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Abstract

The advantageous material properties that arise from combining non-polar olefin monomers with

activated vinyl monomers have led to considerable progress in the development of viable

copolymerization strategies. However, unfavorable reactivity ratios during radical copolymerization of the

two result in low levels of olefin incorporation, and an abundance of deleterious side reactions arise when

attempting to incorporate many polar vinyl monomers via the coordination–insertion pathway typically

applied to olefins. We reasoned that design of an activated monomer that is not only well-suited for radical

copolymerization with polar vinyl monomers (e.g., acrylates) but is also capable of undergoing post-

polymerization modification to unveil an olefin repeat unit would allow for the preparation of statistical

olefin-acrylate copolymers. Herein, we report monomers fitting these criteria and introduce a post-

polymerization modification strategy based on single-electron transfer (SET)-induced decarboxylative

radical generation directly on the polymer backbone. Specifically, SET from an organic photocatalyst

(eosin Y) to a polymer containing redox-active phthalimide ester units under green light leads to the

generation of reactive carbon-centered radicals on the polymer backbone. We utilized this approach to

generate statistical olefin-acrylate copolymers by performing the decarboxylation in the presence of a
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hydrogen atom donor such that the backbone radical is capped by a hydrogen atom to yield an ethylene or

propylene repeat unit. This method allows for the preparation of copolymers with previously inaccessible

comonomer distributions and demonstrates the promise of applying SET-based transformations to

address long-standing challenges in polymer chemistry.

Introduction

Due to their being significantly less activated, olefins are typically polymerized by methods that are

distinct from those applied to common classes of more activated monomers, such as (meth)acrylates.

The unactivated alkenyl groups present in olefins are best polymerized via transition metal-catalyzed

coordination–insertion polymerization. The requisite transition metal catalysts, however, have

comparatively more difficulty polymerizing polar monomers due to deleterious interactions between the

metal and heteroatoms.  On the other hand, radical polymerization is preferred for activated vinyl

monomers due to radical stabilization imparted by their substituents. However, radical polymerization of

olefins typically requires high temperature and pressure due to lack of radical stabilization and an

increased contribution of undesirable side reactions.  As neither radical nor coordination–insertion

mechanisms are ideal for both monomer classes, tailoring monomer unit distribution and overall chain

composition in copolymers of activated and unactivated alkenes is particularly challenging. Despite these

complicating factors, copolymer materials comprised of both activated and unactivated monomer units

remain desirable due to improvements in many material properties when compared to homopolymers of

either monomer.

Radical copolymerizations of olefins with activated monomers face a substantial barrier that precludes

facile copolymerization. The enchainment of a given monomer in a radical copolymerization is governed

by its feed ratio and the reactivity ratios of the two monomers. The reactivity ratios of ethylene with methyl

acrylate, for example, have been reported to be 0.045 and 5.3, respectively at 220 °C and 2000 bar.

Despite the rather extreme conditions necessitated by the poor reactivity of ethylene, copolymers with

methyl acrylate produced in this manner are limited to low olefin incorporation. A possible strategy to
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overcome the inherent differences in the reactivity of two monomers in radical copolymerization is to

exploit a post-polymerization modification reaction that is specific for one type of monomer unit.  In

this manner, copolymerization of two monomers with similar polymerizability can lead to polymeric

precursors for copolymers with compositions and microstructures that are inaccessible by direct

copolymerization. Indeed, post-polymerization methods  to produce polymers and copolymers

containing olefins have been recently reported via either deoxygenation of poly(methyl acrylate)  or

post-functionalization and subsequent grafting-from polymerization from polyethylene or

polypropylene.

In this work, we report a post-polymerization modification strategy that enables synthesis of statistical

copolymers of olefins and acrylates. Single electron transfer (SET) decarboxylative alkyl radical generation

has been heavily represented in recent literature as a facile means to exploit the high reactivity of alkyl

radicals.  A common class of SET acceptors capable of decarboxylative radical generation are N-

(acyloxy)phthalimide derivatives. Upon receipt of an electron from a SET donor, the N-

(acyloxy)phthalimide undergoes a decarboxylation cascade, releasing CO  and phthalimide to produce an

alkyl radical. Radicals generated through SET-induced decarboxylation have been utilized in many radical

cross-coupling reactions, such as alkylation, alkenylation, borylation, and more.  Chapman et al.

first reported on SET induced post-polymerization modification utilizing a Ni/Zn system for C–C bond

formation to create polymers containing α-olefin repeat units ranging from three-carbon (propylene)

repeat units and up.  Redox-active repeat units were either formed in situ via uronium-based coupling

with poly(acrylic acid) using (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo pyridinium 3-oxid

hexafluorophosphate (HATU) and N-hydroxytetrachlorophthalimide (TCNHPI) or via preparation of

