence of any
electron-withdrawing groups on the Co complex (i.e., Co(salen-
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Figure 3. (A) CMRP of MA in the presence of Co(salen) complexes bearing H, Cl, and NO, substitutions. (B) Kinetics, (C) molecular weight (M,),
and (D) dispersity (D) of polymers in Co—H-initiated CMRP (lines are added to guide the eye); reaction conditions: [MA]/[Co"(L,)]/[NFTPB]/
[TMDSi] = 200/1/0.55/0.5 in DMF (50 vol %) at 40 °C. (E) Kinetics, (F) molecular weight (M, ), and (G) dispersity (D) of polymers in AIBN-
initiated CMRP; reaction conditions: [MA]/[Co"(L,)]/[AIBN] = 200/1/6 in DMF (50 vol %) at 60 °C.

H), Co2), the CMRP of MA was well controlled and showed
molecular weights in agreement with theoretical values
throughout the polymerization and low dispersity (D & 1.1).
In the presence of an electron-withdrawing group such as Cl
or NO,, the Co—H-initiated CMRP of MA results in polymers
with high dispersity values (D ~ 1.3—1.8). With a Cl-substituted
Co complex (i.e., Co(salen-Cl), Co3), slightly higher dispersity
polymers are obtained, finally reaching a dispersity of 1.3 but
with controlled molecular weights. The deactivation efficiency
of Co3 with Cl substitutions appeared to be lower than Co2 with
no electron-withdrawing substitutions, providing slower deac-
tivation of propagating chains and larger dispersity values.
With the Co4 complex containing NO, substitutions,
molecular weights were initially slightly higher than theoretical
values, indicating slow initiation at the early stages of the
polymerization (<20% monomer conversion). The slight initial
discrepancy between the molecular weights could be attributed
to the slow rate of oxidation/transmetalation with the electron-
deficient Co(salen) complexes due to their increased oxidation
potentials.””' Nevertheless, high initiator efficiencies were

achieved, and molecular weights reached theoretical values at
high conversions. The resulting polymer showed high dispersity
values, indicating a diminished rate of deactivation in the
presence of NO,-substituted Co(salen) complex. These results
indicate that electron-withdrawing groups decrease the
polymerization efficiency and deactivation rate of Co(salen) as
electron-poor complexes would favor Co" (active polymer-
ization state) over Co™ (dormant polymerization state).

The para-substituted electronically modified Co(salen)
complexes were also examined under conventional CMRP
conditions in the presence of AIBN as the initiator (Figure 3).
Kinetics of the polymerization of MA showed induction periods
with all the three Co complexes. However, Co(salen-Cl) (Co3)
showed the shortest induction period (<0.5 h), with monomer
conversion reaching ~85% in 2.5 h (Figure 3E). In addition, the
resulting polymer showed molecular weights significantly higher
than theoretical values, indicating low initiator efficiency (I <
60%) throughout the polymerization (Figure 3F).

Despite the lower electron density of Co(salen-NO,) (Co4)
than Co3, polymerization of MA with Co4 showed a longer
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Table 3. Co—H-Initiated CMRP of MA with Backbone-Modified Co(salen) Complexes Using Different Diamine Building

Blocks”

)\

_N\C /N_ N N : Q
(o]
tBu o” Mo Bu NN N N
Bu BY co'(L,): Cot Co5
Backbone modified cobalt complexes Time (h) 2 2
Conv. (%) 85 80
j\ co'(L,) H,(/I,Co‘”(Ln) (7 15200 14300
n
NFTPB
M, 14500 14500
o7 ome TMDSI O "OMe "
DMF, 40 °C b 1.09 1.18
loge (%) 104 99

Me, Me Br, Br
NGON N N N N N N
Co6 Co7 Co9

N N

Co8 Co10

2 0.5 0.5 2 0.5

83 96 70 63 80
14900 17200 12700 11500 14500
14400 28000 17000 12000 16500
1.11 1.53 1.49 1.14 1.15

103 62 74 96 88

“Reaction conditions: [MA]/[Co"(L,)]/[NFTPB]/[TMDSi] = 200/1/0.55/0.5 in DMF (50 vol %) at 40 °C (M, and M, 4, values are given in g/

mol).

