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Abstract: Complex interactions between non-coordinating residues are significant yet 

commonly overlooked components of macromolecular catalyst function. While these interactions 

have been demonstrated to impact binding affinities and catalytic rates in metalloenzymes, the 

roles of similar structural elements in synthetic polymeric catalysts remain underexplored. Using 

a model Suzuki-Miyuara cross-coupling reaction, we performed a series of systematic studies to 

probe the interconnected effects of metal-ligand cross-links, electrostatic interactions, and local 

rigidity in polymer catalysts. To achieve this, a novel bi-functional triphenylphosphine 

acrylamide (BisTPPAm) monomer was synthesized and evaluated alongside an analogous 

monofunctional triphenylphosphine acrylamide (TPPAm). In model copolymer catalysts, 

increased initial reaction rates were observed for copolymers untethered by Pd complexation 

(BisTPPAm-containing) as compared to the Pd-cross-linked catalysts (TPPAm-containing). 

Further, incorporating local rigidity through secondary structure-like and electrostatic 

interactions revealed nonmonotonic relationships between composition and reaction rate, 

demonstrating the potential for tunable behavior through secondary sphere interactions. Finally, 

through rigorous cheminformatics featurization strategies and statistical modeling, we 

quantitated relationships between chemical descriptors of the substrate and reaction conditions 

on catalytic performance. Collectively, these results provide insights into relationships between 

composition, structure, and function of protein-mimetic catalytic copolymers. 

Introduction 

The hierarchical structure of metalloenzymes allows for precise spacing, density, and thus 

accessibility of metal centers, which leads to substrate selectivity and efficient reactivity. Beyond 

the coordinating ligands, non-ligand residues in the secondary coordination sphere provide 

structural elements that fine tune enzyme function.1–3 Native proteins, shaped by evolution, possess 

refined structures optimized for catalysis in ambient aqueous conditions; however, they often 

unfold when exposed to unnatural environments common to industrial processes.4 Further, it can 

be challenging to rationally tune the selectivity and reactivity to target non-native substrates. 

Conversely, synthetic macromolecules retain function in broader environmental conditions, are 

capable of protein-like folding, and have easily tunable compositions, enabling the development 

of structure-function relationships for targeted catalytic outcomes.5,6 Metal-mediated reactions 

have been performed with a range of synthetic macromolecular catalysts, such as metal organic 

frameworks and heterogeneous cross-linked polymer catalysts.7–10 While these methods offer 

effective catalysis on a variety of substrates, systematically tuning second-sphere interactions is a 

significant challenge, making the development of design rules that incorporate non-ligand 

chemical components non-trivial. 
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To develop materials with fine-tuned structures analogous to metalloenzymes, investigations into 

homogenous polymeric catalysts have increased, as these harness solvent-excluded reactive sites 

improving catalyst efficiency and introducing the potential for selectivity.11–15 Frequently, these 

materials utilize folded single-chain nanoparticle assemblies imbued with catalytic moieties.16–18 

Building on these efforts, we recently reported a systematic study of macromolecular catalysts 

using triphenylphosphine-coordinated palladium and a well-characterized Suzuki-Miyaura cross-

coupling reaction as a model system to explore structure-function design principles.19 While we 

described key relationships between macromolecule composition and catalytic function, key 

classes of protein-mimetic secondary-sphere interactions such as electrostatic interactions and 

local rigidity analogous to secondary structure were unexplored.20,21 Further, the 

triphenylphosphine moieties inherently cross-linked the macromolecular catalysts, hindering the 

independent exploration of metal-ligand and non-covalent cross-links. 

To address this gap, we report herein the synthesis of triphenylphosphine-containing polymer 

catalysts that offer orthogonal control of metal-driven cross-links and protein-mimetic secondary-

sphere interactions. To achieve this, we leveraged ligands that generate either  metal-cross-linked 

or untethered polymers, as well as pendent moieties that induce local rigidity and electrostatic 

interactions. We determined that polymer features primarily drive reaction efficacy in traditional 

organic solvent mixtures, and that the reaction yield was substrate-driven in polar, environmentally 

benign solvents. Therefore, we further studied how chemical features of substrates (e.g., 

hydrophobicity, charge distribution, and steric bulk) impact reaction yields. Through a 

comprehensive evaluation of molecular featurization strategies (e.g., density functional theory 

simulations) and statistical models, we identified the relative importance of a variety of chemical 

features describing target substrates and their reactivity with the synthesized polymer catalysts. 

