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ABSTRACT OF THE DISSERTATION

Spatial Control in Multi-Step, Multi-Catalyst

Organometallic and Electrochemical Processes

by

Brandon Joseph Jolly
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2024

Professor Chong Liu, Chair

Multi-step processes, such as catalytic cycles, proceed through one or more intermediates that may
participate in unwanted side reactions, leading to inefficiency and waste. Further, these
intermediates may have a short shelf life and/or pose a safety concern. Thus, the development of
methods to carry out multi-step processes to generate and utilize intermediates in one pass is of
great desire. Biology manages its complex reaction network of multi-step, multi-enzyme processes
by numerous means, namely spatial control via compartmentalization. By controlling where
certain processes occur and the diffusion of key intermediates between reaction sites, biology
efficiently carries out multiple concurrent reaction sequences efficiently with minimal competing

pathways. For example, carboxysomes enhance the rate of CO, fixation by co-encapsulating
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carbonic anhydrase and ribose 1,5-bisphosphate carboxylase-oxygenase while excluding
deactivating oxygen (O,). Inspired by spatial control in biology, my research seeks to adapt such
methods of spatial control to construct efficient multi-step, multi-catalyst organometallic and
electrochemical processes. In this manner, commodity chemicals can be produced from abundant
feedstocks while obviating intermediate isolation and work up. Electrochemistry has emerged
within the last few decades at the forefront of small molecule activation, particularly of
environmental pollutants such as CO2, and organometallic chemistry is apt to further utilize
products of electrochemical small molecule activation owing to decades of rich literature in
homogeneous catalyst development. However, it is highly likely that catalyst - catalyst, catalyst -
substrate, or substrate - substrate interference may impede the integration of multiple processes.
Potential undesired interference may be circumvented by spatially separating while co-localizing
the electro- and organometallic (or any type) catalysts in one reactor system allowing the transport
of intermediates between them. The projects outlined below demonstrate the critical role spatial
control and mass transport have in constructing efficient multi-step, multi-catalyst electro- and/or
organometallic processes.

In the first research project (Chapter 2), we developed and applied a microkinetic model
to extract design principles in compartmentalization of organometallic catalysis by a variety of
micro- and nanostructures. Owing to fundamental understandings of compartmentalization in
biology, the biocatalytic community has experimentally and theoretically studied in vitro confined
enzyme cascades to develop efficient multi-enzyme pathways. However, the organometallic
community has just recently begun to explore the positive impact spatial control via
compartmentalization can have on transition metal catalysts. Additionally, no theoretical

investigations that mathematically model confined organometallics have been reported, impeding
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future development and optimization. Thus, we developed a mathematical model to study and
predict under what set of kinetic and diffusive parameters would a particular compartment impart
catalytic benefits to a multi-step organometallic process. An integral term in this work is called
volumetric diffusive conductance (Fv), which describes a species’ propensity for entry into and
exit out of a particular compartment. From this work we derived that Fv should be tailored by
tuning the confinement’s surface area and volume to be equal to or less than the kinetics of the
multi-step process. In this way, a compartment can competently retain intermediates along a
reaction pathway to avoid counterproductive side reactions. This finding was verified by adapting
our kinetic model to several experimentally confined organometallic systems.

Inspired by the work from Chapter 2 in spatial control for multi-step processes, the
research project outlined in Chapter 3 seeks to spatially separate electrochemical CO» reduction
(CO2RR) to carbon monoxide (CO) and palladium (Pd) catalyzed CO and ethylene (C>H4) co-
polymerization to polyketone (PK) in collaboration with the Alex Miller lab from UNC Chapel
Hill, and the Dunwei Wang lab at Boston College. The motivation for integrating these two
catalytic processes via spatial control was to utilize CO; as a carbon source in polymer synthesis,
obviate directly using toxic CO, and institute external control over polymer microstructure by
tuning %CO incorporation electrochemically. Typical PK are alternating in nature (1:1
stoichiometry of CO:C;H4), which have high melt temperatures and are difficult to degrade. Much
work has been devoted to catalyst development to produce non-alternating PK, which also requires
variation in CO:C>Hy feed and temperature. The hypothesis for this effort is that by controlling the
CO feed from CO2RR to polyketone synthesis by varying applied current (), we could prepare PK
with a wide variety in %CO incorporation. To this end, PK with CO incorporation ranging from 4

- 50% were prepared using an appropriate non-alternating catalyst.
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We next expanded on work from Chapter 3 to integrate CO2RR to hydroformylation for
the preparation of aldehydes outlined in Chapter 4. A typical shortcoming of CO2RR work is
concomitant hydrogen evolution (HER). However, for hydroformylation, or put more broadly
reactions using syngas (CO and H3), simultaneous HER and CO production from CO2RR would
be desirable. In this work, we repurposed the typically unwanted HER in CO2RR to fuel the
rhodium (Rh) catalyzed hydroformylation of styrene with spatial co-localization and separation of
the CO2RR and hydroformylation components. Employing a typical Rh hydroformylation catalyst
(HRh(CO)(PPhs); abbreviated as [Rh]), 97% aldehyde yield was obtained using a CO/H; feed
from CO2RR, with regioselectivity in line with prior reports for hydroformylation of styrene by
[Rh]. Additionally, we synthesized and characterized a heterogenized version of [Rh] immobilized
onto phosphine modified mesoporous silica (abbreviated at [Rh]/PPh,/SiO>) to allow catalyst
recycling or to aid in future, more precise catalyst spatial control. [Rh]/PPh2/Si0> demonstrated
lowered observed catalytic activity, resulting in 43% aldehyde yield, likely due to changes in
coordination environment and mass transport of substrates to heterogeneous Rh active sites.
Nonetheless, this work, paired with work from Chapter 3, serves to expand the landscape of
synthetic utility of CO2 enabled by spatial control.

The final chapter of my dissertation (Chapter 5) aims to develop continuous flow amino
acid cyclization to N-carboxyanhydrides (NCA) and ring opening polymerization (ROP) of NCAs
as a step towards integrating the two to prepare polyamides from amino acids and CO>. We targeted
these two processes as ROP of NCAs liberates CO», and CO; could be recycled and utilized to
synthesize NCAs from amino acids in an atom economical fashion. Further, we hypothesize spatial
control of these two processes would allow for better control of monomer sequence compared with

traditional NCA ROP. To integrate NCA synthesis and polymerization, we first developed



continuous flow systems for NCA synthesis and ROP separately, for later integration. In this
manner, the two processes may be spatially separated in different flow reactors, where the products
of one process may easily be funneled to the other via flow. Adapting conditions for NCA synthesis
from amino acids and CO; developed by the Loi Do lab at the University of Houston, NCAs were
prepared under flow conditions at moderate yields and greatly reduced CO, pressures compared
to batch conditions. Additionally, employing a surface bound catalyst for NCA ROP developed by
the Jeff Byers’ lab at Boston College, NCA ROP was achieved at greatly accelerated rates
compared to batch owing to enhanced mass transport by flow.

Throughout my graduate career, I have demonstrated how spatial control reminiscent of
that developed by nature fosters the development of multi-step, multi-catalyst processes by
allowing the efficient generation and utilization of key intermediates. A focal point of integrating
chemical processes together is the mass transport between reaction sites, where judicious spatial
control and continuous flow chemistry will be paramount. Such process integration has been
demonstrated to lead to enhanced catalytic performance, as well as to develop new multi-step

processes unattainable without spatial control.
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Chapter 1. General Introduction

Motivation: Spatial control in complex biological reaction pathways

Biology has evolved to manage its extensive complex reaction networks in numerous ways, with
compartmentalization at the forefront.!* Spatially co-localizing sequential reactions along a
biosynthetic pathways ensures retention and utilization of ephemeral intermediates and therefore
high reaction efficiency.!”” In the absence of such spatial control, key species would be free to
participate in competing or deactivating pathways leading to low turnovers.> For example,
carboxysome microcompartments augment the rate of CO» fixation by encapsulating the cascade
of carbonic anhydrase and ribose 1,5-bisphosphate carboxylase/oxygenase.® ® This allows this
pathway to generate and retain high local CO2 concentration while allowing the exclusion of
deactivating O within the carboxysome confinement. Analogously, the last two steps of
tryptophan biosynthesis, conversion of indole-3-glycerol-phosphate to indole then to tryptophan,
employs substrate-channeling bestowed by compartmentalized subunits of tryptophan synthase to
enhance reaction efficiency.> ® Here, a hydrophobic tunnel between the subunits retains the indole
intermediate, which prevents its free diffusion and participation in deactivating side reactions.?
With billions of years of evolution, spatial control by compartmentalization remains a staple of
biology's ability to manage its complex network of often competing or incompatible biochemical
reactions in a homogenous solution.

Building off fundamental discoveries of compartmentalization in biology, the biocatalytic
community has made great strides in replicating such spatial control for the construction of in vitro
enzyme cascades.* > 7 1019 One example is the co-encapsulation of a three enzyme cascade
comprising B-galactose, glucose oxidase, and horseradish peroxidase within a metal organic

framework (MOF) pore.!” The co-localization of these three enzymes in close proximity resulted



in a fivefold rate enhancement for this cascade enabled by the retention of key intermediates within
the MOF pore compartment. Following experimental work in in vifro enzyme cascade
compartmentalization, theoretical studies on how compartments affect substrate/product transport
and enzyme activity emerged in order to extract design principles for optimal enzyme
compartmentalization.® 1> 2% The success of spatial control in in vitro biocatalysis motivates the
exploration of translating this phenomenon to other fields of catalysis for similar benefits. The
work outlined in this dissertation is aimed at translating biological spatial control to
organometallics and electrochemistry to construct efficient multi-step, multi-catalyst processes.
Precedence: Localized organometallic catalysis

Interdisciplinary work in interfacing organometallic catalysis with materials chemistry can enable
spatial control down to the molecular level. Major achievements have been made in immobilizing
organometallic species onto material surfaces by means such as direct bonding or through space
interactions, with encapsulation within porous or nanostructured materials being a newer,
promising avenue. For example, our lab previously reported how an anaerobic compartment
generated by a reducing potential applied to a nanostructured electrode can allow O: sensitive
methane activation via a Rh catalyst and oxidation to methanol to occur in proximity under ambient
conditions.?! An observed five order of magnitude rate enhancement compared to no anaerobic
compartment was ascribed to the retention and utilization of an O, sensitive Rh!! intermediate.?!:
22 Advancements made in spatial control of organometallics and its reminiscent nature of biological
compartmentalization motivate us to study and explore the effect of compartmentalizing
organometallic catalysis towards developing multi-step, multi-catalyst processes.

This work: Intermediate generation and utilization enabled by spatial control in multi-step,

multi-catalyst organometallic and electrochemical processes



The development of efficient complex reaction pathways operating in one pass presents an
opportunity to convert abundant feedstocks or environmental pollutants to commodity chemicals,
while obviating wasteful or problematic work ups with hazardous or ephemeral intermediates.??
Electrochemistry and organometallic catalysis play integral roles in small molecule activation,
while organometallic catalysis is also competent for follow up utilization of intermediates derived
from small molecule activation. Therefore, the pairing of individual steps or catalysts is of great
interest. However, a major potential complication of such an approach is interference between
catalyst - catalyst, catalyst - substrate, substrate - substrate, and/or incompatibility in reaction
conditions. We sought to adapt biological means of spatial control such as compartmentalization
to reconcile these complications.

To start, we first developed a theoretical model of a general compartmentalized organometallic
catalytic cycle. We elected to model a catalytic cycle as an exemplary multi-step process to extract
design principles on how best to design a compartment to retain and utilize a key intermediate
along the multi-step pathway. By modelling entry and exit of species into and out of a compartment
and introducing competing reactions occurring outside of a confinement, we uncovered how the
competition of mass transport as a function of compartment geometry and reaction kinetics affects
observed catalytic performance. Such discoveries suggest that a compartment's geometry can be
tailored to kinetics of a multi-step process to optimize performance within a confinement (Chapter
2). This design principle was verified by adapting our model to a small handful of established
compartmentalized organometallic systems (Chapter 2). Next, we expanded on concepts from
Chapter 2 to integrate electrochemical CO> reduction (CO2RR) and co-polymerization with
ethylene to polyketone thermoplastics in separate compartments of a reactor. This allowed new

reactivity in instituting an external handle over polymer microstructure via applied current density



enabled by spatial control (Chapter 3). Building off of work from Chapter 3, we integrated
CO2RR to hydroformylation with similar spatial control. Typically, concomitant hydrogen
evolution (HER) in CO2RR is undesired. However, hydroformylation requires CO and H», thus we
repurposed this undesired HER to provide the synthetic equivalents for aldehyde synthesis in
hydroformylation (Chapter 4). Another multi-step, multi-catalyst system we became interested in
exploring, in collaboration, is the cyclization of amino acids to N-carboxyanhydrides (NCA) and
polymerization of NCAs to polyamides with the use of flow chemistry (Chapter 5). In this work,
we opted to employ separate flow systems as a means of spatial control, as well as connection
between the two processes, to transform amino acids all the way to polyamides. NCAs often have
a short shelf life owing to hydrolysis, but are attractive monomers for the synthesis of high
molecular weight polyamides. Thus, an integrated approach whereby NCAs are generated and
immediately consumed is desirable. We first developed and optimized flow systems for each

separate process, as a step towards future integration.
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Chapter 2. Developing a generalized kinetic model for compartmentalization of
organometallic catalysis
This chapter is a version of Jolly, B. J.; Co, N. H.; Davis, A. R.; Diaconescu, P. L.; Liu, C. "A

generalized kinetic model for compartmentalization of organometallic catalysis." Chem. Sci.

2022, /3, 1101-1110.

Abstract

Compartmentalization is an attractive approach to enhance catalytic activity by retaining reactive
intermediates and mitigating deactivating pathways. Such a concept has been well explored in
biochemical and more recently, organometallic catalysis to ensure high reaction turnovers with
minimal side reactions. However, a scarcity of theoretical framework towards confined
organometallic chemistry impedes a broader utility for the implementation of
compartmentalization. Herein, we report a general kinetic model and offer design guidance for a
compartmentalized organometallic catalytic cycle. In comparison to a non-compartmentalized
catalysis, compartmentalization is quantitatively shown to prevent the unwanted intermediate
deactivation, boost the corresponding reaction efficiency (y), and subsequently increase catalytic
turnover frequency (T OF). The key parameter in the model is the volumetric diffusive conductance
(Fy) that describes catalysts’ diffusion propensity across a compartment’s boundary. Optimal
values of F, for a specific organometallic chemistry are needed to achieve maximal values of y
and TOF. As illustrated in specific reaction examples, our model suggests that a tailored
compartment design, including the use of nanomaterials, is needed to suit a specific organometallic
catalytic cycle. This work provides justification and design principles for further exploration into

compartmentalizing organometallics to enhance catalytic performance. The conclusions from this



work are generally applicable to other catalytic systems that need proper design guidance in
confinement and compartmentalization.
Introduction

Compartmentalization has been well documented in biochemical literature as one method for
achieving efficient in vivo tandem catalysis by encapsulating enzymes in well-defined micro- and
nano-structures.!”’” By controlling the diffusion of species in and out of compartment boundaries,
nature is able to retain reactive or toxic intermediates, increase local substrate concentration, and
mitigate deactivating or competing pathways.!”” For example, carboxysome microcompartments
enhance the rate of CO: fixation by encapsulating the cascade of carbonic anhydrase and ribose
1,5-bisphosphate carboxylase/oxygenase to generate high local concentration of CO2 and exclude
deactivating O, within their polyhedral structures.® ° Also, the last two steps of tryptophan
biosynthesis — the conversion of indole-3-glycerol-phosphate to indole and then to tryptophan —
takes advantages of the substrate-channeling effect bestowed by compartmentalized subunits of

tryptophan synthase.!% !!

Here, a hydrophobic tunnel between the two subunits retains the indole
intermediate, which prevents its free diffusion and participation in deactivating side reactions.!”
With billions of years of evolution, compartmentalization appears the mainstay of biology to
manage the complex network of biochemical reactions that are frequently competing and
incompatible with each other in a homogenous solution.

The success of natural compartmentalized enzyme cascades inspires the development of bio-
mimetic synthetic catalysis with organometallic chemistry being the latest frontier. Multiple
groups have employed well-defined spatial organization at the nano- and microscopic levels to

construct in vitro biocatalytic and organometallic cascades with enhanced catalytic performance.?

3. 1216 Encapsulating NiFe hydrogenase in virus capsids improves its proteolytic and thermal



stability as well as enhances the rate of H, production.'? Confining a biochemical cascade of B-
galactose, glucose oxidase, and horse radish peroxidase in metal-organic frameworks led to an
enhancement of reaction yield in comparison to a freely diffusing analogue.!> '* The extent to
which reaction yields are enhanced in confined enzyme cascades is reported to correlate with the
distance between active sites, suggesting that spatial organization or localization of catalysts is
beneficial in tandem or cascade reactions.!> In addition to biocatalysis, recently
compartmentalization of organometallic catalysts has been experimentally demonstrated.!’-?* For
example, our group employed a nanowire-array electrode to pair seemingly incompatible CH4
activation based on Oz-sensitive rhodium (II) metalloradical (Rh(II)) with O-based oxidation for
CH;0H formation.!” 2* The application of a reducing potential to the nanowire array electrode
created a steep Oz gradient within the wire array electrode, such that an anoxic compartment was
established at the bottom of the wires. As a result that was not observable for planar electrode
without an anoxic region, a catalytic cycle was formed in which the air-sensitive Rh(II) activated
CHys in the Ox-free region of the wire array electrode, while CH30H synthesis proceeded in the
aerobic domain with O; as the terminal electron acceptor. The retainment of the ephemeral Rh(II)

intermediate by the nanowire electrode for catalytic CHs-to-CH30H conversion!”- 24

encourages
us to further explore the design principles of compartmentalizing cascades for higher turnovers
with mitigated deactivation pathways.

We envision that a theoretical framework for organometallic catalysis will expand the use of
compartmentalization for organometallic chemistry and beyond. In biochemistry, mathematical
modeling of confined enzyme cascades has been well developed and offers the design principles

11,25

in natural systems'!-?> and for engineered bio-compartments.!!- 16:25: 26 The models pinpoint a key

parameter, volumetric diffusive conductance (Fy,), which describes the diffusion propensity across
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a compartment’s boundary. Fy, is determined by a compartment’s surface-to-volume ratio and its
boundary’s permeability.2% 27 An optimal value of F, tailored to the specific biochemical reactions
are needed in order to achieve better reactivity in comparison to the non-compartmentalized
alternative. Similarly, we contend that further development of compartmentalized organometallic
chemistry demands a similar quantitative design principle. In a model organometallic cycle that
includes oxidative addition (OA), isomerization/migratory insertion (Iso/MI), and reductive
elimination (RE) along with undesirable deactivation pathways,?® what are the suitable values of
the compartment’s physical parameters for minimal deactivation and maximal turnover frequency
(TOF) (Figure 2.1)? Unfortunately, there has been a paucity of theoretical treatment for this
question despite the exciting progresses in experimental demonstration.!”?3 Such a lack of
theoretical treatment motivates us to establish a general kinetic model and quantitatively
investigate how compartmentalization will affect the competing reaction pathways and the
corresponding turnover of the desired organometallic catalysis. The successful analysis of
compartmentalization in organometallic catalysis, which bears the common features of catalysis
in general, will pave the venue to analyze any catalytic cycle with synthetic compartments and

confinement.
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Figure 2.1 Schematic of a general compartmentahzed catalytic cycle in organometallic chemlstry
(A) and the corresponding non-compartmentalized (freely diffusing) system (B). y, reaction
efficiency; Rg, rate of substrate consumption; R;, rate of intermediate elimination; Rp, rate of
product formation; TOF, turnover frequency; Fj,, volumetric diffusive conductance; p,
compartment boundary’s permeability for catalytic intermediates; SA, compartment’s surface area;
V, compartment volume; N4, Avogadro’s constant; OA, oxidative addition (rate constant k;);
Iso/MI, isomerization/migratory insertion (rate constant k,) in conjunction with a competing
deactivation (rate constant k,,); RE, reductive elimination (rate constant k3) in conjunction with

a competing deactivation (rate constant k,3).

Here we report a general kinetic model and offer design guidance for a compartmentalized
organometallic catalytic cycle. We took advantage of the established theoretical frameworks in

biochemistry!6:-25:26

and applied such kinetic frameworks to a model compartmentalized cycle with
competing deactivation pathways (Figure 2.1A),?® and a non-compartmentalized counterpart as a
control scenario (Figure 2.1B). Under assumptions and simplifications applicable to
organometallic catalysis, as a proof-of-concept we examined three important metrics of this

catalytic cycle in both compartmentalized and non-compartmentalized scenarios: (1) reaction

efficiency (y) that gauges the percentage of intermediates funneled towards desirable catalytic
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turnover over deactivation pathways; (2) the deactivating rate of intermediate Cat — A (R;); and
(3) the turnover frequency (T OF) that measures the steady-state catalytic rate despite intermediate
deactivation. When compartments’ F;, values are smaller than the intrinsic kinetics of the
organometallic cycle in question, a compartmentalized system can significantly outperform a
homogeneous counterpart with respect to y and TOF with a lower value of R;. We illustrated the
general relationship for specific organometallic catalysis to achieve maximal y and TOF. We

additionally employed the developed model to analyze the experimental results in nanowire-based

30, 31 32,33

CHs activation,!”- % the Fujiwara-Mirotani reaction, and the Negishi coupling reaction.
The established kinetic model can be adapted to suit a plethora of catalytic cycles with synthetic
compartments, offering a framework to be expanded on for advanced compartmentalization of

general chemical catalysis.

RESULTS AND DISCUSSION

Our investigation starts with a hypothetical three-step organometallic cycle confined within a
compartment in conjunction with multiple deactivation pathways in the exterior bulk solution
(Figure 2.1A and Supplementary Information).?® Catalytic species Cat of a presumed constant
concentration in the bulk ([Cat], = C.,;) diffuses into the compartment of volume V and bind
substrate molecule A through oxidative addition to form intermediate species Cat — A, either

pseudo-first-order (m = 1)3#37 or pseudo-second-order (m = 2)** 38 3

with respect to Cat (rate
constant k). After a step of isomerization or migratory insertion (rate constant k,) converts Cat —
A species to the product adduct Cat — B, the catalytic cycle is completed by the reductive
elimination that transforms Cat — B back to Cat with the release of product B (rate constant k).

Here we presume that Cat, Cat — A and Cat — B intermediates all can diffuse across the

compartment boundary and there are two possible competing deactivation pathways in the
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homogenous solution outside the compartment. The deactivations of Cat — A and Cat — B are
presumed pseudo-first-order with respect to the intermediates with rate constants k., and k.3,
respectively. Similarly, a non-compartmentalized system was constructed for the sake of
comparison with the same set of kinetic reaction parameters (Figure 2.1B and Supplementary
Information). The established compartmentalized and non-compartmentalized catalytic cycles are
generally applicable to a broad range of organometallic catalysis with concurrent deactivation
processes?: 442 for which various deactivations have been well reviewed and comprehensively

discussed in literature.*!

For the compartmentalized scenario (Figure 2.1A), we additionally assign volumetric diffusive
conductance (Fy) to quantitatively describe the extent of mass transport, predominantly diffusion-
based, between the compartment and the surrounding bulk solution (Supplementary Information).
As a measure of molecules’ propensities to diffusively cross the compartment’s boundary under a
given concentration gradient, Fy; is defined as the product of compartment boundary’s permeability
(p) and its total surface area (SA) while divided by Avogadro’s constant (N,) and the volume (V)
of the corresponding compartment (Figure 2.1A).2% In particular, p is proportional to the species’
diffusion coefficients (D) and inversely proportional to the distance of diffusion path across the
boundary.* In our analysis, we assume p remains constant for Cat, Cat — A and Cat — B, given
the fact that the catalytic center are frequently more bulky in comparison to the substrate/product,
and the catalytic intermediates typically have similar diffusion coefficients despite the reaction-
related adducts. We also assume that substrate A and product B are small enough that faster
diffusion of A and B leads to minimal concentration gradients for A and B. Such assumption is
also applicable to the practical applications when the substrates are used as the solvent in the

catalysis. Under such assumptions, a single value of Fy, for the catalytic intermediates is sufficient
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to describe the effect of compartmentalization on a catalytic cycle. Because the value of p depends
on the compartment’s physical properties, the design of compartment’s surface-to-volume ratio
(SA/V) and materials’ properties at the compartment’s boundary has significant impacts on the

value of Fy,, and subsequently the overall catalytic turnover as will be discussed in this study.

In this work we aim to study the steady-state phenomena of compartmentalized catalysis. We
assume constant, time-independent concentrations of Cat, Cat — A and Cat — B in both the
compartment ([Cat], [Cat — A], and [Cat — B], respectively) as well as the surrounding bulk
solution ([Cat], = C.q; (vide supra), [Cat — A], and [Cat — B],, respectively). Similarly, in the
bulk solution substrate A is maintained at a constant concentration (C,) and fast removal of product
B is ensured ([B] — 0). Such assumptions including [Cat], = C.4; pertain to a flow reactor with
sufficient amount of catalysts or a batch reaction under high catalyst loading and low conversion
(Supplementary Information). Alternatively, a constant total catalyst concentration including all
catalytic species in the bulk can be presumed (Ccqt torar = [Cat]p + [Cat — A], + [Cat — B], =
constant), Supplementary Information). We have analyzed the catalysis under both sets of
assumptions. We note that the latter set of assumptions with a constant total catalyst concentration,
more complicated to solve mathematically and labeled as “model Ccgetotq;” in Supplementary
Information, leads to similar conclusions and reinforces the general applicability of the following
results solved when we assume [Cat];, = C.,:. Unless noted specifically, the results discussed

below will be based on the former set of assumptions (Supplementary Information).

