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ABSTRACT: Cooperative catalysis enables synthetic transformations that are not feasible using monocatalytic systems. Such 
reactions are often diffusion controlled and require multiple catalyst interactions at high dilution. We developed a confined dual-
catalytic polymer nanoreactor that enforces catalyst co-localization to enhance reactivity in a fully-homogeneous system. The 
photocatalyzed-dimerization of substituted styrenes is disclosed using confined-single-chain polymers bearing triarylpyrylium-based 
pendants, with pyrene as an electron relay catalyst. Enhanced reactivity with low catalyst loadings was observed compared to 
monocatalytic polymers with small-molecule additives.  Our approach realizes a dual-catalytic single-chain polymer that provides 
enhanced reactivity under confinement, presenting a further approach for diffusion-limited-photoredox catalysis. 

Compartmentalization is one of Nature’s design principles: en-
zymes are shielded from incompatible environments and parti-
tioned such that cooperative functions like catalysis are opti-
mized.  Confined-space effects in catalysis have also been re-
ported with organic molecules and porous materials (e.g., cu-
curbit[n]urils, metal-organic frameworks (MOFs), and metal-
organic cages (MOCs)).  Systems like MOFs or MOCs provide 
distinct benefits, including periodic arrangements of transition 
metal catalysts that facilitate increased local concentrations of 
reactive species,1 thus, accelerating the rate of organic reac-
tions.  Localized rate enhancement is also observed in molecu-
lar systems, such as the hydrogen-binding Rebek’s softball, in 
which reactive species diffused toward a catalytic center allow-
ing for a 200-fold rate enhancement.2  In close analogy to Na-
ture, these supramolecular frameworks also aid in stabilization 
of different conformations.  Raymond’s M4L6 cluster,3 for ex-
ample, has a unique interior microenvironment that lowers en-
tropic barriers to reactivity, while enthalpically favoring com-
pact transition states that are not observable in bulk solution.   

Recently, sunlight-enabled-photocatalysis has emerged as a 
pillar for synthesis,4-6 particularly for C—C and C—N bond 
construction while exploiting mild reaction conditions.  Com-
monly-employed photocatalysts (PCs) are based upon iridium 
or ruthenium metal complexes and organic dyes that feature 
long excited-state lifetimes, high redox potentials, and strong 
visible absorption.  Dual photoredox catalysis enables challeng-
ing transformations that cannot be achieved with either catalyst 
alone.7  The merger of photoredox with transition metal cataly-
sis has achieved multiple C—H activation reactions with Pd,8 
as well as trifluoromethylation,9 difunctionalization,10 and other 
strategies with copper co-catalysts.11  Much interrogation into 
dual photoredox/Ni catalysis has unleashed potent sp3—sp2 
cross-coupling methods from the groups of MacMillan,12, 13 
Doyle,14 and Molander,15, 16 including decarboxylative and or-
ganoboron couplings.17  Additional strategies by Yoon and 
coworkers have interrogated Bronsted and Lewis acids as co-
catalysts for metallaphotoredox-mediated [2+2] cycloaddition 

reactions, leading to high control over product chirality.18-20  
Further, Nicewicz has pioneered a photoredox/electron relay 
co-catalysis system for [2+2] dimerizations to realize natural 
lignan-based cyclobutanes.21 

The efficiency of co-catalytically-powered reactions relies on 
proximal catalyst locations, a bottleneck difficult to control 
with the degrees of freedom often afforded in solution-phase 
chemistry.  In addition, challenges remain in optimization, as 
expensive PCs can be loaded at amounts exceeding maximum 
solubility.22  Strategies to circumvent these limitations in heter-
ogeneous photoredox catalysis have been realized using MOFs 
and quantum dots (QDs) by the groups of Lin and Weix,23 re-
spectively.  While the MOF confines Ir- and Ni-catalytic com-
ponents within 0.6 nm of each other24 and facilitates electron 
and radical transfers between them that allows for efficient turn-
over, the QDs were highly effective at extremely low loadings. 