TCNHPI-containing monomer units. We envisaged that inclusion of a phthalimide ester as the pendent

group of an acrylate or methacrylate monomer would allow for not only tailorable incorporation in

copolymerizations with other activated monomers but also subsequent polymer-based SET-induced

reductive decarboxylation akin to the classic Barton decarboxylation ( Fig. 1A ).  We specifically

investigated non-chlorinated N-hydroxyphthalimide (NHPI) derivatives as a way to significantly improve

the economics of these transformations as TCHNPI is substantially more expensive than NHPI as well as

the lower molar mass of NHPI compared to TCNHPI providing atom-economic benefits as the phthalimide

moiety is ultimately a byproduct. Replacement of the polymer-bound phthalimide ester with a single

hydrogen atom reveals either an ethylene or propylene repeat unit depending on the structure of the

starting phthalimide-containing monomer ( Fig. 1B ). Within this approach, the nature of the phthalimide

ester monomer has direct implications on the result of the post-polymerization modification, with the

acrylate and methacrylate variants serving as pre-ethylene and pre-propylene, respectively. In principle,

this allows for a perhaps more versatile system in which a copolymer containing both ethylene and
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propylene is accessible. Overall, it is shown that unprecedented control over polymer architecture and

comonomer distribution is made possible for ethylene-containing radical copolymers. These findings

corroborate those of Theato and coworkers that were reported during the preparation of this manuscript,

detailing decarboxylation being achieved with a Ru(bpy)  catalyst system.  The results reported here

allow expansion to other olefin-containing comonomer units (i.e., propylene units) and rely on an

alternative organocatalytic approach.

Fig. 1  (A) General scheme for polymer-bound reductive decarboxylation of N-(acyloxy)phthalimides. (B) A novel

route to previously inaccessible compositions of olefin-acrylate copolymers.

Results and discussion

Small-molecule model studies

We hypothesized that direct attachment of phthalimide ester groups to a polymer backbone would permit

light-induced reductive decarboxylation, removing the entire phthalimide ester functionality and

replacing it with a single hydrogen atom to yield polyolefin repeat units ( Fig. 1 ). Conditions for photo-

induced decarboxylation have been investigated previously and served as a starting point for this

reductive variant.  Our conditions here closely follow those presented by Schwarz and coworkers in a

recent report which highlights an effective light-responsive system for small-molecule decarboxylative

alkylation.  Eosin Y (EY) is an inexpensive, organic photocatalyst and SET donor that absorbs light in the

visible range, allowing for SET under mild, green light.  Diisopropylethylamine (DIPEA) serves as an

electron donor that reduces excited-state EY in a reductive photo-electron transfer process.

Decarboxylation of phthalimide esters proceeds upon receipt of an electron from the EY SET donor. The

reduced phthalimide ester undergoes decarboxylation, releasing phthalimide and CO  to yield a reactive

carbon-centered radical. SET-induced decarboxylation of N-(acyloxy)phthalimides has been performed

using a variety of SET donors in many bond-forming processes.  Carbon–hydrogen bond

formation between the carbon-centered radical and a hydrogen atom source has been only lightly

explored with derivatives of N-(acyloxy)phthalimides.  Thus, we first sought to investigate reductive

decarboxylation of a model compound to determine if conditions for quantitative reaction were

attainable.

Phthalimidyl cyclohexanoate (PhthCy) was synthesized to serve as a model compound for reductive

decarboxylation ( Fig. 2A  and S1† ). We expected that the singular product of reductive decarboxylation of
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PhthCy would be cyclohexane which would allow for facile monitoring of reaction completion via H NMR

spectroscopy. We selected reaction conditions similar to those previously established for decarboxylative

alkylation, with the addition of tributyltin hydride (Bu SnH) as an H atom donor.  PhthCy (1 equiv.), EY

(0.1 equiv.), DIPEA (2 equiv.), dry DCM (5 mL), and Bu SnH (5 equiv.) were irradiated with green light for 4 h.

H NMR spectra of aliquots taken during and after the reaction revealed a gradual disappearance of all

proton signals associated with substituted cyclohexane and the evolution of a single proton resonance at

1.43 ppm, relating nicely to reference values for cyclohexane in CDCl  ( Fig. 2B ).  Additionally, a distinct

upfield shift had occurred for the aromatic phthalimide protons consistent with a change in their

electronic environment upon detachment from the electron-withdrawing ester ( Fig. 2C ). Quantifying

reaction completion via H NMR spectral integrations revealed quantitative (>95%) conversion from

phthalimide ester to free phthalimide. Distillation was performed on the crude mixture to isolate the

volatile cyclohexane product ( Fig. 2B ). Confirmation of quantitative reductive decarboxylation allowed us

to move forward and shift our attention to polymer-based systems.

Fig. 2  Decarboxylation kinetics of PhthCy in DCM under green light with conditions PhthCy : EY : DIPEA : Bu3SnH =

1 : 0.1 : 2 : 5. (A) Scheme for reductive decarboxylation of PhthCy. (B) H NMR spectra for PhthCy (top), the crude

decarboxylation product containing all reaction components at 4 h (middle) and the distillate showing only cyclohexane

(bottom). (C) H NMR spectra showing shift of phthalimide proton resonances every hour from 0 h to 4 h.