A set of steady-state kinetic equations are constructed to reflect both the compartmentalized and
non-compartmentalized scenarios (equations S1-S5 and S67—S69) for an organometallic catalytic
cycle following the analysis protocols established in biochemistry.?® Comparing to the non-

compartmentalized case that only includes reactions in the homogenous solution (equation
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S67—-69), the equations for the compartmentalized case (equation S1—5) additionally consider the
reactions in the compartment as well as the mass transport across the boundary, whose magnitudes
are governed by both the value of Fj, and the concentration gradients across the compartment’s
boundary. Detailed mathematical treatment of the established equations can be found in
Supplementary Information and a few key outputs of the model are evaluated here. As one of the
proposed benefits of compartmentalization is the capability of retaining reactive intermediates

within the compartment without significant catalyst deactivation in the bulk,? 3 14 16

we are
interested in evaluating the steady-state consumption rate of substrate A (Rs), the generation rate
of product B (Rp), and the deactivation rate of intermediates Cat — A (R;) (Figure 2.1A).
Moreover, in both compartmentalized and non-compartmentalized scenarios, we aim to analyze
the rate of reaction, numerically represented as turnover frequency TOF, and the efficacy of
transforming the substrate A into targeted product B, numerically represented as reaction efficiency
y that is defined as the percentage of intermediates funneled towards desirable catalytic turnover. !¢
26 In both cases, y is calculated as the ratio between the formation rate of product B and the

consumption rate of substrate A. In the case of pseudo-first-order kinetics towards Cat in oxidative

addition (m = 1), ¥, R; =1, and TOF,,—; in a compartmentalized system can be expressed as,

koks
Yy = T P €Y
(f2 + k2)(f5 + k3)
_ klkeZFIECCatCA
Rl,m=1 - (2)
(ay + Fy)(f, + k) (Fy + key)
kik,k.F,C
TOFm=1 — 1h2n3lytlg (3)

(a1 + F)(f2 + ko) (f5 + ks3)

in which,
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- ~ 4
f2 F, + k,, and f3 Fy + ks )
kikeaksCo
a, = kiCy — 5)
1= T TG + ) (

In comparison under a non-compartmentalized scenario, the corresponding y’, R;,-;, and

TOF,,—, are expressed as,

, kyks
Y =k + ko) (ks + k (6)
( 2 + ez)( 3 + 63)
klkeZCCatCA
r_FakeabearCa 7
Rl,m—l k2 _I_kez ( )
kikyk3Cy
TOF' _. = 8
m=1 = G, & ko) (ky + oa) ®)

The mathematical expressions for y, R;, and TOF results, derived from Supplementary
Information for the assumptions outlined in the main text and for model C¢g¢ to¢q; respectively, are
summarized in Table S1-S2 as a reference. The successful construction and mathematical
derivation of a general kinetic model in organometallic catalysis warrants quantitative evaluation
about the efficacy of compartmentalization under different reaction kinetics and compartment

properties.

The derived analytical solutions to the established kinetic model allow us to numerically calculate
the values of y, R;, and TOF in both compartmentalized and non-compartmentalized scenarios.
Specifically, we set out to evaluate under what conditions compartmentalization is beneficial with
a given set of parameters pertaining to the compartment’s properties and kinetics of organometallic
reactions. As an introductory example representative to a typical organometallic catalytic cycle,

we assume that Ceat = 1 mM and Ca= 10 mM, as organometallic catalytic systems often operate
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near 10 mol% catalyst loading.*® Values of kinetic parameters are k; € [107°, 10*] M 'es™! (m =
1437 or ky € [1073, 106] M 2es™! (m = 217243839 o € [1073, 106] s~ #4435 and k, = 106 57! 4647
When either k, or k, is not a variable of interest, they are set as k; = 0.1 M les™! (m = 1) or 10
M2es7! (m = 2) and k, = 1x10° s71.3437 The selection of those kinetic parameters is based on
reviews of oxidative addition and migratory insertion, as well as reported kinetic studies using
techniques such as time resolved infrared spectroscopy for transient species on the intermediates
during carbonylation and O> reduction and transfer, among others.!”- 24 34-3%. 44,45 The selection of
ks parameter value implicitly assumes fast reductive elimination from Cat — B, which is
supported by the observation that reductive eliminations are often not the rate-determining step in
a catalytic cycle.*® 4’ The values of deactivation kinetics k., for Cat — A and k.5 for Cat — B are
selected with additional assumptions, given the dearth of reported kinetic values for the less
exciting deactivation steps. As the reductive elimination from Cat — B is sufficiently fast, our
primary focus is to examine the deactivation from Cat — A hence how the comparison between k,
and k,, will affect the overall catalysis. Subsequently we assign k.3 = k3 = 1x10° s™! so that the
rate of competing deactivation from Cat — B is no lower than rate of reductive elimination.
Similarly, when k., is not a variable of interest, we set k,, = k, = 1x10° s7! to match the kinetics

1

of isomerization/migratory insertion. Last, we set F, € [30, 600] s', whose range is estimated

based on the diffusion coefficient of 9 x 107!° m?es™! from tabulated organometallic catalysts,*® 4’
as well as the geometry and properties of reported microscopic compartments in porous materials,
supramolecular assemblies, nanoscopic micelles, and the use of nanowire array electrode in our
previous work (see Supplementary Information).!”-2%- 2% 30. 51 Qverall, our selection of kinetic

values here represents an organometallic catalytic cycle whose oxidative addition step is turnover-

limiting and the deactivation of yielded Cat — A intermediate is the most critical issue, while the
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fast reductive elimination leaves the deactivation of Cat — B species secondary in terms of y and
TOF. With varying values of F, and changing ratios between the values of k, and k,,, the trend

of compartmentalization’s efficacy can be unveiled.

The numerically calculated values of y, R;, and TOF as a function of k, and F; illustrate that
compartmentalization generally outperforms the non-compartmentalized scenarios with a higher
tolerance towards undesirable deactivation reactions (Figure 2.2). Under a fixed rate constant of
deactivation (k. = 1x103 s™!) and pseudo-first-order oxidative addition (k; = 0.1 M 'es™! form =
1), values of y, R;, and TOF in a compartmentalized system are plotted as a function of both k,
and Fy, in Figure 2.2A to 2.2C. The rate of isomerization/migratory insertion (k) is understandably
a predominant factor in all three plots. When k, is much smaller than the rate of deactivation (k,;),
y approaches zero (Figure 2.2A) when the deactivation of Cat — A outcompetes the step of
isomerization/migratory insertion, which is concurrent with a higher rate of deactivation (R in
Figure 2.2B) and lower TOF value (Figure 2.2C). Alternatively, when k, is much larger than k.,
and the deactivation step is less relevant, y plateaus towards unity with concomitant increase in
TOF (Figure 2.2A,C). Despite the dominant role of k,, whether or not the system is
compartmentalized strongly affects the values of y, R;, and TOF (Figure 2.2D to 2.2F). While the
trend is generally applicable for all values of Fy,, a specific case (F, = 320 s!) that corresponds to

the nanowire array
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Figure 2.2 Reaction efficiency (¥, A and D), logarithmic of intermediate outflux rate (log,o(R;),
B and E), and logarithmic of turnover frequency (log,o(TOF), C and F) as a function of
volumetric diffusive conductance (F;) and logarithmic of the rate constant for isomerization or
migratory insertion (Iso/MI) (log19(k3)). A to C, compartmentalized scenario depicted in Figure
2.1A. D to F, comparisons between compartmentalized (red trace, when F, = 320 s™!) and non-
compartmentalized (black trace) scenarios. m = 1, k; = 0.1 M 'es ! notwithstanding A and D, k.,
=1x10°s "), k3 =k, =1x10°s"!. The selection of those exemplary values is based on literature

reports on the kinetics of relevant organometallic systems (vide supra).

electrode for CHs-to-CH3OH conversion in our previous work,!” illustrates under which situation
the advantages of compartmentalization will be observed. As the value of k, increases, the
compartmentalized scenario observes an increase of reaction efficiency y in a sigmoidal fashion
when k, approaches the value of F, (red trace in Figure 2.2D); in contrast, y in a non-
compartmentalized case (black trace in Figure 2.2D) won’t increase until k, approaches the value

of k,,. Similarly, with F;, < k,, and under a reasonably large value of k,, compartmentalization
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suppresses the rate of deactivation R; (Figure 2.2F) and increases the TOF by roughly no less than
one order of magnitude (Figure 2.2F). Evaluations assuming pseudo-second-order kinetics towards
Cat in the step of oxidative addition (m = 2) lead to the same conclusion (Figures S2.3A and
S2.4A). Those observations suggest that the strategy of compartmentalization allows a catalytic
cycle to be much more tolerant towards undesirable side reactions, as long as Fy, is much smaller

than k., (F, < k,,) with a judicious compartment design.

Additional examination suggests that a less “leaky” compartment, or one less prone to diffusive
loss of intermediate, with smaller F, value should be more effective than one with a relatively
larger F,. Here the extent of leakiness is relevant to the reactions of interests and a “leaky”
compartment is defined as one whose Fj, is much larger than the one of k, (F;; > k), with about
one or two orders of magnitude of difference (a factor of 10 to 100) as shown in Figure 2.2D,
because the difference of ¥ values between compartmentalization and non-compartmentalization
is the biggest when F, < k, < k,,. Such a trend is more apparent when y, R;, and TOF were
plotted as a function of F}, under fixed values of k, and k., (Figure 2.3A to 2.3C). In both situations
when m = 1 and m = 2, a larger value of F, leads to smaller values of y and TOF and large value
of R;. This suggests that a more “leaky” compartment is not sufficient to conserve the yielded
intermediates and is more prone to deactivation than one with a small F;,. A similar conclusion can
be obtained when investigating the dependence of y, R;, and TOF as a function of F, and k,,
(Figure 2.3D to 2.3F, Figure S2.3B and S2.4B). Significant decrease of y and increase of R; was
observed at high F, values, particularly when the values of k,, are so large that the deactivation
is much faster than the isomerization/migratory insertion step and intermediate Cat — A has a

much shorter life time once it diffuses out of the compartment.
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The above noted observations can be mathematically rationalized from our derived equations.

When the value of Fy, is similar to or even larger than k., or k.3 (Fy = kg or k,3),

FVk 2 FVk 3
folry 2oy = FV+—Z€2 =key and  f3lp, 2k, = Fv+—;€e3 = kes €©))

This will lead to y = y’, ie. the reaction efficiency is not significantly altered with
compartmentalization in comparison to the non-compartmentalized case.

Alternatively, when F;, < k., or k.3, we have

FVk 2 FVk 3
folry «kyy = Fv+—7<ez =F, and f3lp, i,y = FV_I_—;%:S =Fy (10)
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Figure 2.3 In a compartmentalized system, reaction efficiency (y, A and D), logarithmic of
intermediate outflux rate (log,o(R;), B and E), and logarithmic of turnover frequency
(log1o(TOF), C and F) as a function of volumetric diffusive conductance (F},) and logarithmic of
the rate constant for Cat — A deactivation (log;(k,,)). The axis of F;, and log,o(k.;) in D and F
are inverted for the sake of presentation clarity. k; = 0.1 M 'ss™'and 10 M 2es™! for m = 1 and 2,

respectively, notwithstanding A and D. k, =k, =1 x 103 s kg = ko3 =1 x 106571,

This leads to
y _ koks _ koks _ 1 1D
rtatia TGk (k) T BBk () (B
k; ks
klkaBFVCA
TOFm=1|FV KKop & kez — b C. — klkszCA +F Fo+k Fo+k (12)
G~ kS ATy + o) (r + ko) (Fy + k)

The equations noted above suggest that optimal, near-unity reaction efficiency y, high TOF, and
low R, values would be obtained when F, < k, and k5, which is consistent with our observations

in Figure 2.2. Under our above-stated assumption that isomerization/migratory insertion is the
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turnover-limiting step (k, < k3), ¥y = 0.9 and 0.99 when F;, /k, = 0.11 and 0.01, respectively. The

corresponding expression of 7OF can be simplified as,

1
TOFm=1|FV Kkep & ke — k;, F\ ks, (13)
1+ (14
k,C F
TOFm=1lpy ey & kes = K2 7 When -~ =0 (14)
k, +k,Cy k,

The monotonic yet asymptotic increase of TOF values suggests that maximal 7OF will be achieved

when Fy, /k, — 0.

Lastly, when a constant total catalyst concentration including all catalytic species in the bulk is
presumed  (“modelCcattotar”s  Ceattotar = [Cat]y + [Cat — A]p + [Cat — B], = constant,
Supplementary Information), the calculated values of R; and TOF as functions of F, and k,
displayed little difference to the above-mentioned observations (Figures S2.5 to S2.7), while the
derived expressions of y are identical under both assumptions (Table S2.1 and S2.2). Such
observations suggest that slight variation in the assumptions of the developed model does not

significantly alter how the compartment’s F, impacts the kinetics of overall catalysis.

The established kinetic model and the numerical evaluation offers an affirmative answer to the
efficacy of compartmentalized organometallic catalysis and, if needed, what is the desired
properties of the established compartment. When the rate constants of the steps in the catalytic
cycle (k, and k3) are commensurate with or greater than the rate constants of deactivation steps
(ke and k,3), 1.e. k, = k., and k3 = k.3, compartmentalization is not necessary since the intrinsic
reactivity of catalysis is sufficiently fast with respect to undesirable side reactions.
Compartmentalization should be considered under k, < k., and k3 < k.3, when the intrinsic

reactivities of the catalytic cycle cannot outcompete the deactivation pathways. The efficacy of
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compartmentalization will be observable, as long as the compartment’s volumetric diffusive
conductance F,, is much smaller than k,, or k.; (F, < k,, or k,.3). Nonetheless, one interesting
conclusion from our analysis is that maximal efficacy of compartmentalization (reaction efficiency
y — 1) demands F}, to be smaller not only than the rate constants of deactivation steps (k,, and
k.3) but also than the rate constants of steps in the catalytic cycle (k, and k3). This requirement
for maximal y stems from the fact that a “leaky” compartment with large F, is not sufficient to
conserve the yielded intermediates and is prone to deactivation. Practically, such a requirement is
indeed a blessing for organometallic chemistry. As typical organometallic studies do not
commonly characterize the deactivating side reactions, there lacks detailed kinetic information the
values of k,, or k.5 in comparison to the knowledge about catalytic kinetics (k, and k3). Because
we posit that criteria of Fy, <k, and F;, < k5 are sufficient for a compartment to “revive” a catalytic
cycle unfunctional in a homogenous solution, kinetic information of the in-cycle steps (k, and k3)

is sufficient for future design of functional compartmentalization.

The feasibility of obtaining the range of F, from the kinetics of the proposed catalytic cycle offers
more guidance for the materials design for the compartment. As F, is proportional to the
compartment boundary’s permeability (p) and its surface-to-volume ratio (SA/V),?¢ multiple
synthetic handles could be applied to achieve a desirable F;, value. A less permeable interface at
the boundary of compartment as well as smaller surface-to-volume ratio will help to reduce the
mass transport hence the value of Fj,. Characterization techniques that help determine
encapsulation geometry and assess permeability, such as electron microscopies and
chromatographic methods, should be welcomed for more detailed mechanistic investigations in
experimental demonstration.’?>> One interesting result from this argument is that a compartment

of extremely small dimension, for example of nanoscopic scale, may not be necessarily beneficial,
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because nanoscopic dimensions with their large surface-to-volume ratio may create a “leaky”
compartment. Here we set F; > k, as the criterion for a “leaky” compartment that poorly retains
intermediates (vide supra), when there is minimal difference in reaction efficiency y between a
compartmentalized and non-compartmentalized system (Figure 2.2D). As Fy, is calculated by a
compartment’s surface-to-volume ratio (SA/V), its boundary’s permeability (p), and the

Avogadro’s constant (N,),?° a “leaky” compartment for a specific catalysis satisfies the followin
g y P P y g

equations,
SA p SA  k, N,
Fp=—"—>»k, & —
vEY NA>> 2 V>> 5 (15)

Provided a compartment’s surface-to-volume ratio (SA/V) or chemicals’ permeability across the
compartment’s boundary (p) is sufficiently large, our model predicts that compartmentalization
will not be beneficial. In addition, the opposite inequality may be used to design optimal
compartmentalized catalysis (F, < k;). Careful compartment design tailored to the specific

kinetics of the catalytic cycle is recommended before experimental implementation.

The developed model remains generally applicable in the presence of mass transport heterogeneity
in the compartment. As a first-order approximation, a mean-field average diffusion coefficient D
is sufficient to describe the permeation of molecules through a compartment at ensemble level as
long as the compartment’s porosity is isotropic, based on single-molecule studies of molecular
diffusion in mesoporous silica and polymer films.>® 57 In the presence of anisotropicity such as
highly aligned pores or in our previous work’s nanowire arrays, a mean-field averaged diffusion
coefficient D is still good enough to account for the diffusion phenomena in the specific
direction.>® ? In cases where anisotropic diffusion exists, the values of anisotropic p normal to the

compartment’s boundary should be used when calculating F;,. Moreover, in scenarios in where

26



drastically heterogenous D values are apparent inside a single compartment, an effective value of
F, will be derived base on the volume-weighted average of F, across the whole compartment,
similar to the studies in metabolic microcompartments.?®> The order of magnitudes of the derived
F, will be sufficient for the initial design of the compartmentalized catalysis, before further

optimizations and detailed analysis proceed.

We caution that our established model only considers the mass transport of catalysts and assumes
an unconditionally fast supply of substrate A and quick removal of product B. While such
assumptions have their real-life correspondence under certain circumstances (vide supra), the
currently established model is incapable of accounting for the possible mass-transport limitation
for the substrate and product, which could be induced by a small F;, value recommended by the
model presented here. Given that, we cautioned that a lower bound of F, exists for optimal
performance in practical applications, and an unnecessarily small value of F;, could be detrimental
to the compartment design. This argument is corroborated by our prior work that utilizes nanowire
array electrode to pair CHy activation from Oz-sensitive metalloporphyrin with CH30H generation
with O3 as the terminal oxidant.!”? An increase of the nanowire array’s length, corresponding to
a smaller value of F, (Supplementary Information), was experimentally observed to yield an
increased rate of CH4 activation until the reaction rate plateaued for nanowire arrays of 27 um
length.!”2° Such experimental results illustrate the presence of a lower bound of F;, for optimal
performance, when the mass transport of substrate CH4 is probably limited due to the increased

length of the nanowire array.

We employed our model and analyzed the benefits of compartmentalizing the Fujiwara-Moritani

reaction, which is a Pd-catalyzed oxidative C-C coupling reactions.’® 3! In such a catalysis,

30, 31

stoichiometric oxidant is needed to regenerate the catalytically active Pd(II) species, yet the
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presence of spent oxidant can inhibit the reaction and result in mediocre yields.*" ®° Therefore, one
possible strategy of reconciling such an incompatibility is to compartmentalize the Pd-based
catalysts. Based on the available kinetic data reported in literature,® we translated our generally
applicable model into the Fujiwara-Moritani reaction (Figure S2.8) and established the
mathematical relationship that correlates volumetric diffusive conductance (Fj,) with reaction
efficiency (y), the rate of catalyst deactivation (R;), and turnover frequency (TOF) (Supplementary
Information). We compared the values of ¥, R;, and TOF between the compartmentalized and non-
compartmentalized cases. While the homogenous non-compartmentalized scenario yields y ~ 1072
and R; ~ 107 s7!, our model predicts that at F, ~ 107> s™!, about 100 times smaller than the kinetic
constant k> for the turnover-limiting step,® compartmentalization significantly decreases the rate
of deactivation (R; = 2x107! s7!) and increase the reaction efficiency (y = 0.99). Indeed, a recent
experimental demonstration of compartmentalized Fujiwara-Moritani reaction with a “tube-in-
tube” design is consistent with our model’s prediction.®! With an estimated F, ~ 10728 s that well
surpasses the criterion F, < k, (vide supra), the model predicts little catalyst deactivation and
high reaction efficiency (y ~ 1 and R, ~ 10°' s7!). Such predictions are consistent with the

experimental observations®! and illustrate the utility of our model.

In another example, we analyzed the Negishi coupling reaction®? operating within a MOF
confinement and concluded that compartmentalization of this reaction may have marginal benefits
in the context of mitigating side reactions. In such a reaction, Ni or Pd catalysts enable the cross-
coupling reactions between organic halides and organozinc, organoaluminum, or organozirconium
compounds.’? 33 Detailed kinetic information is available for the coupling between an aryl iodide
compound with an aliphatic zinc chloride®® and we similarly established the kinetic model (Figure

S2.9, and Supplementary Information). We found that in the non-compartmentalized scenario, y
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is close to unity already (y ~ 1) because the deactivation steps (ke> and ke3 ~ 2x1073 s71) are slow
in comparison to the steps in the catalytic cycle (ki and k> ~ 1~10 M tes™!; k3 ~ 0.5 s7!). This
suggests that benefits of compartmentalizing the Negishi coupling reaction will not be significant
in the context of mitigating side reactions and boost reaction efficiency. Indeed, the model predicts
that compartmentalization may even lower the TOF in comparison to the non-compartmentalized
case, since benefits of preventing already negligible side reactions is outweighed by the mass
transport of catalyst. Overall, the developed model represents a viable tool to pick the catalytic

reactions that are suitable for the study of compartmentalization.
CONCLUSION

In this study, we developed a general kinetic framework for compartmentalizing organometallic
catalysis with competing deactivation reactions in the bulk solution. Compartmentalization is only
necessary under k, < k,, and k5 < k.3, when the intrinsic reactivities of the catalytic cycle cannot
outcompete the deactivation pathways. Under such situations, the kinetic model predicts that
careful compartment design with suitable values of volumetric diffusive conductance (F, < k,
and Fy, < k5 of at least one or two orders of magnitude difference) is capable of achieving maximal
reaction efficiency (y) and turnover frequency (TOF). Under our stated assumption that
isomerization/migratory insertion is the turnover-limiting step (k, < k3), the criterion of minimal
deactivation and maximal TOF is equivalent to F,/k, = 0.11 and 0.01 for y = 0.9 and 0.99,
respectively, in order for the established compartment to minimize intermediate elimination and
maximize catalysis. It is intriguing that the kinetics of deactivation steps are not needed for the
design of compartment, as long as it is known that k, < k,, and k3 < k,3. As discussed with the
examples of nanowire-based CHy activation,!”?° Fujiwara-Mirotani reaction,’® 3! and the Negishi

32, 33

coupling reaction, a tailored compartment design, including the use of nanomaterials, is
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needed to suit a specific organometallic catalysis. Such insights will assist in future a priori design
of compartmentalized organometallics for enhanced catalytic performance. Moreover, the
developed quantitative model is applicable to any general catalytic cycle particularly in the liquid
phase, because the model includes the general features of any catalysis: multiple reaction steps
connected in a cyclic fashion, the existence of turnover-limiting step, the interference from
deactivation/competing reactions, and the issue of mass transport in the proximity of active sites.
The conclusions and design principles obtained from the reported model is adaptable to suit most
if not any catalytic cycles with synthetic compartments and confinements, offering a framework

to be expanded on for advanced compartmentalization of general chemical catalysis.
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Supplementary Information

Kinetic models for compartmentalized and non-compartmentalized scenarios with

assumptions stated in the main text

The steps of a chosen general catalytic cycle are shown in Figure 2.1A and are outlined in the main

text. Here, C,; represents the concentration of the initial catalyst in bulk. Cr,; 1s assumed to be

present in excess of [Cat], which represents the initial catalyst concentration in the compartment.

Therefore, C,; is assumed to negligibly change during the course of the cascade catalysis, and it

1s thus treated as a constant.

