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Macromolecular scaffolds are rapidly emerging in catalysis owing to the ability to control catalyst place-

ment at precise locations. This spatial proximity allows for enhanced catalyst activity that may not be

observed using small molecules. Herein, we describe a triphenylpyrylium (TPT)-based visible-light active

single-chain polymer nanoparticle (SCNP) that facilitates the radical cation [4 + 2]-cycloaddition. We find

that the catalytic activity is highly dependent on the styrylarene comonomer used, wherein it can act as a

redox mediator under confinement, increasing the catalytic turnover (TON) by up to 30 times in compari-

son to free TPT in solution. Mechanistic studies indicate that TPT excited states are quenched by the

acene, with the resultant radical cation formed from naphthalene-based SCNPs able to proceed in oxidiz-

ing the dienophile in the elementary step of the reaction, while leading to near quantitative yields of the

cycloadduct. The TPT-SCNP demonstrates enhanced photocatalyst efficiency compared to molecular

TPT, and is able to be recycled and reused in three iterations of the reaction prior to decreased perform-

ance from photobleaching. Our results overall suggest that the confined nature of the SCNP and spatial

proximity of acene-based pendants enforces their participation as cocatalytic redox mediators that impart

enhanced photoredox catalysis under confinement.

Introduction

Over the last decade, the design and use of single-chain

polymer nanoparticles (SCNPs) as homogeneous catalysts has

garnered much interest.1–11 SCNPs constitute confined macro-

molecular architectures that arise through the controlled

folding of individual polymer chains.12–15 Multiple compaction

approaches have been reported based primarily on the use of

reversible supramolecular, dynamic covalent, and/or irrevers-

ible covalent crosslinking chemistries. To date, the majority of

these folding strategies have installed catalytically-relevant

groups through judicious selection of comonomers. For

instance, Roesky and coworkers incorporated diphenylpho-

sphinostyrene into a linear poly(styrene) that, in the presence

of Pt[cod]Cl2, formed SCNPs featuring crosslinks that

mimicked traditional cross-coupling catalysts (Scheme 1).16

The compact nature of SCNPs, best described as resembling

intrinsically-disordered proteins (IDPs) with locally-compact

portions connected by flexible chains,17 has led to confine-

ment-aided catalysis. For example, Lemcoff reported an Ir/Rh-

bimetallic poly(cyclooctadiene) wherein close proximity of the

catalytic centers led to enhanced cross-coupling reactions.18

Further, CuII-based SCNPs achieved selective Glaser-Hay coup-

lings,10 where confinement controlled selectivity and circum-

vented homocoupling. Zimmerman also demonstrated that

CuI-SCNPs facilitated highly efficient click reactions in small

molecules19 and cells; key to this was the diffusion of azides

and alkynes into the polymer interior, proximal to Cu-binding
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sites (Scheme 1).6,20 In these combined studies, key designs

have enabled product selectivity and/or enhanced reactivity

compared to molecular analogues.

Recent efforts,1,3,4,21 have utilized SCNPs to investigate

photoredox catalysis. Photoredox methods are potent means of

constructing challenging bonds, particularly when using dual

catalysis.22–28 Despite the widespread application of this strat-

egy, the full potency can only be realized if the transient

radical is generated in close proximity to the second catalytic

species, thus circumventing off-cycle events. Moreover, these

processes are inherently diffusion limited, with high local con-

centrations of both catalysts rarely being achieved. The need

for close proximity and restricted catalyst rotation has been

recognized by the materials community.29–34

While SCNPs have been used often in a biomimetic

manner, fine-tuning their designs can enable enhanced photo-

catalysis.13 We recently reported triarylpyrylium-based SCNPs

that achieved the dimerization of electron-rich styrenics.3 The

SCNP design enabled high local concentrations of the photo-

catalyst and requisite electron relay,35 resulting in more

efficient single-electron transfer (SET) and higher product

yields. Recent work by the Barner-Kowollik team demonstrated

that SCNPs containing Rose Bengal can enable more efficient

photooxidation of oleic acid owing to spatial proximity of

photosensitizers.13 Both investigations designed SCNPs that

enforce proximity-guided synergy between catalytic com-

ponents and/or their surroundings.