Polymer model studies

N-(Acyloxy)phthalimides seemed to offer an immediate benefit over other decarboxylating esters such as

thiohydroxamates,  including potential amenability to a radical-rich environment such as an active

polymerization medium. We sought to verify their stability in a polymerization and to adapt the

established reductive decarboxylation conditions to a polymer-based system. Synthesis of a homopolymer

with a lone phthalimide ester functional group would allow for both H NMR spectroscopy and matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) characterization of

photocatalytic reductive decarboxylation. Supplemental activator and reducing agent atom transfer

radical polymerization (SARA ATRP)  was chosen to prepare the model polymer. A phthalimide ester-

containing ATRP initiator (PhthBr) was prepared via acyl substitution of 2-bromo-2-methylpropionyl

bromide with N-hydroxyphthalimide (conditions in ESI,†  Fig. S2). Poly(methyl acrylate) (PMA) was

prepared via SARA ATRP using PhthBr as the initiator and was characterized via H NMR spectroscopy, gel

permeation chromatography (GPC), and MALDI-TOF-MS ( Fig. 3  and S5† ). The polymerization was well-
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controlled, yielding low-dispersity PMA with the phthalimide ester still attached to the α-end of the

polymer (Phth-PMA-Br).

Fig. 3  MALDI-TOF-MS analysis of Phth-PMA-Br before (top) and after (bottom) SET-induced reductive

decarboxylation, confirming replacement of both the phthalimide ester and chain-end bromine with hydrogen atoms (H-

PMA-H).

Inclusion of the N-(acyloxy)phthalimide only on the polymer endgroup allowed for assessment of the

polymer before and after decarboxylation via MALDI-TOF-MS and GPC ( Fig. 3  and S16† ). Phth-PMA-Br was

exposed to the same decarboxylating conditions as in the PhthCy model studies (conditions in ESI† ).

MALDI-TOF-MS analysis of the decarboxylated polymer revealed complete replacement of both the

phthalimide ester and chain-end bromine with single hydrogen atoms (H-PMA-H). ω-Modification was

observed as expected as it is known that reaction of alkyl bromide-terminated polymers with Bu SnH

leads to dehalogenation.

Quantitative reductive decarboxylation was once again observed in the polymer model study,

corroborating the findings from the small-molecule model study and providing further evidence that H

atom replacement of the phthalimide ester is the exclusive product using these reaction conditions.

Moreover, phthalimide esters were benign to the polymerization conditions, opening the door for more

expansive post-polymerization modifications via inclusion in polymer pendent groups.

Polymer synthesis

Both acrylate (N-(acryloxy)phthalimide, PhthA) and methacrylate (N-(methacryloxy)phthalimide, PhthMA)

phthalimide ester derivatives were synthesized to investigate post-polymerization olefin unit

incorporation via reductive decarboxylation (Fig. S3 and S4† ).

Copolymers of both PhthA and PhthMA with MA were prepared via conventional radical polymerization

under argon in dimethyl sulfoxide (DMSO), using azobisisobutyronitrile (AIBN) as a thermal initiator at 70

°C. These copolymerizations were successful, yielding copolymers containing MA and either PhthA or

PhthMA. Copolymer CA was prepared with PhthA and MA and copolymer CM was prepared with PhthMA

and MA (Table S1† ). The polymers were characterized using H NMR spectroscopy and GPC prior to further

investigation into reductive decarboxylation (Fig. S6, S7, S12 and S13† ).

Reversible addition–fragmentation chain transfer (RAFT) polymerization was likewise used to prepare

copolymers containing MA and either PhthA or PhthMA by using 4-cyano-4-
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[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP) as the chain-transfer agent and AIBN as the

thermal initiator at 70 °C. Copolymers RA and RM were prepared by RAFT with PhthA and PhthMA,

respectively (Table S1, Fig. S8, S9, S10, S11 S14 and S15† ). Copolymers RA2 and RM2 were also

synthesized with slightly higher phthalimide molar incorporation, 30% PhthA for RA2 and 36% PhthMA for

RM2, to allow for more facile assignment of peaks in C NMR spectroscopy and heteronuclear single

quantum coherence (HSQC) spectroscopy. One advantage of this reversible deactivation radical

polymerization (RDRP) route over the conventional radical polymerization approach discussed above is

the ability to pre-determine polymer architecture across a wide array of morphologies. Thus,

incorporation of phthalimide ester monomers via RDRP opens the door for facile production of olefin-

containing polymers with higher order architecture. Additionally, the pseudo-livingness imparted by RDRP

would, in principle, allow for chain extension to yield olefin-containing block copolymers. Another

advantage of RDRP is molecular weight and dispersity control. For our purposes, copolymers with lower

dispersities would offer a simplified and more striking way to assess the reductive decarboxylation

process.

Reductive decarboxylation

Following the success of our model studies, we sought to leverage SET-induced reductive decarboxylation

to prepare olefin-acrylate copolymers. Having established that H atom replacement of phthalimide esters

is the exclusive product produced when using our standard decarboxylation conditions, reductive

decarboxylation of PhthA or PhthMA repeat units within a copolymer would result in ethylene or propylene

repeat units, respectively. Accordingly, copolymer RA was irradiated with green light in the presence of EY,

DIPEA, and Bu SnH (full conditions in ESI† ). Kinetic aliquots were taken every half-hour and the time-

points were analyzed via H NMR spectroscopy and GPC ( Fig. 4 ). Excitingly, the broad peaks in the H NMR

spectra corresponding to polymer-bound phthalimide shifted consistently and completely in the upfield

direction while also becoming sharper ( Fig. 4C  and S19† ). The change in phthalimide proton shielding is

evidence of disassembly of the phthalimide ester and detachment of phthalimide from the polymer. By

quantifying the disappearance of the broad, polymer-bound phthalimide peak and the appearance of the

sharp, small-molecule phthalimide peak using H NMR spectral integration, it was determined that

quantitative decarboxylation was achieved in 2.5 h ( Fig. 4B ). Additionally, an increase in elution volume

across timepoints in GPC confirmed a decrease in polymer molecular weight which was expected due to

loss of both CO  and phthalimide and the addition of one single H atom per PhthA repeat unit.