Mathematical derivation of compartmentalized scenarios

Here, we solve for key reaction metrics for a compartmentalized catalytic cycle under the

assumptions stated in the first section of the results and discussion of the main text. The steady

state kinetic equations for catalytic species in the compartmentalized system are:

d[gst] = F,(Cear — [Cat]) + ks[Cat — B] — ky[Cat]™C, = 0
ﬂe%;flz—ndan—AL—wm—Ah)+hﬂmme—kﬂau—A]=0
w — F,([Cat — A] — [Cat — A],) — ku,[Cat — A], = 0
EE%EEJ:—ﬂﬂ&u—B}—wm—Bh)+bUMPnﬂ—kﬂ&u—B]=O
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w = F,([Cat — B] — [Cat — B]},) — ke.3[Cat — B], =0 (S5)

Expressions for Fand k., /3 are shown in Section S3. From Equation S5, [Cat — B], may be

solved for:

[Cat = Bl =~ (59
Inputting Equation S9 into Equation S4, [Cat — B] may be solved for:

k,[Cat — A] = F,[Cat — B] — F, | ———— | + k3[Cat — B] (§12)
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FZ
kﬂ&n—A]=UMt—B]Q$—F—fE—+kJ
\%4 e3

FVke3

[Cat — B] =
+ ks

FVken

Jn “F, +k,,

_ k;[Cat — 4]
[Cat - B] = W

From Equation S3, [Cat — A];, may be solved for:
F,([Cat — A] — [Cat — A]p) — key[Cat — A]l, =0
F,[Cat — A] — F,[Cat — A], — k.,[Cat — A], =0
Fy[Cat — A] = [Cat — A], (F, + k.3)

[ a ]b - Fv+kez

Inputting Equation S20 into Equation S2, [Cat — A] may be solved for:
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(S14)

(S15)

(S16)

(S17)

(S18)

(S19)

(S20)



—Fy([Cat — A] — [Cat — A]p) + ki[Cat]™[A] — k,[Cat — A] =0
ki[Cat]™C, = F,[Cat — A] — F,[Cat — A],, + k;[Cat — A]

14 e2

>+ k,[Cat — A]

k.[Cat]™C
[Cat — A] = il Fz] A
__ v
b—r3%,thk
k,[Cat]™C,
[Cat — A] = ———F—
f2tk;

Rearranging S1 to solve for [Cat] whenm =1, 2

FV(CCCII - [Cat]) + k3 [Cat - B] - kl [Cat]mCA ES 0

kl[Cat]mCA + Fv[Cat] - FVCCat - k3 [Cat - B] = O

Input solution for [Cat — B] (S16) and [Cat — A] (S25)
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(S22)

(S23)

(S24)

(S25)

(S26)

(S27)



hwm]g+nwmy4wmr%3—7:7—'=
3 3
kik,ks[Cat]™Cy
kilCat|™Cy + Fy[Cat] — FyCeqr — =
1[ ] A V[ ] vicat (f2+kz)(f3+k3)

kikyksCy
(fz + k2)(fs + k3)

(h@— )wmw+ﬂmmﬂ—QO:0

kykyksCy
(f2 + k2)(f5 + k3)

defining a; = k,C, —

Whenm =1

a1 [Cat] + FV [Cat] - Fvccat = 0

(a; + Fy)[Cat] = F,Ccqe

F,C
a, + F,
Whenm =2

al[Cat]z + Fv[Cat] - Fvccat = 0
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(S29)

(S30)

(S31)

(S32)

(S33)

(S34)

(S35)



—Fy £ F? — 4(ay)(—FyCcar)

Cat] =
[Cat] 2a,

_FV + '\/FIE + 4a1FVCCat

Cat] =
[Cat] 2a,

Key Reaction Metrics: Compartmentalized

RS,TTL - k1 [Cat]mCA

R;m = Fy([Cat — A] — [Cat — A]})

RP,m = k3 [Cat - B]

— RP,m
Ym Rsm
Pm
TOE, = :
" mCCat

Solving for R¢ when m = 1 by inputting S34 into S38

Rgm=1 = kq[Cat]C,
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(S36)

(S37)

(S38)

(S39)

(S40)

(S41)

(S42)

(543)



R — leVCCatCA
Sm=1 a, + F,

Solving for Rg¢ when m = 2 by inputting S37 into S38

Rgm=2 =k [Cat]?*C,

2
_FV + '\/FI? + 4a1FVCCat
Rsm=2 = k1 2a Ca
1

Simplifying R; (S39)

F kl[Cat]mCA)
o _p [Hlcame, W T g
m f2tk; Fy + ke
R, = F ki [Cat]™C ( ! Fy )
= a —_
tm v 4 fotky (f2+k)(Fy+key)

R = kike  Fy[Cat]™Cy
M (fy + k) (Fy + kep)

Solving for R; when m = 1 by inputting S34 into S49
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(S44)

(S45)

(S46)

(S47)

(548)

(S49)



kleZFVCA
(f2 + k) (Fy + kez)

RLm=1::< )[Caﬂ

R — klkezFIECCatCA
m=t (ay + Fy)(f, + k) (Fy + key)

Solving for R; when m = 2 by inputting S37 into S49

klkEZFVCA
(f2 + k) (Fy + ke3)

Rim=2 = < ) [Cat]?

2
klkeszcA (_FV +'\/F‘? + 4a1FVCCat>

R =
fm=2 (f2 + k) (Fy + kep) 2a,

Simplifying Rp (S40)

RP,m = k3 [Cat - B]

o _ lakeks[Cat]"C,
pm (f2 + k) (f3 + k3)

Solving for R, when m = 1 by inputting S34 into S55

R _ kik,k3Cy (Cat]
pm=1 (f2 + k2)(f3 + k3)
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(s51)

(S52)

(S53)

(S54)

(S55)
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R _ kikoksFyCeatCy
pm=1 (a; + Fy)(f2 + k) (fs + k3)

Solving for Rp when m = 2 by inputting S37 into S55

R _ kikok3Cy
pm=2 (f2 + k) (f3 + k3)

[Cat]?

2
R _ k1k2k3CA _Fv+'\/F‘? +4a1FVCCat
P2 (fy + k) (fs + k) 2a,

Solving for y (S41)

_ ks[Cat — B]
Ym =k [Cat]™[A]

k,[Cat — A]
_ "3< i+ K, )
Ym = [Cat]™[A]

ky[Cat]™C
ks ()
Ym = o [CatI™[AI(fs + k)

~ Ky ks
Y+ i) + k)

Solving for TOF,, when m = 1, 2 by inputting S57 or S60 into S42

kikyksFyCy

TOFp-q = (a1 + F)(fz + k) (f3 + ks3)
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(S59)

(S60)

(S61)

(S62)

(S63)

(S64)

(S65)



TOF,,-,

(S66)

2
_ k1k2k3CA _FV +'\/F]§ + 4-a1FVCCat
2Ccqc(f2 + ko) (fs + k3) 2a,

Mathematical derivation of non-compartmentalized scenarios
The rates of species within the general catalytic cycle under the non-compartmentalized
framework are generated by dropping diffusive (F,) terms and bulk concentrations from the

compartmentalized framework to generate the following under steady state:

d[Cat]

T ks[Cat — B] — ky[Cat]™C, = 0 (S67)
d[Cat — A]
———— = k[Cat]™C, — ky[Cat — A] — ke,[Cat = A] = 0 (S68)
d[Cat — B]
———— =k[Cat — A] - ks[Cat — B] ~ ke3[Cat — B] = 0 (S69)

Solving for [Cat — B] from S69

k,[Cat — A] — k;[Cat — B] — k,3[Cat — B] =0 (S70)

[Cat — B](k3 + ke3) = ky[Cat — A] (S71)
k,[Cat — A]

[Cat—B] :W (572)
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Solving for [Cat — A] from S68
[Cat - A] (kz + kez) = kl [Cat]mCA

k,[Cat]™C,
Cat — A] = =22 =4
[Cat — A] k, + k.,

Key Reaction Metrics: Non-Compartmentalized
RS,TTL - k1 [Cat]mCA
RI,TI‘L = kez [Cat - A]

RP,m = k3 [Cat - B]

— RP,m
ym Rs'm
Pm
TOE, = :
™ m[Cat]

Solving for R; where m = 1, 2 by inputting S75 into S76
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(S73)

(S74)

(S75)

(S38)

(S76)

(S40)

(S41)

(S42)



RI = kez [Cat - A]

R - (kl[Cat]mCA)
I — Me2 kz + kez

_ kikez[Cat]™C,
Tk, + Ky,

withm=1,2

Solving for Rp3 ,, where m = 1, 2 by inputting S72 into S40

RP,m = k3 [Cat - B]

P kik,[Cat]™C,
P 3 (ky + kep) (ks + ke3)

R kik,[Cat]™C, 12
= m o B
pm (ky + kep) (ks + ke3)

Solving for y,,

Ym =4 [Cat]™C,
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(S77)

(S78)

(S79)

(S80)

(S81)

(S82)

(S83)



v = (ky + kep) (k3 + kes)
m k,[Cat]™C,

kaks
'}/ =
(K + kep) (k3 + kee3)

Solving for TOF,, where m = 1, 2 by inputting S82 into S42

TOF. . = kikyksCy
T (ky + kep) (ks + ke3)
kik,k;[Cat]C
TOF,_, = 1kok3[Cat]Cy

2(ky + kep) (K3 + ke3)

(S84)

(S85)

(S86)

(S87)

To mirror the assumption made in the prior compartmentalized scenario (section S1A) that C,; is

present in excess of compartmentalized [Cat], here we assume the extent of [Cat] consumption in

a non-compartmentalized cycle with deactivations is minimal relative to its regeneration, therefore

[Cat] = C-qr = 1 mM. Limitations associated with this assumption are addressed in section S3 by

introducing a Ccgrrorq; term and are shown to yield negligible difference in mechanistic

conclusions.

Derivation of Fy for a nanowire array as a nanoscopic compartment in solution

We expand on our previous derivation of term Fy, = F /VN,, where F is diffusive conductance in

M s !, V is either the volume of the compartment or the bulk (denoted V), and N, is Avogadro’s

number.!? In brief, F is defined as the product of compartment permeability (p), surface area (SA),
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and Avogadro’s number (N,). We define permeability in terms diffusion coefficient (D), diffusion

path to enter the compartment (Ax)?, and nanowire length (L) as follows:

b S88
P (588)

We approximate that the compartment is established roughly halfway down the wire based on our
prior work, therefore Ax ~ 0.5 X L.* Combining p with SA and N,, we obtain:

D *SA * Ny
T 05+%L

(S89)
In order to obtain the flux of particular species, we normalize F to V' X N,, which we define as
Fy. We derive V in terms of 0.5 X SA and length of the compartment along the nanowire, L —
Ax = 0.5 X L, to obtain:

D X SAX N,

F " 0.5=L ~8_D
VN, 05XSAX05XLXN, L?

F, = (S90)

We make a first order approximation where substrate and product molecules A and B are relatively
small, therefore D is not significantly changed throughout the course of the cycle and we assume
all catalytic species have the same D and flux governed by the same F,, value.* In the example of
a nanowire array, Fy, is only a function of nanowire length L. We suspect that this approximation
may be extended to other processes to tune F, solely based on nanostructure geometry. However,
we note one limitation of this derivation of Fy, is that it assumes equal probability for a molecule
to diffuse in and out of the compartment at every nanowire length. Our approach to reconcile this
issue is to take an integral weighted average of Fy, at each nanowire length. Therefore, we use the
following expression to explicitly calculate F, at various L, ranging from 10 — 50 um based on

previous experimental work.*
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[, Fy(Lw(L)dL
) w(L)dL

(S91)

To account for bulk volume (V,) in deactivation steps, we introduce k., terms for the

compartmentalized system, using Cat — A as an example.

d[Cat — A] _ B
dt _W%M‘Umt—A]—UMt—Ah)—kQKMt—Ah——O (592)

dlCat—A] F v

[i; ]:VM}UMt—A]—UMt—Ah)—kQE?KuP—Mb=O (593)
d[Cat — A] ’
— = Fv([Cat — Al = [Cat = Al,) — ke, [Cat — A], = 0 (S94)
kl _k Vb

en = Teny (S95)

By using k., (n = 2, 3), we allow the previous F}, equation with the volume of the compartment
and subsequent calculations to be utilized throughout the model. In addition, we make a similar
approximation that k;,, = k,, for eliminations to be considered. For simplicity, only k,,, is listed in
the main text and throughout the derivations, however for compartmentalized systems, k,,, should
be used.

Kinetic models for compartmentalized and non-compartmentalized scenarios for model

CC at,total
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We note the assumption that initial catalyst concentration in the bulk ([Cat];) does not change
over time and that C.,; may be used as a constant may not always hold true. Here in this scenario,
we introduce [Cat], and Ccyy rorq terms to avoid treating catalyst concentration as a constant.
Mathematical derivation of compartmentalized scenarios for model Ccgt ¢orai

Equations S1 — S5 are the same, however we introduce eq S88 to account for [Cat], and Ccqt rotar-

d[Cat]

T —F,([Cat] — [Cat],) + ks[Cat — B] — k{[Cat]™C, = 0 (S1)
d[Cat — A]
———— = ~Fy([Cat ~ A] - [Cat ~ A],) + ks [Cat]™C, ~ k;[Cat — A] = 0 (S2)
d[Cat — A],
————"=Fy([Cat — A] - [Cat ~ A],) = kep[Cat — 4], = 0 (S3)
d[Cat — B]
— - —F,([Cat — B] — [Cat — B],) + ky[Cat — A] — k3[Cat — B] =0 (S4)
d[Cat — B],
Tsz([Cat—B]— [Cat — B],) — kq3[Cat —B], =0 (S5)
Ccattotar = [Cat] + [Cat]y, + [Cat — A] + [Cat — A], + [Cat — B] + [Cat — B], (S96)

Expressions for [Cat — A] (S25), [Cat — A], (S20), [Cat — B] (S16), and [Cat — B], (S9) are

unchanged from the scenario without Ceay torq;- Now solving for [Cat], from S96:
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CCat total
Cat], = : 597
Catly = o+ [Cat — AT + [Cat = A1, + [Cat — B] + [Cat — B, (597)

[Cat],
= CCat,total (898)
[Cat] + (M) + (FV[Cat — A]) ( kyk,ks[Cat]™C, ) F,[Cat — B]
fr +k, Fy, + k,, (F, + ko) (f5 + k3) F, + kus
— CCat,total
[Cat], = (599)

Cat) + FlCat"Cy R [Cat"Cy ykoks[Cat"Cy | kykoksFy[Cat]"C,
f2 +k; (2 +k)(Fy +kez) * (o + ko) (fs + k) (2 + ko) (fs + k3)(Fy + ke3)

Solving for [Cat], whenm = 1:

CCattotal
[Catlpm=1 = %.C KiFC K,k kiC Kk F,C (5100)
(cat) (14 £ 54+ rr i o T kSO ) T R e G TR

k1Cy kiFyCy kikaksCy kikoksFyCy

= S101
2= e T R )R T k) T ) (s 4 k) T O T k) s + ke)(Fy F o) 10D
CCat total
[Cat], = —2L0tl [rqe]-1 (5102)
a,
Solving for [Cat] when m = 1:
—F,([Cat] — [Cat]y) + k3[Cat — B] — k,[Cat]C, = 0 (5103)
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—F,[Cat] + F, (CC%:’“” [Cat]—l) + (glleig)[égtfg) — ky[Cat]C, = 0 (S104)
_F,[Cat] + F, (CCLZ“‘” [Cat]—l) + a,[Cat] = 0 (S105)
—Fy[Cat]? + %:wml +a,[Cat]> =0 (S106)
[Cat]?(F, — a;) = FyCeatotar (S107)

a,

FVCCat total
[Cat] = | =224 (5108)
a,(Fy —ay)

Solving for [Cat];, when m = 2:

CCat,total
[Cat]ym=s = cat] + FICAPCy TRy [CatPCy | Takoks[CatFPGy — kykgksFy[Cat’Gy (5109)
f2+k; (f2+k)(Fy +kep) (2t k)(fz+f3)  (f2 + k2)(@85 + f3)(Fy + ke3)

CCat,tutal
[Catlpm= = [Cat] + [Cat]z( k,Cy 4 ki FyCy " kikyksCy n kykoksFyCy ) (5110)
fotk,  (fatk)(Fyt+ke) (tHk)(fz+f3) (fotk)(fz+ f)(F +kes)

_ kch leVCA k1k2k3CA k1k2k3FVCA
a; = + + + (S111)
fatks (ot+k)(Fy+key) (2+k)(fz+f3) (2 +k)(fz+ ) EF +kes)

[Catlpm=2 = Ccatrora([Cat] + az[Cat]?)~? (5112)
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Solving for [Cat] when m = 2:

—F,([Cat] — [Cat]y) + k3[Cat — B] — k,[Cat]C, = 0 (S113)
—Fy[Cat] + Fy(Cearroramr([Cat] + as[Cat]?) ™) + (;:1?:23)[851623) — k;[Cat]C, =0  (S114)
—Fy[Cat] + F,(Ceat rorar([Cat] + as[Cat]?)™t) + a;[Cat] = 0 (S115)
—Fy[Cat]([Cat] + as[Cat]?) + FyCearrorar + a1 [Cat]([Cat] + az[Cat]*) =0 (S116)
—Fy[Cat]* — Fyaz[Cat]® + FyCcat totar + a1[Cat]? + az[Cat]® = 0 (S117)
(a; — F)lCat]® + (a; — F)[Cat]? + FyCeattorar = O (5118)

Defining b = (as — Fy), ¢ = (a; — Fy), d = F;C¢qt totar» @ general solution is:

(Cat] 1 (i/—27b2d + 3v3V27b*d? + 4b%c3d — 2¢3 . Y2c?
at] ==
3 V2b by —27b%d + 3V3V27D*dZ + 4b%c3d —

— -%) (5119)

Key Reaction Metrics: Compartmentalized

Ry = Fy([Cat — A] — [Cat — A,) (S39)
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Ry
Vi = p (541)
sm

RP m
TOF,, = —22_
™ m[Cat], (542)

y does not change from when accounting for Ccg¢ tota; as [Cat — A] and [Cat — B] do not change,

leaving the solution previously obtained where y does not depend on [Cat] (S61-64).

Solving for R; whenm = 1:

Rim = Fy([Cat — A] — [Cat — Al,) (5120)
Using prior simplification of R; (S49) since [Cat — A] and [Cat — A],;, do not change:

R = kikeaFy[Cat]™Cy
M (fy + k) (Fy + kep)

R _ klkeZFVCA FVCCat,total (8122)
ML (fy + k) (Fy + kep) Jap(Fy — ay)

Solving for TOF when m = 1:

(S121)

RP m
TOE, = ————— S42
™ mCCat,total ( )
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kykoks[Cat]Cy

TOF, _, = S123
et = oo k) (s ) (5123)
kikyk3Cy Fy
TOF, _, = S124
m=t (fo + k) (f5 + f3) Ceat totalz (Fy —ay) ( )

Mathematical derivation of non-compartmentalized scenarios for model Ccq¢ totar

Here, we derive an analogous non-compartmentalized framework under model Ccge¢orq; to
compare to the non-compartmentalized scenario derived in section S1B with the original
assumptions from the main text. Eq S67 — 69 remain the same, however we introduce eq S125 to
solve for [Cat] in terms of Ccqyr rorq- We note that again y is unchanged from Section 1 when

accounting for Cear rorar (S64).

CCat,total = [Cat] + [Cat - A] + [Cat - B] (5125)

Inputting expressions for [Cat — A] (S75) and [Cat — B] (S72), which are unchanged when

accounting for Ceat totar-

k,[Cat]C, kikz[Cat]Cy

. - S126

cat,total = [Cat] + ky+ ko,  (ky+ kop)(ks + ko3) ( )
k]_CA klkZCA

) o <1 ) 5127

cattorar = [Cat] |1+ k, + k,, + (ky + kop) (ks + ko3) ( )
k,C kik,C
a4 _ 1 + 1La 112%A (8128)

+
ko tkey  (kp + kep) (ks + Kes)
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CCat,total

[Cat] = (S129)

ay

The non-compartmentalized simplification of R; (S79) is unchanged, therefore R; ,,,—1 under this

scenario can be derived as the following:

_ klkez CCat,total CA

Rim=1 = S130
m=t ay(kz + kez) ( )
Solving for TOF,,_, starting from S42:
kik,ksC
TOF,,_, = 1254 (S131)

ay(ky + key) (ks + ke3)

Calculation of y, TOF, and R for tube-in-tube Fujiwara-Mirotani reaction.
In the confines of the kinetic model developed in this study and established mechanistic
understanding of Pd catalyzed olefin arylation (Fujiwara-Mirotani),>”’ shown schematically in
Figure S2.8 operating in the tube-in-tube reactor,® we arrive at the below steady state
compartmentalized expressions. (S132 — S136). We assign the Pd(II) species as Pd, the amide
carbonyl coordinated intermediate species as Pd — A, and the aryl bound species as Pd — B,

analogous to the generic Cat, Cat — A, and Cat — B species utilized earlier. C,.,; refers to the

concentration of the aryl substrate, and Cy i, represents the concentration of the olefin substrate.

d[Pd]
dt

= FV(CPd - [Pd]) + k3 [Pd - B]Colefin - kl [Pd]mcaryl =0 (5132)
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d[Pd — A]

T = —Fy(IPd — A] - [Pd — Alp) + ky[Pd]" Cary1 — k[Pd — A] = 0 (5133)
% = F,([Pd — A] — [Pd — A]p) — ke,[Pd — Al, =0 (5134)
W = —Fy([Pd — B] — [Pd — B],) + k,[Pd — A] — k3[Pd — BlCpiein =0  (S135)
% = F,([Pd — B] — [Pd — B],) — k3[Pd — B], = 0 (5136)

Below are the resultant expressions for compartmentalized y, R;, and TOF, with y being
unchanged from S64, and with R; and TOF containing the appropriate palladium, aryl and olefin

substrate concentration terms.

ko ksCopori
y = 2n3Lolefin (5137)
(fy +k)(f5 + k3Colfein)
klkeZFVCaryl )
_ Pd S138
! ((fz )y + legp) ) [P eat] o
TOF k1k2k3FVCa‘rleolefin (8139)

- (s + F)(f2 + kz)(f3 + kBColefin)

The expressions for non-compartmentalized y', R,’, and TOF' are as follows.
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k2k3Colefin

Y = (8140)
(kZ + kez)(k3colefin + ke3)
kikes|Pdeqr]C
1’ — 1 eZ[ cat] aryl (5141)
ky, + k.,
kik,k3CorviCoteri
TOF' = 12”3%aryl“olefin (5142)
(kZ + kez)(kSColefin + ke3)
An approximate F,, was estimated based the tube-in-tube reactor as follows:
D
Fo= (E) 54 (5143)
Y7 VN,

Here, surface area (SA), volume (V), and diffusion path (Ax) are calculated from reported
dimensions of the reactor, taken to be cylindrical. Similar to our treatment of a nanowire array
generated compartment (Supplementary Information), an average diffusion path of half of the
diameter is utilized. Using a representative 2 m long reactor with a radius of 1 mm, as well as an
approximate diffusion coefficient (D) on the order of magnitude of 107 m™2 s ! (see also
Supplementary Information for common Pd catalysts diffusion coefficient), F}, is estimated to be
102 s7!. This is corroborated by Pd leaching studies,® which also lead to F, ~ 1072 s7! This
approximate value was determined by converting a typical leaching rate® of 0.1 ppm hr! to
diffusive conductance (F in M s™!), and finally to volumetric diffusive conductance (F,, in s™')
using F, = F/VN,.

Kinetic data from was compiled from prior reports,®’ with k; ~2 M ' s7!, k, ~3x1073 s71, kg ~

015M s k,, ~3x107s! and k.3 ~ 5 s !. Concentrations were set to 1x107°, 0.1, and 0.25
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M for the Pd catalyst, aryl and olefin substrate respectively, following literature reports at low
catalyst loading.”- Taking the above into consideration, we obtainy ~ 1, R; ~3x1073! s7!, and TOF
~ 0.5 s7! for the compartmentalized Fujiwara-Mirotani reaction. The non-compartmentalized
treatment in comparison leads to y ~ 81073, R; ~ 7x107°s™!, and TOF ~ 5x1073 s !. Such an
analysis confirms on a theoretical basis the benefits of compartmentalization to this system over a
homogeneous analogue and demonstrates the validity of our model. Though we note reported TOF
for the tube-in-tube reactor is lower (0.00571),8 suggesting our analysis is an overestimate of true
TOF.

Calculation of y, TOF, and R; for the Negishi reaction.