The analyses described herein expand the structure-function toolbox for polymer catalyst design, 

continuing to bridge the gap between the complex structure of metalloenzymes and the versatility 

of small molecule catalysts. 

Results and Discussion 

Bi-functional triphenylphosphine acrylamide monomer (BisTPPAm) synthesis and 

copolymerization 

Triphenylphosphine is a versatile ligand in transition metal catalysis, and thus has been leveraged 

previously in polymer catalysts through direct modification of poly(styrene) and solution-phase 

systems that use post-polymerization modifications.17,22,23 We recently developed a 

triphenylphosphine acrylamide (TPPAm) monomer that can be copolymerized with other 

compatible monomers and can perform Suzuki-Miyaura cross-couplings when complexed to 

palladium.19 These materials contain metal-ligand cross-links, which invariably impact the 

conformation of the polymer chains in solution (Figure 1a).11  

To target polymer catalysts where metal-ligand interactions could form without intrachain cross-

links, we synthesized a bi-functional triphenylphosphine acrylamide (BisTPPAm; Figure 1b). 

Mirroring the synthesis of TPPAm (Figures S01-S08), an acyl chloride substitution of acryloyl 

chloride with a di-Boc-protected triamine was followed by Boc deprotection and amide coupling 

to the NHS ester of 4-(diphenylphosphino)benzoic acid (Figures 1b, S09-S13) yielding 

BisTPPAm.  
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The rate of catalysis of BisTPPAm- and TPPAm-containing copolymers was initially compared 

through statistical copolymers synthesized using reversible addition fragmentation chain-transfer 

(RAFT) polymerization with dimethylacrylamide (DMA), an inert monomer (Figure 1c).24 This 

polymerization method yielded polymers of controlled molecular weight (Mn), low dispersity (Ð), 

and equivalent rates of incorporation of both monomers indicative of statistical copolymers 

(Figures S14-S17, Table 1). Copolymers with molecular weights of 25 kDa were synthesized with 

TPPAm (5 mol%) or BisTPPAm (2.5 mol%, an equivalent phosphine percentage) to facilitate 

catalysis while limiting the impact of the ligand monomer on polymer conformation. Following 

polymer synthesis, the chain ends of these polymers were proton capped using 

tris(trimethylsilyl)silane and UV light in order to remove trithiocarbonates capable of forming 

palladium complexes (Figure S18).25,26 To form the catalysts, the polymers were complexed to 

palladium in dilute solution (1 mg/mL) using dichloro(1,5-cyclooctadiene)palladium as a metal 

source. The complexed polymers were purified via precipitation in cold diethyl ether, and 

coordination of triphenylphosphine to the metal species was confirmed by 31P-NMR (Figure S19-

 

Figure 1. Bis(triphenylphosphine) acrylamide monomer (BisTPPAm) synthesis and 

copolymerization. a) Schematic illustrating the copolymer catalysts containing triphenylphosphine 

acrylamide (TPPAm) and BisTPPAm. b) Schematic of BisTPPAm synthesis and purified 1H-NMR 

spectrum. c) Polymerization schematic for dimethylacrylamide (DMA) copolymers with each 

coordinating monomer, with R corresponding to a dodecyl carbon chain. Polymerization is 

followed by chain end capping with tris(trimethylsilyl) silane (TTMSS). 

https://doi.org/10.26434/chemrxiv-2024-mjxf4 ORCID: https://orcid.org/0000-0002-6107-9352 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-mjxf4
https://orcid.org/0000-0002-6107-9352
https://creativecommons.org/licenses/by-nc-nd/4.0/


S20). Dynamic light scattering (DLS) confirmed limited metal-induced multichain aggregates 

indicating that metal cross-links were intramolecular (Figure S21).  