Furthermore, lack of molecular weight increase suggests that radical capping with hydrogen occurs

quickly enough to prevent radical–radical cross-coupling, which would lead to polymer branching or

cross-linking. The decrease in polymer molecular weight halted upon reaching complete decarboxylation
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with the 2.5 and 3.0 h GPC timepoints overlapping ( Fig. 4D ). Furthermore, positive identification of the

new ethylene repeat units was provided by H NMR spectroscopy following purification of the polymer. A

new proton resonance was revealed that was not associated with the starting polymer or any reaction

components. The broad peak at ∼1.20 ppm is in the region where polyethylene peaks would be expected

(Fig. S21 and S22† ). Additional C NMR spectroscopy of polymer RA2 revealed the presence of a

characteristic polyethylene peak as well as disappearance of peaks associated with PhthA repeat units

(Fig. S25† ). Furthermore, HSQC spectroscopy of RA2 was utilized to verify the identity of the peaks

relating to ethylene repeat units (Fig. S28† ). Overall, photocatalytic reductive decarboxylation of polymer-

bound phthalimide esters led to the release of phthalimide and evolution of CO  while generating a

backbone centered radical which was capped with a hydrogen atom to yield an ethylene-methyl acrylate

statistical copolymer ( Fig. 4A ).

Fig. 4  (A) Abbreviated scheme for reductive decarboxylation of RA (complete proposed reductive decarboxylation

scheme in Fig. 2 ). (B) Decarboxylation percentage vs. time showing quantitative conversion at 2.5 h. (C) H NMR spectra

showing the change in resonance frequency for the phthalimide protons as the reaction proceeded. (D) GPC elugrams

showing decrease in polymer molecular weight due to decarboxylation.

Reductive decarboxylation of RM produced similar results to those of RA. When RM was subjected to the

standard decarboxylating conditions, a complete, upfield shift of the phthalimide proton resonances was

observed in the resulting H NMR spectrum (Fig. S20† ). Likewise, GPC provided evidence of decreasing

polymer molecular weight that ended upon complete decarboxylation (Fig. S20† ). H NMR analysis of the

purified polymer revealed a new proton resonance at 0.9 ppm representing the methyl pendent of a

propylene repeat unit (Fig. S23 and S24† ). This peak was shown to couple with another peak in the

polymer backbone via correlation spectroscopy (COSY) which revealed the methine proton of a propylene

repeat unit (Fig. S27† ). C NMR spectroscopy of RM2 also showed both the disappearance of phthalimide

carbonyl peaks, indicating complete decarboxylation and the presence of characteristic polypropylene

peaks (Fig. S26† ). Again, HSQC spectroscopy was utilized to confirm the assignment of the methine and

methyl protons of the new propylene repeat units (Fig. S29† ).

Additionally, reductive decarboxylation of the polymers synthesized via conventional radical

polymerization (CA, CM) produced a complete shift in phthalimide peaks in H NMR spectroscopy

corresponding to successful decarboxylation as well as a decrease in polymer molecular weight as shown

on GPC (Fig. S17 and S18† ). All polymers prepared with phthalimide ester pendants were successfully
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decarboxylated. These polymers were prepared by either conventional free radical polymerization, which

is potentially more scalable, or by RDRP such as RAFT, which affords better control over molecular weight

distribution and allows for more advanced architectures.

Conclusions

These results clearly indicate that inclusion of pendent phthalimide ester groups leads to copolymers with

latent backbone radical functionality. Activation of the SET-accepting ester unveils a backbone-centered

radical which allows for a plethora of radical modification strategies. These phthalimide esters are benign

to polymerization conditions and have been included in conventional radical polymers as well as polymers

produced by both RAFT and ATRP. Specifically, this technique has been leveraged here to provide a new

pathway for the synthesis of both ethylene-acrylate and propylene-acrylate statistical copolymers. Current

approaches for copolymerizing these typically incompatible monomer classes rely on extreme conditions

and lead to copolymers with uneven monomer distribution within the polymer chain due to the disparate

reactivities of acrylates and olefins. Copolymerizing an acrylate with a phthalimide ester-containing

monomer, however, allows for eventual olefin unit inclusion through post-polymerization modification.

