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ABSTRACT: Photoinduced ligand-to-metal charge transfer (LMCT)
is a powerful technique for the formation of reactive radical species via
homolytic cleavage of the metal—ligand bond. Here, we present that
the excited state LMCT of a cobyrinate complex can be accessed by
tuning its axial coordination with thiolates as ligands. We demonstrate
the photoreduction of cobalt via the excited state Co—S bond
homolytic cleavage, as guided by the DFT calculations, which signify
the relevance of thiolate axial ligands facilitating the LMCT reactivity.
By exploiting this excited state LMCT of cobyrinate, we developed a
catalyst-controlled activator regeneration mechanism to catalyze an
efficient atom transfer radical polymerization (ATRP) under low-
energy light irradiation. Tuning the coordination sphere of cobyrinate

¢ Cobyrinate coordination sphere ®

Co-S bond cleavage

ATRP catalyst regeneration

Cob(llI)-(SR),

Cob(I1)-SR

Thiolate axial ligands enable LMCT and ATRP catalysis

provides further control over the electronic properties of the complex while also accessing photothermal conversion in mediating

ATRP catalysis.

B INTRODUCTION

Harnessing the power of light provides new, exciting
opportunities for synthesizing complex (macro)molecules.' ™
In photochemical processes, the absorption of photonic energy
by a transition metal complex generates high-energy excited-
state species to facilitate chemical transformations. Photo-
catalysts with long excited-state lifetimes engage in bimolecular
outer-sphere interactions, forming reactive radical intermedi-
ates via single electron transfer, charge transfer, or hydrogen
atom abstraction mechanisms. However, bimolecular inter-
actions require long excited-state lifetimes, posing a limitation
on exploring the photocatalytic reactivity of a wide range of
transition metal complexes.”” Therefore, identifying new
mechanisms of harnessing visible light might enable elusive
transformations.

We recently reported the utility of a new mode of harnessing
visible light through photothermal conversion in multiple
bond-forming and bond-breaking processes.” '’ In photo-
thermal conversion, the excitation event is followed by
nonradiative relaxation pathways that generate heat.'"'* The
thermal gradients formed enable the selective activation of
thermodynamically demanding transformations under mild
conditions. We identified that cobyrinate, a hydrophobic
derivative of vitamin B;,, acts as an efficient molecular
photothermal conversion agent owing to its flexible structural
properties and short excited state lifetimes."” The potential of
cobyrinate as a dual photothermal conversion catalyst was
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realized by mediating cobalt-catalyzed atom transfer radical
polymerization (ATRP)."*

Despite achieving efficient photothermal reactivity across a
wide range of wavelengths from visible to near-infrared light,
the polymerization activity of cobyrinate decreased at low
catalyst concentrations. This diminished reactivity is due to the
deactivation of the catalyst by radical terminations that
impeded the progress of polymerization, resulting in low
monomer conversions (Figure 1). Therefore, an exogenous
catalyst regeneration mechanism was identified to reactivate
the catalyst and polymerization. Exogenous or initiating
radicals could be generated using a UV/blue active photo-
initiator. However, this strategy limits the full potential of
cobyrinate as a polymerization catalyst under low-energy light
irradiation (4 > 450 nm) due to the exogenous initiating
system being independent of the catalyst.

We envisioned a catalyst-controlled mechanism that would
facilitate activator regeneration using the catalyst’s photo-
chemical properties. Photoinduced ligand-to-metal charge
transfer (LMCT) has emerged as a promising strategy for
developing new reactivity of transition metal catalysts via
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Figure 1. Photoinduced ligand-to-metal charge-transfer (LMCT) catalysis generates radical intermediates through the homolytic cleavage of the
catalyst-substrate bond. Cobalt-catalyzed ATRP and the development of activator regeneration mechanisms: (prior work) an exogenous
photoinitiating system with activity limited to UV/blue lights and (this work) a catalyst-controlled mechanism that enables in situ reduction of the
catalyst via LMCT and achieves efficient polymerization across a wide range of wavelengths. Altering the axial coordination of cobyrinate using
thiolates to access LMCT and control the electronic properties of the complex. Photothermal conversion enhances the activity of cobyrinate in
mediating ATRP.
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Figure 2. (A) Photoreduction of the cobyrinate complex through an LMCT process cleaving the Co—S bond. (B) UV—vis studies indicate