The Suzuki-Miyaura cross-coupling of bromofluorobenzene and phenylboronic acid was selected 

as a model reaction for this system,27 as the conversion can be monitored using the fluorine as a 

probe for 19F-NMR (Figure 2a).28 For catalyst loading, we assumed one equivalent of Pd for every 

two triphenylphosphines (i.e., two TPPAm monomers per Pd and one BisTPPAm monomer per 

Pd). The BisTPPAm catalyst (B1) has an increased initial reaction rate (123 µM/sec) as compared 

to the previously characterized TPPAm-containing catalyst (M1, 83 µM/sec), in a 1:1 mixture of 

DMF:H2O under ambient temperature and atmosphere (Figures 2b, S22, Table S2).19 We 

hypothesize that this is due to the higher local phosphine concentration around the metal center 

inherent to BisTPPAm, which increases the likelihood that the proximal phosphines will be binding 

to the same Pd ion. This allows open coordination sites to be closed more rapidly than when the 

phosphines are further apart.21,29,30  

As copolymers containing BisTPPAm lack the metal-induced cross-linking inherent to TPPAm, 

we probed how changing the solvent mixture would impact the relative reactivity. As the DMF 

content of the DMF:H2O mixtures was decreased, the catalysts achieve similar yields at an early 

time point (30 min, Figure 2c); however, under aqueous conditions (i.e., 5% DMF), the TPPAm-

containing catalyst M1 achieves higher conversion than B1 (Figures 2c, S23). We hypothesize that 

the TPPAm-containing catalyst M1 forms a solvophobic pocket driven by the metal-ligand cross-

links that aids solubilizing the relatively hydrophobic bromofluorobenzene, as evidenced by the 

increased yield. Similar reactivity between catalysts was observed in additional polar solvent 

mixtures (ethanol and acetone, 1:1 with H2O), whereas THF led to negligible yields, likely due to 

limited solubility of the catalysts in the ethereal solvent (Figure S24).  

 

Figure 2. Comparison of the reactivity of polymer catalysts containing TPPAm (M1) and 

BisTPPAm (B1). a) Schematic of the model Suzuki-Miyaura cross-coupling reaction and 19F-

NMR spectra at 1 min and 120 min of reaction time. b) Plot of yield vs. reaction time 

comparing M1 (filled) and B1 (unfilled) in 1:1 DMF:H2O. The calculation of initial reaction 

rate is inset. c) Comparison of M1 (filled) and B1 (unfilled) copolymer catalysts at different 

ratios of DMF:H2O. Error bars correspond to the standard deviation (n=3). All reactions were 

run with 4-bromofluorobenzene (0.3M) at ambient temperature and atmosphere with 0.01 

mol% Pd, and all time points were separate reactions. 
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Ethanol/water mixtures were of particular interest due to their industrial implementation as 

environmentally benign solvents.31,32 Both polymers behaved analogously in the 1:1 ethanol/water 

mixtures over extended timepoints, suggesting that catalyst identity plays less of a role in this 

solvent and that these reactions are more substrate controlled (Figure S25). Thus, an increase in 

local phosphine density can both increase initial reaction rates yet lower overall yields in aqueous 

solvents in the absence of metal-driven cross-links. In summary, local phosphine density, polymer 

conformation, and solvent environment concurrently impact catalytic efficacy.  

 

Polymer 
Catalytic moiety 

(mol%) 

Additional 

monomer 

(mol%) 

Additional 

monomer  

(wt%) 

Monomer feed 

ratio  

(mol%) 

Measured monomer 

ratio  

(mol%) 