Single electron transfer to the phthalimide ester from the organic photocatalyst under low-energy green

light begins a cascade leading to free phthalimide, CO , and a carbon-centered radical which is capped by

a hydrogen atom from a hydrogen atom donor. This reaction has been shown to be quantitative both via

small-molecule model studies and polymer modification. Statistical ethylene-acrylate copolymers

represent one example of previously inaccessible copolymer materials made possible through this post-

polymerization modification pathway. Due to significant recent research focused in decarboxylative cross-

coupling chemistry and the efficiency of this reported system, we believe this radical-based post-

polymerization modification strategy will enable the creation of many novel polymeric materials.
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hydrogen atom donor such that the backbone radical is capped by a hydrogen atom to yield an ethylene or

propylene repeat unit. This method allows for the preparation of copolymers with previously inaccessible

comonomer distributions and demonstrates the promise of applying SET-T-T based transformations to

address long-standing challenges in polymer chemistry.

Introduction

Due to their being significantly less activated, olefins are typically polymerized by methods that are

distinct from those applied to common classes of more activated monomers, such as (meth)acrylates.

The unactivated alkenyl groups present in olefins are best polymerized via transition metal-catalyzed

coordination–insertion polymerization. The requisite transition metal catalysts, however,r,r have

comparatively more difficulty polymerizing polar monomers due to deleterious interactions between the

metal and heteroatoms. On the other hand, radical polymerization is preferred for activated vinyl

monomers due to radical stabilization imparted by their substituents. However,r,r radical polymerization of

olefins typically requires high temperature and pressure due to lack of radical stabilization and an

increased contribution of undesirable side reactions. As neither radical nor coordination–insertion

mechanisms are ideal for both monomer classes, tailoring monomer unit distribution and overall chain

composition in copolymers of activated and unactivated alkenes is particularly challenging. Despite these

complicating factors, copolymer materials comprised of both activated and unactivated monomer units

remain desirable due to improvements in many material properties when compared to homopolymers of

either monomer.

Radical copolymerizations of olefins with activated monomers face a substantial barrier that precludes

facile copolymerization. The enchainment of a given monomer in a radical copolymerization is governed

by its feed ratio and the reactivity ratios of the two monomers. The reactivity ratios of ethylene with methyl

acrylate, for example, have been reported to be 0.045 and 5.3, respectively at 220 °C and 2000 bar.

Despite the rather extreme conditions necessitated by the poor reactivity of ethylene, copolymers with

methyl acrylate produced in this manner are limited to low olefin incorporation. A possible strategy to

1

1,2

3

2,4–12

3
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overcome the inherent differences in the reactivity of two monomers in radical copolymerization is to

exploit a post-polymerization modification reaction that is specific for one type of monomer unit. In

this manner,r,r copolymerization of two monomers with similar polymerizability can lead to polymeric

precursors for copolymers with compositions and microstructures that are inaccessible by direct

copolymerization. Indeed, post-polymerization methods to produce polymers and copolymers

containing olefins have been recently reported via either deoxygenation of poly(methyl acrylate) or

post-functionalization and subsequent gra�ing-from polymerization from polyethylene or

polypropylene.

In this work, we report a post-polymerization modification strategy that enables synthesis of statistical

copolymers of olefins and acrylates. Single electron transfer (SET) decarboxylative alkyl radical generation

has been heavily represented in recent literature as a facile means to exploit the high reactivity of alkyl

radicals. A common class of SET acceptors capable of decarboxylative radical generation are N-

(acyloxy)phthalimide derivatives. Upon receipt of an electron from a SET donor,r,r the N-

(acyloxy)phthalimide undergoes a decarboxylation cascade, releasing CO and phthalimide to produce an

alkyl radical. Radicals generated through SET-T-T induced decarboxylation have been utilized in many radical

cross-coupling reactions, such as alkylation, alkenylation, borylation, and more. Chapman et al.

first reported on SET induced post-polymerization modification utilizing a Ni/Zn system for C–C bond

formation to create polymers containing α-olefin repeat units ranging from three-carbon (propylene)

repeat units and up. Redox-active repeat units were either formed in situ via uronium-based coupling

with poly(acrylic acid) using (1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo pyridinium 3-oxid

hexafluorophosphate (HATATA U) and N-hydroxytetrachlorophthalimide (TCNHPI) or via preparation of

TCNHPI-containing monomer units. We envisaged that inclusion of a phthalimide ester as the pendent

group of an acrylate or methacrylate monomer would allow for not only tailorable incorporation in

copolymerizations with other activated monomers but also subsequent polymer-based SET-T-T induced

reductive decarboxylation akin to the classic Barton decarboxylation ( Fig. 1A ). We specifically

investigated non-chlorinated N-hydroxyphthalimide (NHPI) derivatives as a way to significantly improve

the economics of these transformations as TCHNPI is substantially more expensive than NHPI as well as

the lower molar mass of NHPI compared to TCNHPI providing atom-economic benefits as the phthalimide

moiety is ultimately a byproduct. Replacement of the polymer-bound phthalimide ester with a single

hydrogen atom reveals either an ethylene or propylene repeat unit depending on the structure of the

starting phthalimide-containing monomer ( Fig. 1B ). Within this approach, the nature of the phthalimide

ester monomer has direct implications on the result of the post-polymerization modification, with the

acrylate and methacrylate variants serving as pre-ethylene and pre-propylene, respectively. In principle,

this allows for a perhaps more versatile system in which a copolymer containing both ethylene and

13–19

20–24

25

26,27

28–38

2

31,35,38–40

41

42
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propylene is accessible. Overall, it is shown that unprecedented control over polymer architecture and

comonomer distribution is made possible for ethylene-containing radical copolymers. These findings

corroborate those of Theato and coworkers that were reported during the preparation of this manuscript,

detailing decarboxylation being achieved with a Ru(bpy) catalyst system. The results reported here

allow expansion to other olefin-containing comonomer units (i.e., propylene units) and rely on an

alternative organocatalytic approach.