Considering the successful heterogeneous dual catalysis in 
MOFs, we hypothesized that single-chain polymer nanoparti-
cles (SCNPs)25 could provide a versatile platform to drive ho-
mogeneous dual catalysis within nanoreactors.  The SCNP 
would provide several advantages, including controlled catalyst 
loadings, solubility, and well-defined crosslinking that enables 
co-localization of cooperative catalysts.  Herein, we disclose a 
triarylpyrylium (TPT)-based polymer that functions as an or-
ganic single-electron oxidant/electron relay nanoreactor.  Our 
design features a styrylpyrene (SP) monomer that acts as both a 
covalent crosslink26 to generate the confined environment, but 
also as a functioning electron relay (ER) for photoredox-cata-
lyzed stereospecific [2+2] cycloadditions.  Our TPT-SP-based 
nanoreactor operates in low loadings of both the photocatalyst 
and ER (1 mol % TPT, 0.67 mol % ER), and demonstrates en-
hanced reactivity in comparison to monocatalytic polymer ana-
logues.  We attribute these results to efficient colocalization of 
the PC and ER, owing to confinement. 

Our motivation lies in developing versatile and efficient ho-
mogeneous catalysts.  In studies to realize co-catalytically-ac-
tive polymers for sustainable chemistry, we noted that SCNPs 



 

whose folding featured metal crosslinks27 had demonstrated 
reasonable catalytic activity in reactions such as oxidations and 
cross-couplings.25 Further reports by Zimmerman identified a 
single-chain polymeric ‘Clickase’ that accelerates copper-click 
reactions.28  Given the success of these monocatalytic systems, 
combined with recent reports of enhanced reactivity,28 we intu-
ited that a SCNP comprising another catalyst could promote ac-
celerated reactions under confinement if the crosslink could ad-
ditionally act as an organocatalyst.  Recognizing the potential 
of pyrene to act as an ER catalyst, we designed SCNPs bearing 
strongly-oxidizing TPT and pyrene to study the effects of con-
fining two cooperative catalysts in close proximity. Photocata-
lyzed-[2+2] cycloadditions are reported with electron-rich sty-
renes29, 30 When strongly oxidizing photocatalysts are em-
ployed, cycloreversion of the resulting cycloadduct can pre-
dominate and shift the equilibrium of this reaction towards the 
starting alkene. The addition of a polyaromatic electron relay 
catalyst circumvents oxidative cycloreversion by acting as the 
active oxidant with a lower potential that is not sufficient to ox-
idize the cyclized product.21 Specifically, the potent photooxi-
dant first oxidizes the ER catalyst, which subsequently oxidizes 
the substrate. Honing in on the interaction between the two cat-
alysts, we hypothesized that confining the photoredox catalyst 
and ER within the same polymer backbone would enhance the 
kinetics of single-electron transfer. 

 
Scheme 1: Schematic depicting TPT-SP-polymer synthesis and 
individual polymer characterization information. 

Triarylpyrylium salts are easily prepared with a diverse range 
of functionalities at the aryl positions, providing access to pho-
tocatalysts with varying electronic properties. This facilitates 
tuning excited-state redox potentials. Methacrylate-derived 
pyrylium monomers were prepared according to previous re-
ports.31 Methyl methacrylate (MMA) was selected as the back-
bone in order to maintain solubility in common organic sol-
vents. With the desired monomers in hand, statistical copoly-
mers comprising TPT-methacrylate, SP-methacrylate, and 
MMA were prepared with targeted incorporation of 90:5:5 
[MMA]:[TPT]:[SP]. Polymers were synthesized using reversi-
ble-addition fragmentation chain-transfer (RAFT) polymeriza-
tion (Scheme 1). 1H-NMR spectroscopic characterization con-
firmed a 6% incorporation of TPT and 4% incorporation of SP. 
The polymer molecular weight was determined to be 12 kDa 
through size exclusion chromatography (SEC). SEC also con-
firmed that the polymers were well-defined (Đ = 1.45) (Figure 
1).  