induction period (~2 h) and molecular weights close to
theoretical values. Indeed, the CMRP of MA using Co4 and
Co(salen-H) (Co2) showed similar rates of polymerization and
induction periods (~2 h) and control over molecular weight. We
postulate that radicals generated from AIBN decomposition
may interact with the NO, groups of the complex and decrease
the concentration of radicals, resulting in a relatively longer
induction period than with Co3. In contrast, AIBN-derived
radicals can initiate the polymerization without eflicient
deactivation by the Co3 complex. This data shows that using
discrete Co—H initiators with nearly instantaneous initiation
eliminates the induction period with exogenous radicals. Thus,
polymerization behavior can be isolated to and almost entirely
dictated by the role of complex electronics on reversible
deactivation/activation rates. Furthermore, targeted molecular
weights with desired dispersity (broad or narrow) are achievable
using this protocol. In contrast, conventional initiation
approaches afford more limited control over molecular weight
and dispersity.

We further explored the effect of ligand structure on the
CMRP of MA by changing the diamine backbone of the salen
ligands under both Co—H and AIBN initiation approaches
(Table 3). The Co—H-initiated polymerization of MA was well
controlled using Co complexes that featured cyclohexane
(Col), ethylene (Co5), and 1,2-diphenyl-1,2-ethylenediamine
(Co6) backbones. In the presence of these complexes, high
monomer conversions were achieved with molecular weights
close to theoretical values (I~ 99—104%) and low dispersities.
However, in the presence of a Co complex with a 1,3-
diaminopropane (Co7) backbone, poor control over the
polymerization was observed with a dispersity of 1.59 and an
initiator efficiency of 67%. Furthermore, Co7 also showed poor
efficiency in controlling the polymerization of MA initiated by
AIBN (Figure S34). In the presence of Co7 and AIBN, the
polymerization of MA reached >90% monomer conversion in
<30 min with low initiator efficiency and a large dispersity of
3.04, indicating a lack of control provided by this complex.

The Co complex with a 1,2-phenylenediamine backbone
(Co8) resulted in poor control over the polymerization of MA,
showing high dispersity (1.47) and low initiator efficiency of
73% under Co—H initiation conditions. In the presence of
AIBN, Co8 also provided poor control over the polymerization
of MA with molecular weights higher than theoretical values and
large dispersities (Figure S3S5). Interestingly, using a 4,S-
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disubstituted phenylenediamine backbone with methyl (Co9)
or bromo (Col0) substituents restored control over the
polymerization of MA initiated by Co—H, showing controlled
molecular weight with high initiator efficiency and low dispersity
(D ~ 1.15). The AIBN-initiated CMRP of MA with Co9 also
proved its capability in controlling polymerization under
conventional initiation approaches with quantitative initiator
efficiencies and low dispersity values (P =~ 1.15) (Figure S35).
We hypothesize that due to the conjugated nature of the ligand,
the phenylene backbone Co8 is susceptible for side reactions
with radicals, receding its ability to afford controlled molecular
weight and dispersity. Substitution of the phenylene backbone
with methyl or Br groups prevents any side reactions and affords
well-controlled CMRP. To further prove this hypothesis, we
subjected Co8 to react with AIBN prior to polymerization for
any possible substitution of the phenylene backbone by radicals
derived from AIBN. The in situ addition of MA and additional
AIBN aftorded well-controlled polymers with high initiator
efficiency and low dispersity as observed in the presence of Co9
with methyl substituents (Figure S35).

Bl CONCLUSIONS

In summary, we have developed a fast and efficient approach for
initiating and controlling a cobalt-mediated radical polymer-
ization using Co—H as a discrete initiating species generated in
situ. This system provides excellent control over the homo- and
co-polymerization of various acrylate and acrylamide mono-
mers. We demonstrated that Co—He-initiated polymerizations
proved advantageous in offering fast kinetics and improved
control over molecular weight and dispersity of the polymers
instead of those initiated in the presence of exogenous initiators.
Furthermore, the electronic properties of the Co(salen)
complexes show a profound effect on their polymerization
behavior, allowing further control of polymer properties such as
dispersity. Under our protocol, electron-withdrawing substitu-
tions resulted in tunable dispersity but controlled molecular
weight, indicating the importance of deactivation rate in
electron-deficient Co(salen) complexes.
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