Herein, we disclose a single-chain polymer nanoparticle

(SCNP) design that enables significant photochemical reaction

enhancements under confinement. We demonstrate that tri-

phenylpyrylium tetrafluoroborate (TPT), an organic photoredox

catalyst with a typically short-lived excited state, can be ren-

dered efficient through synergistic effects arising from the

folded SCNP. In our design, a more rigid styrylarene (StyAr)

unit serves to modulate photocatalyst efficiency, with the iden-

tity of the β-styryl unit being a critical design element.

Specifically, we find that pendant styrylnaphthalene (SNap)

groups increase the photocatalyst activity, relative to those fea-

turing styrylpyrene (SP) and styrylphenanthrene (SPhen)

motifs (Scheme 2), in the model Diels–Alder reaction.

Moreover, the collective series of SCNPs increases the catalytic

turnover (TON) up to 30-fold, rendering the SCNP highly

effective in promoting the [4 + 2]-cycloaddition of trans-anet-

hole and isoprene compared to free TPT in solution. We attri-

bute these results to the SCNP’s ability to enforce participation

of the acenes as cocatalytic redox mediators owing to spatial

proximity under confinement. The mechanism was probed

with quenching studies, where the acenes were found to

quench the majority of TPT photoexcited states, enabling the

formation of a charged-separated state with the respective

acene•+. We find that this, combined with the ability of

naphthalene•+ and phenanthrene•+ to efficiently oxidize trans-

anethole, results in an overall more efficient TPT photocatalyst.

Results and discussion

We designed a poly(methyl methacrylate) backbone featuring

TPT and StyAr-based pendant groups (bearing pyrene, phenan-

threne, or naphthalene). TPT and StyAr monomers without

flexible linkers were intentionally selected, along with target-

ing 5–10% crosslinking, hypothesizing that higher compac-

Scheme 1 Overview and conceptual designs for SCNP-based catalysis:

(top) Traditional cross-coupling mimicked through the PtII-mediated

crosslinking of pendant -PPh3 groups, leading to recyclable SCNPs;

(middle) CuII-based SCNPs that, after reduction, enable reactant

diffusion into the interior, accelerating aqueous click reactions; and

(bottom) triarylpyrylium-based SCNPs wherein spatial proximity of

acene-based pendants enforces their participation as cocatalytic redox

mediators that accelerate Diels–Alder reactions.

Scheme 2 Triphenylpyrylium-based polymers that are studied in the

radical cation Diels–Alder reaction.
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tions may also support enhanced photocatalyst bleaching. The

target polymers were formed using reversible addition–frag-

mentation chain-transfer (RAFT) polymerization (Scheme 2),

resulting in statistical copolymers with molecular weights in

the 10–20 kDa range. 1H- and 19F-NMR spectroscopy were uti-

lized to determine incorporation ratios in all polymers

(Table 1). The StyAr groups were subsequently crosslinked (see

ESI† for details), with SCNP formation being evidenced by com-

parison of molecular weights before and after compaction using

size exclusion chromatography (SEC, Table 1 and Fig. S17–20†).

The photoredox properties of the resultant SCNPs were

investigated using the [4 + 2]-cycloaddition of trans-anethole

and isoprene as a model; this cycloaddition proceeds in the

presence of both metallaphotoredox and organic photoredox

systems.36–38 In a typical experiment, trans-anethole and iso-

prene were added to a solution of the desired catalyst, followed

by irradiation with 440 nm LEDs (see ESI† for details).

Conversions were monitored using 1H-NMR spectroscopy. We

first sought to interrogate the model reaction using molecular

TPT with our light setup. When using 3.3 mol% of TPT, we

obtained <5% of the desired cyclohexene in a period of 5 hours;

attempts to extend the reaction to 24 hours did not afford more

of the cycloadduct. Similar results were observed using a linear

TPT-co-MMA polymer,3 suggesting that the polymeric pyrylium

does not significantly alter the photophysics of the dye.