coordination of the thiolate to Cob(III) (left panel), which can be subsequently reduced by red-light irradiation (630 nm, right panel). For UV—vis

measurements: [Cob] = 50 uM, [NaSEt] = 500 uM in DMF. (C) Formation of a paramagnetic Cob(II) complex via photoreduction of the
Cob(III)—thiolate complex as observed by the X-band EPR spectroscopy (simulation provided in SI).
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unimolecular, inner-sphere excited state reactions (Figure
1).">7"® This process involves the coordination of electron-
rich, strongly donating substrates to high-valent metals, whose
acceptor orbitals are populated in the excited state by a transfer
of electron density from ligand-based orbitals. As a result, the
substrate-bound catalyst undergoes homolytic cleavage and
generates reactive radical intermediates while reducing the
metal center.'” ™

We propose that modifying the axial coordination of
cobyrinate to promote excited state LMCT would result in
photoreduction of the metal center. Here we investigate the
reactivity of the Co—S bond formed by the coordination of
thiolate ligands to cobyrinate through the axial positions.**
Our strategy exploits the excited state reactivity of the Co—S
bond, which undergoes a homolytic cleavage to generate the
activator catalyst for ATRP across a wide range of wavelengths.
We demonstrate that the coordination sphere of cobyrinate
further allows tuning of the electronic properties of the
catalyst. This effect, combined with the photothermal
conversion properties of cobyrinate, offers a unique strategy
for mediating highly efficient ATRP catalysis with low-energy
irradiation (Figure 1).

B RESULTS AND DISCUSSION

Photoreduction Studies. The monoanionic nature of the
corrin macrocycle in cobyrinate allows the coordination of
thiolates through axial positions (Figure 2A). Heptamethyl
cobyrinate perchlorate (Cob(II)) is a tetra-coordinate complex
with an open coordination site in the axial position. In the
presence of sodium ethanethiolate (NaSEt), the UV-—vis
absorption spectra of Cob(II) revealed the appearance of new
peaks at ~550 and 600 nm, corresponding to the formation of
an axially coordinated Cob(II) complex (Figure S4A).
Similarly, we observed the coordination of the thiolate to
heptamethyl cyanocobyrinate (Cob(III)—CN), forming a
biaxially coordinated complex. The absorption spectra of
Cob(III)—CN in the presence of thiolates showed a red-shift
in the soret band from 350 to 380 nm and in the af region
from 530 to 600 nm compared to the absorption of Cob(III)—
CN (Figure 2B, left panel; Figure S4B).

Subsequent irradiation of Cob(III)—thiolate under red light
formed a monoaxially coordinated Cob(II) complex via
excited-state LMCT to cleave the Co—S bond. The appearance
of a new absorption profile with a peak maximum at ~470 nm
indicates photoreduction to Cob(II) (Figure 2B, right panel).
In addition, the peaks at ~S550 and 590 nm suggest
coordination through the axial position. No further change in
the spectral features of the complex was detected upon
irradiation for a prolonged time under red light. This
observation suggests that the excited state LMCT reactivity
of cobyrinate enables a selective reduction of the complex to
Cob(II) without undergoing reduction to Cob(l).

We confirmed the photoreduction of the Cob(III)—thiolate
complex using electron paramagnetic resonance (EPR)
spectroscopy, which revealed the formation of a paramagnetic
Cob(II) species upon light irradiation (Figure 2C). The X-
band EPR spectra of the photochemically reduced complex
showed line splitting due to the hyperfine coupling to *Co (I
= 7/2) with a coupling constant of A,(Co) = 248.4 MHz. The
EPR spectra of the complex suggest coordination of the
thiolate ligand through the axial position, showing a lower
hyperfine splitting constant compared to that of uncoordinated
Cob(II) (Figures S25 and $26).