MW 

(kDa) 
ÐDMF

a 

M1 5% TPPAm - - 95:5 95:5 23 1.16 

B1 2.5% BisTPPAm - - 97.5:2.5 97:3 25 1.12 

M-2.5(+) 5% TPPAm  2.5% APTAC 5% APTAC 92.5:5:2.5 92:5:3 25 - 

M-5(+) 5% TPPAm  5% APTAC 9% APTAC 90:5:5 90:5:5 26 - 

M-10(+) 5% TPPAm 10% APTAC 15% APTAC 85:5:10 86:5:9 26 - 

M-20(+) 5% TPPAm 20% APTAC 31% APTAC 75:5:20 73:6:21 26 - 

M-35(+) 5% TPPAm 35% APTAC 46% APTAC 60.5:35 62:5:33 24 - 

M-45(+) 5% TPPAm 47.5% APTAC 60% APTAC 47.5:5:47.5 47:5:48 24 - 

B-2.5(+) 2.5% BisTPPAm 2.5% APTAC 5% APTAC 95:2.5:2.5 94:3:3 25 - 

B-5(+) 2.5% BisTPPAm 5% APTAC 7% APTAC 92.5:2.5:5 93:3:4 26 - 

B-10(+) 2.5% BisTPPAm 10% APTAC 13% APTAC 87.5:2.5:10 89:3:8 26 - 

B-20(+) 2.5% BisTPPAm 20% APTAC 27% APTAC 77.5:2.5:20 79:3:18 25 - 

B-35(+) 2.5% BisTPPAm 35% APTAC 44% APTAC 62.5:2.5:35 64:3:33 24 - 

B-47.5(+) 2.5% BisTPPAm 47.5% APTAC 56% APTAC 50:2.5:47.5 52:3:45 25 - 

M-2.5FF 5% TPPAm 2.5% FF 9% FF 92.5:5:2.5 91:6:3 24 1.17 

M-5FF 5% TPPAm 5% FF 16% FF 90:5:5 90:5:5 24 1.14 

M-10FF 5% TPPAm 10% FF 27% FF 85:5:10 84:6:10 24 1.22 

M-9wBAA 5% TPPAm 6.5% BAA 9% BAA 88.5:5:6.5 87:7:6 24 1.20 

M-16wBAA 5% TPPAm 12% BAA 16% BAA 83:5:12 82:6:12 23 1.21 

M-27wBAA 5% TPPAm 21% BAA 27% BAA 74:5:21 74:5:21 24 1.22 

B-2.5FF 2.5% BisTPPAm 2.5% FF 9% FF 95:2.5:2.5 94:3:3 24 1.15 

B-5FF 2.5% BisTPPAm 5% FF 17% FF 92.5:2.5:5 91:3:6 23 1.16 

B-10FF 2.5% BisTPPAm 10% FF 28% FF 87.5:2.5:10 86:3:11 24 1.15 

 

Table 1. 1H-NMR and DMF SEC characterization of polymer catalysts. Remaining monomer mol% 

is composed of dimethylacrylamide (DMA) for all polymers. Monomer abbreviations: (3-

acrlyimidopropyl)trimethylammonium chloride (APTAC), di(phenylalanine) (FF), N-benzyl 

acrylamide (BAA). aCatalysts synthesized with APTAC were not compatible with DMF SEC 

characterization. Naming convention is as follows: M-2.5(+) = (M – TPPAm; 2.5 – mol% additional 

monomer; (+) – additional monomer identity). 
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Impact of protein-mimetic structural elements on catalyst efficacy 

The structural diversity of metalloenzyme catalysts leads to unique reactivity and selectivity 

compared to small molecule catalysts.4 Using this as inspiration, we sought to understand the 

impact of the addition of structural elements (i.e., β-sheet-like and electrostatic interactions) on the 

observed catalytic profile. A di(phenylalanine) acrylamide monomer (FF, Figure 3a, S26-S28, 

Scheme S1) has been previously observed to imbue local (secondary-like) and global (tertiary and 

quaternary-like) structure into polymer systems,20,33 and these structural elements can impact 

functionality, such as metal binding.34 Although di(phenylalanine)-driven assembly is primarily 

achieved in aqueous media, assembly of di(phenylalanine) dipeptides has been observed in 

mixtures of organic solvents including DMF.35,36 This suggests that FF could drive intramolecular 

interactions within polymer catalysts in aqueous:organic solvent mixtures. We hypothesized that 

the addition of FF would impact the relative rigidity of these polymer catalysts and therefore their 

catalytic profiles. 

A series of TPPAm- and BisTPPAm-containing catalysts were synthesized with increasing FF 

content (2.5-10 mol%) to drive local interactions while maintaining solubility (M-2.5FF, M-5FF, 

M-10FF, B-2.5FF, B-5FF, B-10FF Figures S29-S32, Table 1). Dynamic light scattering of these 

polymeric materials revealed limited aggregation, suggesting interactions driven by FF are 

predominantly intramolecular (Figure S33-S34). At a constant Pd loading (0.01 mol%), increasing 

FF content of the macromolecular catalyst led to a slight elevation in the initial reaction rates for 

 

Figure 3. Comparison of hydrophobic monomers imbuing non-covalent interactions. a) 

Schematic illustrating polymers including local rigidity induced by a di(phenylalanine) 

acrylamide monomer (FF) and benzyl acrylamide (BAA). b) Plot of initial reaction rates for 

FF-containing polymers with TPPAm (filled, M-2.5FF, M-5FF, M-10FF) and BisTPPAm 

(unfilled, B-2.5FF, B-5FF, B-10FF). Dotted lines correspond to initial rates of parent 

polymers (M1, B1). c) Plot of initial reaction rates comparing TPPAm-containing polymers 

copolymerized with FF (square, M-2.5FF, M-5FF, M-10FF) and BAA (triangle, M-9wBAA, 

M-16WBAA, M-27wBAA). Dotted line corresponds to initial rate of parent polymer M1. All 

reactions were run with 4-bromofluorobenzene (0.3M) at ambient conditions with 0.01 mol% 

Pd, and all time points were separate reactions. Error bars correspond to the standard error of 

the rate calculation.  
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both TPPAm- and BisTPPAm-containing copolymers (Figure 3b, S35-S36, Table S2). 