When using the SCNPs, we observed that reaction of trans-

anethole and isoprene in the presence of TPT-SNapNL-SCNP

achieved 99% of the desired cycloadduct within a five-hour

period, while TPT-SPhenNL-SCNP and TPT-SPNL-SCNP afforded

68% and 26% of the cycloadduct, respectively (Table 2). For

comparison, reactions conducted without crosslinking the

polymer (i.e., using TPT-co-SNapNL-co-MMA, wherein the

photocatalyst and acene are present in the same ratio and dis-

tribution as the compartmentalized SCNP) furnished only 46%

of the cycloadduct and demonstrated poor mass balance

(Table 2, entry 4). The combined results confirm that the cata-

lyst activity was enhanced within the SCNPs, owing to colocali-

zation of the two species. While the absence of light or photo-

catalyst resulted in no product, the lack of oxygen had deleter-

ious effects on yield. The observed differences in reactivity

suggested that the spatial confinement inherent to the SCNP

modulated catalytic activity, likely driving chemical reactivity.

We attributed differences in the catalyst activity to the redox

properties of the acenes, which may act to oxidize trans-anet-

hole (under the reaction conditions). Observing that TPT-SPNL-

SCNP demonstrated the lowest catalyst activity suggested that

generation of a putative pyrene radical cation suppresses the

reaction, leading to low degrees of cycloadduct formation. Our

experimental results are consistent with the redox potentials

for the expected acene•+/acene reductive event:39 the pyrene

radical cation (Ered1/2 = +1.34 V vs. S.C.E.) is less likely to be

reduced, whereas the radical cations of phenanthrene (Ered1/2 =

+1.78 V vs. S.C.E.) and naphthalene (Ered1/2 = +1.80 V vs. S.C.E.)

can still engage with trans-anethole (+1.35 V vs. S.C.E.).40 This

mechanistic insight was further corroborated when adding

naphthalene to the reaction using TPT-SPNL-SCNP, resulting in

the likelihood of unquenched TPT oxidizing naphthalene to

afford naphthalene•+, which may oxidize trans-anethole and/or

accelerate any chain propagation steps. Accordingly, we

observe a significant increase in cycloadduct yield (62%;

Table 2, Entry 7). In similar experiments using TPT-SPhenNL-

SCNP, we observe modest increases in cycloadduct formation.

Finally, addition of pyrene to the optimal catalyst,

TPT-SNapNL-SCNP, results in deleterious effects on yield.

We further probed the role of the acene in modulating

photocatalyst efficiency, synthesizing an analogous polymer

featuring a propenylbenzene pendant (denoted TPT-co-

SMethNL-co-MMA). The absence of groups that could partici-

pate as redox mediators was hypothesized to aid in compre-

hending how catalytic activity is altered within the SCNP.

Emission experiments demonstrated that TPT-SMethNL-SCNP

was roughly six times more emissive than those functionalized

with acenes, further confirming the role of the acene unit in

quenching the TPT excited state. Emission quenching with

trans-anethole indicated that at reaction conditions, roughly

Table 1 Linear polymer and SCNP characterization

Polymer % TPTa %StyAra Mn (kDa) Mw (kDa) Đ

TPT-co-SPNL-co-MMA 1.7 5.5 9.1 11.4 1.25
TPT-SPNL-SCNP — — 3.9 7.7 1.20
TPT-co-SPhenNL-co-MMA 2.3 5.6 10.7 13.1 1.23
TPT-SPhenNL-SCNP — — 6.8 8.1 1.20
TPT-co-SNapNL-co-MMA 2.4 5.5 8.4 11.5 1.38
TPT-SNapNL-SCNP — — 7.0 10.1 1.22
TPT-co-SMethNL-co-MMA 2.5 9.8 11.2 14.3 1.27
TPT-SMethNL-SCNP — — 6.5 7.8 1.20
TPT-co-MMA 1.8 N/A 15.2 17.9 1.17

aDetermined using 1H- and/or 19F-NMR spectroscopy.