Electrochemical Studies. Cyclic voltammetry (CV)
studies show the effect of tuning the axial coordination of
cobyrinate in altering its electronic properties.”® Examining the
electrochemical behavior of Cob(II) possessing no axial
ligands revealed a reduction potential of E, = =310 mV (vs.
Fc/Fc™) for the Cob(III)/Cob(II) redox event in N,N-
dimethylformamide (DMF) (Figure 3A, peak a). Further
reduction of the Cob(II) complex (without an axial ligand) to
Cob(I) was observed at E,/, = —1.07 V (vs Fc/EFc*, Figure 3A,
peak b).
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Figure 3. Cyclic voltammograms of Cob(II): (A) in the absence of an
additional ligand and (B) in the presence of sodium ethanethiolate
(NaSEt) as the axial ligand. The CV measurements were performed in
a solution of DMF containing TBAPF as the electrolyte at a scan rate
of 0.1 V/s ([Cob] = 2 mM, [NaSEt] = 20 mM, and [TBAPF] = 0.2
mM).

The addition of donor ligands increased the reduction
potential of the complex to more negative values. We identified
that in the presence of NaSEt, the complex showed a reduction
potential of E,, = =854 mV (vs Fc/Fc*) corresponding to a
monoaxially coordinated Cob(IIl)/Cob(II) redox cycle in
DMF (Figure 3B, peak c). The CV spectra of this complex
further showed the reduction of the axially uncoordinated
Cob(II) to Cob(I) at E;,, = —1.09 V (vs Fc/Fc*, Figure 3B,
peak d). Coordination of the thiolate ligand in both axial
positions further shifted the reduction potential of Cob(III) to
even more negative values at —1.65 V (vs Fc/Fc*), while the
reduction of a monoaxially coordinated Cob(II) species to
Cob(I) was observed at —1.95 V (vs Fc/Fc*) (Figure S30).
This increase in the reduction potential of the complex in the
presence of a thiolate axial ligand indicates its enhanced
reactivity in polymerization catalysis.

DFT Calculations. We evaluated the excited state reactivity
of cobyrinate and the relevance of axial ligands in the
homolytic cleavage of the Co-ligand bond via DFT
calculations (Figure 4). Using a simplified cobyrinate model,
the complex was optimized on Gaussian 16 with the hybrid
functional PBEIPBE and the 6-311G(d,p) basis set.”” The
bond dissociation energy (BDE) for the homolysis of the Co—
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Figure 4. Bond dissociation energy (BDE) of the axially coordinated
cobyrinate complexes was calculated via DFT in both the ground and
excited states using the PBEIPBE/6—311G(d,p) level. The natural
transition orbital (NTO) diagram of the Cob(III)—(SEt), complex
calculated using the PBE1IPBE/6-311+G** level of theory shows a
ligand-to-metal charge transfer involving the orbitals of the sulfur
atom to cobalt and the macrocycle.

ligand bond was calculated to be 70.84 kcal/mol in the
presence of a cyanide ligand (Cob(III)-CN) whereas the
coordination of a thiolate ligand (Cob(III)—SEt) decreased
the BDE to 25.06 kcal/mol. The natural transition orbitals
(NTOs) of the monoaxially coordinated thiolate complex
mainly showed a metal-to-ligand charge transfer character, with
a minor contribution from LMCT (see SI and Figures S66 and
S68 for further details). The calculated excited state BDE of
the Co—S bond in the Cob(III)—SEt complex (—15.78 kcal/
mol) suggests a thermodynamically favorable process.
However, the reduction of the monoaxially coordinated
complex (Cob(III)—SEt) forms a Cob(Il) species without an
axial ligand, whose electronic properties are not suitable for
performing ATRP catalysis.