Fig. 1 (A) General scheme for polymer-bound reductive decarboxylation of N-(acyloxy)phthalimides. (B) A novel

route to previously inaccessible compositions of olefin-acrylate copolymers.

Results and discussion

Small-molecule model studies

We hypothesized that direct attachment of phthalimide ester groups to a polymer backbone would permit

light-induced reductive decarboxylation, removing the entire phthalimide ester functionality and

replacing it with a single hydrogen atom to yield polyolefin repeat units ( Fig. 1 ). Conditions for photo-

induced decarboxylation have been investigated previously and served as a starting point for this

reductive variant. Our conditions here closely follow those presented by Schwarz and coworkers in a

recent report which highlights an effective light-responsive system for small-molecule decarboxylative

alkylation. Eosin Y (EY) is an inexpensive, organic photocatalyst and SET donor that absorbs light in the

visible range, allowing for SET under mild, green light. Diisopropylethylamine (DIPEA) serves as an

electron donor that reduces excited-state EY in a reductive photo-electron transfer process.

Decarboxylation of phthalimide esters proceeds upon receipt of an electron from the EY SET donor. The

reduced phthalimide ester undergoes decarboxylation, releasing phthalimide and CO to yield a reactive

carbon-centered radical. SET-T-T induced decarboxylation of N-(acyloxy)phthalimides has been performed

using a variety of SET donors in many bond-forming processes. Carbon–hydrogen bond

formation between the carbon-centered radical and a hydrogen atom source has been only lightly

explored with derivatives of N-(acyloxy)phthalimides. Thus, we first sought to investigate reductive

decarboxylation of a model compound to determine if conditions for quantitative reaction were

attainable.

Phthalimidyl cyclohexanoate (PhthCy) was synthesized to serve as a model compound for reductive

decarboxylation ( Fig. 2A and S1† ). We expected that the singular product of reductive decarboxylation of

3
43,56

28,31

31

44

31,45,46

2

31,35,39,47,48

28,34
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PhthCy would be cyclohexane which would allow for facile monitoring of reaction completion via H NMR

spectroscopy. We selected reaction conditions similar to those previously established for decarboxylative

alkylation, with the addition of tributyltin hydride (Bu SnH) as an H atom donor. PhthCy (1 equiv.), EY

(0.1 equiv.), DIPEA (2 equiv.), dry DCM (5 mL), and Bu SnH (5 equiv.) were irradiated with green light for 4 h.

H NMR spectra of aliquots taken during and a�er the reaction revealed a gradual disappearance of all

proton signals associated with substituted cyclohexane and the evolution of a single proton resonance at

1.43 ppm, relating nicely to reference values for cyclohexane in CDCl ( Fig. 2B ). Additionally, a distinct

upfield shi� had occurred for the aromatic phthalimide protons consistent with a change in their

electronic environment upon detachment from the electron-withdrawing ester ( Fig. 2C ). Quantifyifyif ng

reaction completion via H NMR spectral integrations revealed quantitative (>95%) conversion from

phthalimide ester to free phthalimide. Distillation was performed on the crude mixture to isolate the

volatile cyclohexane product ( Fig. 2B ). Confirmation of quantitative reductive decarboxylation allowed us

to move forward and shi� our attention to polymer-based systems.

Fig. 2 Decarboxylation kinetics of PhthCy in DCM under green light with conditions PhthCy : EY : DIPEA : Bu3SnH =

1 : 0.1 : 2 : 5. (A) Scheme for reductive decarboxylation of PhthCy. (B) H NMR spectra for PhthCy (top), the crude

decarboxylation product containing all reaction components at 4 h (middle) and the distillate showing only cyclohexane

(bottom). (C) H NMR spectra showing shi� of phthalimide proton resonances every hour from 0 h to 4 h.

Polymer model studies

N-(Acyloxy)phthalimides seemed to offer an immediate benefit over other decarboxylating esters such as

thiohydroxamates, including potential amenability to a radical-rich environment such as an active

polymerization medium. We sought to verifyfyf their stability in a polymerization and to adapt the

established reductive decarboxylation conditions to a polymer-based system. Synthesis of a homopolymer

with a lone phthalimide ester functional group would allow for both H NMR spectroscopy and matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) characterization of

photocatalytic reductive decarboxylation. Supplemental activator and reducing agent atom transfer

radical polymerization (SARA ATATA RP) was chosen to prepare the model polymer. A phthalimide ester-

containing ATATA RP initiator (PhthBr) was prepared via acyl substitution of 2-bromo-2-methylpropionyl

bromide with N-hydroxyphthalimide (conditions in ESI,† Fig. S2). Poly(methyl acrylate) (PMA) was

prepared via SARA ATATA RP using PhthBr as the initiator and was characterized via H NMR spectroscopy, gel

permeation chromatography (GPC), and MALDI-TOF-MS ( Fig. 3 and S5† ). The polymerization was well-

1

3
31

3
1

3
49

1

1

1

50,51
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52–54
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controlled, yielding low-dispersity PMA with the phthalimide ester still attached to the α-end of the

polymer (Phth-PMA-Br).