Table 2 Comparison of SCNP-based and molecular catalysts in the

Diels–Alder reaction of trans-anethole with isoprene

Entry Photocatalyst
%Anethole
remaining

Yield (%), [4 + 2]-
cycloadduct

1 TPT-SNapNL-SCNP 0% 99%
2 TPT-SPhenNL-SCNP 0% 68%
3 TPT-SPNL-SCNP 20% 26%
4 TPT-co-SNapNL-co-MMA 38% 45%
5 TPT 89% 2%
6 TPT-co-MMA 90% 5%
7 TPT-SPNL-SCNP + 0.5 eq.

naphthalenea
0% 62%

8 TPT-SPhenNL-SCNP + 0.5 eq.
naphthalenea

0% 88%

9 TPT-SNapNL-SCNP + 0.5 eq.
pyrenea

0% 86%

10 TPT-SNapNLSCNP + 1.0 eq.
pyrenea

15% 68%

a equivalents added relative to trans-anethole.
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90% of the emission intensity from TPT-SMethNL-SCNP was

quenched (see ESI† for details).

We investigated the role of the acene pendants in facilitating

[4 + 2]-cycloadditions under confinement. In related [2 + 2]-

cycloadditions, acenes were viewed as electron relays that facili-

tate SET between the excited state TPT and trans-anethole,3,35

leading to the intermediate radical cation. We thus investigated

the role of the acene as a quencher of the TPT excited state. We

compared emission spectra of the acene-containing SCNPs to

TPT-SMethNL-SCNP, keeping the TPT concentration constant

(Fig. 1). Compared to TPT-SMethNL-SCNP, the emission from all

other SCNPs was greatly reduced, indicating quenching by the

acenes. There were no notable differences in the presence or

absence of oxygen, despite purging with nitrogen resulting in

minimal formation of the cycloadduct (see ESI†). Oxygen is

likely involved in oxidizing the reduced form of the photo-

catalyst, regenerating TPT to turn over the catalytic cycle.

We sought to further comprehend the mechanism, con-

ducting quenching experiments with trans-anethole. We noted

that even in the presence of the acene, additional quenching

of the excited state of the TPT photocatalyst was observed (see

ESI†). Different additives were also introduced to identify the

oxygen species generated (Table S7†).38 When the [4 + 2]-cyclo-

addition was attempted in the presence of CuCl2 or 2,2,6,6-tet-

ramethyl-1-piperidinyloxy (TEMPO), the reaction pathway was

completely suppressed, confirming the involvement of SET

processes and the presence of a radical pathway, respectively.

Addition of sodium azide also demonstrated a significantly lower

yield, indicating the involvement of activated oxygen species.

Our overall observations are consistent with the first

elementary step in the SCNP-mediated [4 + 2]-cycloaddition

consisting of photoexcitation of TPT (Scheme 3). The TPT

excited state can then undergo photoinduced electron transfer

from either the acene or the trans-anethole. On the basis of

quenching experiments (see ESI† for details) we estimate that

in the case of pyrene or naphthalene, approximately 75% of

the excited states are quenched by the acene, another 12.5%

oxidize trans-anethole, and another 12.5% relax back to the

ground state. With phenanthrene, only 28% of the excited

states are quenched by the acene, with another 36% quenched

by anethole. In the case of the naphthalene or phenanthrene,

there is a large driving force for the oxidized acene to oxidize

trans-anethole,39,41 while in the case of pyrene there is a much

smaller driving force to oxidize trans-anethole. Following oxi-

dation of the acene or trans-anethole, we suggest that a dark elec-

tron transfer from the reduced TPT to oxygen occurs. This pre-

sumably suppresses back electron transfer to the acene or trans-

anethole radical cation allowing for cycloaddition with isoprene

to occur. Finally, reduction of the cycloadduct radical cation by

superoxide generates the final product. In the case of TPT-SPNL-

SCNP, the pyrene•+ is slower to oxidize anethole, allowing reac-

tive oxygen species generated by the reduced TPT to react directly

with anethole. The combined data suggested TPT-SNapNL-SCNP

had the best performance for the Diels–Alder reaction. We note

that cannot exclude an unproductive triplet energy transfer

pathway between the excited TPT and the pyrene.