In contrast, the biaxially coordinated complex revealed
LMCT character as the major transition in the excited state.
The NTOs of the excited state Cob(III)—(SEt), show a
transfer of electron density from the p-orbitals of the sulfur
atom to cobalt’s d-orbitals and the 7* of the macrocycle.***’
The excited state BDE for the homolysis of the Co—S bond is
calculated as —11.82 kcal/mol, which forms an axially ligated
Cob(II) complex upon reduction. This observation is further
corroborated by the cyclic voltammetry and polymerization
studies that suggest the importance of axial ligands in affording
active catalysts for ATRP.

Transient Absorption Spectroscopy. Transient absorp-
tion spectroscopy was conducted to elucidate the underlying
excited state dynamics of cobyrinate. Excitation of the Cob(1I)
complex without an axial ligand under red light (600 nm)

showed a short lifetime of 35 ps (Figure S35). Using the
Cob(III)—CN with a red shift in the absorption spectrum, a
biexponential decay was fit with lifetimes of 42 and 315 ps
(Figure S36). Upon addition of the thiolate as the axial ligand,
both complexes yielded an infinite lifetime component,
indicating productive chemistry (Figures S37 and S38). We
attribute this excited state reactivity of Cob(Ill) in the
presence of the thiolate to the homolytic cleavage of the
Co—S bond, occurring in a 266 ps time scale. The excited state
dynamics of the Cob(Il) complex with thiolate may be
attributed to the dissociation of the axial ligand dissociation (or
elongation of the Co—S bond) in a time scale of 130 ps
(Figure S37). A change in the transient absorption spectra of
Cob(II)-thiolate was observed in the presence of ethyl 2-
bromopropionate (EBP), where a forward electron transfer
occurred with a lifetime of 61 ps, followed by a back electron
transfer with a lifetime of 533 ps (Figure S39). This
observation suggests a lack of efficient excited state electron
transfer for activating the EBP initiator by cobyrinate.

Axially Coordinated Cobyrinate in ATRP Catalysis. We
examined the catalytic activity of the axially coordinated
Cob(II) in promoting photoinduced ATRP. Our design
strategy uses axially coordinated cobyrinate that undergoes
photothermal conversion catalysis, where the resulting thermal
gradients enhance the efficiency of the activation of alkyl
halides to generate initiating radicals for polymerization
(Figure 1). While the deactivation step involves the transfer
of bromide to propagating species to complete the catalytic
cycle, off-cycle radical termination reactions irreversibly oxidize
the activator catalyst and slow down polymerization. Our
design strategy exploits the ability of thiolates to axially
coordinate to cobyrinate forming a Co—S bond, which can be
homolytically cleaved through an excited-state LMCT process
to generate the activator catalyst.

Polymerization of methyl acrylate (MA) using Cob(II) and
NaSEt in a 1/10 ratio under red light irradiation resulted in
88% monomer conversion in 1 h, yielding polymers with a
controlled molecular weight and low dispersity (Figure SA,
entry 1). The addition of tetrabutylammonium bromide
(TBABr) enhanced the efficiency of deactivation, yielding
polymers with low dispersity values (Figure S42). A control
experiment in the dark showed <10% monomer conversion
and molecular weights higher than theoretical values,
indicating low initiation efficiency (<15%) (Figure SA, entry
2). In addition, excluding the catalyst or the thiolate ligand
showed no monomer conversion, indicating the importance of
the axially coordinated cobyrinate in mediating ATRP catalysis
(Figure SA, entry 3, and Figure S53). We attribute the
diminished catalytic reactivity of the complex in the absence of
a thiolate axial ligand to its low reduction potential, as
evidenced by the CV measurements (Figure 3).