Fig. 3 MALDI-TOF-MS analysis of Phth-PMA-Br before (top) and a�er (bottom) SET-T-T induced reductive

decarboxylation, confirming replacement of both the phthalimide ester and chain-end bromine with hydrogen atoms (H-

PMA-H).

Inclusion of the N-(acyloxy)phthalimide only on the polymer endgroup allowed for assessment of the

polymer before and a�er decarboxylation via MALDI-TOF-MS and GPC ( Fig. 3 and S16† ). Phth-PMA-Br was

exposed to the same decarboxylating conditions as in the PhthCy model studies (conditions in ESI† ).

MALDI-TOF-MS analysis of the decarboxylated polymer revealed complete replacement of both the

phthalimide ester and chain-end bromine with single hydrogen atoms (H-PMA-H). ω-Modification was

observed as expected as it is known that reaction of alkyl bromide-terminated polymers with Bu SnH

leads to dehalogenation.

Quantitative reductive decarboxylation was once again observed in the polymer model study,

corroborating the findings from the small-molecule model study and providing further evidence that H

atom replacement of the phthalimide ester is the exclusive product using these reaction conditions.

Moreover,r,r phthalimide esters were benign to the polymerization conditions, opening the door for more

expansive post-polymerization modifications via inclusion in polymer pendent groups.

Polymer synthesis

Both acrylate (N-(acryloxy)phthalimide, PhthA) and methacrylate (N-(methacryloxy)phthalimide, PhthMA)

phthalimide ester derivatives were synthesized to investigate post-polymerization olefin unit

incorporation via reductive decarboxylation (Fig. S3 and S4† ).

Copolymers of both PhthA and PhthMA with MA were prepared via conventional radical polymerization

under argon in dimethyl sulfoxide (DMSO), using azobisisobutyronitrile (AIBN) as a thermal initiator at 70

°C. These copolymerizations were successful, yielding copolymers containing MA and either PhthA or

PhthMA. Copolymer CA was prepared with PhthA and MA and copolymer CM was prepared with PhthMA

and MA (Table S1† ). The polymers were characterized using H NMR spectroscopy and GPC prior to further

investigation into reductive decarboxylation (Fig. S6, S7, S12 and S13† ).

Reversible addition–fragmentation chain transfer (RAFT) polymerization was likewise used to prepare

copolymers containing MA and either PhthA or PhthMA by using 4-cyano-4-

3
55

1
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[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP) as the chain-transfer agent and AIBN as the

thermal initiator at 70 °C. Copolymers RA and RM were prepared by RAFT with PhthA and PhthMA,

respectively (Table S1, Fig. S8, S9, S10, S11 S14 and S15† ). Copolymers RA2 and RM2 were also

synthesized with slightly higher phthalimide molar incorporation, 30% PhthA for RA2 and 36% PhthMA for

RM2, to allow for more facile assignment of peaks in C NMR spectroscopy and heteronuclear single

quantum coherence (HSQC) spectroscopy. One advantage of this reversible deactivation radical

polymerization (RDRP) route over the conventional radical polymerization approach discussed above is

the ability to pre-determine polymer architecture across a wide array of morphologies. Thus,

incorporation of phthalimide ester monomers via RDRP opens the door for facile production of olefin-

containing polymers with higher order architecture. Additionally, the pseudo-livingness imparted by RDRP

would, in principle, allow for chain extension to yield olefin-containing block copolymers. Another

advantage of RDRP is molecular weight and dispersity control. For our purposes, copolymers with lower

dispersities would offer a simplified and more striking way to assess the reductive decarboxylation

process.

Reductive decarboxylation

Following the success of our model studies, we sought to leverage SET-T-T induced reductive decarboxylation

to prepare olefin-acrylate copolymers. Having established that H atom replacement of phthalimide esters

is the exclusive product produced when using our standard decarboxylation conditions, reductive

decarboxylation of PhthA or PhthMA repeat units within a copolymer would result in ethylene or propylene

repeat units, respectively. Accordingly, copolymer RA was irradiated with green light in the presence of EY,Y,Y

DIPEA, and Bu SnH (full conditions in ESI† ). Kinetic aliquots were taken every half-hour and the time-

points were analyzed via H NMR spectroscopy and GPC ( Fig. 4 ). Excitingly, the broad peaks in the H NMR

spectra corresponding to polymer-bound phthalimide shi�ed consistently and completely in the upfield

direction while also becoming sharper ( Fig. 4C and S19† ). The change in phthalimide proton shielding is

evidence of disassembly of the phthalimide ester and detachment of phthalimide from the polymer. By

quantifyifyif ng the disappearance of the broad, polymer-bound phthalimide peak and the appearance of the

sharp, small-molecule phthalimide peak using H NMR spectral integration, it was determined that

quantitative decarboxylation was achieved in 2.5 h ( Fig. 4B ). Additionally, an increase in elution volume

across timepoints in GPC confirmed a decrease in polymer molecular weight which was expected due to

loss of both CO and phthalimide and the addition of one single H atom per PhthA repeat unit.