 

 
Figure 1:  (top) SEC overlay and (bottom) UV/Vis spectral overlay 
of TPT-SP-polymer (red) and SCNP (blue, secondary axis). 

Cross-linking of styrylpyrene residues was achieved by irra-
diation of linear polymer solutions in MeCN (10 mg/mL) with 
a white compact fluorescent lamp. Dimerization of styrylpyrene 
and nanoparticle formation was characterized by UV/Vis spec-
troscopy, wherein disappearance of the characteristic styrenyl 
absorbance (λ = 391 nm) and concomitant appearance of cyclo-
butane features at λ = 333 nm and 352 nm were observed (Fig-
ure 1). SEC confirmed primarily intramolecular cross-linking 
with a small increase in apparent molecular weight to 14 kDa 
and dispersity of 1.35 (Figure 1).  
Trans-anethole was selected as a model system to study the 

[2+2] cyclodimerization using the SCNP (Figure 2), given prior 
reports of TPT-catalyzed single-electron oxidant-electron relay 
photocatalysis in the cyclodimerization of anethole.21 In a typi-
cal experiment, the styrenic small molecule was added to a so-
lution of the SCNP (0.0004 mmol loading, which corresponds 
to 1.0 mol% TPT) in MeCN, and was irradiated with 427 nm 
Kessil LEDs at 25% light intensity (approximate light-to-vial 
distances of ~7.5 cm), with conversion monitored using 1H 
NMR spectroscopy. After evaluating several solvents, MeCN 
was found to provide the highest yield (See SI). This was at-
tributed to increased solubility of the polymer and high dielec-
tric constant. When using the confined TPT-SCNP photocata-
lyst bearing the pyrene-based ER, a 66% yield of the dimerized 
product was observed within 24 hours. Increasing the concen-
tration to 0.4 M gave moderate improvements of yield (71%, 
Table S-1), while further changes adversely affected product 
formation. Altering the photocatalyst concentration and in-
creasing light intensity decreased yield. The pyrylium family of 
photoredox catalysts is prone to photobleaching and 
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dimerization of the pyranyl radical;32, 33 accordingly, longer re-
action times did not yield more product, likely because the 
amount of active pyrylium in solution decreases over time.  Re-
actions conducted without any TPT-SCNP or in the absence of 
light yielded no cycloadduct. 

 

Figure 2: [2+2] Cycloadditions of styrenyl derivatives through 
TPT-SCNP-catalyzed photoinduced-electron transfer.  

Typically, visible-light-organocatalyzed [2+2] cyclodimeri-
zations proceed in a sluggish manner, often over 48+ hours, and 
reported TPT-catalyzed cycloadditions similarly plateau in con-
version over days. Thus, we sought to further investigate the 
SCNP system and elucidate the effect of confinement.  Given 
the optimized results suggested that the photocatalyzed cy-
cloaddition proceeded with ease, control experiments were con-
ducted using monocatalytic polymers and compared with the 
dual catalytic SCNPs (Table 1). We synthesized copolymers of 
MMA with TPT-methacrylate or SP-methacrylate. Both poly-
mers were prepared by RAFT polymerization using the same 
procedure as for the target co-catalytic polymer. Proton NMR 
spectroscopy indicated 1.83% incorporation of TPT and 0.68% 
incorporation of SP in TPT-co-MMA and SP-co-MMA, respec-
tively (Scheme 1). The molecular weight of the TPT copolymer 
was determined to be 18 kDa using SEC in THF, with a disper-
sity of 1.17. The molecular weight of the SP copolymer was 
determined to be 21.5 kDa, with a dispersity of 1.02. Similar to 
the co-catalytic SCNP, the SP-co-MMA monomer was cross-
linked to mimic a confined network, denoted SP-SCNP.  