The presence of the thiolate axial ligand is critical for catalyst
regeneration throughout the polymerization, as radical
terminations irreversibly oxidize the activator catalyst to
Cob(I1I), which impedes the progress of polymerization. We
posit that the coordination of the thiolate ligand to Cob(III)
and subsequent homolysis of the Co—S bond via excited state
LMCT regenerate the activator catalyst to drive polymerization
to completion. Therefore, low catalyst concentrations (1—S
mol % relative to the initiator) could be used to maintain high
monomer conversions and fast polymerization rates. The
importance of catalyst regeneration was further demonstrated
using Cob(II)-CN, which afforded low monomer conversions
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Figure S. (A) Development of cobalt-catalyzed ATRP using axially coordinated cobyrinate under red (630 nm, intensity 0.08 W) or NIR (840 nm,
intensity 1.0 W) light irradiation; reaction time 1 h. Effect of the ratio of the thiolate ligand on polymerization of MA: (B) kinetics of the
polymerization, (C) evolution of molecular weight (M,), and (D) dispersity (P) as a function of monomer conversion. (E) Evidence of temporal
control of polymerization kinetics. The equivalency of the thiolate (0.2 and 0.5 equiv) is relative to the EBP initiator with the catalyst used in 0.05

equiv (or S mol %).

without the thiolate (Figure S46). The presence of the cyanide
ligand makes the catalyst’s electronic properties suitable for
performing ATRP catalysis under red light.> However, due to
the lack of catalyst regeneration, only limited monomer
conversion was obtained. In contrast, polymerizations reached
completion in the presence of thiolates.

In addition, using a Cob(III)—CN complex (heptamethyl
cyanocobyrinate) with the thiolate ligand also mediated the
polymerization of MA by in situ reduction of the Cob(III)—
thiolate complex to activate the alkyl halide initiator (Figure
SA, entry 4). Polymerization of MA using Cob(III)—
CN(CIO,) as the catalyst in the presence of NaSEt resulted
in high monomer conversions in polar solvents including
DMF, N,N-dimethylacetamide (DMAc), dimethyl sulfoxide
(DMSO), and acetonitrile (ACN) (Figure S50, entries 1—4).
Whereas DMF and DMAc yielded polymers with dispersity
values ~1.30, using DMSO as the solvent yielded poor control
over molecular weight and dispersity of polymers as the
polymerization proceeded fast reaching >80% monomer
conversion in 10 min. Moreover, due to the high tendency
of DMSO to coordinate to the catalyst, the deactivation of
propagating chains via bromine transfer can be ineflicient
leading to high dispersity values. In contrast, ACN resulted in
good control over polymerization with dispersity <1.2.
Solvents of low polarity including toluene, tetrahydrofuran
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(THF), and ethyl acetate (EtOAc) afforded relatively low rates
of polymerization and monomer conversions but with good
control over molecular weight and low dispersity values
(Figure SSO and SS1). In contrast to light-induced polymer-
izations, reactions performed under thermal conditions at 60
°C and excluding light resulted in low monomer conversions
and poor control over polymerization (Figure S52). These
observations signify the excited state LMCT reactivity of the
cobyrinate cleaving the Co—S bond for catalyst regeneration,
which cannot be accessed under thermal conditions (Figures
S6—S8).

The axially coordinated cobyrinate with thiolate ligands
reveals unique reactivity in ATRP catalysis to directly control
the catalyst’s polymerization behavior with low-energy, red-
light irradiation. Previously reported ATRP systems via LMCT
regeneration mechanisms typically perform under UV or blue
light."'~** A photoredox catalytic system is often required to
convey the energy of light to transition metal complexes,
facilitating polymerization under low-energy light irradia-
tion."* " However, these systems perform polymerization
catalysis in the ground state, rendering photochemical control
inaccessible. In contrast, modifying the axial coordination of
cobyrinate by thiolate ligands unlocked its catalytic potential in
ATRP under low-energy light irradiation, while concurrently
enabling a photoinduced LMCT process for catalyst
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regeneration. We were pleased to demonstrate that this
catalytic system also performed well under near-infrared
(NIR) light irradiation without requiring additional photo-
sensitizers to activate polymerization (Figure SA, entries S—7).
The axially coordinated Cob(II) complex shows absorption
features in the NIR region at 750—950 nm, enabling the
activation of polymerization through photothermal conversion.
In the presence of a thiolate ligand, high monomer conversions
were achieved under NIR light with reasonable control over
the molecular weight and low dispersity of the resulting
polymers.