Using the optimized conditions, we investigated the reactiv-

ity of various dienophiles in the presence of TPT-SNapNL-SCNP

(Fig. 2). We found that a range of dienes and dienophiles were

successful reaction partners. Symmetrical dienes such as 2,3-

dimethylbutadiene and hindered dienes like 2,4-dimethyl-1,3-

pentadiene gave successful results, while cyclic dienes did not.

Dienophiles with moderately electron-rich alkoxy (compounds

1, 6, 8) or silyl ether groups para-substituted on the styryl

group (5) proved to be effective coupling partners with buta-

dienes. Notably, the highly electron-rich dienophile, asarone,

had lower yields of the cycloaddition product (9), likely due to

competing oxidation that affords an aldehyde as the major

product. Electron-deficient dienophiles (compounds 2–4) also

exhibited a range of reactivities in the presence of TPT-SNapNL-

SCNP. However, electron-rich N-vinyl carbazole (7) afforded the

cycloadduct in poor yields, owing to competitive polymeriz-

ation of the vinyl group. Polymerization was also observed

when using 4-methoxystyrene as a dienophile.42 Overall, styryl

Fig. 1 Emission of TPT-SMethNL-SCNP (red), TPT-SPhenNL-SCNP

(blue), TPT-SNapNL-SCNP (purple), and TPT-SPNL-SCNP (orange) in air

(solid line) and under N2 (dotted line).

Scheme 3 Schematic depicting the proposed mechanism for the

TPT-SCNP-mediated [4 + 2]-cycloaddition under confinement.
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groups without electron-donating substituents did not react

well, likely owing to greater difficulty in oxidizing these sub-

strates. Competitive photoisomerization was observed with cin-

namates and stilbenes. These transformations validate the

generality of the TPT-based SCNP photoredox catalyst.

Given the inherent solubility differences between the

SCNPs and small molecule reactants and/or products, we

sought to investigate the possibility that the TPT-SNapNL-SCNP

could be recycled and reused. In recyclability studies, we

observe that two additional cycles can be completed, prior to a

substantial loss in cycloadduct yield (54%; see ESI† for

details), although that yield still outperforms that of small

molecule TPT. Arguably, this polymer system would suffer

from pyranyl radical coupling43 over time, leading to lower

catalyst loadings in subsequent iterations. This photobleach-

ing can be observed during the collection of UV-Vis spectra

before re-use of the SCNP catalyst (Fig. S35†). Regardless, the

ability to recycle the SCNP multiple times prior to complete

catalyst degradation bodes well for the development of further

potent polymer-based catalysts for use in methods develop-

ment and other synthetic applications.

Conclusions

Herein, we demonstrated that a dual catalytic SCNP bearing

visible-light activated triphenylpyrylium groups can be fine-

tuned to facilitate the radical cation Diels–Alder cycloaddition

under confinement. In our studies, we find that the identity of

the pendant StyAr plays an integral role in fine-tuning catalytic

activity, leading to a 30-fold increase in TON compared to free

TPT and near quantitative yields when the β-styryl unit is

naphthalene. Moreover, we observe that the majority of photo-

catalyst excited states are quenched by the acene, with the

resultant radical cation formed from naphthalene-based

SCNPs able to efficiently oxidize trans-anethole, thus confirm-

ing the acene’s role as a redox mediator. Indeed, this is not

observed in the reactions of molecular TPT and the acene,

where negligible product yield is observed under both analo-

gous reaction conditions. The combined suggests that the con-

fined nature of the SCNP and spatial proximity to acene-based

pendants enforces their participation as cocatalytic redox

mediators to enable chemical reactivity. Looking forward, our

SCNP framework has several implications for future catalyst

design, as the principles of confinement might favor reaction

pathways that were previously inaccessible.
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