In this section, we analyze palladium catalyze cross coupling (Negishi reaction),”!? as a
hypothetical compartmentalized system and non-compartmentalized analogue. We arrive at the

below equations following its catalytic cycle, shown schematically in Figure S2.9.

d[jtd] = Fy(Cpq — [Pd]) + k3[Pd — B] — k;[Pd]™Cyspy = 0 (5144)
W = —F,([Pd — A] — [Pd — Alp) + ky[PA]™Cyr; — kz[Pd — AlCcyznc =0 (S145)
% = F,([Pd — A] — [Pd — A]p) — kep[Pd — Al, =0 (5146)
W = —F,([Pd — B] = [Pd — B]}) + ky[Pd — AlCcyznci — ks[Pd =Bl =0 (S147)
@ = F,([Pd — B] — [Pd — B],) — k3[Pd — B], = 0 (5148)
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Here, the initial catalyst species, [Pd] (typically Pd(PR3)X3>) is labelled as Pd, the aryl iodide
bound species post oxidative addition is labelled Pd — A, and the aryl cyclohexyl bound species
pre reductive elimination is labelled Pd — B, with the substrate taken as the aryl iodide (ArI). For
the compartmentalized system, we chose to confine this reaction within the metal organic
framework (MOF) with formula {CusSr[(S,S)-Mecysmox]3(OH)2(H20)}15H,0 (Mecysmox =
bis[S-methylcysteine]oxalyl diamide), because it is well characterized and has been shown to
stabilize a Pd catalyst within its pores.!! We have averaged the diffusion coefficient based on

2es'L12 An F, value for this system was

previous studies on Pd complexes as 6 x 107" m
approximated accounting for geometric constraints of the MOF compartments!? using the
definition of F, displayed in Figure 2.1 and discussed in Supplementary Information (eq S143).
D
(&) 54
VN,

F, = (S143)

Here, surface area (SA), volume (V), and diffusion path (Ax) are calculated from crystallographic
data of above mentioned MOF’s hexagonal pores, with an average diffusion path (Ax) taken as
half the distance needed to enter the pore.'? Using geometric equations for the surface area and
volume of hexagonal prisms, we estimate F, ~ 1075 71,

Next, applying our kinetic framework for a compartmentalized system, we arrive at the following

equations for the Negishi reaction operating within MOFs.

k- k.C
y = 213%CyzZncCl (5149)
G+ FaCoymed) s + 13)
klkeZFVCArI >
R, = Pd (S150)
! ((fz T aCoyaned) (Fy + o)) P4
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k1k2k3FVCArI CCyZnCl

TOF = (5151)
(a; + F)(f2 + kZCCyZnCl)(f3 + k3)
The expressions for non-compartmentalized y', R,’, and TOF' are as follows.
k,ksC,
V’ — 2"3%CyZncCl (5152)
(kZCCyZnCl + kez)(k3 + ke3)
kike,[Pd]C
1’ — 1 eZ[ ] Arl (8153)
kZCCyZnCl + keZ
kik,k3Cypri C
TOF, 1r2”3%Ari~CyzZncCl (5154)

B (kZCCyZnCl + kez)(k3 + ke3)

Concentrations were set to 1x1073, 1x1072, and 0.1 M for the Pd catalyst, aryl iodied and alkyl
zinc chloride substrates respectively, following literature reports.”!® Applying k; ~ 10 M 57!,
k,~3M's ! ky~5s!, and ko, ~ ko3 ~2x1073 571,10 the Negishi reaction operating within the
specified MOF yields y ~ 1, R, ~ 107" s and TOF ~ 0.2. The homogeneous analogue is predicted
toresultiny ~0.98, R, ~10%s™! and TOF ~ 0.5. This example serves to demonstrate that when
a non-compartmentalized reaction already performs at or near y ~ 1 and moderate TOF, with
deactivation kinetics being much slower than the kinetics of the catalytic cycle,

compartmentalization is not necessary and may even worsen catalytic performance.
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Table S2.1 Expressions for compartmentalized and non-compartmentalized key reaction metrics

Physical Scenarios m¢ Expression Equation number
terms
Y Compartmentalized - kok 1, S64
(fa + k2)(f3 + k3)
Non-compartmentalized — — kyks 6, S85
(ky + kep) (ks + ke3)
R/ Compartmentalized 1 kikeyFZCoatCa 2,851
(ay + Fy)(fz + k) (Fy + kez)
2 2
klkeszcA _FV +'\/F§ +4a1FVCCat 853
(2 + k) (Fy + ke2) 2a,
Non-compartmentalized 1 kikezCearCa 7,S79
k, +k,,
2 kl kez CCatZCA S79
k, +k,,
TOF¢ Compartmentalized 1 kik,ksF,C, 3, S65
(ay + Fy)(f2 + ko) (f3 + ks3) ,
2 k1k2k3CA _FV + '\/FI? + 4a1FVCCat S66
2Ccqc(f2 + k) (fs + k3) 2a,
Non-compartmentalized 1 kik,k3Cy 8, S86
(ky + kep) (ks + ke3)
2 kikok3CoatCa S87

2(ky + Kep) (K3 + Ke3)

2y — reaction efficiency, assesses the ratio of product formation to substrate consumption, ® R; — rate of intermediate outflux/elimination,
assessment of a compartment’s or freely diffusing system’s tendency to lose a key intermediate to diffusion to the bulk and/or

deactivation, ¢ TOF — turnover frequency, product turnovers per unit time normalized to catalyst concentration, ¢ order with respect to
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Cat, denoted as m = 1 or 2, describes first or second order dependence of the oxidative addition step on catalyst concentration. Term a,

is a consolidation of various kinetic and diffusive parameters used for simplicity (equation S31).

66



Table S2.2 Expressions for compartmentalized and non-compartmentalized key reaction metrics for model Ccq¢ torar

Physical Scenarios m‘ Expression Equation number

terms

Y Compartmentalized - kyks 1, S64

(f2 + k) (f3 + k3)
Non-compartmentalized — koks 6, S85
(ky + kez) (k3 + ke3)
R/ Compartmentalized 1 Kok oy FyC, \/W S122
(2 + k) (Fy + kez) Jax (Fy — ay)
Non-compartmentalized 1 kikezCeat totaiCa S130
a,(k, + key)
TOF¢ Compartmentalized 1 kyk,ksC, F, S124
(fz + k)3 + f3) \[CCat,totalaz (Fy —ay)
Non-compartmentalized 1 kik,k;Cy S131

ay(ky + kep) (ks + ke3)

This alternative mathematical model, while arithmetically more complex, treats the concentration of all catalytic species more rigorously
with minimal changes to mechanistic insights compared to the mathematical model used in the main text (compare Figure 2.2B—C,
2.2E-F, 2.3B—C to Supplemental Figures S2.5-2.7). ® y — reaction efficiency, assesses the ratio of product formation to substrate
consumption, ® R, — rate of intermediate outflux/elimination, assessment of a compartment’s or freely diffusing system’s tendency to
lose a key intermediate to diffusion to the bulk and/or deactivation, ¢ TOF — turnover frequency, product turnovers per unit time

normalized to catalyst concentration, ¢ order with respect to Cat, denoted as m = 1 or 2, describes first or second order dependence of

the oxidative addition step on catalyst concentration. Terms a,, a,, and a, are consolidations of various kinetic and diffusive parameters

used for simplicity (equations: a; — S31, a, — S101, a, — S128).
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I,m=2 (

Figure S2.1 Graphical representations of compartmentalized rate of intermediate outflux (R;) as a
function of volumetric diffusive conductance (F},) and logarithm of rate constant for oxidative
addition (k;) for (A) m = 1 and (B) m = 2 both set at rate constants for isomerization/migratory
insertion and competing Cat — A elimination, k, = k., = 1 x 10° s™!, and rate constants for

reductive elimination and competing Cat — B elimination k3 = k.3 = 1 x 10657,
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Figure S2.2 Graphical representations of compartmentalized turnover frequency (TOF) as a
function of volumetric diffusive conductance (F},) and logarithm of rate constant for oxidative
addition (k;) for (A) m = 1 and (B) m = 2 both set at rate constants for isomerization/migratory
insertion and competing Cat — A elimination, k, = k., = 1 x 10° s7!, and rate constants for

reductive elimination and competing Cat — B elimination k3 = k.3 = 1 x 106571,
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Figure S2.3 Graphical representations of compartmentalized rate of intermediate outflux (R;) as a
function of volumetric diffusive conductance (F,) and logarithm of rate constant for
isomerization/migratory insertion (k,) for m = 2 (A) at rate constant for oxidative addition k; =
10 M2 57!, rate constant for Cat — A elimination k,, = 1 x 103 s™!, and rate constant for reductive
elimination and competing Cat — B elimination k3 = k.5 = 1 x 10%s™!. (B) R; as a function of Fy
and logarithm of rate constant for Cat — A elimination (k,,) form=2atk; =10 M 2s7! k,) =

1 x10°s, and kg =k,3=1x10°s7".
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e2’
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Figure S2.4 Graphical representations of compartmentalized turnover frequency (TOF) as a
function of volumetric diffusive conductance (F,) and logarithm of rate constant for
isomerization/migratory insertion (k,) for m = 2 (A) at rate constant for oxidative addition k; =
10 M2 57!, rate constant for Cat — A elimination k,, = 1 x 103 s™!, and rate constant for reductive
elimination and competing Cat — B elimination k3 = k3= 1 x 10°s™!. (B) TOF as a function of
Fv and logarithm of rate constant for Cat — A elimination (k,,) form =2 at k;= 10 M 2s !, k, =

1 x10° s, and k3 = k,3=1 x 10°s71.
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Figure S2.5 Graphical representations of compartmentalized rate of intermediate outflux (R;) (A)
and turnover frequency (TOF) (B) under model Ccqt totq; as a function of volumetric diffusive
conductance (Fy ) and logarithm of rate constant for isomerization/migratory insertion (k,) for m
= 1. Both panels are set at rate constant for oxidative addition k; = 0.1 M™! s7!, rate constant for

Cat — A elimination k,, = 1 x 103 s7!, and rate constant for reductive elimination and competing

Cat — B elimination k3 = k.3 =1 x 105571,
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Figure S2.6 Graphical representations of compartmentalized rate of intermediate outflux (R;) (A)
and turnover frequency (TOF) (B) under model Ccgy to¢qr @s @ function of volumetric diffusive
conductance (F;,) for m = 1. Both panels are set at rate constant for oxidative addition k; =0.1 M!
s !, rate constant for isomerization/migratory insertion and Cat — A elimination k, = k., = 1 X

103 s7!, and rate constant for reductive elimination and competing Cat — B elimination k5 = k3

=1x10%s1.
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Figure S2.7 Comparison between compartmentalized and non—compartmentalized rate of
intermediate outflux (R;) (A) and turnover frequency (TOF) (B) under model Ccqt¢orar as a
function of logarithm of rate constant for isomerization/migratory insertion (k,) for m = 1. Both
panels are set at rate constant for oxidative addition k; = 0.1 M! s7!, rate constant for Cat — A
elimination k,, = 1 x 10% s”!, and rate constant for reductive elimination and competing Cat — B
elimination k3 = k3= 1 x 10%s™!. The compartmentalized trace in both panels are set to volumetric

diffusive conductance (F,) of 320 s7'.

74



02
HO [PA(ID]cat
F

AcHN _ - - - - -

/Ynon-compart << Vcompart =1

R >R
Pd(Il I, non-compart |, compart
[ ( )]cat | TOFnon compart < TOFcompart}

K -
1 7 PdIN] = Pd D

cat

>— NH
>_NH [Pdlth Pd—A
' Q Pl

[Pd]ca

ke3 >_NH l

catuéva = Pd-B|
Inner Tube ~ -

[Pd]deactivated Outer Tube [Pd]deactivated

Figure S2.8 Schematic of compartmentalized palladium catalyzed olefin arylation (Fujiwara-
Moritani, FM, reaction)> 7 operating in a tube-in-tube reactor® used in Supplementary Information.
F, - volumetric diffusive conductance, kq, k,, and k5 - rate constants for catalytic steps of FM,
and k., and k.3 - rate constants for deactivation of palladium species by oxidizing media, BQ -
benzoquinone, HQ - hydroquinone, y - reaction efficiency, R; - intermediate outflux and
subsequent elimination, and TOF - turnover frequency, compart - compartmentalized, non-
compart — non-compartmentalized. Terms Pd, Pd — A, and Pd — B are abbreviations used in the

Supplemental Information.
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Figure S2.9 Schematic of palladium catalyzed olefin arylation (Negishi reaction)*!'? used in
Supplementary Information as a non-compartmentalized and hypothetical compartmentalized
within a MOF system. F}, - volumetric diffusive conductance, k;, k,, and k5 - rate constants for
catalytic steps of the Negishi reaction, and k., and k,; - rate constants for deactivation of
palladium species, Ar - aryl, Cy - cyclohexyl, y - reaction efficiency, R; - intermediate outflux and
subsequent elimination, and TOF - turnover frequency, compart - compartmentalized, non-
compart — non-compartmentalized. Terms Pd, Pd — A, and Pd — B are abbreviations used in the

Supplemental Information.
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Chapter 3. Polyketones from Carbon Dioxide and Ethylene by Integrating
Electrochemical and Organometallic Catalysis

This chapter is a version of Dodge, H. M.; Natinsky, B. S.; Jolly, B. J.; Zhang, H. C.; Mu, Y.;
Chapp, S. M.; Tran, T. V.; Diaconescu, P. L.; Do, L. H.; Wang, D. W.; Liu, C.; Miller, A. J.
M., Polyketones from Carbon Dioxide and Ethylene by Integrating Electrochemical and

Organometallic Catalysis. ACS Catal. 2023, 13, 4053-4059.

Abstract

The utilization of carbon dioxide in polymer synthesis is an attractive strategy for sustainable
materials. Electrochemical CO; reduction would offer a natural starting point for producing
monomers, but the conditions of electrocatalysis are often drastically different from the conditions
of organometallic coordination-insertion polymerization. Reported here is a strategy for
integrating electrochemical and organometallic catalysts that enables polyketone synthesis from
CO: and ethylene in a single multicompartment reactor. Polyketone materials that are up to 50%
derived from CO; can be prepared in this way. Potentiostatic control over the CO-producing
catalyst enables the controlled generation of low-pressure CO, which in conjunction with a
palladium phosphine sulfonate organometallic catalyst enables copolymerization to nonalternating
polyketones with the CO content tuned based on the applied current density.

Introduction

The majority of synthetic plastics, adhesives, and other polymer materials are derived from fossil
fuels. The environmental consequences are significant, as preparation of monomers releases large
amounts of CO; to the atmosphere.'-? To address this challenge, scientists have long sought to

utilize carbon dioxide as the source of carbon (and possibly oxygen) in polymer synthesis (Figure
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3.1A).3 Polycarbonates prepared via copolymerization of CO; and epoxides represent a major
success story in this area.*® Routes from CO; to polyurethanes and polyureas have also been
developed. Chemistry combining CO; and olefins nascent, with CO»/butadiene copolymers (29
wt% CO) representing a recent breakthrough.’!> However, general strategies for accessing high-
performance olefin-based polymeric materials from CO> are lacking.

Polyketone materials!¢-13

attracted our attention as a possible target for improving sustainability in
polymer synthesis. The copolymer of carbon monoxide and ethylene with a perfectly alternating
microstructure (referring to the orientation and ordering of the monomer subunits), poly(1-oxo-
trimethylene), is a prototypical polyketone. Prepared most commonly using molecular palladium
catalysts, poly(1-oxo-trimethylene) materials have many properties associated with attractive
engineering thermoplastics, such as high melting points, excellent impact performance, and sturdy
chemical resistance.!” A few catalysts also produce “nonalternating” polyketones under specific
conditions (elevated temperature, low CO pressure relative to ethylene pressure) that feature
several ethylene units between each carbonyl group.?®2? These materials have lower melting
temperatures and improved solubility, which can enhance processability.” At extremely low CO
incorporation, nonalternating polyketone behaves more like polyethylene, a material for which
mass production infrastructure is already in place.” 8 A recent study demonstrated nickel-catalyzed
CO/CzH4 copolymerization with as little as 0.3 mol% CO content, accessing materials that could
be processed like polyethylene while also featuring facile degradation pathways due to the isolated
ketone functional groups.®

To date, polyketones have been prepared from CO and CoHa, which are industrially sourced from

fossil fuels. This process is typically run under high pressures of CO, which can pose safety

concerns due to its high toxicity. Methods for sustainable CO production have been developed,?-
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25 but there is an opportunity to improve efficiency by developing the fundamental catalysis tools
needed to integrate electrochemical CO> reduction with organometallic polymerization catalysis
(Figure 3.1B). Initial progress has been made in this area, albeit in low pressure applications.?®-28
Often times, however, electrochemical and organometallic catalysts require starkly different
reaction conditions for optimal performance. The electroreduction of CO> typically employs an

aqueous electrolyte at room temperature and 1 bar CO,,%°-3! while palladium-catalyzed polyketone

A Previous: CO, derived polymers
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L, xl sl

B Goal: CO, derived polyketone
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C Our approach: integrated catalysis

Key challenge: bridging
the gap in conditions

CO, reduction zone
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25°C
1 atm

Organic
100 °C

Polyketone synthesis zone

Figure 3.1 Previous non-integrated polyketone synthesis reactions and our proposed

electrochemical/organometallic integrated method.
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synthesis typically utilizes organic solvents at elevated temperatures (>80 °C) and high pressures
(>20 bar).!% 32,33

Polyketone materials in which each carbonyl unit is derived from carbon dioxide are reported here,
accessed through the integration of heterogeneous electrocatalytic CO; reduction to CO and
homogeneous organometallic CO/C2Hs copolymerization catalysis in a multicompartment reactor
(Figure 3.1C). Overcoming incompatibility challenges through reactor design and development of
suitable reaction conditions enables the synthesis of perfectly alternating polyketone that is 50 wt%
CO:x-derived by mass. With a different organometallic palladium complex in the same integrated
catalysis reactor, nonalternating polyketones were prepared with the extent of CO:-derived
carbonyl linkages controlled electrochemically.

Results and Discussion

We began by identifying reaction conditions where electrochemical and organometallic catalysts
could be coupled. The solvent, temperature, and pressure conditions were considered key factors.
Initial studies sought nonaqueous CO: electroreduction using heterogeneous metal electrodes.
High activity and fewer chain transfer events were observed in organic solvents during polyketone
synthesis catalyzed by organometallic Pd complexes, relative to aqueous conditions.!® 32 33
However, data on electrochemical CO generation from CO, in nonaqueous solvents is limited.>*
36 Three polar aprotic solvents were tested: 1,2-dichloroethane (1,2-DCE), 1,2-difluorobenzene
(1,2-DFB), and N,N-dimethylformamide (DMF), all with the addition of 5% v/v methanol (MeOH)
as a proton donor and 0.25 M tetrabutylammonium hexafluorophosphate (TBAPFs) as an
electrolyte (Table 3.1A). A bespoke high-pressure electrochemical reactor capable of supplying
varying pressures of CO; and C,Hs was designed in order to enhance CO yield and limit mass

transport limitations (Figure S1).
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Gold is amongst the most CO selective catalysts in aqueous electrolytes,?”38

so we were surprised
to find that gold sputtered on carbon paper or supported on titanium produced almost no CO in
1,2-DCE, 1,2-DFB, or DMF as quantified by online gas chromatography (GC) (Table S3.1).
Palladium foil showed more promising results for CO; electroreduction in nonaqueous media
(Table 3.1A and S3.1). The Faradaic efficiency for CO; reduction to CO (FEco) after 24 h was
only ca. 1% in 1,2-DFB. Although the FEco increased to 2.5% in 1,2-DCE, this solvent was
problematic because of a competing hydrodechlorination reaction that produced CoHs and CoHe
(observed via GC analysis).>>** DMF with 5% v/v MeOH was more promising, with CO formed
in the 5-19% FEco range. Using DMF without added MeOH led to even higher selectivity, 35-
44% FEco, and extending the reaction time results in ca. 0.5 bar CO produced. These conditions
were chosen for further studies. The FEco in DMF was higher than reports of Pd foil in water
(FEco = 13%)*-#} and similar to Pd foil in methanol (FEco ~ 40%).4!"** Concomitant hydrogen
evolution was also observed in these CO; electrolyses experiments, with faradaic efficiencies
(FEm2) ranging from 1 — 67% depending on the conditions (see Supplementary Information and
Table S3.1 for more details).

Having identified promising conditions for nonaqueous CO generation, we turned to two classic
organometallic CO/C;H4 copolymerization catalysts (Figure 3.2). Some of the first reports of

organometallic polyketone synthesis utilized 1,2-bis(diphenylphosphino)propane (dppp),*> *° s

0
we prepared the cationic palladium methyl complex [(dppp)Pd(Me)(MeCN)][BAr4] (Pd-PP, Arf
is 3,5-bis(trifluoromethyl)phenyl).*® This catalyst produces perfectly alternating polyketone (ca. 1
“mistake” per 10° insertions).*” The neutral catalyst (PO)Pd(Me)(pyridine) (Pd-PO, PO is o-
ArPCsH4SO;3 with Ar being 0-MeO-CgH4) was the first catalyst reported to furnish nonalternating

polyketone.!% 17 Alkyl complexes with weakly bound MeCN and pyridine ligands have been
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shown to initiate polymerization without requiring any chemical activator, and to carry out the

individual polymerization steps at low temperatures.!'® 47

A 0.7 mA/cm?

i

CO, - o]
organic solvent
25°C
Elect- Solvent Time Pco2z Pc2zha FEco Pco
rodes (h) (bar) (bar) (%) (bar)
initial _initial final
Au-Ti DMF 2 8 15 7 0.008
(10% MeQOH)
Pd DMF 3 7 7 19 0.028
(5% MeOH)
Pd DMF 12 7 7 5 0.032
(5% MeOH)
Pd DMF 24 7 7 44  0.531
Pd 1,2-DCE 24 5 5 3 0.002

(5% MeOH)

B Pd-PP or Pd-PO /O
CO + CoHy ——
organic solvent
25°C

mn

Pco  Pc2ha Activity

Catalyst Solvent (bar) (bar) (g mmol" h) Mn (D)
Pd-PO 12-DCE 05 05 0 -
Pd-PO 12-DCE 05 7 0.064 ?15%?
Pd-PO 12-DCE 10 10 0.105 ?1?’%?

DMF

PA-PO o0 05 105 0.27 ;

Pd-PP 12-DCE 05 05 0.197 ;
24160
(2.2)

Pd-PP 12-DCE 05 10 0.166 f%‘;
1930
(1.1)
21370

Pd-PP 12-DCE 10 10 0.819 o

Pd-PP  DMF 05 10 0.43 ;

Table 3.1 Selected experiments independently optimizing reaction conditions for CO:
reduction and copolymerization. (A) Electrochemical CO> reduction in nonaqueous solvent at

low temperature. (B) CO/C>H4 copolymerization in nonaqueous solvent at low temperature.
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Focusing on room temperature copolymerization, we subjected Pd-PP and Pd-PO to a range of
conditions, varying solvent, catalyst loading, and reactant pressures. The findings are summarized
in Table 3.1B and S3.2-S3.4. Polymer is still formed at 0.5 bar each of CO and C>Hs at room
temperature in reactions catalyzed by Pd-PP. In contrast, the neutral catalyst Pd-PO, which
generally exhibits lower activity than Pd-PP, did not form any polymer at 1 bar total pressure. At
0.5 bar CO and 7 bar C;H4, however, appreciable polymerization activity was apparent. Neither
H> nor CO; gas interfered with the copolymerization, confirming that these species presenting
during electrocatalysis do not inhibit the copolymerization. Based on the copolymerization studies,
we targeted 7 bar C2H4 for integration with electrochemical CO generation.

The electrochemical reactor was charged with DMF/TBAPFs electrolyte containing the 5 mM of
Pd-PP or Pd-PO and held at constant current, but formation of Pd black was observed along with
traces of polymer. Cyclic voltammograms collected in DMF with 0.25 M TBAPFs revealed
irreversible reductions for Pd-PP (E,. ~ —2.9 V vs ferrocenium/ ferrocene, Fc¢*/Fc) and Pd-PO
(Epc~—2.48 Vvs Fc'/Fc) (Figure S3.2). These reduction potentials are unfortunately more positive
than what is required to reach 0.7 mA/cm? electrolysis current density for CO production (-3.71
V vs. Fc'/Fe).

To combat the degradation of the polymerization catalyst under CO> reduction potentials, a vial-
in-a-vial approach was adopted as depicted in Figure 3.2. Taking advantage of the intermediate
CO being a gas, the electrocatalytic material and molecular catalyst were physically separated
under a shared headspace in the pressure reactor.

The high-pressure reactor containing DMF and 0.25 M TBAPFs as electrolyte and a vial of DMF
containing Pd-PP was charged with 7 bar COz and 7 bar C2Ha, and a current density of 0.7 mA-cm™

2 was applied for 24 h at room temperature while both chambers were stirred. CO was produced
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Figure 3.2 Synthesis of polyketones from CO; and CoHs. (A) Reaction scheme and catalyst
structures (Ar = 0-MeO-C¢H4). (B) Reactor design showing outer compartment (DMF solution
depicted in blue) with electrochemical components and inner compartment (DMF or 1,2-DCE

solution containing organometallic Pd catalyst, depicted in yellow).

with a similar efficiency to electrolyses in the absence of the polymerization catalyst (37% FEco,
Table S3.5). An off-white precipitate was observed in the vial containing Pd-PP at the end of the
reaction. The solid was isolated, washed with acidified MeOH and characterized by 'H and '*C
nuclear magnetic resonance (NMR) spectroscopy, attenuated total reflectance infrared
spectroscopy (ATR-IR) spectroscopy, and size exclusion chromatography (SEC). NMR analysis
in a 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/CsDs (4:1) mixture revealed the signatures a
perfectly alternating microstructure (>49% CO content), as expected for the type of catalyst
employed.'® ATR-IR spectra for each polymer sample featured a C=0 stretch at 1692 cm’!,
consistent with alternating polyketone (>49% CO incorporation).” In these initial experiments, we

chose DMF for the solvent in both compartments of the reactor. The polymer yield was comparable
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when DMF was used for the electrochemical compartment and 1,2-DCE was employed in the
copolymerization compartment (Table S3.5). The SEC trace (HFIP eluent) and NMR analysis of
the degree of polymerization (DP) show that the polymers produced via integrated catalysis have
similar molecular weight as those produced from CO, with high-dispersity number average
molecular weights (M,) in the range of 4,000-18,000 g/mol and sometimes featuring multimodal
distributions (Table S3.5). The high-pressure electrochemical reactor and reaction conditions
overcome apparent incompatibility to enable the dual electrochemical/organometallic catalytic
synthesis of polyketone that is 50% CO.-derived by weight.

Next, we decided to explore the possibility of electrochemical control over co-monomer
concentration by varying of the applied current density to the Pd foil cathode. Using Pd-PP as the
organometallic catalyst, the applied current density was varied from 0.7 to 0.1 mA-cm2. The yield
dropped as the current density was lowered and Pco decreased (from 0.45 to 0.01 bar, Figure 3.2).
In cases where polymer formed, it was perfectly alternating polyketone (>49% CO incorporation).
Either in the absence of an external applied current or under N> instead of COz, integrated catalysis
with Pd-PP yielded no precipitate. Integrated trials using '*CO; as a pre-monomer yielded a
dramatically intensified 3*C NMR peak at ~212 ppm for the carbonyl carbon of the polyketone
(Figure S45).