Interestingly, M-2.5FF displayed an initial rate decrease with a low incorporation ratio of FF (69 

µM/sec) as compared to M1 (83µM/sec), whereas B-2.5FF did not relative to B1 (131 µM/sec vs 

123µM/sec).  

To probe this difference, we synthesized TPPAm-containing copolymers with benzyl acrylamide 

(BAA), a hydrophobic monomer lacking ordered hydrogen-bonds at weight percentages 

equivalent to the FF-containing copolymers (M-9wBAA, M-16wBAA, M-27wBAA; Figure S37, 

Table 1). These polymeric catalysts similarly demonstrated limited aggregation by DLS (Figure 

S38). We observed an analogous rate increase with increasing hydrophobicity for BAA-containing 

copolymers, but not a decrease in initial reaction rate compared to the parent polymer M1 at low 

wt% incorporation (93 µM/sec M-9wBAA vs. 83 µM/sec M1) (Figure 3c, S39, Table S2). This 

suggests that the increased rigidity of FF-containing copolymers causes a slight decrease in 

reaction rate at low incorporation of FF. We hypothesize this is due to a decrease in the rate at 

which phosphines can close open coordination sites on the metal due to increased rigidity in FF 

polymers. This will not impact the analogous BisTPPAm-containing catalysts, due to their 

increased local phosphine density. While both FF and BAA confine the polymer chain, increasing 

initial reaction rates, FF further limits flexibility, diversifying the dynamics of the reactive sites. 

Complementary to local structure, charged moieties have been attributed to both aiding in ligand 

solubility37 and changing ligand conformation.38,39 Specifically, cationic additives such as 

quaternary ammoniums have been shown to stabilize transition states in Suzuki-Miyaura cross-

couplings.40,41 To probe the impact of positively charged residues on the polymer catalysts, we 

synthesized a series of copolymers containing (3-acrylamidopropyl)triethylammonium chloride 

(APTAC) with both TPPAm (M-2.5(+), M-5(+), M-10(+), M-20(+), M-35(+), M-47.5(+)) and 

BisTPPAm (B-2.5(+), B-5(+), B-10(+), B-20(+), B-35(+), B-47.5(+)) (Figures 4a, S40-S41, Table 

1). The incorporation of APTAC ranged from low loadings of 2.5 to 47.5 mol%, as higher 

incorporation ratios could not be polymerized due to mismatched solubility of the phosphine 

monomers and the high concentration of APTAC. Interestingly, these polymers displayed some 

aggregation observed by DLS at higher cationic monomer incorporation percentages (Figure S42-

S43). Similar behavior has been observed for other polymer catalysts, where aggregation is 

observed at high concentrations, as DLS is necessarily performed at 10x excess of catalytic 

concentrations, yet single chain behavior is observed at reaction concentrations.42 The polymers 

synthesized herein are similar in molecular weight and catalyst concentration, suggesting that 

while small multi-chain aggregates may form during the cross-coupling reactions, they are likely 

not the primary morphology in solution.  

The initial reaction rates of APTAC-containing copolymers displayed a nonmonotonic dependence 

on APTAC incorporation ratio (Figures 4b, S44, Table S2). For TPPAm-containing copolymers, 

we observed that at low charge incorporations the initial reaction rate increased (M-2.5(+), M-

5(+)), followed by a dip at moderate charge incorporation (M-10(+), M-20(+)), and an increase 

for densely charged catalysts (M-35(+), M-47.5(+)). We hypothesize that at low incorporation 

ratios, the positive charge is favorably interacting with the reaction intermediates, while minimally 

effecting the solution conformation of the polymers. However, in the moderately charged species, 

the charged moieties arrange at the solvent-interface, potentially disrupting the metal cross-links. 

