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Abstract: Synthetic polymers are a modular solution to bridging the two most common classes
of catalysts: proteins and small molecules. Polymers offer the synthetic versatility of small
molecule catalysts, while simultaneously having the ability to construct microenvironments
mimicking those of natural proteins. We synthesized a panel of polymeric catalysts containing a
novel triphenylphosphine acrylamide monomer (TPPAm) and investigated how their properties
impact the rate of a model Suzuki-Miyaura cross-coupling reaction. Systematic variation of
polymer properties, such as molecular weight, functional density, and comonomer identity, led to
tunable reaction rates and solvent compatibility, including full conversion in an aqueous
medium. Studies with bulky substrates revealed connections between polymer parameters and
reaction conditions that were further elucidated with a regression analysis. Some connections
were substrate-specific, highlighting the value of the rapidly tunable polymer catalyst.
Collectively, these results aid in building structure-function relationships to guide the
development of polymer catalysts with tunable substrate and environment compatibility.

Introduction

Metalloenzymes exhibit remarkable selectivity and high turnover numbers in complex aqueous
environments by aligning substrates in binding pockets with proximity to a reactive metal. Non-
ligand residues in metalloenzymes provide structure that positions ligands and protects the metal
center from off target reactivity.> However, ubiquitous and pharmaceutically relevant
transformations such as C-C cross-coupling reactions are not catalyzed by natural enzymes. To fill
this void, synthetic macromolecules including micellar,® cyclodextrin-derived,* and metal organic
framework catalysts>® have been developed, but challenges remain in achieving high reactivity at
target conditions with noncovalent encapsulation strategies and heterogenous catalysts can be
difficult to optimize. Proteins often function in mild conditions including low catalyst
concentrations, exposure to ambient atmosphere, and aqueous solvent conditions; however,
synthetic macromolecular catalysts frequently lack the structural complexity to protect a reactive
metal and have limited aqueous solubility.”*!

Interest in developing macromolecular catalysts with desirable solvent compatibility and the
ability to shield a reactive metal has motivated the development of polymeric catalysts for a variety
of unnatural chemical reactions'?°, such as copper(l)-catalyzed azide-alkyne cycloaddition,
selective oxidation,}” palladium(ll)-based pro-drug activation,’®* and DMF conversion to
dimethylamines in the presence of sodium cyanide.!® These studies further highlight the
capabilities of synthetic macromolecular catalysts, and suggest that polymer properties such as
monomer-substrate interactions, and secondary structure have a crucial impact on catalysis.6°



However, an expanded set of design rules elucidating the significance of polymer properties,
reaction conditions, and substrate, is needed to develop versatile catalysts that are compatible with
application-specific reaction conditions.

Using the Suzuki-Miyaura cross-coupling as a model reaction, we describe systematic studies of
polymeric catalysts to connect complex polymer composition to catalytic efficiency (Figure 1a).
To address the growing interest in catalysts that are air and water-compatible,??! we synthesized
phosphine containing amphiphilic copolymers capable of ambient aqueous catalysis. Further, we
probe how polymer composition parameters including molecular weight and comonomers impact
both the catalytic yield and reaction rate. Finally, applying the modularity of polymeric catalysts,
we have built a platform for rapid optimization and regression analysis to identify key chemical
and physical parameters of the reaction. This will provide insight for further optimization and a
general platform for future macromolecular catalyst development.

Results and Discussion

Triphenylphosphine acrylamide monomer (TPPAm) synthesis and copolymerization

Triphenylphosphine derived ligands are common in transition metal mediated catalysis,?? and
have been incorporated predominantly into styrene derived polymers through modification of
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Figure 1. Triphenylphosphine acrylamide monomer (TPPAm) synthesis and copolymerization.
a) Schematic illustrating that macromolecule catalyst structure impacts reaction rate. b)
Schematic of the TPPAm monomer synthesis and resulting '"H-NMR spectrum of the purified
product. c) Polymerization schematic for DMA-TPPAm copolymers



Merrifield resins.?® To develop polymers with a breadth of compositions, we synthesized a
triphenylphosphine acrylamide monomer (TPPAmM), that is compatible with controlled radical
polymerization methods and a wide monomer scope (Figure 1a). The synthesis was
accomplished via substitution of acryloyl chloride with a mono Boc-protected ethylenediamine
followed by a Boc deprotection and amide coupling to the NHS ester of 4-
(diphenylphosphino)benzoic acid (Figures 1b, S21-28).