A survey of axial ligands showed that alkyl and aryl thiolates
offered well-controlled polymerization of MA under red-light
irradiation, yielding ~80% monomer conversion in 1 h (Figure
SA, entries 1, 8, and 9). We observed the LMCT reactivity of
the complex in the presence of a sodium thiophenolate
(NaSPh) ligand, albeit with a slower rate of photoreduction
compared to alkyl thiolates. Following the photoreduction of a
Cob(IlI) complex in the presence of NaSPh via UV-—vis
spectroscopy confirmed the low rate of the photoreduction
process occurring in ~30 min under light irradiation (Figures
$13—S16). In contrast to thiophenolate, photoreduction of
Cob(IlI) proceeded in <S5 min in the presence of alkyl
thiolates. DFT calculations show the excited state LMCT and
the feasibility of the Co—S bond cleavage in the presence of
thiophenolate (Figure S64 and S65). However, due to the low
absorption intensity of the LMCT band at ~600 nm with
thiophenolate, the cleavage of the Co—S bond proceeds at a
slower rate than that of the alkyl thiolates.

Polymerization of MA using an acetate ligand (i.e.,
tetrabutylammonium acetate, TBAOAc) showed no reactivity
in the presence of Cob(III)—CN (Figure SA, entry 10). Using
the acetate ligand with Cob(II) resulted in 32% monomer
conversion with a molecular weight higher than the theoretical
value, indicating a low initiator efficiency (Figure S45). Despite
the appearance of the spectral features of the complex in the
presence of the acetate ligand suggesting coordination to
cobyrinate, we did not observe the photoreduction and
formation of a Cob(II) complex via the proposed LMCT
mechanism to cleave a stronger Co—O bond (Figures S17—
S21). This observation was further supported by the control
experiments using Cob(III) in conjunction with the acetate,
carboxylate, or pyruvate ligands, in which no monomer
conversion was obtained under blue-, green-, or red-light
irradiation, indicating no photoreduction of the complex
(Figure SS7).

Using 4-(dimethylamino)pyridine (DMAP) as a neutral
donor ligand to both Cob(III)-CN and Cob(II) resulted in
no polymerization reactivity or monomer conversion (Figure
SA, entry 11). The CV of the Cob(II) complex in the presence
of DMAP showed only a slight change in the reduction
potential of the complex, which was lower than that observed
with the thiolate ligands (Figure S28). Moreover, the UV—vis
spectral features of Cob(Ill) in the presence of DMAP
remained unchanged under light irradiation, indicating a lack
of photoreduction (Figures S22—S24). These observations
further confirm the unique reactivity of thiolates to modulate
the electronic properties of cobyrinate while also enabling
LMCT reactivity for catalyst-controlled activator regeneration.

Monitoring the kinetics of the polymerization showed that
the polymerization and monomer conversion rate can be
increased using higher ratios of the thiolate ligand, which
enable continuous catalyst regeneration (Figure SB-D).
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Decreasing the catalyst concentration from S to 2 and 1 mol
% afforded the same polymerization rate and control over
molecular weight, albeit with increased dispersity (Figures S41,
S60, and S61).

The polymerization kinetics could be temporally controlled
on demand via intermittent light on/off periods where the
reaction proceeded only under red light irradiation (Figure SE
and Figure S62 and S63). As a photothermal conversion
catalyst, cobyrinate generates localized thermal heat gradients,
enabling a thermodynamically demanding reaction without
raising the bulk temperature (Figure $40). Upon removal of
the light source, the thermal gradients rapidly dissipate,
allowing control of the kinetics of a thermally driven reaction
by light.

B CONCLUSIONS

We have developed a strategy to enable the excited state
LMCT reactivity of cobyrinate for a catalyst regeneration
mechanism in catalyzing ATRP in the presence of thiolates as
axial ligands. This catalyst-controlled regeneration mechanism
can be accessed across various wavelengths, allowing for
efficient and well-controlled polymerization under low-energy
light irradiation. Altering the axial coordination of cobyrinate
with thiolate ligands was key to modifying the catalyst’s
structural properties, enabling access to photothermal con-
version catalysis and controlling its electronics in mediating
ATRP.
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