As the charge density continues to increase, the positive charges are forced into proximity with the 

catalytic sites, resulting in an increase in initial reaction rate. Similar behavior, where forced 
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proximity of charged moieties causes increase in rate of reaction, has been seen in small molecule 

dendritic cationic phosphorous ligands.43,44  

Interestingly, the BisTPPAm-containing catalysts displayed opposite trends than the analogous 

TPPAm-containing catalysts (Figures 4c, S45, Table S2). We hypothesize that at low incorporation 

ratios, there is not a sufficient proximity of the charged moieties to the catalytic sites to stabilize 

the reaction intermediates without the cross-links provided by TPPAm (B-2.5(+), B-5(+)). As the 

incorporation ratio increases, proximity is achieved enabling intermediate stabilization (B-10(+), 

B-20(+)). Without metal-ligand cross-links, at high charge densities the reactivity decreases (B-

35(+), M-47.5(+)). Similar charge densities have been demonstrated to increase chain repulsion, 

expanding the size of single chain nanoparticle assemblies.45,46 Thus, we hypothesize the reactivity 

decreases as the polymer extends due to electrostatic repulsions, similar to a polyelectrolyte.  

Through these data we have demonstrated that cationic monomer density significantly impacts 

copolymer reactivity, and that the reactivity is intertwined with additional polymer structural 

elements. At the extremes, low and high charge densities lead to increased reaction rates for metal 

cross-linked polymers and moderate charge densities lead to increased reaction rates for polymers 

lacking metal-driven cross-links. The incorporation of structure-inducing monomers has expanded 

the tunability of these polymer catalysts, leading to a broad range of accessible reactivity.  

Predicting reactivity of diverse substrates in environmentally benign solvent mixtures 

As we had identified that reactions in environmentally benign ethanol/water mixtures were 

substrate-controlled, we sought to identify chemical features of the substrate that modulated the 

 

Figure 4. Comparison of electrostatic interactions within TPPAm-containing and BisTPPAm-

containing catalysts. a) Schematic of polymer structures containing electrostatic interactions 

through the addition of (3-acrylimidopropyl) trimethylammonium chloride (APTAC). b) Plot 

of initial reaction rates for APTAC containing polymers with TPPAm (M-2.5(+), M-5(+), M-

10(+), M-20(+), M-35(+), M-47.5(+)). Dotted line corresponds to initial rate of parent 

polymer M1. c) Plot of initial rates of reaction for APTAC containing polymers with 

BisTPPAm (B-2.5(+), B-5(+), B-10(+), B-20(+), B-35(+), B-47.5(+)). Dotted line 

corresponds to initial rate of parent polymer B1. Error bars correspond to the standard error of 

the rate calculation. All reactions were run in 1:1 DMF:H2O, with 0.3M 4-

bromofluorobenzene at room temperature and ambient conditions with 0.01mol% Pd loading, 

and all time points were separate reactions. 
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reactivity in our polymeric catalyst system. We therefore selected an expanded substrate scope of 

boronic acids and aryl halides to include substrates with varied sterics surrounding the reactive site 

(o-tolylboronic acid, 2-6-dimethylphenylboronic acid, and 2-bromo-4-fluorotoluene), substrate 

bulk (1-naphthylboronic acid, 1-pyreneboronic acid, and 2-bromo-6-fluoronaphthalene), and 

electronics (4-hydroxyphenylboronic acid, 4-pyridineboronic acid, and 4-methoxyphenylboronic 

acid; Figure 5a). Each aryl halide contains a fluorine probe to facilitate yield monitoring by 19F-

NMR. Two model polymer catalysts (M1 and B1) were selected, as we hypothesized that these 

catalysts had the potential to vary in reactivity due to the presence and lack of metal cross-links. A 

gradient of ethanol/water mixtures ranging from 0-90% ethanol were selected as the solvent due 

to the growing popularity of ethanol/water mixtures as environmentally benign solvent 

alternatives.31,32 With these conditions, 144 total reactions were performed; the final yield of each 

reaction (16 h, ambient temperature and atmosphere) was calculated by comparing the integrations 

of the fluorine signals. The resulting dataset contained yields from >90% to <5%, indicating that 

the substrate structure and solvent selection significantly impacts reactivity (Figure S46-S48). The 

reaction features, such as steric bulk and hydrophobicity, were selected due to their intuitive 

relationship with reactivity; however, extracting the relative impact of each of these features is 

challenging based on intuition alone.  