The same reactor was next employed for reactions using Pd-PO, a catalyst previously reported to
produce nonalternating polyketones (typical conditions are 110 °C, Pcons = 30 bar, Pco = 5 bar).!”
21, 48,49 The high-pressure reactor was charged with DMF and 0.25 M TBAPF¢ in the main
electrochemical compartment and 1,2-DCE containing Pd-PO in the polymerization
compartment, and pressurized to 7 bar CO2 and 7 bar C;H4. A current density ranging from 0.7 to

0.1 mA-cm~ was applied for 24 h at room temperature. At 0.5 and 0.7 mA-cm2 applied current

87



density, where 0.25-0.5 bar partial pressures of CO were generated, polymers with predominantly
alternating microstructure were produced in integrated catalysis featuring Pd-PO. But at 0.3
mA-cm2 applied current density and below, where the CO partial pressure was as low as 0.002
bar after the reaction, the NMR spectra show signals for multiple repeating C2Hs units diagnostic
of nonalternating polyketone. As the degree of CO incorporation in the polyketone copolymer
decreases, solubility in HFIP decreases, but solubility in 1,1,2,2-tetrachloroethane (TCE)
increases. NMR spectra were thus collected in both HFIP at 25 °C and TCE-d> at 100 °C for
microstructure analysis.

Figure 3 reveals correlated trends in the %CO incorporation determined by NMR spectroscopy
and the C=0 stretches observed by ATR-IR spectroscopy as a function of applied current density
(and CO generated during electrolysis). The polymers ranged from almost perfectly alternating
(>45% CO) when the CO pressure approached 0.5 bar, to very low CO content of 3-6% at less
than 0.01 bar CO. The potentiostat therefore provides a means of fine-tuning the degree of CO
incorporation in the polymer.

The NMR and IR spectroscopic data, along with SEC data showing a monomodal distribution of
polymer molecular weights, point to nonalternating polyketone materials, rather than mixtures of
polyethylene and alternating polyketone. Further support comes from DOSY NMR spectra, which
show that the resonance for CH» repeat units far from ketone groups have the same diffusion
coefficient as the CH: units adjacent to ketone units, confirming they are part of the same
nonalternating polyketone polymer. We prepared authentic samples of both an alternating
polyketone / polyethylene block copolymer and a physical blend of alternating polyketone and
polyethylene produced by these catalysts, and the NMR and IR signatures are distinct (Figure

S3.23). Although Pd-PO does catalyze slow ethylene homopolymerization at room temperature

88



under 7 bar CoHy (Table S3.6), we hypothesize that even the small amounts of CO formed at early
times effectively inhibit any of this potential side reaction. Furthermore, chain end analysis is
consistent with minimal chain transfer, preventing release of polyethylene before CO

incorporation.
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Figure 3.3 CO incorporation (%) and C-O stretching frequency (top) plotted as a function of
the CO partial pressure for catalyst used (botom). The partial pressure of CO is modulated by

the applied current density.

The generation of nonalternating polyketone at room temperature by Pd-PO in the integrated
system was rather surprising. When 0.5 bar CO was used directly in copolymerizations under

conditions similar to integrated catalysis, the %CO incorporation was 47%; even at just 0.1 bar
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(charging 1 bar CO, then 9 bar N> and venting), the material was predominantly alternating
polyketone (44% CO, vco = 1692 cm™). Only at elevated temperatures (80-100 °C), with a 20:1
C>H4:CO ratio, did the CO content drop below 20% (Table S3.4). We attribute the ability to
generate nonalternating polymer to the controlled production of small amounts of CO using
electrochemistry. The integrated system readily produces the very low CO levels needed to access
nonalternating materials in one pot from CO>. Such materials are promising because they are more

readily degraded than polyethylene itself.® 22 50-32

Conclusion

Integrating electrochemical and organometallic catalysis enables the synthesis of CO»>-derived
polyketones. This report provides a blueprint for approaching the challenge of catalyst integration
for seemingly incompatible reaction conditions, using a unique reactor design and systematic
variation of reaction parameters to achieve suitable conditions for co-catalysis. Furthermore,
integrated catalysis produces polyketone materials of variable composition, with the molecular
weight and degree of CO incorporation controlled by the choice of organometallic catalyst and

applied current density, offering new opportunities in sustainable polymer synthesis.
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Supplementary Information

Reagents and Materials

General considerations for reagents and materials. The commercial reagents used in the various
procedures were used as received unless specified. The deionized (DI) water that was used
throughout the experiments came from a Millipore Milli-Q Water Purification System. N,N-
dimethylformamide (DMF) and 1,2-dichloroethane were dried over 3 A molecular sieves for at
least 24 h prior to use. Pd(o-ArPC¢HsSO3)(Me)(pyridine) (Pd-PO, Ar = 0-MeO-C¢H4) was
synthesized according to the literature procedure.! Chloride complex (dppp)Pd(Me)(Cl) (dppp is
1,2-bis(diphenylphosphino)propane) and methyl complex [(dppp)Pd(Me)(MeCN)][BAr!4] (Pd-

PP, Arf is 3,5-bis(trifluoromethyl)phenyl) were synthesized according to literature procedures.?*

Synthesis of [(dppp)Pd(Me)(MeCN)][BAr"4] (Pd-PP). The complex was prepared analogously to
the literature procedure.* A 20 mL vial was charged with (dppp)Pd(Me)(Cl) (0.165 g, 0.290 mmol),
NaBArts (0.257 g, 0.290 mmol), MeCN (0.30 mL), and dichloromethane (10 mL). After being
allowed to stir at room temperature for 15 h, the mixture was filtered and the filtrate was
concentrated under vacuum to yield an orange solid (0.3988 g, 96%) with spectroscopic data

closely matching prior reports.>?

Synthesis of Pd(0-Ar.PCsH4SO3)(Me)(pyridine) (Pd-PO). The complex was prepared analogously
to the literature procedure.! To a solution of 2-[di(2-methoxyphenyl)phosphino] benzenesulfonic
acid (0.506 g, 1.25 mmol) in dichloromethane (5 mL) was added a solution of Pd(NV,N.N',N"-
tetramethylethylenediamine)(CH3)2 (0.318 g, 1.25 mmol) in dichloromethane (5 mL). The cloudy
mixture was stirred at room temperature for 1 h, then pyridine (0.509 mL, 6.29 mmol) was added
via syringe. Upon pyridine addition, the mixture turned a clear pale yellow, and was allowed to

stir for an additional 30 min. The solution was then concentrated under vacuum to a total volume
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of about 5 mL. Diethyl ether (15 mL) was added, resulting in a fine precipitate. The pale yellow
solids were collected by filtration, washed three times with diethyl ether (10 mL), and dried under

vacuum (0.694 g, 91%). The spectroscopic data closely matched prior reports. !
Electrochemical Methods and CO: Electroreduction to CO Studies

Electrochemical methods. Electrochemistry was performed using a Gamry Instruments Interface
1000-E or Biologic VMP3 potentiostat. The electrolyte solution was composed of 0.25 M TBAPFs
dissolved in the organic solvent of choice: DMF, 1,2-dichloroethane (1,2-DCE), or 1,2-
difluorobenzene (1,2-DFB). A custom-designed high-pressure electrochemical reactor (Parr
Instruments) was used (Figure S3.1). The solution volume was 200 mL and the gas headspace
volume was ca. 750 mL (the value used for Faradaic efficiency calculations). The reactor was
pressurized with the desired amount of CO- (and optionally CoHa). A two-electrode configuration
was utilized under constant applied current (Zypp1) and the headspace was sampled before and after
electrolysis using a gas chromatograph (GC). Table S3.1 summarizes the optimization of CO»
reduction in this cell. After the reaction, the electrodes were sequentially rinsed and sonicated in
acetone, DI water, and dilute nitric acid. To determine the potential at the working electrode, a
Ag'/Ag pseudo-reference electrode with a glass frit was added and the output potential was

calibrated versus the ferrocenium/ferrocene reduction potential.

In a representative experiment, the working electrode and counter/reference electrode were both
comprised of Pd foil with an average surface area of ~130 cm?. Constant current electrolysis was
conducted for 24 h under a constant ppi of 90 mA resulting in a current density of 0.7 mA-cm™,
CO; gas (Airgas, 99.999 %) and CoH4 gas (Airgas, 99.9 %) were charged into the high-pressure
reactor such that the total pressure was 14 bar (Pco2/Pcans = 1). The gas headspace of the reactor

was sampled via online detection with a GC before and after electrolysis.
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Gas product quantification from CQO; electrolysis. The gas products of CO; reduction were
quantified via online detection with a GC (SRI 8610C). For electrolyses carried out at 0.5 mA ¢cm™2
or higher, the headspace sample was diluted at a ratio of 5/83 using air to avoid saturating the
detector. The valve oven temperature was set to 175 °C. The carrier gas was argon which was
supplied at a pressure of 15 psi and a flow rate of 40 mL/min. Upon sample injection, the initial
column temperature was held at 50 °C for 1 min, after which the temperature ramp rate was 20
°C/min with a final temperature of 90 °C. The column temperature was held at 90 °C for 3.75 min.
Then, at a ramp rate of 30 °C/min, the temperature was increased to 210 °C. Three columns were
utilized within the GC in the following order: a 0.5 m Haysep-D pre-column, a 2 m MoleSieveSA
column, and a 2 m Haysep-D column. Both a flame ionization detector equipped with a methanizer
(FIDm) and a thermal conductivity detector (TCD) were used for sample quantification. Hydrogen
was supplied to the FID from a H2-100 Hydrogen Generator at a pressure of 20 psi and a flow rate
of 30 mL/min. Air was also supplied to the FIDm at a pressure of 5 psi and a flow rate of 250
mL/min. CO was quantified at a retention time of ~5.45 min on the spectrum obtained from the
FIDm and H> was quantified at a retention time of ~1.25 min on the spectrum obtained from the
TCD. The amount of CO and H» produced was quantified with a standard calibration gas mixture
(0.5 % CO2, 0.5 % CO, 0.5 % Hz, and 0.5 % O3 in Nz). The proton source in CO> electrolyses
experiments with no added H* source is likely adventitious water, which is documented in other
non-aqueous CO; reduction systems.> ¢ Additionally, reports of water content in common organic
solvents prepared over molecular sieves, analogous to this study, show appreciable residual water

by Karl Fischer titrations.”

Cyclic voltammetry of Pd complexes. Cyclic voltammograms of both Pd complexes were collected

on a CH Instruments 630D potentiostat in an argon-filled glovebox. In separate experiments, DMF
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solutions containing 0.25 M TBAPF¢ and either 1 mM Pd-PP or | mM Pd-PO were added to glass
vial equipped with a Teflon cap fitted with electrode and gas inlet/outlet ports. The working
electrode was a 3 mm diameter glassy carbon disc, with a Pt wire counter electrode, a Ag/Ag
pseudo-reference electrode. Voltammograms were collected at scan rates of 50, 100, 200, and 500
mV/s. The reported data are after iR correction. Cyclic voltammograms of ferrocene were also
conducted to calibrate the potentials of Ag*/Ag pseudo-reference electrode. Voltammograms are

shown in Figure S3.2.
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A Outside view of high-pressure reactor B Inside view of high-pressure reactor

gas inlet

stir bar

gas outlet

connection for online GC polymerization vial

C Electrode placement in high-pressure reactor D External electrode connections

working
electrode

Figure S3.1 Photograph of high-pressure reactor fitted with electrochemical feedthroughs for
integrated catalysis. (A) outside view, (B) inside view of reactor, (C) working and counter

electrodes (Pd foil), and (D) external electrode connections.
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Table S3.1 Summary of CO: electrolysis experiments (without an organometallic catalyst
present).

Current

Working  Counter " 3 Time  Temp. Pcor Prota FEco Pco FEn,
electrode electrode  DCVeMt  Additive (:121132) )  (C)  (ary  (bar)® (%)  (banc (%)
Pdfoil  Pd foil 1;(%15 5%MeOH 045 6 25 1 1 ~I5  NAY  ~12
Pdfoil  Pd foil 1;(%15 5%MeOH 045 6 40 1 1 <1 NA  ~4
Pdfoil  Pd foil 1;(%15 5%MeOH 045 6 60 1 1 <1 NA -8
Pdfoil  Pd wire 1;(%15 5%MeOH 120 2 25 5 10 03 00003 25
Pdfoil  FTO® 1;(%15 5%MeOH 070 6 25 5 10 53 0003 1.0
Pdfoil  Pd foil 1;(%15 5%MeOH 070 24 25 5 10 25 0002 17
AuCf AuCt 1;(%15 5%MeOH 070 15 25 8 23 10 <0000l 223
Pdfoil  Pd foil Sﬁ}; 5%MeOH 045 6 25 1 1 ~21  NA  ~Il
Pdfoil  Pd foil Sﬁ}; 5%MeOH 045 6 40 1 1 <1 NA  ~6
Pdfoil  Pd foil Sﬁ}; 5%MeOH 045 6 60 1 1 <1 NA  ~7
Pdfoil  Pd foil Sﬁ}; 5%MeOH 070 2 25 6 12 124 0019 194
Pdfoil  Pd foil Sﬁ}; 5%MeOH 070 24 25 6 12 13 0004 293
Pdfoil  FTO® Sﬁ}; 5%MeOH 070 24 25 6 12 <1 00001 234
AuCf AuCt Sﬁ}; 5%MeOH 070 2 25 8 23 <1 <00001 255
Au-TiE  Au-Tie Sﬁ}; 5%MeOH 070 2 25 8 23 <1 <0.0001 22.1
Pdfoil _Pdfoil DMF _ 5%MeOH 0.0 3 25 7 14 188 0028 315
Pdfoil Pdfoil DMF 5%MeOH  0.70 6 25 7 14 144 0043 451
Pdfoil _Pdfoil DMF _ 5%MeOH 0.0 2 25 7 14 172 0103 584
Pdfoil  Pdfoil DMF  5%MeOH 070 24 25 7 14 79 0095 678
10 % M0
AuTi¢  AuTiéE DMF  +5mM 070 15 25 8 23 75 0056 205
CsCO;
. . 10 %
AwTE  AwTE  DMF 0% 0.70 2 25 8 23 65 0008 357
Pdfoil Pdfoil DMF  S%I0 070 2 25 7 14 53 0032 410
) ) 3%

Pdfoil  Pdfoil DMF S0 070 2 25 7 14 39 0006 47.6
Pdfoill  Pdfoil DMF __ None 070 24 25 7 14 80 0518 09
Pdfoil  Pdfoil DMF __ None 070 24 25 7 14 441 0531 223
Pdfoil  Pdfoil DMF __ None 070 24 25 7 14 346 0493 323

2 CO; pressure reading prior to electrolysis. ® Total pressure reading prior to electrolysis (sum of

CO; and CoHg pressure). “Pressure of CO measured post electrolysis via on-line GC analysis of
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reactor head space. ¢ total CO pressure was unable to be quantified because a flow cell open to air
was utilized for this experiment. ¢ FTO is fluorine-doped tin oxide fAu-C is gold sputtered on

carbon. 8Au-Ti is gold sputtered on titanium.
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Figure S3.2 Cyclic voltammograms of both Pd-PP and Pd-PP copolymerization catalysts. (A)

blank trace (black, no Pd) and 1 mM Pd-PP (light blue) and (B) blank trace (black, no Pd) and 1

mM Pd-PO (orange) at a scan rate of 100 mV/s. (C) 1 mM Pd-PP at scan rates of 50 mV/s (navy

blue), 100 mV/s (light blue), 200 mV/s (purple), and 500 mV/s (light purple) (D) 1 mM Pd-PO at

scan rates of 50 mV/s (red), 100 mV/s (dark orange), 200 mV/s (orange), and 500 mV/s (light
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orange). Glassy carbon working electrode, platinum wire counter electrode, and Ag/Ag" pseudo-
reference electrode. 0.25 M tetrabutylammonium hexafluorophosphate in DMF. Potentials, after

iR compensation, are referenced to the ferrocene/ferrocenium redox couple (Fc/Fc™).
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Figure S3.3 Analysis of high-pressure electrochemical carbon dioxide reduction (CO.) products

carbon monoxide (CO) and dihydrogen (H.) generated at a palladium (Pd) foil cathode over a 24

hour time period at a constant current density of 0.7 mA-cm=. (A) The CO partial pressure (red)

and the respective Faradaic efficiency for CO (blue) upon sampling every 4 h. (B) The H. partial

pressure (purple) and the respective Faradaic efficiency for Hz (green) upon sampling every 4 h.

The gas headspace was characterized and quantified with a gas chromatograph. The working

electrode and counter/reference electrodes are both Pd foil. The electrolyte solution is comprised

of 0.25 M tetrabutylammonium hexafluorophosphate dissolved in DMF.
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Figure S3.4 Latimer diagram featuring the experimentally observed reduction potentials of the

two Pd complexes utilized (Pd-PO and Pd-PP) alongside the experimental potentials at the

working and counter electrodes at each current density applied during the integrated catalysis

reactions.
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Figure S3.5 (A) GC-FIDm, (B) GC-TCD, and (C) potential vs. time trace from constant current

electrolysis at 0.7 mA cm 2 for 24 h with Pd foil working and counter/reference electrodes in 0.25

M TBAPF¢ in DMF integrated with Pd-PO in 1,2-DCE under 7 bar CO and 7 bar C;Ha. (D) GC-

FIDm, (E) GC-TCD, and (F) potential vs. time trace from constant current electrolysis at 0.1 mA

cm 2 for 24 h with Pd foil working and counter/reference electrodes in 0.25 M TBAPFs in DMF

integrated with Pd-PP in DMF under 7 bar CO and 7 bar CoHa.
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Polymerization Catalysis Methods and CO/C2Hs Copolymerization Studies

Catalytic CO/C>H4 copolymerization. In a nitrogen-filled glovebox, a 5 mM stock solution of Pd
catalyst was prepared in the solvent of choice. Aliquots (1 mL) of the stock solution were
transferred to 2 mL vials via syringe (3-5 vials in total). The vials were sealed with caps that have
pre-cut septa designed to allow gas to enter upon pressurization, and placed in a Catl8 high
pressure reactor (HEL Group). The reactor was sealed and brought outside the glovebox. The
reactor was placed on a heating/stirring plate and connected to a high-pressure gas manifold
equipped with CO, C>Hs, and N> gas lines. CO was added to the desired pressure first. To reach a
CO pressure of 0.5 bar, the reactor was first pressurized to 20 bar with carbon monoxide and
nitrogen (10 bar each) and then vented to atmospheric pressure. To reach a CO pressure of 0.1 bar,
the reactor was first pressurized to 10 bar CO and vented three times, ending with a vent to 1 bar
CO. Then, the total pressure was brought to 10 bar using N> (Pn2 = 9 bar), and vented back to 1
bar (0.1 bar CO, 0.9 bar N2). Once the desired CO pressure was reached, the reactor was
pressurized with C2Hy gas. To end the reaction, the reactor was vented to atmospheric pressure and
the vials were retrieved. The contents of the vials were combined into a single scintillation vial.
MeOH (10 mL) and 35% HCI (0.6 mL) were added and the mixture was stirred vigorously for at
least 4 h. The solids were then collected by vacuum filtration and dried under vacuum.

NMR spectroscopic characterization of copolymers. 'H NMR and C{'H} NMR spectra were
recorded on Bruker AV400 or 500MHz spectrometers. Chemical shifts for protons are reported in
parts per million (ppm) relative to tetramethylsilane, referenced using the residual protio solvent
resonances. Isolated polymer samples were analyzed by 'H and 3C{'H} NMR. Polyketone
samples were dissolved in a 4/1 mixture of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) / CsDs and

the data was acquired at 298 K. If the sample was not fully soluble or if resonances associated with
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multiple ethylene insertions were apparent, additional samples were prepared in 1,1,2,2-
tetrachloroethane-d> (TCE-d2) and the data was acquired at 100 °C. The percentage of CO
incorporation (%CQO) was quantified by '"H NMR spectroscopy in TCE-d; at 100 °C according to
reported procedures,® as described in Figure S3.14, except as noted (i.e. for samples that were
perfectly alternating). Chain ends were apparent in most NMR spectra, providing additional insight
into the polymerization reactions. Triplets at 1.12 and 0.95 ppm (TCE-d>), or at 0.82 and 0.74 ppm
(HFIP/CgDg), are assigned as ethyl ketone —C(O)CH2CH3 and n-alkyl -CH>CH>CH>CH3 groups,
respectively. These are noteworthy for being most likely formed by protonolysis of a PdA-CH>CH2R
species during acidic workup, thereby providing evidence of good catalyst control over the
polymerization. This would also suggest that the other chain end is the methyl ketone —C(O)CH3
group coming from initiation by the Pd—CH3 complex, and a singlet at ca. 2.45 ppm consistent
with this assignment is present in HFIP/CsDs spectra. Alkene chain ends derived from -hydrogen
elimination chain transfer were only observed in a few samples from CO/C;H4 copolymerization
run at high temperature. Copolymerization both from CO and CO: in the integrated reactor led to
spectroscopically similar materials, with analogous chain ends, indicating similar control in each
reaction. When the polymerization is controlled, NMR spectroscopy can be used to obtain the
degree of polymerization (DP) and thus provide a secondary estimate of M,. Equation S1 can be
used to determine the DP, using the ratio of integrals of the in-chain signals and the two chain end
signals (Figure S3.6). For alternating polyketone samples, the DP equation simplifies considerably
because only the polyketone signal and ethyl ketone chain end are present. Although the DP
calculations rely on assumptions, and are thus considered estimates, NMR analyses of several
representative samples aligned nicely with the M, values determined by size exclusion

chromatography.
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_(2:0.2514)+(2:0.5:1)+(0.5:1¢)+(0.251p) = (0.66'Icg1)—(0.66-IcE2)
(0.33I¢g1)+(0.33-I¢cE2)

DP (S1)

Where /4 is the integral of the -C(O)CH:>CH:>—unit, /g is the integral of the first bridging methylene
that links polyketone and polyethylene runs, Ic is the integral of the second methylene that links
polyketone and polyethylene runs, Ip is the integral of the -CH>CH»— unit, Icg;1 is the integral of
the methyl of the ethyl ketone chain end —C(O)CH2CH3, and Ick2 is the integral of the methyl of
the n-alkyl chain end, -CH>CH>CH,CH;. 'H-'H COSY spectra reveal the chain-end methylene
quartets to be under peaks B (CE1) and C (CE2), so the integration of these peaks is subtracted in
eq S1. Figure S14 shows the assignments. Equation S2 can be used to determine the M, from NMR

analysis.

M, (NMR) = (DP) (28.01 ﬁ) (%C") + (DP) (28.05 ﬁ) (1 %CO) +(29.06 -2 +15.03-2) (S2)

100 100

Where DP is the degree of polymerization (number of enchained monomer units) from eq S1, and
%CO is determined as described above and in Figure S3.14, and the final term represents the mass
of the methyl and ethyl chain end groups. A few representative samples were examined using
equations S1 and S2 to compare M, from NMR and SEC: Sample A from Table S2 has M, of 6380
g/mol from SEC, and NMR from analysis has a DP of 228 and M, of 6430 g/mol. Sample K from
Table S2 has M, of 3580 g/mol from SEC, and from NMR analysis has a DP of 86 and M, of 2450
g/mol. Sample PO-1 from Table S5 has M, 1260 from SEC, and from NMR analysis has a DP of
25 and M, of 744 g/mol.

Infrared spectroscopic analysis. Attenuated total reflectance-infrared spectroscopy (ATR-IR) was
employed to observe the C-O stretching frequency in the polymer. ATR-IR spectra of polymers
were acquired on a ThermoScientific Nicolet iS5 with germanium ATR attachment or Bruker

Alpha with diamond ATR attachment. The IR stretches of ketones reflect the density of carbonyl
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moieties in the polymer chain.” Non-alternating polyketones with low CO content exhibit shifts
around 1712 cm™!, whereas alternating polyketones exhibit a shift of 1692 cm™!.

Size exclusion chromatography (SEC) polymer characterization. Size exclusion chromatography
(SEC) for alternating polyketone samples was performed at 40 °C using an Agilent Technologies
1260 Infinity Series liquid chromatography system (G1310B isocratic pump, GI1329A
autosampler, G1316A column compartment, G1362A refractive index detector). The system was
equipped with one Agilent HFIPgel guard column (PL HFIPgel Guard, 50 x 4.6 mm, 9 pm) and
two Agilent HFIPgel HPLC columns (PL1514-5900HFIP, 4.6 x 250 mm, 9 pm). Experiments were
run using a solution of 20 mM sodium trifluoroacetate (CF3COONa) dissolved in HFIP as the
mobile phase at a flow rate of 0.300 mL-min~!. Column calibration was performed with narrow-
dispersity poly(methyl methacrylate) (PMMA) standards. SEC for non-alternating polyketone
samples was performed using a Malvern high-temperature GPC instrument equipped with
refractive index, viscometer, and light scattering detectors at 150 °C with 1,2,4-trichlorobenzene
(stabilized with 125 ppm BHT) as the mobile phase. A calibration curve was established using
polystyrene standards in triple detection mode. All molecular weights reported are based on the

triple detection method.

A
Ar CHy Ehz CH—| +
0 oo AN

5 mM [Pd] Pd

/ N\ Pd

CO+ CHf ———— 0=38—"0 N7 / \NCCH

1,2-DCE, I | e’ s
25°C, 24h n — 2

Pd-PO Pd-PP

Table S3.2 Reaction outcomes and polymer characterization for CO/C2Hs copolymerization in
1,2-DCE at 25 °C.