Preliminary characterization of the catalytic efficacy was performed with statistical copolymers
of TPPAm and dimethylacrylamide (DMA), a monomer with limited potential interactions with
palladium (Figure 1c). Reversible addition-fragmentation chain transfer (RAFT) polymerization
in DMF yielded polymers of controlled molecular weight (Mn), low dispersity (), and similar
rates of monomer incorporation leading to approximately statistical copolymers (Figure S1-6).24
Polymeric catalyst, P1, was synthesized with 5 mol% TPPAm to facilitate catalysis while having
a limited impact on solution polymer structure (Table 1). As trithiocarbonates can form
complexes with palladium,??® we removed the trithiocarbonate end group using
tris(trimethylsilyl)silane as a proton capping agent.?” Upon confirmation of trithiocarbonate
removal by *H-NMR (Figure S7), we complexed P1 to palladium using dichloro(1,5-
cyclooctadiene)palladium as the metal source in dilute solution.?® Following precipitation,
complete consumption of unbound triphenylphosphine was confirmed by observing a peak shift
in a 3!P-NMR spectrum from a single peak at -6 ppm to peaks between 25-35 ppm. This shift

Polymer label | Mol% additive Monomer feed  Target Monomer ratio Molecular weight B (SEC)
monomers ratio (mol%o) molecular (*H-NMR, (*H-NMR, kDa)
weight (kDa) mol%)
P1 5% TPPAmM 95:5 25,000 95:5 23,000 1.16
P8kDa 5% TPPAmM 95:5 7,500 96:4 8,100 1.16
P13kDa 5% TPPAmM 95:5 13,500 96:4 13,000 111
P37kDa 5% TPPAmM 95:5 37,500 96:4 37,000 1.20
P47kDa 5% TPPAmM 95:5 50,000 96:4 47,000 127
P76kDa 5% TPPAmM 95:5 75,000 95:5 76,000 1.47
P2.5% 2.5% TPPAM 97.5:2.5 25,000 97:3 26,000 1.13
P7.5% 7.5% TPPAmM 92.5:7.5 25,000 92:8 26,000 1.17
P10% 10% TPPAM 90:10 25,000 90:10 26,000 117
PNAM 5% TPPAm, 47.5%  47.5:47.5:5 25,000 48:47:5 26,000 1.16
NAM
PHEAA 5% TPPAmM, 47.5%  47.5:47.5:5 25,000 47:48:5 25,000 1.25
HEAA
PPEGA 5% TPPAmM, 47.5%  47.5:47.5:5 25,000 48:47:5 25,000 1.14
PEGA
PBAA 5% TPPAmM, 15% 80:15:5 25,000 80:15:5 25,000 1.18
BAA

Table 1. '"H-NMR and DMF SEC characterization of polymer catalysts. Remaining monomer mol%
is DMA for all polymers. Monomer abbreviations: N-acryloylmorpholine (NAM) hydroxyethyl
acrylamide (HEAA), poly(ethylene glycol) methyl ether acrylate (PEGA), and benzyl acrylamide
(BAA).



indicates triphenylphosphine moieties are bound to palladium indicating the synthesis of the
catalyst complex P1 (Figure S8).%°

As a model reaction, a Suzuki-Miyaura cross-coupling between 4-bromofluorobenzene and
phenylboronic acid was selected to easily monitor reaction progression using **F-NMR (Figure
2a).2% A common solvent mixture of 1:1 DMF:H,0 was implemented to enable comparisons
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Figure 2. A model reaction for comparing macromolecular catalyst P1 to
bis(triphenylphosphine)palladium dichloride (Pd(PPh3)>Cl»). a) Suzuki cross-coupling reaction
scheme and ""F-NMR spectrum mid-reaction (30 min, ambient temperature and atmosphere,
P1). b) Reaction rates of Pd(PPh3)Cl» (grey) and P1 (green) at various reaction conditions.
Standard error values from the calculated slope are too low to visualize on the plot. c¢) Plot of
yield vs reaction time comparing Pd(PPh3)>Cl, (grey) and P1 (green) at room temperature and
ambient conditions. All reactions were run with 0.3 M 4-bromofluorobenzene and all time
points were separate reactions.

between macromolecular and small molecules catalysts. Catalyst P1 was compared to a small
molecule mimic, bis(triphenylphosphine)palladium(I1) dichloride (Pd(PPh3).Cl2). To calculate
Pd loading for polymeric catalysts, we assumed 2:1 coordination of phosphine ligands (as
calculated from NMR) to Pd. At equal palladium concentrations of 0.01 mol%, P1 outperforms
Pd(PPhs)2Cl> under common conditions: inert atmosphere, ambient and elevated temperature (50
°C), and added potassium carbonate (3 equiv) (Figures 2b and S10-11).?> To confirm that this
reactivity is dependent on triphenylphosphine coordination to Pd, we synthesized a DMA
homopolymer lacking TPPAm. After complexation, no reactivity was observed over two hours
during which a reaction with catalyst P1 reaches >95% conversion (Figure S9).