Furthermore, lack of molecular weight increase suggests that radical capping with hydrogen occurs

quickly enough to prevent radical–radical cross-coupling, which would lead to polymer branching or

cross-linking. The decrease in polymer molecular weight halted upon reaching complete decarboxylation

13
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with the 2.5 and 3.0 h GPC timepoints overlapping ( Fig. 4D ). Furthermore, positive identification of the

new ethylene repeat units was provided by H NMR spectroscopy following purification of the polymer. A

new proton resonance was revealed that was not associated with the starting polymer or any reaction

components. The broad peak at∼1.20 ppm is in the region where polyethylene peaks would be expected

(Fig. S21 and S22† ). Additional C NMR spectroscopy of polymer RA2 revealed the presence of a

characteristic polyethylene peak as well as disappearance of peaks associated with PhthA repeat units

(Fig. S25† ). Furthermore, HSQC spectroscopy of RA2 was utilized to verify fy f the identity of the peaks

relating to ethylene repeat units (Fig. S28† ). Overall, photocatalytic reductive decarboxylation of polymer-

bound phthalimide esters led to the release of phthalimide and evolution of CO while generating a

backbone centered radical which was capped with a hydrogen atom to yield an ethylene-methyl acrylate

statistical copolymer ( Fig. 4A ).

Fig. 4 (A) Abbreviated scheme for reductive decarboxylation of RA (complete proposed reductive decarboxylation

scheme in Fig. 2 ). (B) Decarboxylation percentage vs. time showing quantitative conversion at 2.5 h. (C) H NMR spectra

showing the change in resonance frequency for the phthalimide protons as the reaction proceeded. (D) GPC elugrams

showing decrease in polymer molecular weight due to decarboxylation.

Reductive decarboxylation of RM produced similar results to those of RA. When RM was subjected to the

standard decarboxylating conditions, a complete, upfield shi� of the phthalimide proton resonances was

observed in the resulting H NMR spectrum (Fig. S20† ). Likewise, GPC provided evidence of decreasing

polymer molecular weight that ended upon complete decarboxylation (Fig. S20† ). H NMR analysis of the

purified polymer revealed a new proton resonance at 0.9 ppm representing the methyl pendent of a

propylene repeat unit (Fig. S23 and S24† ). This peak was shown to couple with another peak in the

polymer backbone via correlation spectroscopy (COSY) which revealed the methine proton of a propylene

repeat unit (Fig. S27† ). C NMR spectroscopy of RM2 also showed both the disappearance of phthalimide

carbonyl peaks, indicating complete decarboxylation and the presence of characteristic polypropylene

peaks (Fig. S26† ). Again, HSQC spectroscopy was utilized to confirm the assignment of the methine and

methyl protons of the new propylene repeat units (Fig. S29† ).

Additionally, reductive decarboxylation of the polymers synthesized via conventional radical

polymerization (CA, CM) produced a complete shi� in phthalimide peaks in H NMR spectroscopy

corresponding to successful decarboxylation as well as a decrease in polymer molecular weight as shown

on GPC (Fig. S17 and S18† ). All polymers prepared with phthalimide ester pendants were successfully

1
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decarboxylated. These polymers were prepared by either conventional free radical polymerization, which

is potentially more scalable, or by RDRP such as RAFT,T,T which affords better control over molecular weight

distribution and allows for more advanced architectures.

Conclusions

These results clearly indicate that inclusion of pendent phthalimide ester groups leads to copolymers with

latent backbone radical functionality. Activation of the SET-T-T accepting ester unveils a backbone-centered

radical which allows for a plethora of radical modification strategies. These phthalimide esters are benign

to polymerization conditions and have been included in conventional radical polymers as well as polymers

produced by both RAFT and ATATA RP.P.P Specifically, this technique has been leveraged here to provide a new

pathway for the synthesis of both ethylene-acrylate and propylene-acrylate statistical copolymers. Current

approaches for copolymerizing these typically incompatible monomer classes rely on extreme conditions

and lead to copolymers with uneven monomer distribution within the polymer chain due to the disparate

reactivities of acrylates and olefins. Copolymerizing an acrylate with a phthalimide ester-containing

monomer,r,r however,r,r allows for eventual olefin unit inclusion through post-polymerization modification.

Single electron transfer to the phthalimide ester from the organic photocatalyst under low-energy green

light begins a cascade leading to free phthalimide, CO , and a carbon-centered radical which is capped by

a hydrogen atom from a hydrogen atom donor. This reaction has been shown to be quantitative both via

small-molecule model studies and polymer modification. Statistical ethylene-acrylate copolymers

represent one example of previously inaccessible copolymer materials made possible through this post-

polymerization modification pathway. Due to significant recent research focused in decarboxylative cross-

coupling chemistry and the efficiency of this reported system, we believe this radical-based post-

polymerization modification strategy will enable the creation of many novel polymeric materials.
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