Pco Pcans Polymer Activity

o,
Catalyst Sample (bar) i) yield () (g mmol” h") M., %CO b
I 0.5 0.5 0 0
K 0.5 7 0.023 0.064 3580 >49 ° 1.8
G 0.5 10 0.018 0.029 3250 49.0* 1.9
Pd-PO
E 0.5 20 0.037 0.062 4120 45.6° 3.0
C 5 10 0.062 0.103 4810 >49? 1.5
A 10 10 0.063 0.105 6380 >49? 1.5
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L 0.1 7 0.0057 0.0159 - 43.6 :
7 05 05 0.118 0.197 : >49° :
20416 s
H 0.5 10 0.099 0.166 070 >49 1.0
1930 L1
Pd-PP 2863 >49° 22
F 0.5 20 0.085 0.142 0 O
4300 :
D 5 10 0.461 0.769 10950 >49° 5.8
B 10 10 0.491 0.819 20137 >49° 73

2 The %CO incorporation calculated from the '"H NMR spectrum at 25°C in HFIP.
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Figure S3.6 '"H NMR spectrum of sample A from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C), highlighting

118.45 1 =—
=

20 15 10 05 0.

N
w

the chain end signals used for calculating degree of polymerization.
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Figure S3.7 BC{'H} NMR spectrum of sample A from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Figure S3.8 'H NMR spectrum of sample B from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Figure S3.9 BC{'H} NMR spectrum of sample B from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Figure S3.10 '"H NMR spectrum of sample G from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Figure S3.11 *C{'H} NMR spectrum of sample G from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Figure S3.12 '"H NMR spectrum of sample H from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Figure S3.13 BC{'H} NMR spectrum of sample H from Table S3.2 (4:1 HFIP/C¢Ds, 25 °C).
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Table S3.3 Compatibility testing and optimization of CO/C,H4 copolymerization.

10 mM [Pd] o
additive
CO + CyH, M
solvent
n
. Reaction = poi  Peo P Yield Activity
s Sl e tzll?)e (bar) (bar)  (bar) (bar) (mg) (g'mmol Pd~"-h")
Pd-PO 1,2-DCE 40 2 0.5 10.5 0 0 22.5 0.75
Pd-PO 1,2-DCE 40 2 1 11 1 0 26.9 0.45
Pd-PO 1,2-DCE 40 2 1 10 10 0 32.6 0.54
Pd-PO 1,2-DCE 40 2 1 11 11 1 33.0 0.55
Pd-PO? 1,2-DCE 25 24 0.5 10.5 0 0 45.0 0.08
Pd-PO 1,2-DCE 40 24 0.5 10.5 0 0 123.3 0.17
Pd-PO 1,2-DCE 25 24 0 10 0 0 101.5 0.28
Pd-PO? 1,2-DCE 60 3 0/10° 10 0 0 279.2 6.2
Pd-PO 1,2-DFB 40 2 0.5 10.5 0 0 9.1 0.3
Pd-PO DMF 40 2 0.5 10.5 0 0 16.0 0.27
Pd-PP? DMF 25 24 0.5 10 0 0 102.0 0.43

2 Carried out at 5 mM Pd. ® After 1 h at 60 °C with 10 bar C2Hs and 0 bar CO, 10 bar CO was
introduced (while maintaining 10 bar C2Hs) and the reaction was allowed to run for 2 h at 60 °C.

Table S3.4 Temperature dependence of CO/C2H4 copolymerization by Pd-PO.

5 mM [Pd] Q
CO + CoHy4
0.5bar 105bar  1+2-DCE Mn
sy e (1) i) (g mlﬁ(c):i;i(;}fl h) inco(?;)(i‘(:tion " C(?lrls'tl;etCh
K 25 24 0.08 47 1688
L 40?2 24 0.17 30
M 60 24 0.53 28 1704
N 802 2 1.73 19
0) 100 2 13.7 6.3 1711
210 mM Pd
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% CO incorporation = 2QA+2B+C+D
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Figure S3.14 '"H NMR spectra of non-alternating polyketone sample N from Table S3.4. Left:
spectrum collected in HFIP/CsDs (4:1) mixture at 25 °C. Right: spectrum collected in TCE-d; at
80 °C. As CO incorporation decreases, polyketones become less soluble in HFIP and more soluble
in 1,1,2,2-tetrachloroethane with heat. As the figure highlights, inaccurate % CO incorporation

values will be obtained in HFIP for non-alternating polyketones.
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Figure S3.15 '"H NMR spectrum of sample K from Table S3.4 in 4:1 HFIP:C¢Ds at 25 °C.
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Figure S3.16 '"H NMR spectrum of sample K from Table S3.4 in TCE-d; at 80 °C.
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Figure S3.17 '"H NMR spectrum of sample M from Table S3.4 in TCE-d; at 80 °C.

120



5 mM [Pd]
CO + CoHf ——0m——

1,2-DCE,
80°C, 2h
J / S J
D
A
N
! B ¢
g9 8
NI -
\ ! !
T T T .
8 3 g @
— o = <~

34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 02
H

Figure S3.18 'H NMR spectrum of sample N from Table S3.4 in TCE-d; at 80 °C.
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Figure S3.19 'H NMR spectrum of sample O from Table S3.4 in TCE-d; at 80 °C.
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Figure S3.20 '"H NMR spectrum of polyethylene from Table S3.3 in TCE-d. at 100 °C.
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Figure S3.21 'H NMR spectrum of block-polyethlene-block-alt-polyketone from Table S3.3 in
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TCE-d; at 100 °C.
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Figure S3.22 '"H NMR spectrum of a blend of polyethylene and alternating polyketone in TCE-d,

at 100°C. The blend was made manually by mixing two separate polymer samples.
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Figure S3.23 Stack of '"H NMR spectra in TCE-d: at 100 °C showing (from bottom to top): non-
alt-polyketone, polyethylene, block-polyethlene-block-alt-polyketone, a blend of polyethylene and

alt-polyketone, and alt-polyketone. The top spectrum of alt-polyketone was collected in 4:1

HFIP:CsDg at 25 °C.
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Figure S3.24 ATR-IR spectrum of sample K from Table S3.4.
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Figure S3.25 ATR-IR spectrum of sample M from Table S3.4.
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Figure S3.26 ATR-IR spectrum of sample O from Table S3.4.
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Integrated Catalysis Methods

Integrated catalysis combining electrochemical CO: reduction and CO/C2H+ copolymerization.
Electrolysis measurements were performed using a Gamry Instruments Interface 1000-E or
Biologic VMP3 potentiostat. The integrated reaction utilized the high-pressure reactor fitted with
electrochemical feedthroughs (Figure S3.1 above), with an additional glass vial to house the
polymerization catalyst solution (Figure S3.1B). The electrolyte solution was composed of ca. 200
mL 0.25 M TBAPFs in DMF, from which gaseous electrolysis products may diffuse out of and
into the polymerization vial. Both the high-pressure reactor and polymerization vial were
positioned carefully to allow stirring, while preventing the larger stir bar in the electrolyte from
hitting the polymerization vial. In a typical experiment, a two-electrode cell was used. The working
and counter/reference electrodes were both Pd foil with an average surface area of ~130 cm?. The
constant current electrolysis was conducted for 24 h under a constant Zapp1 of 90 mA resulting in a
current density of 0.7 mA-cm™2. For current densities of 0.5, 0.3, 0.2, and 0.1 mA-cm™ the applied
current was 65, 39, 26, and 13 mA, respectively. The polymerization vessel contained 5 mM of the
Pd complex dissolved in either DMF or 1,2-DCE. CO» gas (Airgas, 99.999 %) and C,H4 gas
(Airgas, 99.9 %) were charged into the high-pressure reactor such that the total pressure was 14
bar and Pco2/Pcans = 1. Control experiments were conducted with N> in place of CO; at the same
total pressure, but Pn> = 5 bar and Pcons = 9 bar. The gas headspace of the reactor was sampled via
online detection with a gas chromatograph before and after electrolysis. After the reaction, the Pd
foil electrodes were sequentially rinsed and sonicated in acetone, DI water, and dilute nitric acid.
Upon completion of the integrated catalysis, the contents of the polymerization compartment were
transferred to a 50 mL centrifuge tube, and 15 mL of methanol and 3 mL of concentrated

hydrochloric acid (HCI) were added. This mixture was sonicated overnight to facilitate the
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dissolution of Pd and then the mixture was centrifuged at 7500 rpm for 15 min using a Thermo
Scientific Sorvall ST 8 Centrifuge. Once the solid was concentrated to the bottom of the tube, the
supernatant was discarded. The process of solid suspension and centrifugation was repeated 3 more

times. The resulting off-white precipitate was collected and dried under vacuum overnight.

Synthesis of 3C labeled polyketone using °CO,. A high-pressure reactor fitted with
electrochemical feedthroughs was purged with nitrogen at least five times to remove air from the
setup, leaving 1 bar N, was left in the reactor. The reactor was charged with 7 bar 1*C-labeled CO».
The reactor was continuously stirred during this time until no pressure dropped after stopping
3CO; input. After *CO; saturation, the reactor was charged with 7 bar C,Hs, and the total pressure
in the reactor reached 15 bar. Galvanostatic electrolysis (to 210 C) at 0.7 mA-cm~2 and 25 °C was
applied to the reactor, after which time the reactor was kept stirring for 24 h without any current
passed. The reaction was worked up as described for other integrated catalysis experiments and

analyzed by 'H and 3C {'H} NMR spectroscopy.

Table S3.5 Polyketone samples made from CO»/C,H4 (using integrated catalysis).

PO-1 0.7 0.466 38.7 16.2 (1?2(1_3,85) 39.1 1692 36.2 (11276?)
PO-2 0.7 0.517 42.9 29.2 (1?2(1_3,85) 61.5 1692 45.3 (1263§)
PO-3 0.7 0.315 26.2 24.3 ggl-\flg 29.2 1691 >49 2 (1152?)
PO-4 0.5 0.254 29.5 25.0 (1?2(1_3,85) 35.5 1692 42.1 740 (2.49)
PO-5 0.3 0.133 24.9 22.5 (1?2(1_3,85) 29.0 1695 22.1 -
PO-6 0.3 0.133 17.1 48.5 (1?2(1_3,85) 22.5 1692 31.8 -
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Pd-PO

PO-7 0.3 0.08 14.1 27.5 (1,2-DCE) 130 1695 15.0 -
Pd-PO
PO-8 0.2 0.058 14.6 374 (1,2-DCE) 19.0 1707 20.3 -
Pd-PO 5030
PO-9 0.15 0.032 12.4 37.2 (1,2-DCE) 84.0 1697 18.5 (1.78)
Pd-PO
PO-10 0.1 0.002 0.9 24.7 (1,2-DCE) 47.1 1709 5.8 -
Pd-PO 1250 (1.3
PO-11 0.1 0.006 34 58.7 (1,2-DCE) 26.3 - 43 0)
Pd-PO
PO-12 0.1 0.008 6.2 21.2 (1,2-DCE) 34.0 1713 3.1 -
Pd-PO 4630
PO-13 0 0 - - (1,2-DCE) 39.0 none 0 (1.18)
18120
(1.60)
Pd-PP a 4880
PP-1 0.7 0.370 30.7 38.5 (DMF) 278.9 1692 >49 (1.07)
2060
(1.07)
Pd-PP a 6170
PP-2 0.7 0.234 19.5 14.7 (1,2-DCE) 110 1692 >49 (1.66)
Pd-PP a
PP-3 0.2 0.031 8.0 36.6 (DMF) 15.3 1691 >49 -
Pd-PP a
PP-4 0.2 0.063 18.2 21.5 (1,2-DCE) 2.1 1692 >49 -
Pd-PP
PP-5 0.1 0.0021 1.24 51.6 (DMF) 0 - - -
Pd-PP
PP-6 0.1 0.0047 2.7 66.4 (DMF) 0 - - -
Pd-PP .
b . a _
PP-7 0.7 0.224 32.7 13.2 (DMF) 1.5 >49

2 The %CO incorporation calculated from the '"H NMR spectrum at 25°C in HFIP. ® 1*CO; used in

electrolysis to make 1*CO
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Table S3.6 Integrated catalysis control experiments.

Polymerization catalyst

Gas Current density . Protal Pco FEco  Polymer yield
Ent . lvent
niry mixture (mA/cm?) co(l::;);:::lmgrll t) (bar) (bar) (%) (mg)
1 CO2+ C2Hy 0.7 None (DMF) 14 0422  35.0 0
2 CO2+ C2Hy 0 Pd-PP (DMF) 14 0.0 0.0 0
3 N2+ CoHy 0.7 Pd-PP (DMF) 14 0.0002  0.01 0
4 CO2+ C2Hy 0.7 None (1,2-DCE) 14 0.471 39.2 0
39.0
5 CO2+ C2Ha4 0 Pd-PO(1,2-DCE) 14 0.0 0.0 (polyethylene)
6 N2+ C2Ha 0.7 Pd-PO (1,2-DCE) 14 0.0001 0.01 253
(polyethylene)
7¢ CO2+ C2Hy 0.7 Pd-PO (n/a) 25 0.083 2.2 2.1

‘Pd-PO was dissolved directly in the electrolyte solution, in contact with Pd electrodes.
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Figure S3.27 'H NMR spectrum of polyketone sample PO-1 from Table S3.5 in 4:1 HFIP:CsDs at

25 °C.
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Figure S3.28 3C{!H} NMR spectrum of sample PO-1 from Table S3.5 in 4:1 HFIP:C¢Ds at 25

°C.
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Figure S3.29 'H NMR spectrum of polyketone sample PO-1 from Table S3.5 in TCE-d, at 100
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Figure S3.30 'H NMR spectrum of polyketone sample PO-2 from Table S3.5 in 4:1 HFIP:CsDs at

25 °C.
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25 °C.
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Figure S3.33 3C{!H} NMR spectrum of sample PO-3 from Table S3.5 in 4:1 HFIP:C¢Ds at 25

°C.

CE-Me-1

acetone

CE-Me-1 CE-Me-2

N v

oo
T

26 24 22 20 18

1H
Figure S3.34. 'H NMR spectrum of polyketone sample PO-4 from Table S3.5 in TCE-d> at 100
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Figure S3.35 'H NMR spectrum of polyketone sample PO-5 from Table S3.5 in TCE-d, at 100

°C.

CE-Me-1

B CE-C(O)Me
o 3
D
A C
X B © CE-Me-1 CE-Me-2
T8 - 5 2
N | -
1 ' L
T T . e
8 b 8 =
- (=} - ~

40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04 02 00
1H

Figure S3.36 'H NMR spectrum of polyketone sample PO-7 from Table S3.5 in TCE-d, at 100

°C.

134



CE-Me-1

CE-Me-2 A/n CE-C(O)Me
m B CE-C(O)Me

ANy S

1x10°

water L1107
g
CE-Me-2 o
{2.74,6.40e_06} {2.46,6.40e 06} {1.62,6.40e_06} 1 34,6.40&06@0.96.6 40e-06p 1107
@ (1.12%.40e 06} “

CE-Me-1
A B C D
L1x10°°
L1x10”7

314333231302928272625242322212019181716151413121110090.80.7060.5
H

Figure S3.37 2D DOSY NMR spectrum of polyketone sample PO-7 from Table S3.5 in TCE-d>
at 100 °C.
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Figure S3.39 2D DOSY NMR spectrum of polyketone sample PO-9 from Table S3.5 in TCE-d>

at 100 °C.
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°C.

136



CE-Me-1 Wk
CE-Me-2 A/n CE-C(O)Me
c B CE-C(O)Me

1x10?

F1x10*
CE-Me-2 3
(0 ‘ 2.42,6 40&06)@ {1 52 6. iie 06} @1 34 E 40, 06) pixt g
640e06} h

B D CE- Me-
1x10®
1x107

42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 06 04
1H

Figure S3.41 2D DOSY NMR spectrum of polyketone sample PO-12 from Table S3.5 in TCE-d

at 100 °C.
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Figure S3.42 'H NMR spectrum of polyketone sample PP-2 from Table S3.5 in in 4:1 HFIP:C¢Ds

at 25 °C.
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Figure S3.43 'H NMR spectrum of polyketone sample PP-3 from Table S3.5 in in 4:1 HFIP:C¢Ds
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Figure S3.44 'H NMR spectrum of polyketone sample PP-7 from Table S3.5 in in 4:1 HFIP:C¢Ds
at 25 °C (from *CQO»).
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Figure S3.46 ATR-IR spectrum of sample PO-1 from Table S3.5.
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Figure S3.47 ATR-IR spectrum of sample PO-3 from Table S3.5.
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Figure S3.49 ATR-IR spectrum of sample PO-9 from Table S3.5.
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Figure S3.50 ATR-IR spectrum of sample PO-12 from Table S3.5.
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Figure S3.51 ATR-IR spectrum of sample PO-13 from Table S3.5.
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Figure S3.52 ATR-IR spectrum of sample PP-1 from Table S3.5.
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Figure S3.53 ATR-IR spectrum of sample PP-2 from Table S3.5.
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Figure S3.54 ATR-IR spectrum of sample PP-3 from Table S3.5.
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Figure S3.55 ATR-IR spectrum of sample PP-4 from Table S3.5.
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Figure S3.56 SEC trace for sample PO-1 from Table S3.5.
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Figure S3.57. SEC trace for sample PO-2 from Table S3.5.
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Figure S3.59 SEC trace for sample PO-4 from Table S3.5.
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Figure S3.61 SEC trace for sample PO-13 from Table S3.5.
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Figure S3.62 SEC trace for sample PP-1 from Table S3.5.
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Chapter 4. Integrated electrochemical CO: reduction and hydroformylation
This chapter is a version of Jolly, B. J.; Pung, M. J.; and Liu, C., "Integrated electrochemical

CO; reduction and hydroformylation." Dalton Trans. 2024. DOI: 10.1039/d4dt00423;.

Abstract

The development of integrated multi-catalyst processes has become of high interest to transform
abundant feedstocks or environmental pollutants to commodity chemicals in a one pot, one pass
fashion. Specifically, CO2 poses a large environmental burden and would thus be a desirable,
relatively abundant C1 source in multi-step synthetic chemistry. Herein we disclose the synthesis
of aldehydes from CO, via the integration of electrochemical CO, reduction (CO2RR) and
hydroformylation, taking advantage of the typically unwanted concomitant hydrogen evolution
(HER) to generate the necessary CO and H; needed for hydroformylation. Though typical
hydroformylation catalysts based on Rh would be deactivated under CORR conditions, we
circumvent this limitation by spatially segregating our CO2RR and hydroformylation systems in a
vial-in-vial reactor, while allowing CO and H; transport between catalyst sites. In this manner,
97% aldehyde yield from CO>RR and styrene was achieved selectively using a classic
homogeneous hydroformylation catalyst in HRh(CO)(PPh3)s, and 43% aldehyde yield was
obtained using a heterogenized version of this Rh catalyst onto mesoporous silica. This work not
only repurposes undesired HER in CO;RR and prepares aldehydes from CO> without added Hoa,
but expands the scope of processes that transform feedstocks all the way to commodity chemicals

in a one pass manncr.
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Introduction

The development of cascade, tandem, or integrated catalytic processes wherein multiple catalysts
carry out simultaneous or sequential transformations without any intermediary work up have
attracted significant attention in recent years.!'!'® Such processes present the opportunity to
transform abundant feedstocks and/or prevalent environmental pollutants to commodity
chemicals, while obviating time and resource wasteful purifications or various work up. To this
end, numerous multi-catalyst systems operating in concert have emerged in recent years. Seminal
examples of such systems include tandem Co and Rh based alkyne hydration and asymmetric

11,12

transfer hydrogenation, and three step conversion of CO2 to CH3OH synthesis via two separate

Ru catalysts and a Lewis acid site in a metal organic framework, '3 14

amongst others. Though this
field is relatively in its infancy, it presents an exciting area of research that may positively influence
chemical manufacturing at the industrial scale in the near future.

One common pitfall of multi-catalyst systems is often catalyst-catalyst, substrate-substrate,
catalyst-substrate interference, or some combination thereof.! Such limitations may be
circumvented by spatial control, wherein incompatible species of a multi-catalyst process may be
co-localized, yet spatially segregated to avoid interference with one another. Catalyst may be co-
localized either in the same reaction medium, or in separate compartments of an integrated setup
in different mediums. While the former presents challenges in overcoming differences in optimal
compatibility, it presents little concern for transport limitations as species are in the same medium.
The latter avoids a requisite of compatible conditions but poses a potential hurdle in transport
limitations between catalysts in different mediums. This may be avoided with judicious catalyst

co-localization or additional means of transport such as flow chemistry. Nonetheless, catalyst

integration via spatial control remains attractive for multi-catalyst processes.
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Our lab, in collaboration, previously reported the integration of electrochemical CO> reduction
(CO2RR) to polyketone synthesis enabled by spatial separation of the CO2RR and polyketone
catalysts.!> This was achieved without interference between CO,RR and polyketone formation
sites by localizing the catalysts for each process in separate compartments within one reactor.
Relying on the gaseous nature of the intermediate CO between the two processes, CO:
incorporation into polyketones was observed for the first time enabled by spatial control, with
control over polymer microstructure via applied current density. Encouraged by this work, we were
motivated to apply our spatially controlled integrated catalysis platform to construct additional
multi-catalyst processes via spatial control to utilize CO; in chemical synthesis, as well as study
the role of spatial separation in such processes. Much progress has been made in the field of
electrocatalytic CO: reduction spanning catalyst, electrode and reactor design, to interfacial CO»
transport processes, amongst other topics.!®2° However, a major challenge in CO2RR is
concomitant hydrogen evolution (HER), one which was prevalent in our prior work. Thus, a

significant focal point in CO2RR research has been the development of methods to prevent HER.

153



A. Targeted integrated reaction B. Vial-in-vial reactor design
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Figure 4.1 Integrated electrochemical CO; reduction (CO2RR) and hydroformylation with

a homogeneous and heterogeneous Rh catalyst (A), and spatial control of Pd and Rh sites

for CO2RR and hydroformylation respectively in a vial-in-vial reactor (B).

We posit that such CO and H: evolution from CO2RR may actually be useful in transformations
that use syngas. Though great work towards hydroformylation fueled by CO, hydrogenation or
electroreduction to CO and H, have been reported,””? they often employ high
temperature/pressure and additionally may require the handling of Hz, or only have moderate
aldehyde selectivity. Though we note some groups have remarkably generated the necessary CO,
Ho, and ethylene required for hydroformylation towards propionaldehyde.?® 32 An electrochemical
approach to generating the necessary CO and H; from CO;RR utilizing a classic Rh based
hydroformylation catalyst can operate at less harsh conditions for both the electrochemical and
thermochemical processes, selectively producing the desired aldehyde products. Further,

electrocatalysis may soon be solar powered as the development of sunlight to electricity converting
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devices continue to advance, potentially improving the sustainability of an electrochemical rather
than thermal approach.?

Here, we report the re-purposing of the typically undesired HER in CO2RR systems to provide the
necessary equivalents for the synthesis of aldehydes via hydroformylation in an integrated
catalysis fashion (Figure 4.1A). We employ a vial-in-vial reactor design (VIV, Figure 4.1B)
wherein CO from CO2RR and H» from adventitious H" are generated in one component of a high
pressure reactor, then allowed to diffuse into another component (vial) for the synthesis of
aldehydes. Both a classic homogeneous Rh based hydroformylation catalyst, as well as a
heterogeneous analogue immobilized onto mesoporous silica (Si0z), maintain hydroformylation
activity when using a CO/H: feedstock provided from CO:2RR to synthesize 2-, and 3-
phenylpropionaldehyde from styrene and CO». This work serves to expand the landscape of CO:
as a C1 source in synthetic chemistry via spatial control in a multi-catalyst process.

Results and Discussion

We elected to employ HRh(CO)(PPhs)s ([Rh]) as an exemplary hydroformylation catalyst due to
commercial availability, as well as its extensively studied and benchmarked hydroformylation
activity in a variety of solvent mediums and reaction conditions, specifically towards styrene.?*-3
Further, [Rh] demonstrates feasible activity at ambient temperature and CO/H, pressure,
compatible with our lab’s prior reported non-aqueous CO2RR which operates at room temperature
and can generate ~1 bar of ~1:1 CO/Hz with moderate fluctuations in CO:Ha. In addition to our
aim of spatially controlling and separating CO2RR and hydroformylation catalyst systems in
separate components of one reactor, we were also interested in spatially localizing [Rh] at the
molecular level onto a solid support to aid in future, more precise spatially controlled

hydroformylation coupled to CO;RR. To this end, we immobilized [Rh] onto phosphine coated
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silica (PPh2/Si02) via ligand exchange (Scheme 4.1, Supplementary Information). The grafting

[Rh] on PPhy/SiO; (abbreviated as [Rh]/PPh2/Si0,) was confirmed via ICP-MS, 'H, 1*C,

PPh,
H Ph,
| PPhs (PPh,/SiO,) P M
Ph3P—Rh‘\ - Rh-..ppn
PPh; Toluene, rt, overnight oc” ) 3
Co PPh

Scheme 4.1 Immobilization of HRh(CO)(PPhs); onto phosphine coated silica (PPh,/Si0;) via

overnight grafting.

3P, and 2°Si solid state NMR (SSNMR), and IR spectroscopy (Supplementary Figures S4.1-4.5).
With both [Rh] and its heterogeneous analogue [Rh]/PPh,/Si0O; in hand, we explored compatible
conditions between Rh based hydroformylation and CO2RR for integration.