With the monocatalytic polymers in hand, we attempted to 
catalyze the [2+2] cycloaddition of trans-anethole with TPT-
co-MMA in the absence of the ER.  Using the same optimized 
conditions resulted in 2% of the desired product (and recovering 
mostly starting material) after 24 hours, suggesting either the 
presence of the ER or the confined interior is critical. Further, 
irradiation of trans-anethole with TPT-co-MMA as the PC in 
the presence of pyrene as a small-molecule additive, similarly 
resulted in trace amounts of cyclobutane adduct. These results 
suggested confinement was a significant design element and led 
to accelerated rates and higher conversion when using the 
SCNP. We, thus investigated the possibility that SP-SCNP 
could similarly function as a nanoreactor, providing small mol-
ecule TPT and the reactant could efficiently diffuse toward the 
ER for co-catalysis. This reaction afforded the desired product 
in 10% yield after 24 hours, while the same reaction in the ab-
sence of TPT gave none of the desired product. Further, when 

the TPT-co-MMA polymer and SP-SCNP polymers were used 
together as co-catalysts, trace amounts of product were ob-
served. The collective results confirm the presence of both the 
TPT and ER catalysts are necessitated within the same single-
chain polymer system and importantly, the improved yields and 
acceleration in rate is, indeed, a result of polymer confinement 
and subsequent co-localization of TPT and the pyrene ER 
within the nanoreactors.  
Table 1: Comparison of monocatalytic polymer systems with 
small-molecule ER or TPT in the [2+2]dimerization of ane-
thole.   

 

Upon seeing the effects of dual catalyst confinement in the 
dimerization of anethole, we looked to additional styrenyl de-
rivatives for [2+2] cycloaddition.  Dimerization of 4-meth-
oxystyrene was also possible up in 26% yield.  In this case, 
competition with the formation of poly(4-methoxy)styrene oc-
curred at room temperature, given methoxystyrene’s reported 
cationic polymerization using TPT.34 Additionally, α-asarone 
was cyclized to give the natural product (±) Magnosalin in 49% 
yield. More challenging electron-deficient vinyl arenes did not 
undergo the desired transformation. 

 

Figure 3: [2+2] Cross-dimerization of anethole with styrene.   

We sought to further investigate the versatility and compati-
bility of our SCNP with cross [2+2] cycloadditions. (Figure 3). 
The cyclization of trans-anethole and styrene was used as a 
model system. Optimal conditions for the [2+2] cross-cycload-
dition were found using 1.5 equivalents of styrene (See SI). Us-
ing our co-catalytic SCNPs, the cross product was obtained in 
44% yield with 22% of the dimer with 1 mol% SCNP with re-
spect to TPT. Similar controls were conducted using the [2+2] 
cross-dimerization system to probe the effects of confinement 
(Table 2). 

Using TPT-co-MMA without any electron relay catalyst re-
sulted in 5% of the desired product, with 3% of the trans-ane-
thole dimer as the major byproduct. The addition of pyrene to 
this system resulted in trace amounts of the cross product and 
of the dimer. SP-co-MMA with TPT as a co-catalyst gave the 
cross-dimerized product in 1% yield with 2% of the dimer. The 
separate polymers SP-SCNP and TPT-co-MMA as co-catalysts 
afforded 5% of the desired product and 3% of the byproduct, 
further highlighting the diffusion limitations present with mon-
ocatalytic polymers.  



 

 
Table 2: Comparison of monocatalytic polymer systems with 
small-molecule ER or TPT in [2+2]cross-dimerizations with 
anethole.   

 
We demonstrate that a dual-catalytic single-chain polymer 

system bearing both photocatalyst and electron relay catalyst 
functions as an efficient homogeneous photoredox catalyst un-
der confinement. Our investigations have highlighted that the 
proximity of the catalysts improves the efficiency of the co-cat-
alyzed [2+2] cycloaddition compared with the analogous reac-
tion using separate polymeric catalytic components.  The en-
hanced reactions are attributed to improved efficiency of SET 
between the photocatalyst and the electron relay within the 
compartmentalized SCNP.  The versatility of the photoredox 
SCNP-catalyst was demonstrated through both cross-dimeriza-
tions with styrene, and the synthesis of the natural product (±) 
Magnosalin using low catalyst loadings. Future work will look 
interrogate other organo-photoredox catalysis with efforts to-
ward tackling diffusion limitations.  
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