Ambient reaction conditions and catalyst stability are relevant to both biocatalysis and industrial
reaction optimization. We evaluated the catalytic efficacy at room temperature in both the
presence and absence of oxygen and P1 outperformed the analogous small molecule,
Pd(PPh3).Cl. in both conditions (Figure 2c, S10). As palladium catalysts often need to be stored
in air-free environments for long term stability, we tested the stability of catalyst P1 at ambient



conditions by measuring the reaction rate after 7 months of benchtop storage and observed
limited difference in the reaction rate (84 vs 85 puM/sec) (Table S2). Further, P1 displayed
stability in solution as well: after storing the catalyst in 1:1 DMF:H,O at ambient conditions for
24 h, only a modest decrease in cross-coupling yield from >95% to 87% was observed after 2 h.
From these results, we demonstrate that the polymeric catalyst both outperforms a small
molecule analogue in reaction efficiency and demonstrates remarkable catalyst stability.

Impact of polymer properties on catalyst efficacy

Motivated by the impact of hierarchical structure on natural metalloenzyme efficiency, we
sought to understand the impact of changing the polymer matrix (i.e., molecular weight and
comonomer) on reaction rate. Tuning the molecular weight modulates the number of palladium
sites per polymer without changing the density within a single polymer. We synthesized
DMA:TPPAm (95:5) copolymers with molecular weights from 8 to 76 kDa (P8kDa-P76kDa,
Table 1, Figure S4), targeting single chain assemblies that would remain soluble. Dynamic light
scattering (DLS) confirmed minimal aggregation in this molecular weight range at
concentrations above those used for catalysis (1 mg/mL, Figure S12). At a constant loading of
Pd (0.01 mol%), we observed that as molecular weight increases from 8 to 47 kDa, the reaction
rate increased from 64 to 141 uM/sec, a 2.2-fold increase (Figures 3a and S13, Table S2).1216
However, after increasing the molecular weight further to 76 kDa, the rate of reaction decreased
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Figure 3. Varying the number of reactive sites within a polymer. (a) Schematic illustrating
hypothesized impact of molecular weight on catalysis and a plot of reaction rate vs molecular
weight for 95:5 DMA:TPPAmM polymers at 0.01 mol%. (b) Schematic illustrating increased
TPPAmM:DMA ratio and a plot comparing mol% TPPAm to reaction rate for both a constant
Pd loading (0.01 mol%, green) and constant polymer concentration [5.5 uM (equivalent to
0.01% loading of P1), red]. All reactions were run in 1:1 DMF:H0 at 0.3M 4-
bromofluorobenzene at room temperature and ambient conditions. In both plots the dashed
line indicates the rate of reaction of bis(triphenylphosphine)palladium(ll)dichloride
(Pd(PPhz3)2Cl2). All error bars correspond to standard error of the calculated slope and all time
points were separate reactions.



to 64 uM/sec. We hypothesized that lower molecular weights may not be able to fully form
reactive pockets, whereas as the molecular weight increased above 47 kDa, substrate diffusion
was prevented. Similar behavior with intermediate molecular weights yielding the highest
reaction rates have been observed in the catalysis of azide-alkyne cycloadditions with a polymer
catalyst.*®

We hypothesized that increasing the TPPAm density could similarly increase the reaction rate of
lower molecular weight polymers by generating a pocket through a higher density of Pd
crosslinks. Polymers with molecular weights of 25 kDa with a 2.5-10 mol% of TPPAm (Table
1, P2.5%-P10% Figure S6) were compared at a constant Pd loading (0.01 mol%). Interestingly,
these catalysts displayed very similar reactivity, with rates varying from 84 to 93 uM/sec
(Figures 3b, S14, Table S2), indicating that cross-linking density had a minimal impact on
reaction rate. However, when comparing the polymeric catalysts at a constant polymer
concentration as opposed to a constant Pd concentration, the reaction rate increases from 49
MM/sec to 235 pM/sec. This is anticipated as the Pd loading increases from 0.005 mol% (P2.5%)
to 0.02 mol% (P10%) (Table S3, Figure S15).