Our prior report in non-aqueous electrochemical CO2RR demonstrated that dimethyformamide
(DMF) as solvent, tetrabutylammonium hexafluorophosphate (TBAPFs), and Pd foil working and
counter/reference electrodes work best as a simple, non-aqueous CO2RR system achieving ~40%
faradaic efficiency (FE) for CO generation (FEco).!” Further, typically 1:1 - 1:2 FEco:FEm: (or
Pco:Pu2) with Pco + Puz ~ 1 bar was achieved at —0.5 mA cm™2 for 24 h. Comparable HER to
CO:RR was ascribed to adventitious H" from residual moisture.*® Applied current was maintained
at —0.5 mA c¢cm 2 for comparisons to prior reports at ~1:1 CO:Hz and Pco + Pu2 ~ 1 bar, though in
an industrial context higher current densities should be explored for competent aldehyde
production. Thus, we tested Rh based hydroformylation using the classic HRh(CO)(PPhs);
(abbreviated as [Rh]) catalyst in DMF containing TBAPFs and at 0.5 mA cm 2. Fortunately, [Rh]

maintained essentially the same phenylpropionaldehyde yield of a maximum of 64% (Table S4.1,
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Entry 2) in DMF and an appreciable drop to 48% in DMF/TBAPFs, compared to 71% in the
typically employed toluene for [Rh] hydroformylation (Table S4.1, Entries 1 and 4). With this
promising preliminary result, integration of CO2RR and hydroformylation was then studied in our
vial-in-vial reactor.

The results of integrating CO2RR to hydroformylation via spatial control in our VIV reactor
are displayed in Figure 4.2. Increasing CO>RR electrolysis time at —0.5 mA ¢cm™2 up to 24 h when
using [Rh] results in increase in phenylpropionaldehyde yield from styrene, with a slight lag phase
at the onset of electrolysis time points, presumably due to slow buildup of CO and H; and their
mass transport into the hydroformylation compartment. Further, capping electrolysis time to 24 h
but leaving the multi-catalyst system for an additional day under the CO/H> atmosphere from
CO2RR results in near 100% phenylpropionaldehyde yield. The linear:branched (1:b) ratio of
phenylpropionaldehyde species primarily remained between 0.5:1 - 1:1 for [Rh] in our integrated
system, a minimal variation from the typical 0.11:1 - 0.5:1 observed for [Rh] in benzene at similar
overall pressure and ratio of CO:H,.>> This suggests that catalyst selectivity is negligibly altered
when using a feed of CO/Hz from CO;RR than when pressurized directly. CO:H> varied slightly
from experiment to experiment, and did not manifest in drastic changes in product regioselectivity
(Supplementary Tables S4.1, S4.2). Further, chronopotentiometry traces typically show stable
voltage over a 24 h electrolysis, suggesting negligible change in the CO:Ha ratio during electrolysis
(Figure S4.6). In repeat trials using [Rh] at —0.5 mA cm 2 for 24 h with a slight variation in CO:Ha
from 0.2 to 0.4, the L:b ratios were 1:1 and 0.6:1 respectively, in line with prior reports that lower
CO:H» gas compositions lead to more linear aldehyde.*

On the other hand, [Rh]/PPh,/SiO, demonstrates lower hydroformylation activity compared to its

[Rh], likely due to mass transport and/or changes in [Rh] coordination environment when
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immobilized. Nonetheless, capping electrolysis time at 24 h for comparison to the [Rh] time study,
but allowing additional reaction time leads to an increase in phenylpropionaldehyde yield up to
43% within 72 h total reaction time. Interestingly, the 1:b ratio decreases to 0.07:1 — 0.22:1 for
[Rh]/PPh2/S10,, with some trials leading to no detectable linear aldehyde. This appears rather
counterintuitive as one would suspect the branched aldehyde to be less favorable to form within a
mesoporous support from a steric argument. However, an in depth analysis of the effect of reaction
conditions and coordination environment on the 1:b is beyond the scope of this report, and the
reader is referred to other reports on this subject.>*-*? Control experiments using the bare PPh,/SiO»
support lead to no detectable aldehyde in our integrated system (Table S4.1, entry 9). We note that
the use of DMF as a solvent for hydroformylation introduced additional benefits in adequately
dispersing [Rh]/PPh,/Si0,, in line with previous studies of dispersing and coating mesoporous
SiO> materials.*?

The results of our time study suggest that mass transport is the major limiting factor in integrating
CO2RR and hydroformylation in our VIV reactor, as evidenced by the need for additional reaction
time post electrolysis to allow CO to transport from our CO;RR to hydroformylation
compartments. Therefore, we attempted to co-localize yet still spatially separate the Pd foil for
COzRR from our [Rh]/PPh2/SiO> in one compartment to circumvent catalyst-catalyst interference,
while shortening the distance for CO transport. To this end, spin coating of [Rh]/PPh2/SiO> onto
Pd foil with an insulating SiO> layer in between was explored (Supplementary Information),
amongst other coating methods. Such a hierarchical material design would allow for close spatial
co-localization of the Pd and Rh sites and would take advantage of the mesoporous nature of SiO»
materials to allow gas diffusion to and from the electrode surface. This would allow for more a

more in depth investigation of how intercatalyst distance affects spatially controlled, multi-catalyst
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systems in accordance with prior literature in analyzing mass transport in chemical
transformations.** > Unfortunately, [Rh]/PPh,/SiO, appeared to lose hydroformylation activity
within a reasonable time scale when coated onto Pd foil (Table S4.1, entry 9). Additionally, drop
casting or doctor blading were unsuccessful in yielding a hydroformylation active [Rh]/PPh,/SiO»
species coated onto Pd. Thus, future work will focus on alternative electrode configurations and

coating methods.
Pd foil -0.5 mA cm ™2

0 O H
7 bar CO,
A —> H +
Ph [Rh] or [Rh]/PPh./SiO, Ph Ph
rt., thrs
100~ ™ [RN] .
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Figure 4.2 Time course study of integrated electrochemical CO> reduction (CO2RR) and
hydroformylation using a homogeneous ([Rh] = HRh(CO)(PPhs);) and heterogeneous
([Rh]/PPh2/Si0O7) Rh catalyst in a vial-in-vial reactor. [Rh] concentration was kept at 15 mM,
[Rh]/PPh,/SiO> loading was kept at 40 mg mL !, styrene concentration was kept at 0.5 M. CO,
pressure was 7 bar. Applied current density (i) was 0.5 mA ¢cm 2 for 24 hours, resulting in an
average of 0.206 bar CO and 0.44 bar H». Electrolyte solution consisted of 0.25 M TBAPFs in

DMEF. Total aldehyde yield was determined from GCMS using a naphthalene internal standard.
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Conclusions

CO; as a Cl1 source for aldehyde synthesis was achieved via the integration of electrochemical
CO; reduction (CO2RR) to hydroformylation by spatial separation within a vial-in-vial reactor
(VIV). Using styrene as a substrate and the classic HRh(CO)(PPhs); ([Rh]) catalyst or its
heterogeneous analogue immobilized onto mesoporous silica ([Rh]/PPh,/Si0O;) in our VIV reactor
resulted in 97 and 43% phenylpropionaldehyde yield with minimal deviations in linear:branched
(I:b) ratio compared to prior literature. The limiting factor in this integrated CO2RR-
hydroformylation system is likely CO generation and transport from the electrochemical zone to
the hydroformylation compartment. Attempts to spatially localize in closer proximity yet still
separate Rh and Pd sites via spin coating, drop casting, or doctor blading appeared to shut down
hydroformylation activity. Thus, future work will focus on alternative working electrode
configurations and coating methods to generate an active [Rh] species on an electrode surface,
allowing the study of the role of inter-catalyst distance in integrated catalytic processes. Further,
we aim to explore the role that a widely varied ratio of electrogenic CO:H> controlled by applied
current has on product distributions, building off of deep prior mechanistic understandings of
hydroformylation at Rh sites. Nonetheless, this work expands the landscape of multi-catalyst, one
pass systems that take abundant, environmentally detrimental pollutants such as CO2 to commodity
chemicals like aldehydes by generating and utilizing both CO/H> from CO>RR at ambient

temperature and low pressure.
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Supplementary Information

Chemicals and methods

Chemicals. All reagents were purchased from Sigma Aldrich and were used as received unless
specified. N, N-dimethylformamide (DMF) was dried over 3 A molecular sieves for at least 24 h
prior to use. Styrene was distilled over MgSO4 under an N» environment and stored in the glove
box until use, purity was checked via NMR (Bruker, AV400 MHz) and GCMS (Agilent).
Synthesis of [Rh]/PPh2/SiO:. In an Ar glovebox, 78 mg of diphenylphosphinoethyl-functionalized
onto silica gel (PPh,/SiO>, 0.7 mmol g™ of PPh; groups, 200 - 400 mesh) was added to 10 mL of
anhydrous toluene in a Schlenk flask, then brought out of the glovebox to sonicate for 15 min, then
brought back in. 50 mg of HRh(CO)(PPh3); ([Rh]) was then added and the mixture was allowed
to stir overnight at ambient temperature. The [Rh] immobilized onto silica material
([Rh]/PPh2/Si0,) was isolated via vacuum filtration and washed with two volumes of toluene and
one of dichloromethane (10 mL per wash). [Rh]/PPh,/Si0; was then dried overnight in a Schlenk
flask, yielding a yellow/gold material. 0.4 + 0.02 wt% Rh was determined for the [Rh]/PPh2/Si02
species via inductively coupled plasma - mass spectrometry (ICP-MS, Agilent QQQ).

Integrated CO:RR and hydroformylation. Experiments in integrating CO>RR and
hydroformylation were carried out in a high pressure electrochemical reactor equipped with an
additional glass vial housing the hydroformylation catalysts. Electrochemistry was performed
using a Gamry Instruments Interface 1000-E potentiostat. The electrolyte solution consisted of
0.25 M TBAPFsdissolved in DMF. A custom-designed high-pressure electrochemical reactor (Parr
Instruments) was used equipped with electrical leads.! The solution volume was 200 mL and the
gas headspace volume was ca. 750 mL (the value used for Faradaic efficiency calculations'). The

reactor was purged three times, then pressurized using CO: (Airgas, 99.999%). A two-electrode

167



configuration was utilized under constant applied current (i»pp1) and the headspace was sampled
after electrolysis using a gas chromatograph (GC). Electrodes were cleaned post electrolysis via
sequential rinsing and sonication in acetone, DI water, and dilute nitric acid. Unless noted
otherwise, the average surface area of the Pd foil working electrodes was ~130 cm?,

Hydroformylation catalysts, both the homogeneous [Rh] and its heterogeneous analogue
[Rh]/PPh2/S10,, were handled and prepared in an Ar glovebox until ready for use in integrated
experiments. Catalyst concentrations were kept at 15 mM of [Rh] or 40 mg mL™' of
[Rh]/PPh2/S10,, both in a 1 mL DMF solution. [Rh]/PPh/SiO> solutions were first prepared in a
Schlenk flask, taken outside of the glovebox and sonicated for 30 min to disperse [Rh]/PPh,/SiOs,
then brought back into the glovebox. Lastly, once the electrolyte and catalyst solutions were added
to the high pressure reactor, styrene was then added to the hydroformylation compartment, with a
fixed [styrene] = 0.5 M. The reactor was then sealed and pressurized with CO, as described above.
Gas product quantification. Gaseous products from CO; reduction electrolysis (CO2RR) were
quantified via online detection with a GC (SRI 8610C) equipped with both a flame ionization
detector with a methanizer (FIDm), and a thermal conductivity detector (TCD). The concentration
of CO and H: in the headspace were often too high and lead to detector saturation. Thus, headspace
samples were diluted by 5/83 with air. The valve oven was set to 175 °C. Argon was used as a
carrier gas at 15 psi and 40 mL min~!. The GC method was as follows: 50 °C for 1 min, 20 °C
min~! ramp rate up to 90 °C, hold at 90 °C for 3.75 min, then a 30 °C min ™! ramp rate to a final
temperature of 210 °C. Three columns employed: 0.5 m Haysep-D pre-column, 2 m MoleSieve5A
column, and 2 m Haysep-D column in that order. H> was supplied to the FID via a H>-100
Hydrogen Generator at 20 psi and a 30 mL min! flow rate, air was also supplied at 5 psi and a

250 mL min! flow rate. The retention times of CO was 5.45 min (FIDm), and H> was 1.25 min

168



(TCD). A standard calibration gas mixture of consisting of 0.5% of CO,, CO, H», and O; each in
No.

Liquid product quantification. Products from the hydroformylation vial were detected and
quantified via GCMS analysis and using a naphthalene internal standard. The temperature profile
method for the GC was as follows: 100 °C for 5 min followed by a 4 °C min~! ramp up to 160 °C.
For experiments using the [Rh]/PPhy/SiO: catalyst, the hydroformylation solution was first
centrifuged and decanted prior to sample preparation. 0.5 mL of the hydroformylation solution
was diluted to 1 mL using 50 uL of a 20 mg mL™! naphthalene in acetone solution and 450 uL of
acetone. Additionally, product quantification by GCMS was corroborated by conducting an
integrated experiment using d7-DMF. This was achieved by taking advantage of the diagnostic
benzylic 'H-NMR shifts between styrene and 2-/3-phenylpropionadelhyde, and using residual
styrene as a pseudo internal standard.? Linear:branched ratios were assessed using the area under

the curve or integral of their NMR of the respective isomer’s.
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Pd foil =0.5 mA cm™2

@) O H
7 bar CO, j/\
Ph/\ Ph/\/U\H + Ph

o
[Rh] or [Rh]/PPh,/SiO,
solvent, r.t., 24 hrs

Entry Catalyst Solvent composition® CO/H:  Aldehyde yield I:b¢
(%)"

1 [Rh] Toluene 0.2 76 0.7:1
2 [Rh] DMF 0.2 53421 0.8:1
3 No [Rh] DMF 0.1 0 -
4 [Rh] 0.25 M TBAPFs, DMF 0.1 48 1:1
5 [Rh] d7-DMF 0.04 31 (25)¢ 0.9:1
6 [Rh] DMF 0.4 97¢ 0.6:1
7 [Rh]/PPh2/Si02 DMF 0.7 342 0.07:1
8 [Rh]/PPh2/Si02 DMF 0.3 43f 0.2:1
9 Bare PPhy/Si0, DMF 0.6 0 -
10 [Rh]/PPhy/SiO2/Pd®  0.25 M TBAPFs, DMF 0.6 0 -

Table S4.1 Experiments and controls in integrated CO2RR - hydroformylation. [Rh] =
HRh(CO)(PPhs), kept at 15 mM, [Rh]/PPhy/SiO, loading was kept at 40 mg mL™!, styrene
concentration was kept at 0.5 M. CO; pressure was 7 bar. Applied current density (i) was =0.5 mA
cm 2 for 24 hours, resulting in an average of 0.21 bar CO and 0.44 bar H». Pd foils were used as
the working and counter electrode. Electrolyte solution consisted of 0.25 M TBAPFs in DMF.
3Solvent composition for hydroformylation compartment. ®Yield for both phenylpropionaldehyde
species was determined from GCMS using a naphthalene internal standard. “Linear:branched ratio
of phenylpropionaldehyde isomers. Yield determined from NMR. °48 hours total reaction time,
24 hours electrolysis. 72 hours total reaction time, 24 hours electrolysis. #See Supplementary

Information for further details on [Rh]/PPh2/Si0O, coated onto Pd ([Rh]/PPh2/Si0,/Pd).
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Pd foil =0.5 mA cm™2

0 O H
7 bar CO, j’\
Ph" P~ Ph

' o
[Rh] or [Rh]/PPh,/SiO,

DMF, r.t., t hrs
Catalyst Electrolysis time  Total time CO/H: Aldehyde yield  1:b?
(h) (h) (“)?
4 4 0.2 0.5 0.6:1
8 8 0.3 9 0.9:1
[Rh] 16 16 0.2 40 0.6:1
24 24 0.2 64 0.8:1
24 48 0.2 97 0.6:1
24 24 0.9 5 0.07:1
24 36 0.5 11 0.05:1
[Rh]/PPh2/Si02 24 48 0.7 15 0.05:1
24 60 0.4 37 0.13:1
24 72 0.4 43 0.22:1

Table S4.2 Integrated CORR - hydroformylation time course study for both [Rh] and
[Rh]/PPh,/Si0,. [Rh] = HRh(CO)(PPh3), kept at 15 mM, [Rh]/PPh2/SiO; loading was kept at 40
mg mL"!, styrene concentration was kept at 0.5 M. CO» pressure was 7 bar. Applied current
density (i) was =0.5 mA cm 2 for 24 hours, resulting in an average of 0.21 bar CO and 0.44 bar
H,. Pd foils were used as the working and counter electrode. Electrolyte solution consisted of 0.25
M TBAPFs in DMF. ?Yield for both phenylpropionaldehyde species was determined from GCMS

using a naphthalene internal standard. *Linear:branched ratio of phenylpropionaldehyde isomers.
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Figure S4.1 "H NMR (600 MHz, 10 kHz) of [Rh]/PPh./SiOs, & (ppm): 7.03 (Ph), 3.76, 1.35.
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Figure S4.2 3C NMR of [Rh]/PPh,/SiO; (151 MHz, 10 kHz), & (ppm): 131.1 (PPh), 128.9
(PPh), 52.0, 22.6, 5.0.
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Figure S4.33'P NMR of [Rh]/PPh,/SiO; (243 MHz, 10 kHz), § (ppm): 34.8 (PPh)
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Figure S4.42°Si NMR of [Rh]/PPh,/SiO, (119 MHz, 10 kHz).
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Figure S4.5 ATR-IR of [Rh]/PPh,/SiO,, Rh-H (1967 em™!), Rh-CO (1886 cm ™).
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Figure S4.6 Chronopotentiometry traces from two separate experiments conducted at —0.5 mA
cm 2 for 24 hours. Pd foils were used as the working and counter electrode. Electrolyte solution

consisted of 0.25 M TBAPFs in DMF.
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Coating of [Rh]/PPh2/SiO; onto Pd foil

Spin coating, drop casting, and doctor blading were explored as methods of preparing a layer of
[Rh]/PPh2/Si02 onto Pd foil with an insulating layer of SiO2 in between. Solutions of 1 - 5 wt% of
either SiO; or [Rh]/PPh,/Si0; in DMF, both with and without 2.5 wt% polyvinylidene fluoride
(PVDF) as a binder, were tested. DMF was chosen on the basis of a prior report demonstrating
superior dispersity and coating of SiO» compared to typical solvents such as H>O. In a typical
coating attempt, 50 - 600 pL of a particular wt% of SiO> first, then [Rh]/PPho/SiO; afterwards,
were dispensed onto a sectioned 1 - 6 cm? area of a 5 x 5 cm? Pd foil, unless otherwise noted. For
spin coating, Pd foil was taped down to a Si wafer, and spin rates between 200 - 800 rpm and 5 -
60 s were tested. For drop casting, the Pd foil was gently heated to 30 °C until all DMF had
evaporated. For doctor blade, 500 pL of a 10 wt% [Rh]/PPh2/SiO> solution was dispensed onto a
Pd foil, with thickness controlled by the amount of layers of ~20 um thick tape around the area
designated for coating. The excess [Rh]/PPh2/Si0O: dispersed in DMF was then scraped off, and
the Pd foil was gently heated at 30 °C until all DMF had evaporated. Thicknesses of Pd foil samples
coated with [Rh]/PPhy/SiO; (denoted as [Rh]/PPhy/SiO»/Pd) were measured via optical
microscopy and SEM. Thicknesses varied from 40 - 200 pum. Unfortunately, no [Rh]/PPh2/Si02/Pd

demonstrated any hydroformylation activity in our integrated catalytic reactor.
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Chapter 5. Continuous flow N-carboxyanhydride synthesis and polymerization

This chapter is largely a collaborative effort between Prof Chong Liu's lab at UCLA, Prof Jeffery
Byers' and Prof Dunwei Wang's lab at Boston College (BC), Prof Loi Do's lab at the University of
Houston (UH), and Prof Paula Diaconescu's lab at UCLA, as part of the National Science
Foundation Center for Integrated Catalysis. I give much thanks and acknowledgement to Thi Tran
(Do, UH), Kexing Xiao, Matthew Thompson, Stephanie Johnson, and Connor Gallin (Byers, BC),
Haochuan Zhang (Wang, BC), as well as Yi Shen and Shijie Deng (Diaconescu, UCLA). They all
helped tremendously in preparing catalyst bound plates for polymerization experiments, and for
all of their work in testing surface-initiated polymerizations in batch. I dedicate this chapter

specifically to the late Prof Jeffery Byers.

Abstract

Carrying out multi-step processes in one pass is a particularly attractive approach for synthetic
pathways that proceed through ephemeral intermediates. The synthesis of polypeptide materials
from the ring opening polymerization of N-carboxyanhydrides (NCAs) is a process of great desire
that requires the handling of unstable intermediates, as NCAs are often prone to hydrolysis. Here
we disclose efforts made in the development and optimization of NCA synthesis and
polymerization methods under continuous flow as a step towards carrying out both reactions
sequentially. Continuous flow processing was chosen to allow for controlled transport of NCA
intermediates between reaction sites via flow. Further, flow chemistry offers additional benefits in
improved mass and heat transfer over batch processes. Utilizing a Ru catalyst, alkyne, and organic
base, NCAs were synthesized at moderate yields (~30%) under flow conditions at greatly reduced

CO; pressures and improved selectivity over batch conditions. Employing an immobilized Fe(I)
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catalyst, surface-initiated polymerization (SIP) of NCAs was greatly accelerated through flow by
over four orders of magnitude in observed rate over batch conditions., achieving ~40% conversion
for flow compared to 9% for batch conditions. This represents the first example of overcoming
documented mass transport limitations in SIP process by translation to a flow setting.
Introduction

The development of multi-step reaction pathways operating in one pass is of great desire in
converting feedstocks to commodity chemicals, while obviating wasteful or problematic work
ups.! The ability to generate and quickly consume an intermediate along a synthetic pathway would
be especially beneficial in situations where said intermediate has a short shelf life, and/or is
hazardous to handle. However, it is not trivial to carry out multiple successive reactions in one
reaction vessel simultaneously owing to potentially complex cross reactivity between reaction
systems. One approach to circumvent this limitation is to spatially separate reactions to be carried
out in tandem, while allowing effective intermediate transport between reaction sites.! One method
of achieving controlled, effective intermediate transport is through flow chemistry. Additionally,
flow chemistry offers a large scale form a spatial in that individual reactions may be carried out in
separate flow systems, while intermediates are flowed between separate flow components. Recent
advancements in continuous flow processing have demonstrated flow as an effective approach to
complex organic synthesis.>® Flow chemistry offers improved mass and heat transfer over batch
processes, and can be highly tailored to a specific reactions' conditions.?

One attractive multi-step system wherein the synthetic pathway proceeds through an unstable
intermediate is the synthesis of polypeptide (polyamide) materials via N-carboxyanhydrides. The
preparation of synthetic polypeptides has been highly sought after for applications in

biotechnology such as drug delivery, tissue engineering, amongst others.”!! Traditionally,

181



polypeptides have been synthesized via solid phase peptide synthesizes.!! Though they offer great
sequence control over amino acid incorporation, this method often suffers from numerous side
reactions, and limitations in achievable molecular weight. Synthetic polypeptides via the ring
opening polymerization (ROP) of N-carboxyanhydrides (NCA) is an alternative approach that
reconciles some of these limitations, with drawbacks such as poor sequence control and the short
shelf life of NCAs.” 1% 12 ROP of NCAs also only releases CO> as the major byproduct. Currently,
much focus is given to methods that would institute better sequence control in NCA ROP, which
would lead to high molecular weight, diverse polypeptides in a synthetically cleaner fashion than
solid phase peptide synthesizers.

NCA synthesis is typically carried out using the Fuchs-Farthing method wherein amino acids are
cyclized to NCAs with hazardous phosgene, with prepared NCAs usually having short shelf lives
due to hydrolysis.!*: * Though this method has effectively prepared a variety of NCAs and allowed
for extensive research into the resultant polypeptides from NCA ROP, the use of phosgene is far

from ideal from a safety perspective. Given that NCA ROP releases CO», it would be ideal to
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Figure 5.1 Targeted flow reactor scheme for integrated NCA synthesis and polymerization
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recycle the liberated CO2 to drive NCA synthesis. One approach to achieving this goal is to
spatially control NCA synthesis and polymerization within one integrated reactor setup to allow
recycling of liberated CO; (Figure 5.1). This approach would also allow the in situ consumption
of generated, unstable NCAs to prepare polypeptide materials.

One attractive use of polypeptide materials is the coating of surfaces to improve the
biocompatibility of materials.!> '® To generate polypeptide coated surfaces, grafting to and grafting
from (surface initiated polymerization) techniques have been developed.!” In the former, well
defined polypeptides (or polymers in general) are adhered to a surface post synthesis. However,
this method is limited by steric hindrance of tethering materials to a surface. The grafting from, or
surface initiated polymerization method circumvents this limitation by growing a polymer from a
surface bound initiator. In this way, much higher surface grafting densities can be achieved, albeit
with less well defined polymers. Thus, there lies a growing interest in surface grown polypeptide
materials.