Thus, we sought to quantify the impact of reaction features on yield through the construction of a 

predictive model and dataset visualization. This enables quantitative insight on which chemical 

features play a role in reactivity for this system. The performance of statistical models depends 

strongly on the selection of chemical descriptors and model type, and it is generally a significant 

challenge to know a priori which combination of descriptors and model will be optimal for a 

specific dataset.  

We first benchmarked our dataset against a variety of featurization strategies, including 

cheminformatics approaches [RDkit, an open-source python package and density functional theory 

(DFT) calculations using Gaussian47], as well as statistical models spanning both linear and non-

linear regressions. Through RDKit, over 200 molecular descriptors and extended connectivity 

fingerprints (ECFPs, capturing chemical topology) were calculated for each substrate using 

canonical SMILES as the input.48 Given the large number of resulting features obtained, we 

considered strategies to reduce the dimensionality of model inputs. These strategies included data-

driven methods, such as least absolute shrinkage and selection operator (LASSO) feature 

selection49 and principal component analysis (PCA), as well as selection of descriptors based on 

chemical intuition. Concurrently, using DFT calculations, we extracted additional intuitive 

molecular descriptors (Table S3-S4): electronic parameters (natural bond orbital (NBO) charges, 

the dipole moment describing charge separation, and polarizability describing induced dipoles) 

and steric descriptors (Bmin and Bmax width parameters, and L length parameter from Sterimol).50 

To represent each of the two polymeric catalysts (M1 and B1), we opted for label encoding, where 

each catalyst is labeled numerically rather than based on chemical composition.51 Thus, for each 

reaction, the input feature vector was a concatenation of features of the aryl halide and boronic 

acid substrates, as well as the percentage of water as a cosolvent and the label-encoded catalyst. 

We then fit selected feature sets to three types of supervised learning models – ensemble 

approaches (gradient boosting regressor, random forest regressor), a supported vector machine, 

and a linear regression – selected for differing abilities to capture nonlinearity and high-

dimensional effects. The model performance for each regressor was captured by the root mean 

square error (RMSE; Table S5). This systematic analysis revealed the highest performing feature 
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set to be LogP from RDKit in addition to parameters extracted from DFT calculations fit to the 

gradient boosting regressor.  

Visualization of the dataset aids in understanding the chemical space in which reactions are being 

evaluated. Given the success of the above featurization strategy, we then used it to visualize the 

entire 144-reaction dataset. Visualization axes are determined independent of yield, which offers 

an opportunity to visualize the chemical space being probed blind to the outcome. We used a 

uniform manifold approximation and projection (UMAP), a nonlinear dimension reduction 

strategy preferred for its ability to preserve global and local structure within a dataset.52 Analogous 

to how a globe unfolds into a world map, UMAP projects a high-dimensional feature space into a 

low-dimensional representation. This visualization reveals the relationships between various 

coupling partners (Figure 5b). For example, boronic acids with similar chemical functionality (e.g., 

dimethylphenyl and tolylboronic acids) often end up in similar clusters based on aryl halide choice, 

and bulkier boronic acids (e.g., 1-pyreneboronic acid) appear segregated regardless of the aryl 

halide being coupled.  

 

Figure 5. Reaction scope and chemical space representation of substrates. a) Reaction 

variables evaluated including substrates (boronic acid and aryl halides), copolymer catalysts, 

and solvent. b) Uniform manifold approximation and projection (UMAP) visualization of the 

chemical space of aryl halide and boronic acid chemical descriptors (color – boronic acid 

identity, shape – aryl halide identity) with color intensity-coded yields (darker color indicates 

higher yield).  
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This visualization also offers an opportunity to superimpose the yield, as represented by the color 

intensity in Figure 5b. For example, phenylboronic acid is consistently the highest yielding 

substrate, regardless of the location on the chemical space, which we hypothesize is due to the 

general stability of this boronic acid to side reactions.53 Pyridineboronic acid, despite being 

chemically similar to phenylboronic acid, had low yields in each evaluated condition, as 

heteroaromatic substrates are challenging coupling partners due to probable interactions of the 

heteroatoms with the metal center.54 Sterics around the reactive boronic acid also contribute to 

reactivity, with the chemically similar dimethylphenyl and tolylboronic acids achieving different 