To expand the scope of intramolecular interactions available to the polymer scaffold, we selected
four additional comonomers to include in the polymer catalysts. A hydrophilic monomer with a
hydrogen bond donor (hydroxyethyl acrylamide, HEAA), two larger monomers [N-
acryloylmorpholine, (NAM) and poly(ethylene glycol) methyl ether acrylate (Mn = 480, PEGA)],
and a hydrophobic monomer (benzyl acrylamide, BAA) were selected. Each comonomer was
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Figure 4. Expanding the monomer scope within the polymer catalysts. a) Schematic of
copolymer structures. b) Plot of reaction rate versus comonomer identity in 1:1 DMF:H>0
with the dotted line indicating the rate of reaction of Pd(PPh3).Cl,. All reactions were 0.01
mol% Pd loading, 0.3 M 4-bromofluorobenzene, and ambient conditions. c¢) Aqueous
catalysis reaction progression in 100% H>0 at 0.01 mol% Pd loading and 0.3 M 4-
bromofluorobenzene (PNAM was insoluble in aqueous conditions). Unfilled circles
correspond to 0.1 mol% Pd and 0.1 M 4-bromofluorobenzene concentration. All reactions
were run at ambient conditions. All error bars correspond to standard error of the calculated
slope and all time points were separate reactions.



incorporated at 47.5:47.5:5 feed ratio with comonomer:DMA:TPPAm, with the exception of
BAA which was incorporated at 15:80:5 due to polymerization solubility limitations (Figure 4a,
S6, Table 1).

These catalysts displayed similar reaction rates in 1:1 DMF:H20, aside from PPEGA. PPEGA
reacted slower, likely due to the difficulty of substrate diffusion in the crowded environment
(Figures 4b and S16, Table S2). Under biocompatible and environmentally inert aqueous
conditions, the small molecule mimic (Pd(PPhs)2Cl2) and PNAM were insoluble. However, the
more hydrophilic copolymers PHEAA and PPEGA displayed modest yields of the desired biaryl
(~60% vyield, Figure 4c, S17), while P1 and PBAA copolymers performed with a lower yield
(~40% vyield Figure 4c, S17). The reactions in aqueous conditions were faster than those in the
DMF:H20 mixture, but never reached full conversion (Figure 4c). Increasing the catalyst
concentration five- and ten-fold (0.05 and 0.1 mol% Pd) increased the overall yield (~70%) but
did not result in full conversion (Figure S18); however, when the reaction with 0.1 mol% Pd was
diluted, full conversion (>95%) was observed for the P1 and PHEAA catalysts in aqueous
conditions (Figure 4c, S19). This suggested that there is a limit to the solubility of the substrate-
polymer complex in water and lowering the reaction concentration aids in solubility.
Additionally, when a small volume of DMF (5% by volume) was added to the reaction at 0.01
mol% Pd loading, the reaction rate decreased but full conversion was again observed (Figure
S20). The tunability of this polymer platform provides multiple strategies for optimization
including tuning the molecular weight and improving aqueous yields via comonomer selection.

Optimizing reaction conditions for bulkier substrates

We identified that a variety of polymer properties including molecular weight and polymer
composition impact the reaction rate and yield across conditions, and we thus sought to harness
the modularity of the polymer platform to optimize reactions with bulkier substrates. Sterically
encumbered boronic acids, 1-pyreneboronic acid and 1-naphthylboronic acid, were selected to
facilitate continued monitoring via '’F-NMR. We chose to exploit the modularity of our polymeric
system with Design of Experiments to optimize multiple variables simultaneously as opposed to
traditional iterative screening.3'* Under consistent ambient atmosphere, initial variables
included temperature, organic solvent, water concentration, reaction concentration, and polymer
composition, as each has been demonstrated to impact the reaction efficacy.?*337 These variables
were incorporated into a factor screening experiment designed using JMP (Figure 5a, Table S4).
Only one initial reaction condition (0.3 M 4-bromofluorobenzene, ethanol:H>O 9:1, 50 °C, PBAA)
generated observable product after 30 min for both substrates, reaching higher yields than
Pd(PPh3).Cl> at the same conditions (Table S5). To select conditions for a second round of
optimization, ethanol was selected as the sole organic solvent and 12 additional conditions were
generated with JMP to further span the reaction space (Table S6). For each of the reactions that
had an observable yield at 30 min, the final yield after 72 h was measured. Following optimization,
a yield of 64% (0.3M 4-bromofluorobenzene, ethanol:H>O 9:1, 65 °C, P1) and 79% (0.3 M 4-
bromofluorobenzene, ethanol:H20 9:1, 65 °C, PHEAA) were obtained for the pyrenyl and napthyl
substrates respectively.
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Figure 5. Optimization design and statistical modeling of reaction parameters. a) Parameters
for optimization of reaction conditions. b) A linear regression algorithm with quadratic
interaction terms modeling true vs predicted yields for 52 reactions. Dashed lines represent a
95% confident interval. c) Model coefficients with statistically significant (p<0.05, except
HEAA, HEAA*length, and time*BAA with p<0.1) correlation to yield. Only magnitudes of
values are plotted with larger magnitude indicating greater impact.