Herein, we disclose efforts made towards developing NCA synthesis and polymerization methods
under flow conditions for reasons outlined above. In light of spatial control desired for integration
of NCA synthesis and polymerization to polyamides, we elected to use the grafting from approach
for NCA ROP employing a surface bound Fe(I) initiator. For NCA synthesis, we employed a
synthetic method involving a Ru catalyst, alkyne, and organic base to activate CO; to cyclize
amino acids to NCAs. Though we were not able to move forward with integrating the two
processes together, achievements were made towards optimizing these processes in a flow setting
for later integration. This work not only makes progress towards integrating NCA synthesis and
polymerization by means of continuous flow, but also reveals the crucial role of mass transport in

SIP processes.
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Results and Discussion

In collaboration with Professor Loi Do's lab at the University of Houston, conditions for NCA
synthesis using CO; instead of phosgene were identified to be explored in flow, displayed in Figure
5.2. Six membered ring NCAs were chosen for method development as opposed to five membered
analogues that form from amino acids, owing to increased stability of six membered ring NCAs
and thus ease of characterization. A Ru catalyst (dichloro[(2,6,10-dodecatriene)-1,12-
diyl]ruthenium), alkyne initiator (methyl propiolate), and organic base (dimethylaminopyridine,
DMAP), were identified to form the carbamate with CO, and activate the carboxylic acid towards
cyclization to an NCA. In preliminary studies of NCA synthesis using these reagents, two major
side reactions were identified by gas chromatography - mass spectrometry (GCMS). Dimerization
of the starting material was apparent and decreased with increasing CO> pressure. Trimerization
of the alkyne by the Ru catalyst was also prevalent, in line with prior literature.!® Given these
observations, high CO, pressures were targeted, and the alkyne was added last to the reaction.
Further, the reaction was pressurized with CO> containing the starting material, the Ru catalyst,
and DMAP. Then, the reaction was vented, the alkyne was added, then re-pressurized. Optimized
batch conditions resulted in full conversion of N-benzylanthranillic acid to 80% desired NCA
product (N-benzylisatoic anhydride), and a 4:1 ratio of NCA:dimer, with no detected trimer
stemming from alkyne trimerization. With batch conditions in hand, and an understanding of
prevalent side reactions, we then explored translating these conditions to a flow setting.
Numerous configurations of a flow system were explored employing two pumps to separate
starting materials under a CO; atmosphere to be mixed via flow (Supplementary Information).
Ultimately, a simple two pump system wherein N-benzylanthranillic acid and methyl propiolate

were separated from the Ru catalyst in DMAP in separate pump solutions, both pressurized with
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CO; at 2 bar (Figure 5.2) proved most successful. Given the breadth of parameters ranging from
temperature and pressure, to equivalents of reagents, Design of Experiment (DoE) methods were
employed to rapidly screen parameters and identify optimal conditions (Supplementary
Information). Five key parameters were initially identified to be explored using DoE, being: flow

rate (mL min’!), temperature, equivalents of methyl propiolate and DMAP, and Ru mol%. CO;

A. Flow N-carboxyanhydride (NCA) synthesis with CO, and comparison to batch

Flow conditions:
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Ru (5 mol%
NH DMAP (0.5 equiv) Y
©in/o|.| Alkyne (1 equiv) C[’(
NMP, 40°C, t, = 8 min
o]
Batch conditions: % Ylelds NCA (desired) Dimer (undesired) Trlmer undeswed
P(CO,) =300 psi  Alkyne = 2 equiv Batch 80 20 B
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B. Schematic of flow reactor for NCA synthesis and reagents
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Figure 5.2 Optimized conditions and percent yield for batch and flow synthesis of NCAs from
amino acids with CO2, using N-benzylanthranillic acid as a model substrate. (A) Ru -
dichloro[(2,6,10-dodecatriene)-1,12-diylJruthenium, DMAP - dimethylaminopyridine, alkyne
- methyl propiolate, NMP - N-methylpyrrolidone, t: - residence time, calculated from the
volume of the reactor divided by the volumetric flow rate. Schematic of flow reactor design
employed for NCA synthesis. (B) BPR - back pressure regulator, AA - amino acid analogue (V-

benzylanthranillic acid).
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pressure was not included, as 2 bar was the upper limit of Pco> achievable with our flow system,
and prior experiments suggest higher Pcoz is beneficial. Initial screening suggested flow rate or
residence time (t;, min), alkyne equivalents, and temperature were identified to have the most
significant impact on yield and selectivity, whereas Ru mol% and DMAP equivalents had minimal
impact under flow conditions.

The result of a Custom Design DoE model using flow rate, alkyne equivalents, and temperature
identified 40 °C, 1 equivalent of methyl propiolate, and 0.25 mL min™! (t. ~ 8 min) yielded 30%
desired NCA (N-benzylisatoic anhydride), with 1% dimer, and 2% trimerization product (Figure
5.2, Table S5.1). Increasing temperature up to 80 °C or alkyne equivalents marginally can improve
NCA yield in some trials but leads to significant alkyne trimer formation. Thus, optimal conditions
for NCA synthesis under flow conditions with the developed method were those displayed in
Figure 5.2. Attempts to increase Pco2 under flow conditions using a gas permeable tube-in-tube
flow system were halted due to time constraints for this work. Such gas permeable tubing has been

d,'*?! and would

employed in synthetic flow chemistry where high gas pressures are desire
theoretically improve NCA vyields here past 30%. Further, we explored alternate flow
configurations wherein CO> was introduced directly to the flow reactor by means of gas - liquid
segmented flow (Supplementary Information). Unfortunately, this proved unsuccessful, likely due
to poor solvation of CO; at operable pressures and timeframe for dissolution. With NCA synthesis
conditions under flow established, we turned our attention to explore NCA polymerization off a
surface in flow.

In collaboration with Professor Jeff Byers' lab at Boston College, we employed a surface bound

formally Fe(I) bisiminopyridine catalyst anchored to a titanium dioxide (TiOz) coated fluorine

doped tin oxide (FTO) plate for NCA ROP (Supplementary Information). Under batch conditions,
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9% NCA conversion to polyamides was achieved using sarcosine-NCA as a model substrate.
Extending reaction time to 168 hours marginally improves conversion to 27%. Compared to the
Fe(I) catalyst not bound to any surface, 100% conversion is achieved within 10 min.??

To carry out NCA surface initiated polymerization (SIP) (Figure 5.3A) in flow, we chose to build

off of literature on parallel plate microfluidic devices, often employed in flow electrolysis,?® 23-28

as they are apt for carrying out heterogeneous reactions in flow off of surfaces. Our custom flow
A. NCA SIP by surface bound Fe(l) catalyst
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1,3,5 - trimethoxybenzene
Reaction time (h, batch)
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B. Schematic of microfluidic reactor for NCA SIP
Direction of flow
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Figure 5.3 Reaction scheme of batch or flow surface initiated polymerization (SIP) of sarcosine-
NCA (N-carboxyanhydride) by a formal Fe(I) bisiminopyridine catalyst bound to a TiO> coated
FTO plate. (A) THF - tetrahydrofuran, r.t. - room temperature, [CoCp2][BAr!4] - cobaltocenium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, 1,3,5 - trimethoxybenzene - internal standard, t: -
residence time, calculated from the volume of the reactor divided by the volumetric flow rate..
Schematic of custom designed microfluidic cell to incorporate Fe(I)/TiO2/FTO plates to carry out
NCA SIP in flow. (B) PEEK - polyether ether ketone, EPDM - ethylene propylene diene

monomer.
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cell consists of two PEEK (polyether ether ketone) plates that sandwich two FTO glass slides over
EPDM (ethylene propylene diene monomer) gaskets, between which tubing can be inserted to flow
solution through (Figure 5.3B). Further details about our custom flow cell design can be found in
the Supplementary Information.

We initially tested the effect of flow on NCA SIP by flowing a sarcosine-NCA solution through
our flow cell at 1 mL min~! for roughly 1 day, which showed improved conversion compared to
batch within the same time scale (vide infra). The monomer was recycled by connecting the outlet
of the flow cell to the solution reservoir, as we suspected minimal conversion to ensue with each
pass through the flow cell due the short residence time (t) of 1 min at 1 mL min~'. Near 50%
conversion was achieved at 1 mL min! within 22 hours, which is in stark contrast to the 11%
conversion observed in batch within 1 day for the surface bound Fe(I) catalyst. However, polymer
cleavage by Mel yielded no detectable removed polymer by NMR, making characterization
challenging. A control flow experiment under the same conditions but without the Fe(I) catalyst
yielded 3% conversion, presumably due to monomer adsorption to the TiO» surface. These results
support the hypothesis that flow provides an additional means of monomer transport to surface

catalyst sites, thus accelerating the observed rate of NCA SIP.
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To gain a more in depth understanding of the effect of flow on NCA SIP, we carried out single
pass NCA SIP under flow at various flow rates and residence times, which revealed an inverse
relationship between conversion or observed rate constant (kr, vide infra) and t. (Fig. 6).
Interestingly, we originally anticipated that longer t: would favor higher conversion, giving more
time for polymerization to occur within the flow channel. However, the results clearly demonstrate
that shorter t;, or faster flow rates, lead to higher conversion. Such a result supports our hypothesis
that flow can alleviate mass transport limitations observed in batch. Ultimately, the application of

continuous flow to NCA SIP is shown to assist in monomer transport to surface catalytic sites,
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Figure 5.4 Effect of varying residence time (t;) via flow rate on conversion and apparent rate
constant k¢ for a one pass NCA SIP using sarcosine-NCA, and a surface bound Fe(I)

bisiminopyridine catalyst.

which improves conversion relative to the batch process.
As conversion alone between a batch and flow setting may not be an apples to apples comparison,?’
we next developed a kinetic model to draw direct comparisons between NCA SIP in batch and

flow. Specifically, we derived expressions for a heterogeneous apparent rate constant k (subscript
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b for batch, f for flow), which further supports that flow accelerates NCA SIP. In addition, we
derived k such that it can be calculated from key parameters in batch and flow, namely surface

area, volume, time, and flow rate. We arrived at the following expressions:

_ In(—Conversion+ 1)V 1
b= At (1)

_ 2 * Conversion * Q
~ SA(Conversion + 2)

ky ()

where V is the volume of the monomer solution, SA is the surface area of the Fe(I) anchored TiO-
surface, and Q is the volumetric flow rate in mL min!. An in-depth discussion of our derivation
can be found in Supplementary Information. Compared to the apparent rate constant for batch
NCA SIP, which was calculated to be k» ~ 107% cm s™! for reaction times up to 168 hours, the
apparent rate constant for flow (kr) was determined to be several orders of magnitude higher,
ranging from 1073 — 1072 cm s™!. Therefore, based on the accelerated rate of NCA SIP in flow
demonstrated by higher conversion and orders of magnitude faster apparent rate constant, we
unequivocally conclude that flow effectively alleviates mass transport limitations observed in
batch NCA SIP. This provides justification and motivation for the application of flow to other
surface-initiated polymerization systems to improve conversion.

Conclusion

N-carboxyanhydride (NCA) synthesis and polymerization to polypeptide materials was explored
in a continuous flow setting as a means for future integration to generate and consume ephemeral

NCA intermediates in a one pass manner. Adapting conditions for NCA synthesis developed in a
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batch setting using CO» instead of hazardous phosgene, improved selectivity was achieved with
regards to NCA production over dimer formation in flow (~30:1) compared to batch conditions
(4:1). This is ascribed to enhanced mass transfer of CO», as well as heat transfer in a flow system.
Though reduced overall NCA yields of 30% were obtained in flow compared to 80% in batch,
likely due to a ~2 bar upper limit of operable CO: pressure. For NCA surface-initiated
polymerization (SIP), significantly enhanced conversion was achieved in flow compared to batch.
This demonstrates flow's ability to circumvent mass transport limitations in a grafting from
approach to coating surfaces with polymer materials. Further, in depth kinetic analysis reveals flow
greatly accelerates the observed heterogeneous rate constant (ks - batch, kr - flow, both in cm s™!)
over four orders of magnitude. An inverse relationship between residence time (t,, min) and
conversion or kr was observed, suggesting that enhanced transport via accelerated flow rate plays
a larger role than longer reaction times (bestowed by longer t:) in flow NCA SIP. Though
integration of NCA synthesis and polymerization was not achieved due to time constraints,
progress towards developing each process in flow was made. Additionally, fundamental insights
into the role of mass transport in flow SIP processes was uncovered, aiding in future SIP work

where mass transport limitations are observed.
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Supplementary Information

Chemicals and methods

Chemicals. For flow N-carboxyanhyride (NCA) synthesis, all reagents were purchased from Sigma
Aldrich and used without further purification. For NCA surface initiated polymerization (SIP), all
reagents were also purchased from Sigma Aldrich and used without further purification unless
otherwise noted. Tetrahydrofuran (THF) was of anhydrous grade (>99.9%, inhibitor free), and was
further dried over molecular sieves overnight prior to use. Molecular sieves were dried at 200 °C
overnight prior to use. Sarcosine-NCA was synthesized from sarcosine according to prior
literature,! and was sublimed twice prior to use. The synthesis of formally Fe(I) bisiminopyridine
catalyst, its anchoring to TiOz coated fluorine doped tin oxide (FTO), and batch mechanistic
experiments have been reported elsewhere.?

Continuous flow systems. For both flow NCA synthesis and SIP, single piston pumps (Teledyne
ISCO Reaxus M1 Class, 0.1 - 10 mL min™!, 2500 psi) were employed to control liquid flow rate.
Reactor coil tubing (1/16" OD, 0.020" ID, fluoroethylene polymer), fittings/adapters/check valves,
and a back pressure regulator (BPR, 20 psi) were purchased from IDEX - Health & Science.
Characterizations. For NCA synthesis, product quantification was determined by GCMS (Agilent
6890N GC HP-5 column equipped with Agilent 5975 Inert XL Mass Selective Detector) using a
naphthalene internal standard. The temperature profile method for the GC was as follows: 80 °C
for 1 minute, then 25 °C min™! until 140 °C, 30 °C min™! until 190 °C, 40 °C min ' until 270 °C,
hold for 3 minutes, followed by 40 °C min™! until 300 °C, hold for 5 minutes.

For NCA polymerization, conversion of sarcosine-NCA was assessed by 'H-NMR spectroscopy
using 1,3,5-trimethoxybenzene as an internal standard.

Continuous flow NCA synthesis
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A variety of flow system configurations were explored with either two or three pumps to separate
and flow reagents together (Figures S5.1). In a typical flow NCA experiment, pump solutions
consisted of 0.3 mmol N-benzylanthranillic acid (68.2 mg) and 1 equiv of methyl propiolate (27
uL) in 5 mL N-methylpyrrolidone (NMP) for one pump, then 0.5 mol% Ru (dichloro[(2,6,10-
dodecatriene)-1,12-diyl]ruthenium, 5 mg) and 0.5 equiv dimethylaminopyridine (DMAP, 18.3 mg)
in 5 mL NMP for the other pump in media bottles with 1/4"-28 ports (GL25 - 45, Cole Parmer).
Pump solutions were purged with CO; for 1 min per mL of solution, then all ports on the media
bottle cap were sealed, except for CO> inlet and outlet tubing to the pump connections, allowing
the solution to pressurize up to 2 bar COa. Solutions were then pumped at the desired flow rate
into a reactor coil submerged in an H>O bath. Fractions of product were collected at the outlet of
the reactor coil every 2 - 5 mins and analyzed by GCMS to determine how many residence times
(t) must pass for the yield to plateau. The pumps were flushed with copious acetone until the
solution coming from the outlet of the flow system was clear.

Design of Experiment was carried out using JMP SAS. The results from a Custom Design DoE

model using flow rate, alkyne equivalents, and temperature are displayed in Table S5.1.
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A AA, Ru, DMAP C AA, Ru, DMAP Alkyne
. .

reactor coil  reactor coil

Low yield and conversion

Q

reactor coil

Q

reactor coil

- e em s e em . e e - -

Ru + DMAP Low yield and conversion Low yield and conversion

Figure S5.1. Alternate flow system configurations explored for flow N-benzylisatoic anhydride
(model N-carboxyanhydride, NCA) synthesis. The configuration in panel A led to significant
alkyne trimerization. Configurations in panels B - D resulted in poor yield and conversion, likely
due to challenges in CO; within flow reaction time scales. AA - amino acid analogue, N-
benzyanthranillic acid, Ru - dichloro[(2,6,10-dodecatriene)-1,12-diyl|ruthenium, DMAP -
dimethylaminopyridine, alkyne - methyl propiolate, NMP - N-methylpyrrolidone, BPR - back

pressure regulator.
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Ph CO, (2 atm) Ph Ph 0 Os_ O
\| Ru (5 mol%) W WN
NH DMAP (0.5 equiv) R N o}
NMP, T (°C) - Y + * o o
" Flow rate (mL min™) © N
o o\

° :—{ (equiv) © . . ‘ (O ?\
o— NCA (desired) Dimer (undesired) Trimer (undesired)
Entry  Flow rate Alkyne Temperature NCA Dimer  Alkyne trimer
(mL min™) equiv (°O) yield (%) yield (%) yield (%)
1 1 1 30 0.65 0.5 0
2 0.1 1 30 5 0 0.5
3 1 4 30 0.6 0 0.2
4 0.1 4 30 8.5 0.4 3
5 1 1 80 7 1.2 0.8
6 0.1 1 80 20 53 30
7 1 4 80 21 1 11
8 0.1 4 80 30 3.5 57
9 0.5 2.5 55 17 0.6 4
10 0.25 1 40 30 1 2

Table S5.1. Conditions and yields for flow NCA synthesis of N-benzylisatoic anhydride from a
Custom Design DoE model. Ru - dichloro[(2,6,10-dodecatriene)-1,12-diyl]ruthenium, DMAP -

dimethylaminopyridine, NMP - N-methylpyrrolidone.
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Continuous flow NCA SIP

Flow N-carboxyanhydride (NCA) surface-initiated polymerization (SIP) by a surface bound
formally Fe(I) catalyst was carried out in a custom flow cell. Plates for a custom parallel plate flow
reactor were designed using SolidWorks, and machined out of PEEK (polyether ether ketone) from
Protolabs. A schematic of the flow cell assembly encompassing top and bottom plates to sandwich
fluorine doped tin oxide (FTO) on glass plates coated with the Fe(I) catalyst bound to a TiO» layer
(abbreviated as Fe(I)/TiO2/FTO) is displayed in Figure 5.3B. A picture of the assembled parallel
plate flow cell is displayed in Figure S5.2. To achieve a good seal when the PEEK plates are
compressed over the Fe(I)/TiO2/FTO plates, two EPDM (ethylene propylene diene monomer)
gaskets were placed in between Fe(I)/TiO2/FTO plates. NCA solutions were flowed into the flow
channel by simply sandwiching 1/16" tubing in between the two gaskets.

All flow NCA SIP experiments were carried out in an Ar glovebox. In a typical experiment, 50 mg
of sarcosine-NCA, 15 mg of 1,3,5-trimethoxybenzene (internal standard), and 5 mg of
[CoCp2][BArF4] (cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) were dissolved in
5 mL of tetrahydrofuran (THF). Solutions were then flowed into a custom parallel plate flow
reactor at the desired flow rate. The bottom plate of the flow cell consisted of an Fe(I)/TiO2/FTO
plate, while the top plate was kept as just a bare FTO plate for optical transparency. Fractions of
product were collected at the outlet of the flow reactor in time intervals equivalent to the residence
time (t;) and analyzed by NMR to determine how many residence times (t:) must pass for the yield
to plateau. Fractions were taken out of the glovebox, THF was removed using a rotary evaporator,
and the resultant solid was re-dissolved in CDCl;3 for 'H-NMR analysis.

Cleavage of surface grown polymers was carried out by soaking plates post flow NCA SIP with

Mel for up to 72 hours, then dried by rotary evaporator. The presence of polymer was first checked
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by 'H-NMR. Unfortunately, no polymer was detected, likely due to a multitude of reasons (vide

supra).

Derivation of expressions for apparent rate constants for batch and flow NCA SIP k;, and k¢

Batch (b)

/

Jos

/

Fe(l)

/

rpoly = kb [NCA]

dV[NCA]
dt

— —SA % I [NCA]
SA
[NCA], = [NCA],—, exp [— kat]

[NCA], — [NCA],
[NCAl,

Conversion =

From eq 3:

[NCA],
[NCAT, eXp[

SA
‘kat]

(INCAL _ A,
n([NCA]O>__7 bt

Incorporating eq 4 into eq 6:

[NCA],
~ [Nc4],
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INCA], Wy / Fe(l) oW e INCAL,

()

Flow (f)

At steady state, [NCA],,; is a constant. At low conversions, amount of NCA consumed (right

hand side of eq 8) is approximately equal to the amount replenished under flow (left hand side of

eq 8).
NCA];, —|NCA
(INCALy, — INCALpu At * @ = SA = ey (L CA)in — INCAloue) .
4 2
[NCA]oue 1/ [NCAlou
(1_m Q=SAxky o\ 1+ Iycar,, )
Analogous to eq 4, conversion is defined in flow as:
. [NCA]O'UI
Conversion =1 — m (10)

To replace all concentration terms with conversion, the parenthetical term on the right hand side

of eq 9 is re-written as:

1+ % = —Conversion + 2 (11D
[NCA]in

202



Inputting eq 10 and 11 into eq 9, the following expression is obtained:

2 * Conversion * Q

ke =
! SA(—Conversion + 2)

Glossary of terms

Tpoly

— rate of polymerization

k,— apparent rate constant in batch

ks~ apparent rate constant in flow

Both & values are heterogeneous rate constants cm s

V' — volume of NCA solution

SA — surface area of Fe(I)/TiO> section of FTO/glass slides

t — time

Q — flow rate (mL min")
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Chapter 6. Concluding remarks

The research presented in this dissertation outlines work completed during my graduate career in
employing various forms of spatial control and tailored mass transport in catalysis to construct
multi-step, multi-catalyst processes. The major goal of this work was to generate and utilize
intermediates along a reaction pathway in one pass, thereby obviating time and resource wasteful
work ups, and to avoid challenges in multi-step processes with hazardous and/or ephemeral
intermediates. We demonstrated that altering mass transport by spatially localizing but separating
reagents for various processes, two tandem reactions can be carried out to transform feedstocks to
commodity chemicals in one pass, instead of traditional iterative synthesis. Much of this work is
inspired by biology's approach to executing efficient complex reaction pathways by
compartmentalization, wherein key enzymes, co-factors, substrates, and intermediates are co-
localized to augment reaction efficiency and prevent unwanted side reactions. We built off of this
phenomenon to first study the effect of compartmentalization on organometallic catalysis as a
model, simple multi-step process. From this work, we compartmentalized electrochemical CO;
reduction to feed into co-polymerization with ethylene to polyketones, and to hydroformylation,
re-purposing typically undesired H> generation. In a similar light, we also employed continuous
flow processing to separate but connect N-carboxyanhydride (NCA) synthesis from amino acids
and polymerization to polypeptide materials. Though this work was halted early due to time
constraints, progress towards marrying the two processes was made by optimizing each in a flow
setting. From a big picture perspective, the work presented in my dissertation serves to demonstrate
the benefits of instituting some form of spatial control in constructing multi-step, multi-catalyst

Pprocessces.
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There lies a myriad of avenues that all of these projects could adventure through in the future. For
the work presented on developing a model for compartmentalization, the extracted design principle
of tailoring a compartment's geometry to yield mass transport that's slower than a multi-step
process' kinetics remains to be further applied experimentally. Though we adapted the model to
analyze previously established confined organometallics, it would greatly improve the broader
impact of such a design principle if a systematic exploration of compartmentalized organometallics
is carried out using the design principle as a starting point for experimental design. Additionally,
we modeled a catalytic system wherein both the catalyst species and substrate/product were freely
diffusing, and analyzed catalyst mass transport as limiting assuming the substrate/product diffuse
far easier than the catalyst. However, numerous confined organometallic systems involve a catalyst
immobilized within a confinement (e.g., a mesoporous material's pores), which generates a system
where substrate/product transport play a much more signifiant role. It would be interesting to see
how the conclusions of a model where compartmentalized organometallic catalysis has a fixed
catalyst.

Keeping mass transport in mind for spatially controlled multi-step and/or multi-catalyst processes,
a limiting factor in the work integrating electrochemical CO2 reduction (CO2RR) to organometallic
catalysis likely suffered from intermediate CO and H» transport from one compartment medium to
another. One approach to circumventing this would be to immobilize the organometallic catalyst
employed for the second reaction onto a surface which may then be submerged in the same reaction
medium as CO2RR. Though progress towards this effort was made for a Rh catalyst used for
hydroformylation, we encountered loss of activity when the catalyst was immobilized onto silica
coated onto an electrode surface, even when the electrode containing the catlayst was not used for

electrolysis. There exists a wealth of research in immobilizing transition metal catalysts onto
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materials and supports, thus this avenue would be feasible. Further, this would allow the studying
of inter-catalyst distance on observed overall reactivity, a phenomenon often implicated in biology
for efficient multi-enzyme cascades.

For our work in flow NCA synthesis and polymerization, a major next step would on flow system
re-design to improve overall conversion based on fundamental understandings of the reaction
mechanisms. In NCA synthesis, a limiting factor was the operable maximum CO; pressure, which
was capped at 2 bar. To reach higher pressures, gas permeable tubing should be used to directly
pressure the outer tubing from a gas cylinder to higher pressures and relying on the permeable
nature of the inner tubing for gas diffusion and dissolution. In NCA surface-initiated
polymerization, the challenges experienced pertained to polymer detection. Assuming the origin
was incomplete cleavage, reaching higher conversions in flow could help facilitate obtaining more
material to characterize. More broadly, once limitations in each step are overcome, integrating the
two processes together to take amino acids and COz to polypeptide materials using flow chemistry

would be the next avenue.
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