yields due to the decreased accessibility of the dimethylphenyl reactive site.55  

While the UMAP visualization guides intuitive relationships between the evaluated substrates, in 

order to identify quantitative relationships between the reaction yield and chemical features, a 

predictive algorithm is required (Figure 6a). A predictive algorithm was developed by fitting with 

a gradient boosting machine to the previous feature set, which showed a moderately predictive 

model (RMSE = 8.86; Figure 6b). Encouraged by this performance, we further interrogated the 

model to extract and interpret relative feature importance by calculating shapely additive 

explanations (SHAP) values, which have been previously used to quantitate relationships between 

descriptors in a diverse set of models (Figure 6c).56 Solvent is the strongest predictor, as yield 

decreases with increased water content due to poor substrate solubility. The next strongest 

descriptors are features of charge delocalization surrounding the boronic acid moiety (NBO charge 

at the carbon adjacent to the boron and molecule polarization). Chemical intuition also supports 

the importance of these features, as charge delocalization increases the substrate nucleophilicity.57 

Finally, one of the steric bulk parameters for boronic acid (Bmax) is significant given the importance 

of the accessibility of the boron site.55 We had also hypothesized that differences in polymer 

structure may impact reactivity; however, the SHAP analysis classified the polymeric catalyst as 

minimally important. We hypothesize that further changes to the solution-phase polymer structure, 

such as covalent cross-links generating more compact structures, may lead to further 

differentiation. We look to further screen, rigorously featurize, and model the effects of polymer 

composition and structure on chemical reaction yield in future efforts.  

 

Figure 6. Quantitative characterization of features describing reaction substrates, catalysts, and 

solvent. a) Schematic of protocols evaluated for featurization of the aryl halide and boronic acid 

substrates in addition to linear and non-linear regressors evaluated (gradient boosted regressor = 

GBR, supported vector machine = SVM). b) Fitting of the GBR and model performance (i.e., 

RMSE). c) Shapely additive explanations (SHAP) analysis where red and blue datapoints indicate 

the feature value (red – high, blue – low). Feature labels in blue correspond to boronic acid features, 

purple corresponds to aryl halide features, and black corresponds to other reaction features. 
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In summary, we have described a strategy to extract quantitative structure-function relationships 

in complex reaction mixtures and demonstrated the utility in a model polymeric catalyst system. 

We connected properties of reaction conditions and substrate chemistries to reaction performance. 

We anticipate this series of tools to visualize, featurize, and perform regression modelling will 

translate to other experimentally tractable, yet limited datasets at the interface of organic and 

polymer chemistries. This workflow may be used to elucidate relevant chemical features 

underlying reactivity and facilitate the iterative design of higher yielding reactions, in addition to 

optimization for alternative desired outcomes, such as selectivity and solvent compatibility.  

Conclusion 

We have expanded our platform of palladium-complexed macromolecular catalysts to uncover 

structure-function relationships that include ligand density, secondary-like local structure, and 

electrostatic interactions. We observed an increased reaction rate for bi-functional phosphines that 

are unlikely to generate metal cross-linked polymer catalysts. We also demonstrate that changes in 

catalyst flexibility, due to the introduction of hydrophobicity, lead to increases in reactivity; and 

nonmonotonic changes in reaction rate are observed with variation in charge density. These non-

coordinating secondary sphere interactions are vital to protein folding, and we demonstrate that 

these interactions analogously play a critical role in shaping the reactivity of protein-mimetic 

synthetic catalysts. Finally, we identified that reactivity is substrate-driven in polar, 

environmentally benign solvents, and we developed a data-driven workflow to quantify the relative 

impacts of specific substrate parameters. 

Synthetic macromolecules offer nearly limitless chemical functionality, making them prime targets 

for catalyst development. By incorporating additional protein-mimetic complexities, including 

multiple charges, covalent and non-covalent cross-linking strategies, and additional changes to the 

dynamics of the reactive site,58,59 we anticipate further refinement of the reactivity, yielding 

efficient, selective, and functional materials in diverse environments. Furthermore, the versatility 

of phosphine-based ligands allows for complexation of a variety of metals,60,61 enabling a 

multitude of macromolecular catalysts for a variety of reaction types and conditions. These 

materials begin to bridge the gap between enzymes and small molecules, combining the capability 

for complex folding with the vast chemical diversity beyond that of biological monomers. 
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