These yields were encouraging, and we wanted to further investigate how each variable impacted
the reaction efficacy. Linear regression models have successfully predicted both regioselectivity
and optimal reaction conditions for small molecule catalysts.3¥3° Therefore, we applied a linear
regression algorithm with quadratic interaction terms to identify correlations between the
measured yield and reaction variables, including descriptors of polymer composition and length.
Model coefficients also describe the strength of the correlation between a variable and reaction
yield. Larger magnitude coefficients describe stronger effects and the sign of the coefficient,
positive or negative, describe a beneficial or diminishing contribution, respectively. The model
was also iteratively cross-validated by inputting some known out-of-sample reaction conditions,
predicting the reaction yield, and comparing to the measured yield (Figure 5b). This cross-
validation showed a goodness-of-fit R? value of 0.77, indicating that the model was a predictive to
moderate accuracy and thus likely contained meaningful coefficients for examination. We
therefore calculated p-values and standard deviations for model coefficients and found several
coefficients with p<0.05, including some with chemical relevance (Figure 5c, Table S7). The
largest coefficient is reaction time that demonstrates a greater yield with longer times, as
anticipated. The water*time coefficient describes diminishing benefit in increasing reaction time
with higher water content. Other reaction conditions, such as substrate*water, reveal that with the
pyrenyl substrate, increased water content is less preferred, while the naphthyl substrate is
comparatively higher yielding with increased water concentration. We hypothesize that since the
pyrenyl substrate is significantly more hydrophobic, the increased water content, while
solubilizing the carbonate base, limits reactivity.3” Another interesting interaction term,
substrate*time, demonstrates less benefit for increased reaction time for pyrenyl versus the napthyl
substrate. Interestingly, some descriptors of polymer composition, parameterized by mole fractions
of their incorporation, appear in interaction terms with reaction conditions, such as
HEAA*temperature and BAA*temperature. Increased temperature more positively impacts PBAA
compared to PHEAA, and we hypothesize the increased diffusion rate at higher temperatures is
more valuable for the more hydrophobic copolymer.



Other interaction terms with polymer composition, although significant only to p<0.1 (Figure 5c,
Table S7), also show some promising trends with reaction rate. The positive coefficients for HEAA
and HEAA*polymer length suggest a global increase in yield with the addition of a hydrophilic
comonomer to the polymeric catalyst, with particular benefit for longer polymers. A negative
coefficient for time*BAA may suggest that more hydrophobic polymeric catalysts show
diminishing benefits from longer reaction times.

This screening approach rapidly identified reaction conditions for the optimization of Suzuki-
Miyaura cross-coupling reactions. Through analysis of model coefficients, we deconvolute a
complex dialogue between reaction parameters and yield, including unique factor interactions
between water content and substrate type as well as contributions from polymeric catalyst
structure. The regression model described here represents a first step towards a larger goal in
optimizing a polymeric catalyst system with highly tunable reaction parameters. This contributes
to the rapidly expanding dialogue between more advanced regression models in machine learning
and both polymeric design?® and catalyst design,*' demonstrating the potential in bridging these
fields.

Conclusion.

We have developed a platform of palladium cross-linked polymer catalysts to probe the
structure-function relationships between polymer properties and catalyst performance for a
model Suzuki-Miyaura cross-coupling reaction both in organic and aqueous conditions.
Increasing reaction rate with higher molecular weight polymers was observed in addition to
aqueous compatibility with comonomer addition. Finally, we described a model that optimizes
reaction conditions and identifies relationships between chemical and physical reaction
parameters.

Synthetic macromolecules offer potential as catalytic nanoreactors that mimic natural enzymes
by imbuing internal structure.*> Further incorporation of hierarchical structure through covalent
or electrostatic cross-links, sequence definition,*® as well as helical-?® or B-sheet-like** moieties
will continue to expand the toolbox for improving polymer catalyst efficacy. These advances will
aid in the synthesis of macromolecules that rival complex small molecules and natural enzymes
in both reactivity and selectivity.
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